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Global DNA hypomethylation at CpG islands coupled with local hypermethylation is a hallmark for breast cancer, 
yet the mechanism underlying this change remains elusive. In this study, we showed that DNMT1, which encodes a 
methylation maintenance enzyme, is a transcriptional target of BRCA1. BRCA1 binds to the promoter of the DNMT1 
gene through a potential OCT1 site and the binding is required for maintaining a transcriptional active configuration 
of the promoter in both mouse and human cells. We further demonstrated that impaired function of BRCA1 leads to 
global DNA hypomethylation, loss of genomic imprinting, and an open chromatin configuration in several types of 
tissues examined in a BRCA1 mutant mouse model at premaligant stages. BRCA1 deficiency is also associated with 
significantly increased expression levels of several protooncogenes, including c-Fos, Ha-Ras, and c-Myc, with a higher 
expression in tumors, while premalignant mammary epithelial cells displayed an intermediate state between tumors 
and controls. In human clinical samples, reduced expression of BRCA1 correlates with decreased levels of DNMT1, 
and reduced methylation of CpG islands. Thus, BRCA1 prevents global DNA hypomethylation through positively 
regulating DNMT1 expression, and this provides one of mechanisms for BRCA1-associated breast cancer formation.
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Introduction

DNA methylation is an epigenetic change that occurs 
in cells by adding a methyl group (CH3) to the 5′ position 
of cytidyl residues in the dinucleotide sequence CpG. 
Hypomethylation is usually associated with increased 

gene expression while hypermethylation is linked to 
gene silencing [1-4]. It has been shown that global DNA 
hypomethylation is increased in breast cancer, playing 
an important role in late stages of cancer development, 
while local promoter hypermethylation of tumor suppres-
sor genes may be responsible for early stages of breast 
cancer [2, 4-6]. It was also reported that hypomethyla-
tion of juxtacentromeric satellite DNA and global DNA 
hypomethylation were common even in an early stage (i.e. 
stage-1) of breast cancer, arguing that hypomethylation 
can be an early event in breast carcinogenesis [7]. DNA 
is methylated by a group of DNA methyltransferases 
(DNMTs), including DNMT1, DNMT3a, DNMT3b, and 
DNMT3L, while DNMT2 is an inactivated isoform [3, 
4, 8]. DNMT1 is also called methylation maintenance 
enzyme. At each cell division, DNMT1 completes the 
methylation pattern of each nascent replicating DNA 
strand, allowing maintenance of complete DNA methyla-
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tion originally hemi-methylated on the template strand. 
DNMT3a and DNTM3b act as de novo methyltransferas-
es and methylate unmethylated DNA. They are associ-
ated with the replication fork in late S phase during the 
replication of constitutive heterochromatin. DNMT3L is 
expressed during gametogenesis and establishes maternal 
genomic imprinting [3, 8]. Despite the important roles 
of DNMTs in breast cancer formation, it is poorly under-
stood how expression of these factors is regulated. 

Functions of DNMTs have been extensively stud-
ied in mice by using gene targeting. DNMT1-deficient 
mice lose about 90% of their DNA methylation and 
die early in embryogenesis [9]. Mouse embryonic stem 
(ES) cells deficient for DNMT1 or for both DNMT3a 
and DNMT3b have dramatically elongated telomeres 
compared with wild-type controls, highlighting a role 
for DNA methylation in maintaining telomere integrity 
[10]. Hypomorphic DNMT1 activity has been related to 
aggressive T-cell lymphomas in a mouse model showing 
a potential relationship between expression levels of this 
enzyme and cancer incidence, probably through regu-
lation of genomic stability [11]. Interestingly, when a 
DNMT1 hypomorphic mutation was introduced into Apc 
(Min/+) mice, it suppressed later stages of intestinal tu-
morigenesis, but promoted early lesions in the colon and 
liver through a loss of heterozygosity (LOH) mechanism 
[12]. This observation suggests that DNA hypomethyla-
tion may play a dual role in tumorigenesis depending on 
different interacting environments.

Breast cancer-associated gene 1 (BRCA1) is the first 
identified breast tumor suppressor gene whose functions 
have been the subject of extensive research since its clon-
ing [13]. Mounting evidence reveals that BRCA1 plays 
essential roles in many biological processes, including 
transcription regulation, cell cycle regulation, DNA dam-
age repair, and centrosome duplication (reviewed in [14-
17]). Animal models have confirmed its implication as a 
tumor suppressor gene [18, 19]. However, mouse embry-
os carrying BRCA1-null mutations die early in gestation, 
displaying proliferation defects and massive apoptosis 
[18, 20-22], and embryos carrying a homozygous dele-
tion of Brca1 exon 11 (Brca1∆11/∆11), which encodes 60% 
of the amino acids of the protein, die at later stages of 
gestation because of widespread apoptosis [23]. Of note, 
haploinsufficiency of p53 (+/−) can suppress apoptosis in 
Brca1∆11/∆11 embryos and allow them to develop to adult-
hood. However, the survivors (Brca1∆11/∆11;p53+/−) exhibit 
abnormalities in multiple organs/tissues, and eventually 
die of premature aging and tumorigenesis [16, 17, 23-
27]. The pleiotropic effect of BRCA1 deficiency corre-
lates well with the fact that BRCA1 interacts with many 
proteins with important functions, and that BRCA1 acts 

as a transcription factor, which regulates expression of 
many genes involved in many biological processes [28, 
29]. It was recently shown that methylation is less abun-
dant in BRCA1-associated breast cancers compared with 
sporadic cases [30, 31]. However, it is unclear if BRCA1 
deficiency is directly related to this DNA hypomethyla-
tion, and whether BRCA1 affects expression of genes 
involved in DNA methylation, considering that global 
hypomethylation is a general hallmark of most cancer 
cells.

Here, we investigate a role of BRCA1 in DNA methy-
lation. We show both in vitro and in vivo that BRCA1 de-
ficiency leads to global DNA hypomethylation and chro-
matin abnormalities related to cancer hallmarks. We also 
identify the mechanism related to this potential tumor 
predisposing phenotype: DNMT1, the methylation main-
tenance enzyme, is a transcriptional target of BRCA1.

Results

BRCA1 deficiency is associated with global DNA 
hypomethylation

To investigate whether BRCA1 deficiency can affect 
DNA methylation, we stained mammary tissues isolated 
from Brca1∆11/∆11;p53+/− and Brca1+/+;p53+/− (referred as 
p53+/−) control mice, and mammary tumors developed 
in the Brca1∆11/∆11;p53+/− mice using an antibody against 
5-methylcytosine, a marker of methylated DNA. We 
showed that Brca1∆11/∆11;p53+/− mammary tissues dis-
played a significant reduction in methylation compared 
to control tissues, while a further reduction was observed 
in mammary tumors (Figure 1A and Supplementary in-
formation, Figure S1). To provide an independent verifi-
cation whether the staining of 5-methylcytosine indeed 
reflected the changes of DNA methylation, we isolated 
genomic DNA from tails of Brca1∆11/∆11;p53+/− and p53+/− 
mice, and digested it with the methylation-sensitive re-
striction enzyme, HpaII, followed by Southern blot anal-
ysis using a probe for minor satellite repeat (pMR150), 
which is highly methylated in normal cells [32]. We 
found that control genomic DNA was resistant to HpaII 
digestion, while Brca1∆11/∆11;p53+/− DNA displayed a sim-
ilar digestion pattern comparable to MspI, a nonsensitive 
enzyme that recognizes the same site as HpaII. This data 
indicates that DNA isolated from Brca1∆11/∆11;p53+/− mice 
is significantly hypomethylated on minor satellite repeats 
(Figure 1B). 

Next, we measured and quantified genomic DNA 
methylation using incorporation of a radioactive methyl 
group in naked genomic DNA using SssI methylase and 
radioactive substrate SAM, which catalyzes incorpora-
tion of a methyl group only into unmethylated DNA at 
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Figure 1 Absence of BRCA1 leads to global DNA hypomethylation. (A) Methylation status of mammary gland tissues (MG) 
and mammary tumors isolated from Brca1+/+; p53+/− control (Co), and Brca1∆11/∆11;p53+/−-mutant (Mt) mice using an antibody 
against 5-methylcytosine. (B) Methylation analysis with a pMR150 probe using DNA digested with the methylation-sensitive 
restriction enzyme, HpaII, and methylation-insensitive restriction enzyme, MspI. (C) Methylation status of multiple tissues 
revealed by relative SssI methylase activity reflected by DPM. (D) SssI methylase activity in ES cells that carry an acute dele-
tion of Brca1 exon 11 (Brca1Co/D;Cre-ERT2) using a 4-hydroxytamoxifen (4-HT)-inducible Cre-LoxP system. Those cells con-
tain one mutant copy (D) and one conditional copy (Co) of Brca1. The Brca1Co allele can be deleted through 4-HT treatment, 
which activates an inducible recombinase, Cre-ERT2. Analysis was performed 4 days after 4-HT treatment, when about 90% 
of BRCA1 was deleted. * Represents P < 0.05 of Student’s t-test.
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the CpG repeats [33]. In the presence of SssI methylase, 
hypomethylated DNA can incorporate more radioac-
tive methyl groups than hypermethylated DNA. We de-
tected significantly higher methyl group incorporation in 
BRCA1 mutant mammary gland, liver, tail, and mouse 
embryonic fibroblasts (MEFs) compared with that of 
p53+/− controls (Figure 1C). A smaller, yet statistically 
significant, decrease of global DNA methylation was also 
observed in ES cells carrying a tamoxifen-inducible Cre-
loxP-mediated acute deletion of BRCA1 (Brca1Co/D) (Fig-
ure 1D). The different level of DNA methylation between 
ES cells and tissues might reflect a difference between 
naive and differentiated cells or between chronic BRCA1 
mutation and acute deletion, or both. Consistent with this 
view, a previous study indicated that DNA methylation 
level was much lower in DNMT1−/− ES cells after they 
were differentiated [32]. A similar gradually decreased 
methylation was also observed in ES cells that were 
defective for both DNMT3A and DNMT3B at different 
passages [34], that is, the double mutant cells (DNMT3aa/
bb) exhibited a comparable degree of methylation at pas-
sage five with wild-type cells, and the difference became 
significant at P15 and more profound at P40. Thus, our 
work uncovers a novel finding that BRCA1 deficiency 
causes a progressive trend of DNA hypomethylation 
compared with wild-type cells in the following order: 
control < mutant ES cells < mutant differentiated somatic 
cells (tissues) < tumors.

BRCA1 deficiency affects posttranscriptional patterns of 
histone H3 and H4

DNA methylation is often related to posttranslational 
modification of histones [35]. Next, we checked whether 
BRCA1 deficiency triggered the posttranscriptional mod-
ifications that occur on histones H3 and H4, in mammary 
gland extracts from control and BRCA1-mutant mice. 
Acetylation of H3-lysine9 (H3AcK9), H4AcK16, and 
trimethylation of H3-K4 (H3Me3K4) are hallmarks of 
transcriptionally active chromatin [36]. We showed that 
all these modifications of transcriptionally active chro-
matin were significantly upregulated in Brca1∆11/∆11;p53+/− 
mammary tumors , and l eve l s o f H3AcK9 and 
H3Me3K4 were slightly increased in the premalignant 
Brca1∆11/∆11;p53+/− mammary tissues compared with con-
trol mammary tissues (Figure 2A and Supplementary 
information, Figure S2). On the other hand, trimethyla-
tion of H3-K9 (H3Me3K9), a modification related to 
transcriptional repression, was significantly decreased 
in BRCA1 mutant mammary tissues and tumors. HP-1α 
(a heterochromatin marker) expression also significantly 
decreased in Brca1∆11/∆11;p53+/− samples (Figure 2A and 
Supplementary information, Figure S2). These results 

indicate that lack of BRCA1 affects several DNA epige-
netic modifications and results in an open chromatin con-
figuration, which is more prone to genomic instability.

BRCA1 deficiency reduces genomic imprinting
In mammals, genomic imprinting is a physiologi-

cal phenomenon responsible for functional inequality 
between two parental alleles of a gene [37]. Two major 
mechanisms are involved in establishing the imprint, 
that is, DNA methylation and histone modifications 
[38]. Because loss of BRCA1 caused abnormalities in 
both processes, we checked the expression of several 
imprinting genes including maternally (Peg3, Sgce, 
and Peg1) and paternally (Cdkn1c, Dcn, and Tapa1) 
regulated genes. Analyzing RNA extracted from spleen 
of Brca1∆11/∆11;p53+/− mice by RT-PCR, we detected a 
gradual upregulation of these genes during the first wave 
of spermatogenesis in Brca1∆11/∆11;p53+/− mice (Figure 
2B). We also found that all the tested imprinting genes 
were overexpressed in mammary tissues of mutant mice 
compared with controls, and the expression levels were 
even higher in mammary tumors (Figure 2C). These data 
indicate that absence of BRCA1 reduces genomic im-
printing.

BRCA1 deficiency leads to increased expression of 
several protooncogenes

Considering the influence of epigenetic changes on 
gene regulation and the consequence of BRCA1 de-
ficiency in triggering tumorigenesis, we determined 
expression levels of several protooncogenes in the mam-
mary gland of Brca1∆11/∆11;p53+/− mice. We found that 
BRCA1 deficiency was associated with significantly 
increased expression levels of c-Fos, Ha-Ras, and c-Myc 
in Brca1∆11/∆11;p53+/− samples, with a higher expression in 
tumors, while premalignant mutant tissue displayed an 
intermediate state between tumors and controls (Figure 
2D-2F). We next examined the promoter of c-Fos, Ha-
Ras, and c-Myc using methylation-sensitive semiquanti-
tative PCR. We detected a marked reduction of promoter 
methylation of c-Myc, Ha-Ras, and c-Fos in BRCA1-
mutant tumors compared with control mammary tissues 
(Figure 2G), which is consistent with the high level of 
expression of these genes. Of note, our semiquantita-
tive PCR detected no change of promoter methylation 
between control and mutant mammary tissues, although 
increased gene expression was observed (Figure 2D-2F). 
This observation suggests that in addition to methyla-
tion, some other factors may also contribute to altered 
gene expression associated with BRCA1 deficiency. In 
this case, we have demonstrated that loss of BRCA1 also 
changes histone code, which could be one of the other 



www.cell-research.com | Cell Research

Vivek Shukla et al.
1205

npg

factors involved in gene regulation. Altogether, these 
results suggest that chromatin methylation and several 
posttranslational histone modifications are affected in 
BRCA1-deficient cells or organs, resulting in deregula-

tion of gene expression including protooncogenes.

BRCA1 regulates expression of the DNMT1 gene
The global hypomethylation observed in BRCA1 mu-

Figure 2 Absence of BRCA1 favors open chromatin structure and increases expression of protooncogenes. (A) Altered epi-
genetic modifications in BRCA1-mutant mammary gland and mammary tumors revealed by western blots. (B, C) BRCA1 
deficiency causes abnormal expression of genes involved in genomic imprinting in spermatocytes (Sp) (B) and mammary tis-
sue and tumor (C) revealed by RT-PCR. (D-F) Relative expression of protooncogenes C-Fos (D), Ha-Ras (E), and C-Myc (F) 
in BRCA1-mutant mammary gland (MG) and mammary tumors revealed by real-time PCR. (G) Semiquantitative analysis of 
promoter methylation of protooncogenes by methylation-specific PCR. * Represents P < 0.05 of Student’s t-test.
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tant tissues/cells prompted us to hypothesize that BRCA1 
might regulate expression of DNMT genes. Analyzing 
our previously published microarray data obtained from 
Brca1∆11/∆11;p53+/− liver samples [39], we found that Dn-
mt1, Dnmt3a, and Dnmt3b mRNAs were downregulated 
in Brca1∆11/∆11;p53+/− samples compared with p53+/− con-
trols, while no significant changes were detected for Dn-
mt3L (Figure 3A). This expression pattern was confirmed 
by our RT-PCR analysis (Supplementary information, 
Figure S3). We then performed an analysis of Dnmt ex-
pression in mammary tissues through RT-PCR and quan-
titative real-time PCR experiments, but we only detected 
reduced Dnmt1 mRNA expression in Brca1∆11/∆11;p53+/− 
mammary tissue, but not Dnmt3a and Dnmt3b expres-
sion (Figure 3B and 3C). This might result from differ-
ential tissue context between the liver and the mammary 
gland. Considering that the DNMT1 enzymatic activity 
relies on protein expression, a critical feature related to 
DNA methylation maintenance, we performed a western 
blot analysis and confirmed that DNMT1 protein level 

dramatically decreased in Brca1∆11/∆11;p53+/− mammary 
gland samples (Figure 3D). Next, we investigated the 
link between BRCA1 and DNMT1 expression in human 
samples. We chose human UBR60 cells where BRCA1 
levels could be increased using a tetracycline (Tet)-off 
system [40]. UBR60 cells cultured with Tet express basal 
endogenous levels of BRCA1 while Tet withdrawal in-
duces expression of a transgenic BRCA1. We showed 
that overexpression of BRCA1 was correlated with in-
creased DNMT1 mRNA expression while DNMT3a and 
DNMT3b levels remained unchanged (Figure 4A). The 
induction of DNMT1 by BRCA1, but not DNMT3a and 
DNMT3b (data not shown), was also confirmed at the 
protein level by western blot analysis (Figure 4B).

In addition, instead of increasing BRCA1 level, 
we acutely depleted it in UBR60 cells using siRNA. 
We showed that siRNA specific to BRCA1 decreased 
both BRCA1 and DNMT1 mRNA levels by about 4- to 
5-fold in both conditions with or without Tet (Figure 
4C). Moreover, we were able to reproduce this effect 

Figure 3 Expression of DNMT1 in liver and mammary glands. (A) Gene expression revealed by microarray analysis of liver 
tissue samples. (B-D) Gene expression revealed by RT-PCR (B), real-time PCR (C), and western blot (D) of samples isolated 
from mammary glands and mammary tumors. * Represents P < 0.05 of Student’s t-test.
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on both endogenous BRCA1 and DNMT1 in other cell 
lines, including murine mammary tumors cells derived 
from MMTV-cNeu mice (Figure 4D), estrogen receptor-
positive human breast cancer MCF-7 cells and estrogen 
receptor-negative BT-20 human breast cancer cells using 

control- and BRCA1-siRNA (Supplementary information, 
Figure S4).

BRCA1 regulates DNMT1 promoter activity
Next, we were interested in understanding how BR-

Figure 4 Analysis of DNMT1 expression in vitro. (A) RT-PCR analysis of Tet regulated expression of BRCA1 and DNMTs in 
UBR-60 cells. (B) Western blot analysis of Tet-regulated BRCA1 and DNMT1 expression in UBR-60 cells. (C) Real-time PCR 
analysis of BRCA1 and DNMT1 expression in UBR-60 cells after downregulation of BRCA1 by RNAi compared with scram-
bled RNAi. (D) Real-time PCR analysis of BRCA1 and DNMT1 expression from a murine mammary tumor cell line derived 
from MMTV-cNeu transgenic mice after downregulation of BRCA1 by shRNA compared with shRNA against GFP. * Repre-
sents P < 0.05 of Student’s t-test.
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CA1 regulates DNMT1 mRNA and protein levels. We 
first transfected three Dnmt1 promoter luciferase report-
ers of varying lengths ranging between 2 079 bp (D1), 
299 bp (D2), and 199 bp (D4) (Supplementary informa-
tion, Figure S5A) [41] into cultured murine c ells to check 
whether they have reporter activity. We found that all three 
constructs displayed higher luciferase activity compared 
with the pGL3 vector, and that the activity of the longest 
construct, D1, is the highest (Figure 5A). We also found 
that transfection of a Brca1-specific shRNA, but not a 
control shRNA (against GFP), significantly reduced the 
D1 reporter activity while it had very little effect on the 
D2 and D4 reporters (Figure 5A), suggesting that the D1 
fragment bears a BRCA1-dependent regulatory region.

Next, we performed the promoter reporter assay in 
human UBR60 cells. Our data indicates that induction of 

BRCA1 by tetracycline withdrawal increased D1 activ-
ity in control siRNA-treated cells while BRCA1 siRNA 
reduced D1 basal activity and tetracycline-dependent 
induction (Figure 5B). Induction of BRCA1 upon tetra-
cycline withdrawal did not have obvious effects on the 
luciferase activities of D2 and D4 constructs (Supple-
mentary information, Figure S5B and S5C). This obser-
vation that the human BRCA1 can regulate the mouse 
Dnmt1 promoter suggests that regulation of the DNMT1 
promoter by BRCA1 is evolutionarily conserved.

BRCA1 binds to the DNMT1 promoter and converts it to 
a transcriptionally active configuration 

We then performed chromatin immunoprecipitation 
(ChIP) experiments to investigate whether BRCA1 binds 
to the human and murine DNMT1 promoters. PCR as-

Figure 5 BRCA1 regulates DNMT1 expression on its promoter. (A) Activities of three Dnmt1 luciferase reporters (D1, D2, 
and D4) in relation to pGL3 vector, which were set at 1, in neu cells upon shRNA-mediated downregulation of BRCA1. (B) 
Luciferase activity of D1 reporter in Tet-regulated UBR-60 cells. (C, D) ChIP analysis of histone modifications of the human (C) 
and mouse (D) DNMT1 promoter. * Represents P < 0.05 of Student’s t-test.
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says using primers that cover five fragments in the 5′ 
regulatory region of the endogenous DNMT1 promoter 
in UBR60 cells showed that BRCA1 bound to a frag-
ment from −2 440 to −2 843 (403 bp) upstream of the 
translation start site (ATG), but not to the other regions 
in the human DNMT1 promoter in both the presence of 
Tet (expression of endogenous BRCA1) and the absence 
of Tet (expression of both endogenous and transgenic 
BRCA1), with a higher intensity in the latter condition 
(Supplementary information, Figure S6A). We have also 
performed a similar experiment with the mouse Dnmt1 
promoter and found BRCA1 bound to a fragment from 
−7 to −506 (499 bp) upstream of the start codon (Supple-
mentary information, Figure S6B). 

Next, we performed ChIP analysis to examine histone 
modifications in the DNMT1 promoter (−2 440 to −2 
843) using antibodies specific to H3AcK9, H3Me3K9, 
H3Me3K4, H4Me3K20, and H4AcK16. We observed a 
marked increase in human DNMT1 promoter occupancy, 
as reflected by increased levels of transcriptionally ac-
tive histone marks (H3AcK9, H3Me3K4, H4Me3K20, 
H4AcK16) and decreased levels of transcriptionally 
inactive histone marks (H3Me3K9) when BRCA1 was 
induced in UBR60 cells (Figure 5C and Supplementary 
information, Figure S7A). Similar results were observed 
with the mouse Dnmt1 promoter (−7 to −506) when 
BRCA1 was knocked down in neu cells by shBrca1 
compared with control shRNA (Figure 5D and Supple-
mentary information, Figure S7B). These data suggest 
that BRCA1 binds to and causes transcriptionally active 
configuration of the DNMT1 promoter, both in humans 
and mice.

BRCA1 binds to the DNMT1 promoter through a poten-
tial OCT1 site in both human and mouse cells

We then compared the corresponding regions of both 
the mouse and human DNMT1 promoter using Genom-
atix software, which allows identification of putative 
transcription factor-binding sites. We identified a com-
mon motif (AACGTAA) in both mouse and human frag-
ments that are potentially responsive to OCT1, a well-
studied transcription factor (Figure 6A). Previous inves-
tigations indicated that BRCA1 and OCT1 interact with 
each other and regulate downstream gene expression 
through binding to the OCT1 consensus sequence [42], 
and Oct1 deficiency impairs transcriptional activity of 
BRCA1 [43]. Next, we performed following experiments 
to investigate whether the regulation of DNMT1 by BR-
CA1 is indeed mediated by the OCT1 consensus site. We 
first performed a biotinylated oligonucleotide pull-down 
experiment and found that both BRCA1 and OCT1 inter-
acted with the OCT1-responsive element, as point muta-

tion in the consensus site abolished the binding of both 
BRCA1 and OCT1 (Figure 6B). Next, we performed hu-
man DNMT1 promoter reporter assays comparing mutat-
ed D1 and wild-type D1 fragments upon siRNA-mediat-
ed knockdown of BRCA1 in human MCF-7 (Figure 6C) 
and BT-20 cells (Figure 6D). Brca1 knockdown (using 
two Brca1 siRNA targeting two different sequences on 
Brca1 mRNA) significantly reduced luciferase activity in 
both cell lines. Moreover, mutation of the OCT1-binding 
site significantly reduced basal luciferase activity, while 
the promoter becomes insensible to BRCA1 knockdown. 
These results clearly show that the OCT1 binding site is 
critical to BRCA1 transcriptional regulation of DNMT1.

Levels of global DNA methylation positively correlate 
with expression levels of BRCA1 and DNMT1 in human 
clinical samples

To provide clinical relevance regarding relationship 
between BRCA1 and DNMT1, we blindly studied levels 
of these proteins in 31 human breast cancers by immuno-
histochemical staining using antibodies against BRCA1 
and DNMT1. Our data revealed a positive correlation 
between BRCA1 and DNMT1 expression in these cancer 
samples (Figure 7A). Examples of BRCA1 and DNMT1 
expression levels from negative to high are shown in Fig-
ure 7B. This data is consistent with our finding that BR-
CA1 positively regulates DNMT1 expression. Reduced 
level of DNMT1 is predicted to impair DNA methyla-
tion. To investigate whether this is the case in this set of 
samples, we studied their global DNA methylation using 
an antibody against 5-methylcytosine. Our data revealed 
that the intensity of methylation in these samples (Figure 
7C and Supplementary information, Figure S8) corre-
lated well with expression levels of BRCA1 and DNMT1 
shown in Figure 7A, that is, when levels of BRCA1 and 
DNMT1 were low, the antibody staining was low, while 
when BRCA1 and DNMT1 were high, the staining in-
tensity was high. Together with the data shown earlier, 
our study demonstrates that BRCA1 affects global DNA 
methylation through its positive regulation of DNMT1 in 
breast tissue and cancer.

Discussion

In this study, we investigated the mechanism under-
lying how BRCA1 deficiency results in reduced global 
DNA methylation. Our analyses of cultured cells, animal 
tissues, and cancers revealed that absence of BRCA1 
causes a marked decrease of global CpG methylation, 
loss of imprinting, alteration of histone modification, and 
hypomethylation of a number of protooncogene promot-
ers. We further demonstrated that BRCA1 is a positive 
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regulator of DNMT1 transcription. As DNMT1 is a po-
tent methylation maintenance enzyme [3, 4, 8], our study 
uncovers an important role of BRCA1 in maintaining 
proper methylation status through regulation of DNMT1 
expression.

BRCA1 is a well-established transcription factor be-
cause it regulates expression of many genes, some of 
which include p21 [44], Gadd45 [40, 45], Mad2 [42], 
Sirt1 [46], and Igf axis members [39]. The C-terminal 
region of BRCA1 contains two BRCT domains that in-
teract with multiple transcription activators and corepres-
sors. Recently, the BRCA1 RING finger domain has been 
found to be involved in critical interactions with another 
RING domain-containing protein called BARD1. The 
BRCA1-BARD1 complex has an E3-ubiquitin ligase ac-
tivity that might be critical to ensure BRCA1 protective 
functions [13, 28, 47]. Here, we show that BRCA1 and 
OCT1 bind to the promoter of DNMT1 through a poten-
tial OCT1-binding site, AACGTAA, which is identical in 

both the mouse and human DNMT1 promoter.
BRCA1 plays an essential role in maintaining genome 

integrity, as its absence results in profound chromosome 
abnormalities [14, 15, 29, 48]. Genomic stability highly 
depends on DNA structure, which is called chromatin 
during interphase [49, 50]. Since its discovery, chromatin 
has been intensively studied and the first microscopic 
observations identified eu- and heterochromatin [49-51]. 
While the euchromatin is the predominant site of active 
transcription, heterochromatin contains “inactive” DNA, 
which is very compacted with the presence of highly 
methylated DNA, notably in untranscribed regions [49-
51]. Hypomethylation of those regions has been related 
to genomic instability, aging, and tumorigenesis [11, 52, 
53]. Moreover, changes in DNA methylation levels have 
also been related to transcriptional regulation. The hu-
man genome conta  ins 29 000 CpG islands and almost 
half of gene promoters contain those particular CG-rich 
domains that, in the case of high methylation, leads to 

Figure 6 BRCA1 regulates DNMT1 through the OCT1-binding site on the promoter of DNMT1. (A) Both the human and 
mouse DNMT1 promoter contain a common motif (AACGTAA) for OCT1. (B) Biotinylated oligo pull-down assay showing that 
BRCA1 and OCT1 bind to wild-type oligo but not to mutant oligo. (C, D) Reduced DNMT1 luciferase activity in MCF-7 (C) and 
BT-20 (D) cells after mutation of the OCT1-binding site in the D1 reporter. * Represents P < 0.05 of Student’s t-test.
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Figure 7 Expression of DNMT1 and BRCA1 in human primary breast cancers. (A) BRCA1 and DNMT1 protein levels in 31 
human sporadic breast cancers. Immunohistochemical staining of BRCA1 and DNMT1 protein levels were detected by using 
antibodies against BRCA1 and DNMT1. Intensity of the staining was scored by division into 10 arbitrary units based on the 
graded intensities. The x axis and y axis are for DNMT1 and BRCA1 levels, respectively. (B) Examples of immunohistochemi-
cal staining showing positive correlation between expression levels of BRCA1 and DNMT1 in human breast cancers. (C) Im-
munofluorescent images of varying methylation levels after 5-methyl cytosine staining, which was also proportional to levels 
of BRCA1 staining in all analyzed samples.
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transcriptional inactivity of these regions, which when 
specifically occurring in tumor suppressor genes, drives 
tumorigenesis [54, 55]. On the other hand, hypomethyla-
tion of CpG islands in the promoter of oncogenes, which 
results in transcriptional activation, could also promote 
tumorigenesis.

The status of DNA methylation is primarily main-
tained by DNMT1, although recent results have shown 
that both DNMT3a and DNMT3b could also play a 
minor role in this process through completion of the 
few “holes” missed by DNMT1. It has been shown that 
DNMT1 deficiency in mice causes profound DNA hy-
pomethylation that compromises embryogenesis [56], 
highlighting an essential role of DNMT1 in mamma-
lian development. Severely reduced DNMT1 activity 
(to about 10% of wild-type level) was also reported to 
cause abnormal telomere recombination, aggressive T-
cell lymphomas, and early lesions in the colon and liver, 
probably through increased genomic instability [11, 12]. 
Complete knockout of DNMT1 in the human colorectal 
carcinoma cell line HCT116 resulted in mitotic catastro-
phe and genetic instability [57]. Our finding that BRCA1 
regulates expression of DNMT1 is important in that it 
links many of BRCA1 functions to DNA methylation. 
We showed previously that BRCA1 deficiency in mice 
causes X-chromosome inactivation during spermatogen-
esis because of an unknown mechanism [58]. We also 
show here that the absence of BRCA1 causes reduced 
genomic imprinting. As both events are primarily medi-
ated by hypermethylation of CpG islands, reduced DN-
MT1 expression provides a reasonable explanation for 
these events.

In addition, BRCA1 plays many other important roles, 
including transcription, DNA damage repair, cell cycle 
regulation, centrosome duplication, spindle checkpoint 
control, and tumor suppression [14, 15, 29, 48, 59-61]. 

Most of those events may have a direct or indirect 
link to global DNA hypomethylation. It was recently 
shown that the overall frequency of CpG island promoter 
methylation is less abundant in BRCA1-associated breast 
cancers compared with sporadic cases [30, 31]. These 
studies, which used quantitative multiplex methylation-
specific PCR, were restricted to a dozen of genes (10 and 
11, respectively) involved in breast carcinogenesis. They 
notably showed that women with BRCA1/2 mutations 
had a lower frequency of CpG island promoter methy-
lation. In contrast to those studies focusing mainly on 
tumor suppressors genes, we show that BRCA1 samples 
display a higher expression of several protooncogenes 
associated with a global decrease in their promoter meth-
ylation restricted to the tumor samples. In the light of our 
findings, we believe that this could be attributed, at least 

in part, to decreased DNMT1 activity. Our data demon-
strated that in about 30 sporadic breast cancers examined, 
BRCA1 expression levels positively correlate with levels 
of DNMT1 and global methylation status. Decreased 
CpG methylation of regulatory regions in promoters due 
to DNMT1 deficiency may cause a catastrophic effect on 
cell viability and genomic stability, which are similarly 
observed in BRCA1-deficient cells [29, 56, 57]. On the 
other hand, the genetic instability coupled with decreased 
CpG methylation may eventually cause inactivation of 
tumor suppressor genes or activation of protooncogenes, 
events that are gradually selected by proliferating cells, 
which in turn enriches for favorable alterations for tumor 
maintenance and progression.

Our work raises several important questions on BR-
CA1-dependant pathogenesis and potential preventive 
issues. We have positively linked BRCA1 and DNMT1 
expression. Women, who have a BRCA1 mutation in 
one allele, have probably lower levels of BRCA1 protein 
in their mammary epithelium, and consequently, might 
express less DNMT1 enzyme. While DNMT1 complete 
deficiency is lethal, hypomorphic DNMT1 activity re-
sults in substantial genome-wide hypomethylation in all 
tissues and development of aggressive T-cell lymphomas 
[11, 56]. Thus, women with only one remaining BRCA1 
allele are at risk of reduced DNMT1 levels, and subse-
quent higher DNA hypomethylation and genomic insta-
bility. The genomic instability should, in theory, facilitate 
further genetic alterations including losing the second 
functional BRCA1 allele, increasing risk of breast and/
or ovarian tumorigenesis (model in Supplementary in-
formation, Figure S9). Alternatively, reduced DNMT1 
levels could also cause CpG islands hypermethylation 
of BRCA1 promoter, leading to its inactivation. It would 
be interesting to evaluate DNMT1 levels, methylation 
status, and genomic instability in BRCA1 mutant allele 
carriers at different ages to see whether this is the case. 
Moreover, this could open a preventive window consid-
ering the dependency of DNMT1 on methyl donors to 
stabilize the DNA. Supplementation with methyl donor 
substrates might represent a preventive way to increase 
DNMT1 activity and to maintain the normal methylation 
levels in BRCA1 carriers.

Materials and methods

Mice, MEFs, and cell lines
 Brca1∆11/∆11;p53+/− mice were generated as described [23]. MEF 

cells were derived from E14.5 embryos generated from intercross-
es of Brca1+/∆11 mice. MEFs were cultured in DMEM supplement-
ed with 10% FBS. BRCA1 inducible knockout ES cells contain 
only one copy of functional BRCA1 that can be deleted through 
4-hydroxytamoxifen (4-HT) treatment by activation of an induc-
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ible recombinase, Cre-ERT2 [62].

Total RNA preparation and RT-PCR 
Total RNA extraction was performed using RNA stat 60 (Tel-

Test Inc). Reverse transcription was performed using the Cells-
to-cDNA II Kit (Ambion Inc.). PCR reactions were performed 
using the Taq polymerase from GeneChoice following a regular 
program. All primers used in this study are listed in the Supple-
mentary information, Table S1.

Western blot analysis
Western blot analysis was performed following a regular ECL 

procedure kit (Amersham Biosciences). Abcam antibodies were 
used for di- and tri-methyl histone H3 (Abcam Inc., MA, USA), 
Upstate antibodies for other proteins (Upstate, Lake Placid, NY, 
USA). Membranes were stripped and reblotted again for a maxi-
mum of three times.

Global methylation experiments
After purification from cells or tissues, 200 ng of DNA is com-

bined with 4U of SssI methylase (New England Biolabs Inc.), 1.5 
µM S-adenosyl-l-(methyl-3H)methionine (Amersham Pharmacia) 
and 1.5 µM nonradioactive S-adenosylmethionine (+ 1× SssI 
buffer). The reactions were incubated at 37 °C for 4 h, allowing 
incorporation of radioactive methyl group only in hypomethylated 
DNA. The reactions were stopped by adding 25 µl of 1 mM nonra-
dioactive SAM and filtered using Millipore Ultrafree-MC 100.000 
NMWL filter units according to manufacturer’s protocol. The units 
were then transferred to a scintillation vial containing 10 ml of 
scintillation cocktail and a liquid scintillation counter was used to 
measure radioactivity.

Southern blot analysis 
Genomic DNA isolated from various cell lines was digested 

with methylation-sensitive restriction enzymes (HpaII: sensitive; 
MspI: nonsensitive) and analyzed by Southern hybridization as 
previously described [32]. The probe used for methylation analysis 
is pMR150 for minor satellite repeats (accession no. X14469 and 
accession no. X07949).

Immunohistochemistry
Normal mammary glands or mammary tumors were harvested 

and fixed with 4% paraformaldehyde. Slides were stained with 
a primary antibody against 5′-methylcytosine (a marker of DNA 
methylation) from Abcam overnight followed by staining with 
the HistoMouse-SP Broad spectrum kit from Zymed Laboratories 
Inc. BRCA1 antibody was from Upstate and DNMT1 antibody 
(ab19905) was from Abcam.

Biotin pull-down assay
Biotin pull-down assay was carried out as described in [42]. 

Briefly, nuclear extract was made from UBR60 cells. The extracts 
were incubated with biotin-labeled wild-type or Dnmt1 mutant 
double-stranded oligos. Streptavidin-sepharose beads (Sigma) 
were used to pull down biotin-associated complex.
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