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ABSTRACT 

The RNA expression of the tumor suppressor genes BRCAl and maspin are 

frequently decreased or lost in sporadic breast cancer. We hypothesized that inactivation 

of these genes was due to aberrant epigenetic silencing at the level of gene transcription. 

In this study we show that aberrant cytosine methylation of the BRCAl and maspin CpG 

island promoters is a common event in the inactivation of these genes in sporadic breast 

cancer cell lines. Furthermore, we show that the methylation-associated inactivation of 

BRCAl occurs in 15-30% of sporadic breast cancer patient specimens and our data 

suggests that the methylation-associated inactivation of maspin occurs in -70% of 

advanced sporadic breast cancers. Additional studies indicate that the methylation-

associated inactivation of these genes is coincident with the repressive epigenetic events 

of histone hypoacetylation and chromatin condensation. These data suggest that aberrant 

cytosine methylation, histone hypoacetylation and chromatin condensation act together in 

the BRCAl and maspin promoters to inactivate their transcription, thereby, contributing 

to the progression of sporadic breast cancer. 
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EPIGENETIC SILENCING OF BRCAl 

IN SPORADIC BREAST CANCER 
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INTRODUCTION 

Breast cancer 

Breast cancer is the most frequently diagnosed neoplasm in women. It is estimated 

that over 186,000 new cases and 46,000 deaths are reported each year in the United 

States alone (American Cancer Society, 1997; Ries et al., 1997). Even with an increased 

detection rate due to improved technology and heightened public awareness, the 

incidence of breast cancer is rising (Garfinkel et al., 1994). Women affected by breast 

cancer can be divided into two groups based on their age. The majority of breast cancer 

diagnoses (90-95%) occur postmenopausal and are referred to as sporadic breast cancer. 

Women with sporadic breast cancer show no strong inherited factors or gene mutations. 

The cumulative risk of acquiring sporadic breast cancer is estimated at 1 in 10 women in 

the United States (Ries et al., 1997). In contrast, the less common hereditary form of 

breast cancer, known as familial breast cancer, has a strong genetic component associated 

with the incidence of breast cancer (Easton, 1994). It was found in women with familial 

breast cancer that they have mutations in breast cancer susceptibility genes and this is, 

most likely, the reason why they develop breast cancer at such early points in their 

lifetime (Eeles et al., 1994). The mutations in the breast cancer susceptibility genes are 

inherited in an autosomal dominant manner such that women who carry these mutations 

have a 50% chance of passing it on to their children (Easton, 1994). Women carrying 
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these mutations have an 80% chance of acquiring breast cancer in their lifetime (Easton 

etal., 1993). 

Breast cancer I (BRCAI) 

One of the most important discoveries in breast cancer research was the 

identification of the breast cancer susceptibility gene, breast cancer 1 (BRCAl). A 

landmark study showed the presence of an autosomal dominant form of breast cancer 

susceptibility in families predisposed to breast cancer. These findings indicated that there 

was a link between breast cancer and a locus on the long arm of chromosome 17 

(Newman et al., 1988). This putative susceptibility gene on chromosome 17 was termed 

BRCAl, for breast cancer 1. BRCAl was eventually mapped to chromosome I7q21 by 

familial linkage studies and was later isolated by positional cloning and sequenced (Hall 

et al., 1990; Miki et al., 1994; Smith et al., 1996). 

BRCAl covers 81 kb of chromosome 17 and is composed of 24 exons, 22 of these 

protein encoding (Miki et al., 1994; Smith et al., 1996). The BRCAl mRNA is 7 kb in 

length and is expressed the highest in human testis, thymus, breast and ovarian tissue 

(Miki et al., 1994). BRCAl RNA expression is highest prior to DNA replication (G1 to 

S transition) in rapidly proliferating tissue especially during mammary epithelial 

proliferation and differentiation; consistent with a role in mammary growth and 

development (Marquis et al., 1995; Rajan et al., 1997; Rajan et al., 1996). The 

importance of BRCAl in development is best demonstrated by homozygous knockout 
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mice that die at embryonic day 7.5 (Gowen et al., 1996; Hakem et al., 1996; Liu et al., 

1996). 

Since its discovery, BRCAl has been defined as a tumor suppressor gene: a gene 

that suppresses the cancer phenotype. It had long been suspected that there was a breast 

cancer suppressor gene on chromosome 17 due to a high loss of heterozygosity of this 

chromosome in familial breast cancer patients (Lindblom et al., 1993; Schildkraut et al., 

1995; Zelada-Hedman et al., 1994). The first study supporting the role of BRCAI as a 

tumor suppressor gene showed that a retroviral vector containing the BRCAl coding 

region infected into breast cells slowed growth rate in culture compared to non-infected 

cells (Holt et al., 1996). In addition, nude mice with implanted tumors had delayed 

mortality when they were infected with the BRCA.1-expressing virus compared to control 

mice. It was later shown that transfection of breast cancer cells with BRCAl-expressing 

constructs leads to a loss of the transformed phenotype (Shao et al., 1996). 

The BRCAl gene codes for a 1,863 amino acid polypeptide with an estimated 

mass of 207 kDa. The BRCAl protein has no significant sequence similarity to any other 

known proteins, which made the elucidation of BRCAl flmction difficult. BRCAl is a 

nuclear protein with multiple cellular functions including an activator of transcription, 

repair of DNA double-strand breaks, meiotic and mitotic recombination and regulator of 

the cell cycle. The BRCAl protein has been shown to flmction as an activator of 

transcription which regulates the expression of specific genes (Chapman and Verma, 

1996). This is supported by findings that show that BRCAl associates with the RNA 

polymerase-ll holoenzyme (Neish et al., 1998; Scully et al., 1997a). Although BRCAl 
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appears to have transactivation activity, specific DNA-binding activity has not been 

demonstrated. BRCAl has been shown to interact with several transcription factors 

including c-myc, CtIP and RNA helicase A suggesting that BRCAl may regulate 

trzmscription as a cofactor (Anderson et al., 1998; Li et al., 1999; Wang and Harris, 

1996). BRCAl has also been shown to interact with histone deacetylases suggesting a 

role for BRCAl in chromatin remodeling and transcription (Hu er al., 1999; Yarden and 

Brody, 1999). BRCAl can activate the expression of p21 in a p53-dependent manner 

suggesting that these two genes may fimction together in the DNA damage-repair process 

and^or in cell growth arrest (Ouchi ei al., 1998; Zhang et al., 1998). BRCAl also appears 

to play an important role in DNA repair and genomic stability. Murine embryos carrying 

a Brcal-null mutation and Brcal-deficient mouse embryonic stem cells are sensitive to 

ionizing radiation and hydrogen peroxide (Gowen et al., 1998). BRCAl interacts with 

the RAD51 protein which participates in the DNA double-strand break repair pathway 

and in mitotic and meiotic recombination (Scully et al., 1997b). BRCA1 also interacts 

with the RAD50 protein which is also important in the DNA double-strand break repair 

pathway and recombination (Zhong et al., 1999). Consistent with the observations that 

BRCAl expression peaks at the Gl-S transition, BRCAl has been shown to bind 

hypophosphorylated retinoblastoma protein suggesting that BRCAl may participate in 

the arrest of cell cycle progression (Aprelikova et al., 1999). These findings show that 

BRCAl plays an important role in the cellular response to DNA damage, leading to the 

increased expression of specific genes, including p21, DNA repair, and cell cycle arrest. 

Loss of BRCAl may lead to an overall decrease in a cell's ability to repair damaged 
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DNA, resulting in increased somatic mutations, defects in recombination, and 

aneuploidy. If BRCAl is mutated or its expression is lost, the defects in other tumor 

suppressor genes could accumulate resulting in the acceleration of tumor formation and 

growth. 

Women with familial breast cancer have germline mutations in one of their 

BRCAl alleles rendering them susceptible to breast cancer at early points in their lifetime 

(Castilla el al., 1994; Friedman et al., 1994). The majority of these mutations, which are 

scattered throughout the BRCAl gene, are either frameshift or nonsense mutations that 

result in a nonfunctional BRCAl protein. Mutations in BRCAl are linked to -45% of 

hereditary breast cancer families and -80% of breast and ovarian cancer families (Easton 

et al.. 1993). In contrast, mutations in BRCAl are rarely detected in the more common 

sporadic form of breast cancer (Futreal et al., 1994; Merajver et al., 1995). Despite the 

absence of BRCAl mutations in sporadic breast cancer, BRCAl RNA and protein 

expression are reduced in most sporadic breast cancers and is associated with a malignant 

phenotype (Holt et al., 1996; Seery et al., 1999; Thompson et al., 1995; Wilson et al., 

1999; Yoshikawa et al., 1999). Based on these fmdings, we hypothesized that the 

observed decrease in BRCAl mRNA expression in sporadic breast cancer was due to the 

aberrant epigenetic silencing of BRCAl at the level of BRCAl transcription. 
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Epigenetics and gene silencing 

Epigenetics is defined as heritable changes in gene expression that occur without 

changes in DNA sequence (Wolffe and Matzke, 1999). In other words, epigenetics are 

alterations in phenotypic gene expression without alterations in the DNA sequence of the 

associated gene (Lewin, 1997). One of the best characterized epigenetic events involved 

in the inactivation of human tumor suppressor genes and the progression of cancer is the 

aberrant cytosine methylation of CpG island promoters (Baylin et al., 1998). 

CpG islands are GC-rich regions of DNA that have a higher than expected frequency 

of CpG dinucleotides. These islands are usually located at the 5' end of genes and are 

associated with transcriptional promoters (Gardiner-Garden and Frommer, 1987). 

.Analysis of the BRCAl 5' regulator>' region indicates that it is a TATA-less promoter 

that fits the criteria of a CpG island (Gardiner-Garden and Frommer, 1987): it is >1.5 kb 

in length, has a 56% cytosine and guanine content, and has an observed/expected CpG 

frequency of 0.72. 

CpG island promoters can be negatively regulated by aberrant cytosine 

methylation of the CpG dinucleotide. Methylation occurs at the 5-position of cytosine, 

thus, becoming 5-methylcytosine. Methylated CpG dinucleotides are not uncommon in 

the human genome, in fact, it is estimated that -70% of CpG dinucleotides are 

methylated (Cooper and Krawczak, 1989). However, cytosines of CpG islands are 

nonmethylated in all normal tissues regardless of transcription status (Bird, 1992). The 

aberrant cytosine methylation of CpG island promoters is associated with the 
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transcriptional inactivation of many human tumor suppressor genes and is a common 

event in the progression of cancer (Beiinsky et al.^ 1996; Issa et al., 1994; Rideout et al., 

1994). Some tumor suppressor genes that display a methylation-associated inactivation 

of their CpG island promoters include Rb, pl5, pl6, and VHL (Gonzalez-Zulueta et al., 

1995; Greger et al., 1994; Herman et al., 1996; Herman et al., 1994). 

The aberrant cytosine methylation of CpG islands is associated with the alteration 

of chromatin structure to a protein-inaccessible state, which appears to participate in the 

transcriptional repression of the associated gene (Antequera et al., 1990; Costello et al., 

1994; Watts et al., 1997). A protein-inaccessible chromatin structure is also directly 

linked to the acetylation status of the N-terminus of core histones H3 and H4 in the 

nucleosomes of gene promoters (Hansen et al., 1998; Ng and Bird, 1999). 

Hypoacetylated histones are associated with transcriptionally inert regions of 

heterochromatin, whereas, acetylated histones are associated with transcriptionally active 

regions of euchromatin (Ura et al., 1997; Wade et al., 1997; Wolffe and Hayes, 1999). 

Recent reports have identified a mechanistic pathway of epigenetic silencing by cytosine 

methylation, histone hypoacetylation and chromatin condensation suggesting that these 

mechanisms act together to inactivate gene transcription (Jones et al., 1998; Nan et al., 

1998). 

Based on this, we hypothesized that BRCAl is epigenetically silenced in sporadic 

breast cancer by aberrant cytosine methylation, histone hypoacetylation and chromatin 

condensation. In this study we used high resolution sodium bisulfite genomic sequencing 

to analyze the cytosine methylation status of 30 CpG sites in the 600 bp promoter of the 
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BRCAl gene and measured BRCAl mRNA expression by RT-PCR in normal human 

mammary epithelial cells (HMEC), normal peripheral blood lymphocytes (PBL), and 6 

sporadic breast cancer cell lines. BRCAl mRNA expression was decreased 3-16 fold in 

ail 6 sporadic breast cancer cell lines when compared to the normal breast cells. 

Although 5 of the sporadic breast cancer cell lines were norunethylated, one cell line, 

UACC3199, was >60% methylated at all 30 CpG sites (18 sites were 100% methylated) 

and was associated with an 8-fold decrease in BRCAl mRNA. In collaboration with the 

Mount Sinai Hospital in Toronto, Canada, we verified that the observed methylation-

associated inactivation of BRCAl in UACC3199 also occurs in -15-30% of sporadic 

breast cancer patient specimens. Using UACC3199 as the in vitro model of methylation-

associated inactivation of BRCAl in sporadic breast cancer, we found that UACC3199 

contains hypoacetylated histones H3 and H4 and condensed chromatin in the BRCA1 

promoter compared to the nonmethylated, BRCAl-positive normal human mammary 

epithelial cells (HMEC). These data indicate that the epigenetic effects of aberrant 

cytosine methylation, histone hypoacetyiation and chromatin condensation act together in 

the BRCAl promoter to repress BRCAl transcription in sporadic breast cancer. 
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MATERIALS AND METHODS 

Cell culture and drug treatment 

MCF7 cells were obtained from the American Type Culture Collection 

(Rockvilie, MD) and cultured in RPMI 1640 supplemented with 5% fetal bovine serum 

(Tissue Culture Biologicals, Tulare, CA), penicillin (100 U/ml) (Gibco-BRL, Grand 

Island, NY) and 1% glutamine (Gibco-BRL) in 95% air — 5% CO2 atmosphere at 37°C. 

Normal human mammary epithelial cells (HMEC) were obtained from Clonetics (San 

Diego, CA) and grown according to the manufacturer's instructions. The early passage 

sporadic breast cancer cell lines were developed and maintained at the Arizona Cancer 

Center Cell Culture Core Facility. UACC893 was derived from a primary breast cancer 

specimen, UACC3199 was derived from the axillary nodes, UACCI179 and UACC2087 

were derived from pleural effusions and UACC2648 was from peritoneal fluid (Guan et 

al., 1994; Meltzer et al., 1991; Thompson et al., 1993; Trent et al., 1993). Pathological 

examination confirmed that the tissue used to establish UACC893 and UACC3199 were 

infiltrating ductal carcinomas while UACCI 179, UACC2087 and UACC2648 were 

derived from adenocarcinomas. 

To assess reactivation of BRCAl expression, UACC2087 and UACC3199 cells 

were grown at low density in T-75 culture plates on day 0. Cells were treated with a non

toxic dose of 500 nM 5-aza-2-deoxycytidine (5-AzadC) (Sigma, St. Louis, MO) in 
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1 X PBS on days 1 and 3. Cells were also treated on day 3 with 300 nM trichostatin A 

(TSA) (Sigma) alone or in combination with 5-AzadC. On day 4, total RNA was isolated 

from the different treatment groups and analyzed by RT-PCR (see below). 

Clinical breast cancer specimens 

The DNA from the axillary-node-negative breast carcinoma specimens were 

obtained in collaboration with Hilmi Ozcelik at Mount Sinai Hospital in Toronto, 

Canada. The DNA and RNA from these specimens were extracted from quick-frozen 

tumor tissue by conventional methods (Ozcelik et al., 1998). 

Reverse transcription-polymerase chain reaction (RT-PCR) analysis of BRCAl 

Total cellular RNA was isolated using the Qiagen RNA/DNA Midi kit 

(Chatsworth, CA) and quantitated by absorbence measurements at 260 nm. To measure 

BRCAl expression, the exponential range of amplification of the PCR reaction was 

determined for BRCAl and the normalization control histone 3.3 (H3.3) which is a cell 

cycle independent, ubiquitously expressed histone variant (Wells and Kedes, 1985). It 

was determined that 28 cycles for BRCAl and 25 cycles for H3.3 yielded products in the 

exponential range of amplification using the follo\ving reaction: 400 ng of total cellular 

RNA was reverse transcribed by incubating a 20 nl reaction mixture containing 1 x PCR 

buffer (10 mM Tris, pH 8.3, 50 mM KCl, 1.5 mM MgCh), 1 mM each dATP, dCTP, 
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dGTP and dTTP, 200 pmol random hexamer, 20 U RNasin and 200 U Superscript II 

reverse transcriptase (Gibco-BRL) at 50°C for 1 hour. The reaction was stopped by 

incubation at 99°C for 10 minutes. The BRCAl-specific PCR was performed by adding 

10 1^1 of the RT reaction to 40 |al of amplification mixture: 1 x PCR buffer, 50 pmol of 

BRCAl-specific primers from exon 22 (nt 5453 to nt 5474) and exon 24 (nt 5595 to 

nt 5614) as derived fi-om the BRCAl cDNA sequence (Miki et al., 1994) and 1.25 U of 

Tag DNA polymerase (Boehringer-Mannheim, Indianapolis, IN) followed by incubation 

at 92°C for 2 minutes; 28 cycles of 92°C for 1 minute, 57°C for 30 seconds, 72°C for 

1 minute; and a final extension at 72°C for 5 minutes followed by a quick chill to 4°C. 

Histone 3.3 expression from the same cDNA reaction was analyzed with PCR parameters 

identical to BRCAl except that 25 cycles of PCR were performed using H3.3-specific 

primers previously described (Pieper et al., 1990). For analysis, 20% of the respective 

PCR products were separated through a 3% agarose gel, visualized by ethidium bromide 

staining using densitometry analysis of the Eagle Eye II Still Video System (Stratagene, 

La Jolla, CA). BRCAl mRNA was quantitated as a fimction of the loading control H3.3 

mRNA (BRCA1/H3.3). 

Construction and transfection of plasmids 

A 1704 bp fragment of the BRCAl gene containing the 5' flanking region, exon la 

and part of intron 1 was isolated by PCR using oligonucleotides (nt 121 to nt 140 and nt 

1806 to nt 1824) derived from the reported BRCAl sequence (Genbank accession 
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#U37574) (Xu et al., 1995). The PCR product was cloned into the pCRII vector 

(Invitrogen, Carlsbad, CA) and its identity was confirmed by DNA sequencing. Using 

this BRCAl plasmid, the restriction enzymes Kpnl + Xhol, Nhel + Xhol, BssHlI + Xhol 

and SstI + Xhol (Gibco-BRL) were used to make the deletion constructs -1460, -957, -

567 and +26, respectively, which were cloned into the compatible restriction sites of the 

pGL3-Basic luciferase reporter vector (Promega, Madison, WI). Five micrograms of 

each BRCAl deletion construct was transfected into MCF7 or UACC3199 cells using 

DOTAP according to the manufacturer's instructions (Boehringer-Marmheim). Cells 

were co-transfected with the pRL-null reporter vector (Promega) to normalize for 

transfection efficiency. The cells were lysed and assayed for luciferase expression on a 

Monolight 2010 luminometer (Analytical Luminescence Laboratory) according to the 

Dual-Luciferase Reporter Assay System instructions (Promega). 

Sodium bisulfite sequencing of the BRCAl 5' region 

Genomic DNA was isolated using the Qiagen RNA/DNA Midi kit and quantitated 

spectrophotometrically. Five micrograms of genomic DNA was modified with sodium 

bisulfite under conditions previously described (Clark et al., 1994). Briefly, DNA was 

denatured with 0.3 M NaOH, reacted with 3.6 M sodium bisulfite (pH 5) (Sigma) at 55°C 

for 14 hours, desalted by using a Wizard Prep kit (Promega), desulfonated with 0.3 M 

NaOH and finally ethanol precipitated in preparation for PCR. The portion of the 

BRCAl CpG island was amplified by two rounds of PCR using nested primers specific to 
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the bisulfite-modified sequence of the BRCAl CpG island. A 656bp nested PCR product 

from -591 to +66 relative to the BRCAl transcription start site was amplified from the 

bisulfite-modified DNA with bisulfite specific primers derived from the reported BRCAl 

sequence (Genbank accession #U37574). The primer sets used were as follows: 

primer 1 (nt 895 to nt 916), 5'-GGGGTTGGATGGGAATTGTAG-3'; 

primer 2 (nt 1688 to nt 1792), 5'-CTCTACTACCTTTACCCAAAAACA-3'; 

primer 3 (nt 989 to nt I0I3), 5'-GTTTATAATTGTTGATAAGTATAAG-3'; 

primer 4 (nt 1626 to nt 1646), 5'-AAAACCCCACAACCTATCCC-3'. 

An 802bp fragment of the BRCAl upstream region from -1369 to -567 was also 

amplified from the bisulfite-modified DNA by nested PCR using the following primer 

sets: 

primer 1 (nt 177 to nt 200), 5'-TTAGTTTAGAGAGGGGTTTTTATA-3'; 

primer 2 (nt 1094 to nt 1119), 5'-CCACAATATTCCTTAAAAACTATAAT-3'; 

primer 4 (nt 989 to nt 1013), 5'-CTTATACTTATCAACAATTATAAAC-3'. 

Primers 1 and 2 were used in the first round of amplification and primers 3 and 4 were 

used in the second round of amplification under the following conditions: 95°C for 1 min 

followed by 35 cycles of 92°C for 1 min, 56°C for 3 min, 72°C for 1 min; ending with a 

final extension of 72°C for 5 min and a quick chill to 4°C. The resultant PCR products 

were cloned into pGEM-T-Easy TA (Promega, Madison, WI) according to the 

manufacturer's instructions. Positive recombinants were isolated using the Qiaprep Spin 

Plasmid Miniprep Kit (Qiagen) and sequenced on an ABI automated DNA sequencer. 



The methylation status of individual CpG dinucleotides was detemiined by comparison 

of the sequence obtained with the known BRCAl sequence. The number of methylated 

CpGs at a specific site was divided by the number of clones analyzed to yield a percent 

methylation for each site. Ten recombinants from each cell type were analyzed for the 

BRCAl regulatory region. For the BRCAl upstream region, ten recombinants were 

analyzed for PBL and HFF, eight recombinants for HMEC, and six recombinants for 

MCF7 and UACC3199. This method was also used to analyze the methylation status of 

the pi 5 and dCK 5' CpG islands and the first intron of BRCAl. The primer sets for the 

BRCAl intron are as follows: 

primer 1 (nt 1691 to nt 1713), 5'-TTTGGGTAAAGGTAGTTAGAGTTT-3'; 

primer 2 (nt 2309 to nt 2331), 5'-TTAAATTCTCCCTCCCACAAAAT-3'; 

primer 3 (nt 1724 to nt 1746), 5'-ATAGGGGGTTTAAGTGATGTTTT-3'; 

primer 4 (nt 1842 to nt 1861), 5'-TACCCCCCTCCCCAAAATTC-3'. 

The primer sets for pi5 (Genbank accession #875756) are as follows: 

primer I (nt 58 to nt 78), 5'-GGHT ITIGGTTTAGTTGAAAAO'; 

primer 2 (nt 698 to nt 725), 5'-AACITAAACTCCTATACAAATCTACAT-3'; 

primer 3 (nt 90 to nt 116), 5'-TGTIGGTTGGTTmTATTTTGTTAGA-3'; 

primer 4 (nt 608 to nt 634), 5'-AAACCCTAAAACCCCAACTACCTAAAT-3'. 

The primer sets for dCK (Genbank accession #L07485) are as follows: 

primer I (nt 35 to nt 63), 5'-TTTGTTTATTTTTAATAGGTTTATAGAG-3'; 

primer 2 (nt 577 to nt 603), 5'-AATCCCCTCAAAACTAACTAAAAAAAA-3'; 

primer 3 (nt 130 to nt 155), 5'-GGTTTTTGGGGTTTATTTTTTTTTTT-3'; 
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primer 4 (nt533 to nt 556), 5'-AAATAACCATTCCTTAATCTTATA-3'. 

Acetyl-histone H3 and H4 chromatin immunoprecipitations and PCR amplification of the 

BRCAl and GAPDHpromoters. 

Chromatin immunoprecipitations using the acetyl-histone H3 and H4 antibodies 

were performed according to the manufacturer's instructions (Upstate Biotech, Lake 

Placid, NY). Cells were rinsed in 1 x phosphate-buffered saiine (PBS) and treated with 

1% formaldehyde for 10 minutes at 37°C to form DNA-protein cross-links. The cells 

were rinsed in ice cold 1 x PBS containing protease inhibitors (ImM PMSF, l^ig/ml 

aprotinin, Ijig/ml pepstatin A), scraped and collected by centrifligation at 4°C. Cells 

were resuspended in an SDS lysis buffer containing protease inhibitors and incubated on 

ice for 10 minutes. The DNA-protein complexes were sonicated to lengths between 200 

and 1000 bp as determined by gel electrophoresis, isolated by centrifligation, and diluted 

with buffer containing protease inhibitors. The sample was divided equally into thirds: 

+Ab, -Ab, and control sample. The +Ab and -Ab samples were pre-cleared with a 

Salmon Sperm DNA/Protein A Agarose Slurry. Following pre-clearing, the +Ab sample 

was exposed to the acetyl-histone H3 or H4 antibody and all of the samples were 

incubated overnight at 4°C with rotation. The chromatin-antibody complexes were 

collected using the Salmon Sperm DNA/Protein A Agarose Slurry and then sequentially 

washed with the manufacturer's low salt buffer, high salt buffer, LiCl buffer, and twice 

with Tris-EDTA. The chromatin-antibody complexes were eluted and the DNA-protein 
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cross-links were reversed with 5M NaCl at 65°C for 4 hours. All samples were treated 

with proteinase K and the acetyl-histone H3 or H4 enriched fraction of genomic DNA 

was recovered by phenol/chloroform extractions and ethanol precipitations and 

quantitated using pico green (Molecular Probes, Eugene, OR). PGR amplification of the 

BRCAl promoter (Genbank accession #U37574) was performed using the following 

primers: 

primer 1 (nt 1349 nt 1369), 5'-GGCAGGGACTTTATGGGAAAG-3', 

primer 2 (nt 1757 nt 1778), 5'-TTCGGAAATCCACTCTCCCACG-3'. 

PGR amplification of the GAPDH promoter (Genbank accession #J04038) was 

performed using the following primers: 

primer 1 (nt 827 nt 851), 5'-TAGTGTCCTGCTGGGGACAGTCCAG-3', 

primer 2 (nt 1168 nt 1187), 5'-GGGGACGGAAAAGAAGATGG-3'. 

Both PCRs were performed under the following conditions: 95°G for 4 minutes followed 

by 40 cycles of 95°C for I minute, 68°C for 1 minute and 72°C for 2 minutes and ending 

with a final extension of 72°C for 5 minutes. PGR products were size fractionated on a 

3% TBE agarose gel, stained with ethidium bromide, and visualized on the Eagle Eye II 

Still Video System (Stratagene). 

Chromatin accessibility assays of the BRCAl 5' region. 

Chromatin accessibility assays were performed as previously described (Watts et 

al., 1997) with minor modifications. Twenty million cells were washed twice with 
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1 X PBS, gently scraped and collected by centrifligation. Nuclei were extracted by 

resuspension of cells in ice-cold 1 x RSB (10 mM Tris HCl ,pH 8 , 3 mM MgClj, 10 mM 

NaCl, 0.05% NP-40). TTie nuclei were collected by centrifiigation, resuspended in 

appropriate 1 x restriction endonuclease buffer, and divided into four aiiquots of 200 

|j.l/aliquot. Zero, 25, 75, or 225 units of either EcoRI or SstI (Gibco BRL) was added to 

the nuclei and incubated at 37°C for 15 minutes. After 5 minutes of the in vivo restriction 

digestion, 20 ^1 of a 20 mg/ml RNase A solution was added to each szunple. The 

accessibility assay was terminated by the addition of proteinase K in cell lysis solution, 

and DNA was isolated using the QIAamp Tissue Kit (Qiagen). Seven and one-half 

micrograms of this DNA was digested with 25 units of BamHI (Gibco BRL). Following 

phenol/chloroform extractions and ethanol precipitation, the DNA was size-fractionated 

on a 1% TBE agarose gel and capillary transferred onto a 0.45-^m-pore-size Nytran Plus 

membrane (Schleicher and Schuell, Keene, NH). The membranes were hybridized with a 

probe generated from -564 to -204 of the BRCAl 5' region and ^^P-labeled using the 

random primer method. Membranes were washed once in 2 x SSC - 0.5% SDS for 

30 minutes at room temperature followed by two washes at 62°C for 30 minutes in a 

0.1% SSC - 0.5% SDS solution. Results were visualized by autoradiography. 

Mobility shift assay (MSA) 

Oligonucleotides for gel mobility shift assays corresponding to -64 to —40 relative 

to the BRCAl transcription start site were prepared and purified by PAGE extraction 
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(BIOSYNTHESIS, Lewisville, TX). Two pairs of complementary single-strand 

oligonucleotides (one pair methylated) were annealed to generate double-stranded DNA 

templates for the assay. Annealing of complementary strands was performed at 95°C for 

15 minutes in 2 x annealing buffer (0.2 M KCl, 0.02 M Tris-HCl, pH 7.5) followed by a 

gradual cooling to room temperature for 2 hours. The double-stranded oligonucleotides 

were endlabeled with y-^~P-ATP (Amersham; 3000 Ci/mmol) using T4 kinase 

(Boehringer-Maimheim). Nuclear extracts were prepared from MCF7 cells that were 

washed twice in phosphate-buffered saline, gently scraped from the culture plate, 

collected and centrifiiged at 500 x g for 5 minutes. The cells were resuspended in 500 (il 

of ice cold Buffer A (10 mM HEPES, 1.5 mM MgCh, 10 mM KCl, 0.2 mM PMSF, 

0.5 mM DTT), Dounce homogenized 16 times on ice and centrifuged at 13000 rpm for 

1 minute at 4°C. The pellet was resuspended in 150 |a1 of ice cold Buffer C (20 mM 

HEPES, 25% w/v glycerol, 420 mM NaCl, 1.5 mM MgCb, 0.2 mM EDTA, 0.2 mM 

PMSF, 0.5 mM DTT), incubated on ice for 15 minutes and centrifuged at 13000 rpm for 

5 minutes at 4°C. The supernatant containing the nuclear proteins was collected, added 

to 90 |il of ice cold Buffer D (20 mM HEPES, 20% w/v glycerol, 100 mM KCl, 0.2 mM 

EDTA, 0.5 mM PMSF, 0.5 mM DTT) and quantitated with the Bio-Rad Protein Assay kit 

(Hercules, CA). Competition assays compared the binding capacity of the nonmethylated 

and methylated probes with an excess of unlabeled/methylated and 

unlabeled/nonmethylated probe, respectively. All binding reactions contained 50 fmol of 

labeled probe, 1 x MSA buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 2 mM DTT, 
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1 mM MgCb, 10% w/v glycerol), O.l mg/ml poly dIdC, 10 ng of MCF7 nuclear extract 

and excess of unlabeled competitor. Binding proceeded at 37°C for 15 minutes zmd the 

samples were fi-actionated on a 5% non-denaturing polyacrylamide gel. Results were 

visualized by autoradiography. Densitometry analysis was performed using the Eagle 

Eye II Still Video System (Stratagene). 
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RESULTS 

Measurement ofBRCAl mRNA by RT-PCR 

BRCAl expression was measured by RT-PCR in normal human mammary 

epithelial cells (HMEC), normal peripheral blood lymphocytes (PBL), and the sporadic 

breast cancer cell lines MCF7, UACC893, UACCl 179, UACC2087, UACC2648, and 

UACC3199 (Guan et al., 1994; Meltzer et al., 1991; Thompson et al., 1993; Trent el al., 

1993). BRCAl mRNA levels were normalized to mRNA levels of histone 3.3 (H3.3), a 

cell-cycle independent, ubiquitously-expressed histone variant (Wells and Kedes, 1985), 

The PCR conditions used to measure BRCAl and H3.3 expression were in the linear 

range of amplification (Figure 1.1) assuring good estimates of gene expression. The 

normal HMEC expressed the highest levels ofBRCAl mRNA. In comparison, all six 

sporadic breast cancer cell lines exhibited decreases in BRCAl mRNA. MCF7 expressed 

3-fold less, UACC2648 expressed 4-fold less, UACC893 and UACCl 179 expressed 

6-fold less, UACC3199 expressed 8-fold less, and UACC2087 expressed 16-fold less 

BRCAl mRNA when compared to the normal HMEC. The normal PBL, generally 

considered to be BRCAl-negative by northern blot analysis (Miki et al., 1994), expressed 

low but detectable levels ofBRCAl mRNA; 8-fold less than the normal HMEC. Two of 

the cell lines analyzed, UACC2087 and UACC3199, expressed levels ofBRCAl mRNA 

as low as those found in PBL. Figure 1.2 and Table 1.1 summarize the results of these 

experiments. 
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Figure 1.1. Optimization of RT-PCR for BRCAl and histone 3.3. 400 ng of total 
cellular RNA from HMECs and MCF7s were used in a 20 1 RT reaction. Half of 
the RT reaction was used in the BRCAl PCR reaction (A) and the remaining half 
was used in the histone 3.3 PCR reaction (B). The samples were removed from the 
thermal cycler at every other cycle, separated on a 3% agarose gel, stained with 
ethidium bromide, and quantitated by densitomety. The graph is biphasic with the 
first line representing the exponential increase in product. The second line 
represents saturation of product. From this graph, it was determined that 28 cycles 
for BRCAl PCR and 25 cycles for histone 3.3 PCR would be used for quantitation 
of mRNA expression as indicated by the dotted line. 
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Figure 1.2. Analysis ofBRCAl mRNA expression by RT-PCR. BRCAl (top 
panel) and histone 3.3 (bottom panel) mRNA expression was determined by using 
400 ng of RNA reverse transcribed from normal peripheral blood lymphocytes 
(PBL ), normal human mammary epithelial cells (HMEC), and six sporadic breast 
cancer cell lines: MCF7, UACC893, UACCl 179, UACC2087, UACC2648 and 
UACC3199. Half of the RT reaction was used for PCR using BRCA 1-specific 
primers located in exon 22 and exon 24 and the remaining half of the RT reaction 
was used for PCR using histone 3.3-specific primers. Each PCR reaction was 
optimized for 28 and 25 cycles, respectively. Quantitative analysis was performed 
by measuring the density of BRCA 1 mRNA expression as a function of the 
loading control histone 3.3 mRNA expression (BRCA1/H3.3). This experiment 
was performed twice with similar results. 
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Identification of a strong promoter in the BRCAl 5' region. 

Four deletion constructs of the BRCAl CpG island were cloned into the luciferase 

reporter vector pGL3-Basic and were labeled relative to the distance of the 5* end of the 

BRCAl fragment from the exon la transcriptional start site. These deletion constructs 

were transiently transfected into the BRCAl-expressing MCF7 and the low BRCAl-

expressing UACC3199 breast cancer cell lines. Both cell lines were co-transfected with 

the pRL-null reporter vector to normalize for transfection efficiency. Figure 1.3 shows 

that the longest deletion constructs, -1460 and -957, gave a 13-fold and 28-fold increase 

in promoter activity, respectively, compared to the promoterless control vector, 

pGL3-Basic, in the MCF7 cells. The -567 construct exhibited a >40 fold increase in 

promoter activity. The strong promoter activity observed with the -567 construct was 

abolished when the upstream region was deleted as illustrated by the +26 construct. 

These findings are in agreement with a recent report that showed that the -567 construct 

contains the maximal promoter of BRCAl and that regions further upstream have 

decreased promoter activity suggesting the presence of negative regulatory elements 

(Thakur and Croce, 1999; Xu et al., 1997). As shown in Figure 1.3, all of the deletion 

constructs upstream of the transcriptional start site had high levels of promoter activity in 

tlie low BRCAl expressing cell line UACC3199. The promoter activity was abolished 

inside of the transcriptional start site in these cells, similar to MCF7. Because the —567 

construct contained the highest level of promoter activity, we analyzed this region for the 

presence or absence of 5-methylcytosine in the various cell types. 
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Figure 1.3. Identification of a strong promoter of BRCAl. 5' deletion constructs 
were created and labeled relative to the exon la transcription start site of BRCAl, 
as represented by the bent arrow, and inserted into the pGL3 vector containing the 
luciferase reporter gene. The deletion constructs were transiently transfected into 
the BRCAl expressing MCF7 or low BRCAl expressing UACC3199 sporadic 
breast cancer cell lines and luciferase activity was assayed. Cells were co-
transfected with the pRL-null vector to normalize for transfection efficiency. The 
data is presented as the average fold increase in promoter activity relative to the 
promoterless pGL3-Basic control vector. 



37 

5-methylcytosine analysis of the BRCAl promoter in sporadic breast cancer cell lines. 

High resolution sodium bisulfite genomic sequencing was used in the HMEC, PBL, 

and 6 sporadic breast cancer cell lines to assess the cytosine methylation status of 30 CpG 

dinucleotides in the BRCAl 5' region containing the highest promoter activity. Ten 

clones from each cell type were used to formulate a percent cytosine methylation for each 

CpG dinucleotide. As shown in Figure 1.4, the high BRCAl expressing normal HMEC 

were almost completely nonmethylated in this promoter region except for one CpG 

dinucleotide at -55 being 10% methylated. The BRCAl-negative PBL were also largely 

nonmethylated except for three CpGs at -567, -565, and -189 that were 30%, 60%, and 

10% methylated, respectively. These results are consistent with current data indicating 

that CpG islands are nonmethylated in all normal tissues regardless of expression of the 

associated gene (Bird, 1986). Five of the sporadic breast cancer cell lines were largely 

nonmethylated except for 10-30% methylation occurring at random CpG sites. However, 

the sporadic breast cancer cell line UACC3199 was >60% methylated at all 30 CpG sites 

and 18 of these sites were 100% methylated. The aberrant methylation of the 

UACC3199 BRCAl CpG island promoter was associated with low BRCAl expression, 

similar to the BRCAl-negative PBL: an 8-fold decrease in BRCAl mRNA compared to 

normal breast cells. A summary of these findings is reported in Table 1.1. 
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Figure 1.4. High resolution sodium bisulfite sequencing of the BRCAl promoter. 
(A) The 567 bp of the BRCAl promoter region, exon la and intron 1 containing 
36 CpGs was analyzed for cytosine methylation. The bent arrow indicates the 
transcription start site of exon la with the numbering system based on the 
published sequence of BRCAl. (B) Bisulfite-modified DNA from normal 
peripheral blood lymphocytes (PBL), normal human mammary epithelial cells 
(HMEC) and the six sporadic breast cancer cell lines were PCR amplified, 
cloned and sequenced. Ten clones from each cell line were analyzed to obtain 
percent methylation of the 36 CpG dinucleotides. 
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Table 1 Summary of BRCAI mRNA expression and CpG 
mcthylation 

BRCAI BRCAI 
Cell Type Age mRNA*' meCpG^ 

HMEC N/A 1.0 no 
PEL 26 0.1 no 
MCF7 69 0.3 no 
UACC893 57 0.2 no 
UACCI179 61 0.2 no 
UACC2087 54 0.1 no 
UACC2648 58 0.3 no 
UACC3199 58 0.1 yes 

""BRCAI mRNA levels are derived from Figure 1 and are relative lo 
HMEC. '^Presence or absence of CpG methylation in the BRCAI 
promoter region 
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Sodium bisulfite genomic sequencing was also used to assess the methylation status 

of the 6 CpG sites in the reported alternate reporter of BRCAl in intron 1 (Xu et al., 

1995). As shown in Figure 1.4, these 6 CpGs were relatively nonmethylated in all of the 

cell types, although UACC3199 had low levels of methylation (30%) at 4 of the CpG 

sites. Methylation of non-CpG cytosines was not observed in any of the samples 

analyzed. It is noteworthy that a C—>G polymorphism was detected at nt +221 in PBL, 

UACCl 179, UACC2087, and UACC3199. 

To determine that the aberrant methylation of the BRCAl promoter in UACC3199 

was a gene-specific epigenetic event, we sodium bisulfite sequenced two other known 

CpG island tumor suppressor genes, pi5 and deoxycytidine kinase (dCK). Figure 1.5 

shows that both pi 5 and dCK were nonmethylated in UACC3199 indicating that aberrant 

cytosine methylation of the BRCAl promoter in UACC3199 is a gene-specific epigenetic 

event. 
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Figure 1.5. Methylation status of pI5 and dCK in UACC3199. Top panel: 57 CpG 
sites of the pi 5 (Genbank accession #875756) CpG island were analyzed for 
methylation by high resolution sodium bisulfite sequencing. Bottom panel: 49 CpG 
sites of the dCK (Genbank accession #L07485) CpG island were analyzed for 
methylation. These results show that pi5 and dCK have remained nonmethylated 
in UACC3199, similar to normal tissue. 
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We extended our methylation analysis using normal cells and sporadic breast 

cancer cells with known levels of BRCAl transcript to produce a 1.4 kb S-methylcytosine 

map of the BRCAl 5' CpG island. The cell types used to generate this 5-methylcytosine 

map were the BRCAl-positive normal human mammary epithelial cells (HMEC), 

BRCAl-negative normal human peripheral blood lymphocytes (PBL), normal human 

foreskin fibroblasts (HFF), and the BRCAl-positive MCF7 and BRCAl-negative 

UACC3199 human sporadic breast cancer cell lines (Miki et al., 1994). The presence of 

5-methylcytosine in the 1.4 kb sequence of the BRCAl 5' region was determined by high 

resolution bisulfite sequencing of two separate PCR amplicons. The first nested PCR 

amplification contained 30 CpG dinucleotides and extended from -591 to +66 relative to 

the BRCAl transcription start site, as previously discussed. The second nested PCR 

amplification was the BRCAl 5' upstream region which contained 45 CpG dinucleotides 

and extended fi-om —1369 to -567. The sequence information obtained for each cell type 

was compared to the known BRCAl sequence to determine the frequency of 5-

methylcytosine for each CpG dinucleotide (Figure 1.6). 

The five cell types analyzed were densely methylated in the 5' region upstream of 

-728. In contrast, 5-methylcytosine was absent in all normal cells and the BRCAl-

positive MCF7 cells downstream of -728 suggesting that this nonmethylated domain is 

the functional 5' regulatory region of the BRCAl CpG island. Unlike the other cell 

types, the BRCAl-negative UACC3199 cells were completely methylated downstream of 



Figure 1.6. High resolution 5-
methylcytosine map of the BRCAl 5' 
region. Bisulfite modified DNA from 
peripheral blood lymphocytes (PBL), 
human foreskin fibroblasts (HFF), 
human mammary epithelial cells (HMEC), 
and the sporadic breast cancer cell lines 
MCF7 and UACC3199 were PCR 
amplified, cloned and sequenced. Clones 
from each cell type were analyzed to 
obtain a percent methylation of the 75 
CpG dinucleotides in the BRCAl 5' 
region located on the y-axis. The x-axis 
represents the nucleotide position relative 
to the BRCAl transcription start site. 
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-728. The aberrant cytosine methylation of the BRCAl promoter in UACC3199 is 

associated with an observed eight-fold decrease in BRCAl transcript compared to 

HMEC. These results indicate that aberrant cytosine methylation of the BRCAl 

promoter is associated with transcriptional repression of BRCAl. 

Aberrant cytosine methylation of the BRCAl promoter is associated with his tone H3 and 

H4 hypoacetylation 

To determine if aberrant cytosine methylation of the BRCAl promoter was 

associated with histone hypoacetylation, chromatin immunoprecipitations of UACC3199, 

MCF7 and HMEC were performed using acetyl-histone H3 and H4 antibodies. 

Following chromatin immunoprecipitations, the acetyl-histone H3 and H4 enriched 

fraction of genomic DNA was purified and isolated. The enriched DNA was analyzed by 

PCR for the presence of the BRCAl promoter (-232 - +198), as well as the constituitively 

active GAPDH promoter (-311 - +50). 

Figure 1.7 shows the results of one of the acetyl-histone H3 immunoprecipitation 

experiments. The acetyl-histone H3 enriched genomic DNA from the methylated 

BRCAl-negative UACC3199 cells failed to amplify the 429 bp BRCAl PCR product 

compared to the nonmethylated BRCAl-positive HMEC and MCF7 cells as seen in the 

+H3 Ab lanes. The BRCAl PCR product was not amplified in the no acetyl-histone H3 

antibody control (-H3 Ab lanes), but was amplified in the genomic DNA positive control 
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Figure 1.7. Acetylation status ofhistones H3 and H4 in the BRCAl and GAPDH 
promoters in UACC3199, MCF7 and HMEC. Chromatin immunoprecipitations 
using acetyl-histone H3 or H4 antibodies were performed on UACC3199, MCF7 
and HMEC. Following isolation of the acetyl-histone H3 or H4 enriched fraction 
of genomic DNA, the BRCAl or GAPDH promoters were PCR amplified. 
Acetylation status of histone H3 (A) or histone H4 (B) for the BRCAl (top panel) 
and GAPDH (bottom panel) promoters in UACC3199, MCF7 and HMEC is 
shown. The different cell types analyzed are shown across the top and are 
grouped according to their incubation with acetyl-histone H3 or H4 antibody 
(+H3 Ab or +H4 Ab), no acetyl-histone antibody (-H3 Ab or -H4 Ab), or control 
sample. These experiments were performed three times each with similar results. 
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in all cell types analyzed. As expected, each cell line had acetylated histone H3 

associated with the constituitively expressed GAPDH promoter. 

Similar results were obtained from the acetyl-histone H4 immunoprecipitation 

experiments. Figure 1.7 shows that the acetyl-histone H4 enriched genomic DNA from 

the methylated BRCAI-negative UACC3199 cells failed to amplify the 429 bp BRCAl 

PGR product compared to the nonmethylated BRCAl-positive HMEC and MCF7 cells as 

seen in the +H4 Ab lanes. The BRCAl PCR product was not amplified in the no acetyl-

histone H4 antibody control (-H4 Ab lanes), but was amplified in the genomic DNA 

positive control in all cell types analyzed. Each cell line had acetylated histone H4 

associated with the constituitively expressed GAPDH promoter. 

The appearance of faint bands in the -Ab lanes of all the BRCAl PCR samples and 

different band intensities of the positive control samples underscores that, based on the 

limitations of the assay, these experiments are purely qualitative in nature and that 

degrees of (hypo)acetylation of each histone caimot be quantitated. However, Figiu-e 1.7 

does show that the methylated, BRCAl-negative UACC3199 cells are hypoacetylated at 

histones H3 and H4 compared to the nonmethylated, BRCAl-positive HMEC and MCF7 

cells. These data indicate that active transcription of BRCAl and GAPDH coincides with 

a nonmethylated and histone acetylated promoter. In contrast, the aberrant cytosine 

methylation and histone hypoacetylation of the UACC3199 BRCAl promoter is 

associated with the observed transcriptional repression of BRCAl. 
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Aberrant cytosine methylation and histone hypoacetylation prevent accessibility of 

proteins to the BRCA1 promoter 

Chromatin accessibility assays were performed to determine if the aberrant 

c>iosine methylation and histone H3 and H4 hypoacetylation of the BRCA I promoter 

were associated with the remodeling of chromatin to a transcriptionally repressive state. 

We investigated two regions of the BRCAI 5' region for protein accessibility: the 

methylated upstream region and the BRCAI promoter. Intact nuclei were isolated from 

the nonmethylated, histone acetylated, BRCAI-positive HMEC and MCF7cells, and the 

methylated, histone hypoacetylated, BRCAI-negative UACC3I99 cells. The nuclei were 

subjected to an in vivo restriction endonuciease digestion by EcoRI or Sstl. Following 

the in vivo digestion and isolation of genomic DNA, an in vitro restriction endonuciease 

digestion was performed with BamHl to release DNA fragments of predictable sizes for 

Southern analysis. 

The BRCAI 5' region has EcoRI restriction sites in both the methylated 5' region 

at -1640 and in the BRCAI promoter at -204 (Figure 1.8). Nuclei from HMEC, MCF7 

and UACC3199 were exposed to 0, 25, 75 or 225U of EcoRI for 15 minutes. Following 

isolation of genomic DNA, the samples were digested in vitro using BamHI, which 

cleaves at —1844 and +756 to yield a 2600 bp fragment. A radiolabeled probe was 

designed upstream of the EcoRI cut site such that a maximum of four possible products 

could be visualized by Southern analysis, as illustrated in Figure 1.8. Inaccessibility of 

EcoRI at both restriction sites yields a 2600 bp fragment, which is represented by the no 



A) 
Barn HI Barn HI 
-1844 

' 
+756 • 1~ , . 

t jprob~t 
Eco RI Eco RI 
-1640 -204 

2600 bp 
2396 bp 

1641 bp 
1437 bp 

B) 

MCF7 HMEC 

12345 12345 12345 

Figure 1.8. EcoRI chromatin accessibility assay of the BRCAl 5' region. 
(A) A schematic showing the in vivo EcoRI and in vitro BamHI restriction 
sites relative to the BRCAl transcription start site (bent arrow), the BRCAI 
probe, exons 1 a and 1 b, and the four possible cleavage products and their 
predicted sizes. (B) A Southern blot that shows each cell type and the 
resultant in vivo EcoRI digest products. The lanes, from left to right, are 
0, 25, 75, and 225 units of EcoRI; the in vitro control EcoRI digest is 
shown in the fifth lane for each cell type. This experiment was performed 
three times with similar results. 
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EcoRI control located in the first lane of each cell type. Accessibility of EcoRI in the 

upstream region only would result in a 2396 bp fragment, whereas, accessibility of EcoRJ 

in the promoter only would result in a 1641 bp fragment. Accessibility at both EcoRJ 

sites would yield a 1437 bp fragment, as represented by the in vitro positive control 

shown in the fifth lane of each cell type. 

Figure 1.8 shows the results of one of the EcoRI chromatin accessibility 

experiments. The EcoRI site in the BRCAl promoter was accessible to enzymatic 

cleavage in the nonmethylated, histone acetylated, BRCAl-positive MCF7 and HMEC 

cells with as little as 25 U of EcoRI as illustrated by the appearance of a 1641 bp 

fragment in the second lane of these samples. In contrast, the BRCAl promoter was 

inaccessible to EcoRI cleavage in the methylated, histone hypoacetylated, BRCAl-

negative UACC3199 cells at all concentrations of EcoRJ as demonstrated by the absence 

of the 1641 bp fragment or 1437 bp fragment in the second, third and forth lanes. The 

EcoRJ site located at -1640 in the methylated upstream region flanking the BRCAl 5' 

regulatory region was inaccessible to all concentrations of EcoRI in UACC3199, MCF7 

and HMEC, as evidenced by the lack of either the 2396 bp fragment or the 1437 bp 

fragment. 

A similar chromatin accessibility assay was performed using the SstI restriction 

endonuclease as the in vivo restriction endonuclease (Figure 1.9). The SstI restriction 

sites reside at -1723 in the methylated upstream region and at +26 in exon la. Using the 

same radiolabeled probe as the EcoRJ experiments. Southern analysis yields four possible 

products as illustrated in Figure 1.9. Inaccessibility of SstI at both restriction sites yields 
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Figure 1.9. Sstl chromatin accessibility assay of the BRCA 1 5' region. 
(A) A schematic showing the in vivo Sstl and in vitro BamHI restriction 
sites relative to the BRCAl transcription start site (bent arrow), the BRCAl 
probe, exons 1 a and 1 b, and the four possible cleavage products and their 
predicted sizes. (B) A Southern blot that shows each cell type and the 
resultant in vivo Sstl digest products. The lanes, from left to right, are 
0, 25, 75, and 225 units of Sstl; the in vitro control Sstl digest is 
shown in the fifth lane for each cell type. This experiment was performed 
three times with similar results. 
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a 2600 bp fragment, which is represented by the no SstI control located in the first lane of 

each cell type. Accessibility of SstI in the methylated upstream region only would result 

in a 2479 bp fragment, whereas, accessibility of SstI in exon la only would result in an 

1870 bp fragment. Accessibility at both SstI sites would yield a 1749 bp fragment, as 

represented by the in vitro positive control shown in the fifth lane of each cell type. 

Figure 1.9 shows the results of one of the SstI chromatin accessibility 

experiments. The SstI site located near the BRCAl transcription start site was accessible 

to as little as 25 U of SstI in the nonmethylated, histone acetylated, BRCAl-positive 

MCF7 and HMEC cells as illustrated by the appearance of the 1870 bp fragment in the 

second lane of each of these samples. In contrast, the methylated, histone 

hypoacetylated, BRCAl-negative UACC3199 cells were inaccessible to all 

concentrations of SstI as demonstrated by the absence of the 1870 bp fragment or 1749 

bp fragment in the second, third and fourth lanes. The SstI site located at - 1723 in the 

methylated upstream region flanking the BRCAl 5' regulatory region was inaccessible to 

all concentrations of SstI in UACC3199, MCF7 and HMEC, as evidenced by the lack of 

either the 2479 bp fragment or the 1749 bp fragment. 

These data indicate that chromatin condensation of the BRCAl promoter 

coincides with the aberrant cytosine methylation and histone hypoacetylation of this 

discrete region of DNA, and the transcriptional inactivation of BRCAl. 
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Reactivation of BRCAl by treatment with 5-Aza-2-deoxycydine (5-AzadC) and/or 

trichostain A (TSA) 

We hypothesized that demethyiating the BRCAl promoter and acetylating core 

histones in UACC3199 would reactivate BRCAl expression. To determine this, we 

exposed the methylated, histone hypoacetylated BRCAl-negative UACC3199 cells to the 

demethyiating agent, 5-AzadC, and/or the histone deacetylase inhibitor, TSA. As a 

control in these experiments, we exposed the nonmethylated BRCAl-negative 

UACC2087 ceil line to these agents. Cells were plated at low confluence on day 0 and 

then dosed with 500nM 5-AzadC on days 1 and 3. The cells were also dosed on day 3 

with 300 nM TSA. Total cellular RNA was isolated from each of the treated groups. 

BRCAl expression, as well as the loading control histone 3.3 expression, were analyzed 

by RT-PCR. BRCAl mRNA levels were normalized to mRNA levels of histone 3.3 

(H3.3), a cell-cycle independent, ubiquitously-expressed histone variant (Wells and 

Kedes, 1985). The PCR conditions used to measure BRCAl and H3.3 expression were 

in the linear range of amplification assuring good estimates of gene expression. 

Figure 1.10 shows that both 5-AzadC and TSA, alone or in combination, failed to 

reactivate BRCAl expression in the methylated, histone hypoacetylated BRCAl-negative 

UACC3199 cell line. Although there was an observed 40% increase in BRCAl 

expression in the 5-AzadC only group of UACC3199, there was also a similar increase in 

BRCAl expression in the nonmethylated UACC2087 cell line. This result suggests that 

the increase in BRCAl expression by 5-AzadC is not directly due to demethylation of the 
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Figure 1.10. The demethylating agent, 5-Aza-2-deoxycytdine (5-AzadC) and 
the histone deacetylase inhibitor, trichostatin A (TSA), alone or in combination, 
do not reactivate BRCAl expression. The nonmethylated, BRCAl-negative 
UACC2087 and the methylated, histone hypoacetylated, BRCAl-negative 
UACC3199 cell lines were treated with 500nM 5-AzadC and/or 300nM TSA. 
BRCAl expression (top panel) and histone 3.3 expression (bottom panel) were 
analyzed by R T-PCR. Quantitative analysis was performed by measuring 
BRCAl expression as a function of histone 3.3 expression (BRCA1/H3.3). 
This experiment was performed twice with similar results. 
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BRCAl promoter, rather, a secondary effect of 5-AzadC. It is interesting to note that 

TSA caused a decrease in BRCAl expression in both cell types rather than an increase in 

expression as predicted. Again, this is most likely due to a secondary effect of TSA. 

These data suggest that methylation-associated inactivation of BRCAl cannot be 

reversed with 5-AzadC or TSA, alone or in combination. 

5-methylcytosine analysis of the BRCAl promoter in sporadic breast cancer specimens. 

Based on our in vitro model of methylation-associated inactivation of BRCAl, we 

hypothesized that this is a frequent repressive epigenetic event of BRCAl in sporadic 

breast cancer. To test this hypothesis, the cytosine methylation status of the BRCAl 

promoter in 21 axillary node negative breast cancer specimens with known levels of 

BRCAl mRNA (Ozcelik et al., 1998) were analyzed by high resolution sodium bisulfite 

sequencing. Following PCR amplification of the bisulflte-modified DNA generated from 

these 21 specimens, the PCR products obtained were cloned, and 20 positive 

recombinants from each specimen were sequenced. The results from these two analyses 

were blinded from one another until the study was completed. 

The percent methylation of the 30 CpG dinucleotides analyzed in the BRCAl CpG 

island promoter were calculated and are shown graphically in Figure 1.11. The normal 

HMEC and PBL were nonmethylated in the BRCAl promoter with only low-level 

cjtosine methylation detected at a few sites. Eighteen of the 21 breast cancer specimens 

were also largely nonmethylated and similar to the methylation patterns in 
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Figure 1.11. Aberrant cytosine methylation of the BRCAl promoter in sporadic 
breast cancer. (A) Schematic of the BRCAl promoter analyzed by high resolution 
sodium bisulfite sequencing. The open rectangle represents exon la, the bent arrow 
represents transcription start, and the hash marks represent the 30 CpG dinucleotides. 
(B) Bisulflte-modified DNA from the 21 axillary node negative breast cancer 
specimens were PCR amplified, cloned and sequenced. Twenty clones were analyzed 
to obtain percent methylation of the 30 CpG dinucleotides in the BRCAl promoter. 
The y-axis represents percent methylation of each CpG dinucleotide and the x-axis is 
nucleotide position relative to transcription start. 
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normal cells. In contrast, three of the 21 breast cancer specimens (#1,4, 5) displayed 

patterns of aberrant cytosine methylation in the BRCAl promoter. Specimen #5 had 

extensive methylation of all 30 CpG dinucleotides in all 20 clones analyzed. Specimen 

#4 showed allelic patterns of cytosine methylation with -30% of the DNA molecules 

showing extensive methylation throughout the BRCAl promoter. This allelic pattern of 

methylation most likely reflects many contributing factors, such as the presence of 

normal cell contamination, as well as heterogeneity within the tumor. Specimen #l 

showed a unique cytosine methylation pattern with 100% and 95% methylation of two 

contiguous CpG sites (-56 and —48) within the BRCAl promoter, whereas, all other CpG 

dinucleotides were nonmethylated. 

Following completion of the cytosine methylation analysis, the level of BRCAl 

gene expression for each of the breast cancer specimens was unblinded. BRCAl 

expression relative to normal HMEC for each breast cancer specimen as well as their 

BRCAl cytosine methylation status is shown in Table 1.2. Four of the 21 breast cancer 

specimens (#1, 4, 5, 11) expressed levels of BRCAl of one-half or less compared to 

HMEC. Of these specimens, the three with the lowest relative levels of BRCAl gene 

expression also displayed aberrant cytosine methylation of the BRCAl promoter (#1,4, 

5). In contrast, aberrant cytosine methylation of the BRCAl was not detected in any of 

the 17 specimens that expressed BRCAl at levels similar to normal HMEC (i.e. >0.5). 

These results indicate that methylation-associated inactivation of BRCAl is a 

frequent event in sporadic breast cancer specimens. 
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Table 1.2 

BRCA1 mRNA Levels and Cytosine Methylation Status in 21 Breast 
Cancer Specimens 

Tumor specimen BRCA1 Expression" Methylation status of BRCA1 
5 0.02 + 
4 0.23 + 
1 0.38 + 
11 0.50 -

7 0.56 -

19 0.65 -

20 0.71 -

2 0.76 -

12 0.82 -

8 0.83 -

15 0.88 -

10 1.07 -

21 1.08 -

18 1.37 -

24 1.41 -

9 1.46 -

14 1.50 -

23 1.51 -

22 1.92 -

13 1.95 -

16 2.30 -

^ -BRCA1 expression levels are relative to that of normal human mammary 
epithelial cells, which were set at a value of 1.0. BRCA1 levels were 
determined by quantitative RT/PCR and have been previously reported 
(Ozcelik etal., 1998). 
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Competitive gel mobility shift assays 

Based on the unique methylation pattern and decreased BRCAl expression 

observed in patient specimen #1, we hypothesized that aberrant cytosine methylation at 

-56 and -48 in the BRCAl promoter is sufficient to inactivate BRCAl transcription. 

Competitive gel mobility shift assays were performed to determine if the sequence-

specific DNA-protein interactions within the BRCAl promoter was altered by the 

presence of methylated CpGs. The region analyzed includes two contiguous CpG 

dinucleotides at -56 and -48 relative to the BRCAl transcription start site. Two 

oligonucleotides were synthesized, one methylated (CH3) and one nonmethylated (WT) 

at these sites, and were used as probes for the competition assays (Figure 1.12). 

Figure 1.12 shows the results of a competitive gel mobility shift; assay using 10 |ig 

of nuclear extract from the BRCAl-positive MCF7 cell line, 50 fmol of the radiolabeled 

double-stranded oligonucleotides (*WT or ^CHs), and fold excess of unlabeled 

competitor (WT or CH3). The *WT oligo without competitor (~) bound nuclear proteins 

twice as effectively as the *CH3 oligo without competitor (—). At 100 fold excess, the 

cold CH3 competitor decreased binding of the * WT oligo to nuclear proteins. However, 

the *WT oligo was still able to retain -25% binding of the MCF7 nuclear proteins. In 

contrast, a 2.5 fold excess of cold WT competitor was enough to decrease *CH3 binding 

to -25%. At 50 fold excess of cold WT competitor, the *CH3 binding was abolished. 

These results show that, in an in vitro model, the methylated oligonucleotide at 
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Figure 1.12. Mobility shift assay of a nonmethylated vs. methylated oligonucleotide 
of the BRCAl promoter. (A) Two oligonucleotides from the BRCAI promoter were 
created from -64 to -40 relative to transcription start and contained either non-
methy lated (WT) or methylated (CH3) cytosines at -56 and -48. (B) Competitive 
mobility shift assay of the *WT probe vs. CH3 competitor and *CH3 probe vs. WT 
competitor. Radiolabeled probe was preincubated with increasing amounts of cold 
competitor prior to incubation with MCF7 nuclear extract. Samples were fractionated 
on 5% nondenaturing PAGE and visualized by autoradiography. (C) Densitometry 
analysis of the autoradiograph. The results are shown relative to each probe without 
cold competitor. 
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-56 and -48 relative to BRCAl transcription start has a decreased affinity for nuclear 

proteins in BRCAl-positive cells compared to the nonmethylated oligonucleotide. Based 

on the methylation and expression data from patient specimen #1, these results suggest 

that methylation of CpG dinucleotides at -56 and -48 may inhibit the binding of crucial 

transcription factors in the BRCA1 promoter resulting in decreased transcription of 

BRCAl. 
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DISCUSSION 

The purpose of this study was to determine if decreased levels of BRCAl mRNA 

in sporadic breast cancer is associated with various repressive epigenetic effects in the 

BRCAl CpG island promoter. To determine this, we first analyzed levels of BRCAl 

expression in normal human mammary epithelial cells (HMEC), normal peripheral blood 

lymphocytes (PBL), and 6 sporadic breast cancer cell lines using RT-PCR. All of the 

sporadic breast cancer cell lines had decreased levels of BRCAl mRNA compared to the 

normal HMEC. Two sporadic breast cancer ceil lines, UACC2087 and UACC3199, 

expressed 16-fold and 8-fold less BRCAl mRNA, respectively, compared to HMEC; 

levels of expression similar to the BRCAl-negative PBL. These data indicate that 

decreased levels of BRCAl transcription is a frequent occurrence, not only in sporadic 

breast cancer, but also in breast cancer cell lines. 

Next we identified a strong promoter in the BRCAl 5' flanking region by creating 

deletion constructs containing a luciferase reporter gene and transiently transfected the 

constructs into the BRCAl-expressing MCF7 cell line and the BRCAl-negative 

UACC3199 cell line. In the MCF7 cells, a region 567 bp upstream of the exon la 

transcriptional start site of BRCAl possessed a >40 fold increase in promoter activity 

compared to control. This strong promoter activity was eliminated inside of the 

transcriptional start site. The longer deletion constructs, -1460 and -957, also possessed 

promoter activity with a 13-fold and a 28-fold increase over control, respectively. The 

decrease in promoter activity in the longer constructs suggests the presence of negative 
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regulatory elements further upstream of the promoter region. These findings are similar 

to a recent report (Xu et al., 1997). The UACC3199 cells also had strong promoter 

activity with the -567 construct (35-fold) and this activity was eliminated inside of the 

BRCAl transcription start site. Because the BRCAl-negative UACC3199 cells contain 

strong promoter activity with the -567 construct, similar to the BRCAl-positive MCF7 

cells, the eight-fold decrease of BRCAl transcript observed in UACC3199 is not due to 

loss of crucial transcription factors required for BRCAl transcription. 

The strong promoter region spanning -567 to +44 of the BRCAl CpG island and 

containing 30 CpG dinucleotides was analyzed for the presence of 5-methyIcytosine by 

high resolution sodium bisulfite genomic sequencing. The normal cells, the BRCAl-

positive HMEC and the BRCAl-negative PBL, were largely nonmethylated as predicted 

(Bird, 1986). The MCF7, UACC893, UACCl 179, UACC2087, and UACC2648 

sporadic breast cancer cell lines were also nonmethylated. However, UACC3199 was 

>60% methylated at all 30 CpG sites and 18 of these sites were 100% methylated. The 

aberrant methylation of the BRCAl promoter in UACC3199 is associated with an 8-fold 

decrease in BRCAl expression; levels of expression similar to the BRCAl-negative PBL. 

The 5-methylcytosine pattern observed in UACC3199 is similar to the pattern reported 

for the tumor suppressor gene Rb in retinoblastoma; extensive methylation of many 

contiguous CpG sites within a CpG island (Stirzaker et al., 1997). These data indicate 

that aberrant cytosine methylation of the BRCAl CpG island promoter is associated with 

transcriptional inactivation of BRCAl, as observed in the UACC3199 cell line. In 

addition, methylation of the BRCAl promoter in UACC3199 is a selective event since 
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the CpG islands of pi 5 and dCK remained nonmethylated in these cells, similar to 

normal tissue. 

A recent report suggests that there is a possible alternate BRCAl promoter 

residing in intron 1 (Xu et al., 1995). To assess whether this proposed alternate promoter 

was affected by aberrant cytosine methylation, we extended our methylation analysis to 

include 6 CpG dinucleotides located in intron 1. This region was nonmethylated in all of 

the normal cell types and in five of the breast cancer cell lines analyzed. UACC3199 was 

methylated at low frequency (30%) in only 4 of the CpG dinucleotides. The low levels of 

methylation in this region and low levels of BRCAl expression in UACC3199 suggest 

that this region may not be important in functional promoter activity of BRCAl. In 

addition, the proposed alternate promoter in intron 1 was shown to contain weak 

promoter activity (<2-fold increase) compared to the 40-fold increase observed in the -

567 construct (Thakur and Croce, 1999; Xu et al., 1997). 

To determine if the methylation-associated inactivation of BRCAl occurs in 

breast cancer specimens, we obtained DNA fi-om 21 axillary-node-negative breast 

carcinomas in collaboration with Hilmi Ozcelik at the Mount Sinai Hospital in Toronto, 

Canada. The BRCAl expression profiles of each breast cancer specimen were previously 

determined by competitive RT-PCR (Ozcelik et al., 1998). In a blinded study, we 

analyzed the 5-methylcytosine status of the BRCAl promoter in each of the breast cancer 

specimens. While eighteen of the 21 specimens analyzed were BRCAl-positive and 

contained a nonmethylated BRCAl promoter, three of the specimens (#5, 4, 1) had an 

aberrantly methylated BRCAl promoter. These three specimens also displayed the 
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lowest levels of BRCAl transcript compared to normal breast cells (0.02, 0.23 and 0.38, 

respectively). Specimen #5 showed compete methylation at all CpG dinucleotides in the 

BRCAl promoter in all 20 clones analyzed and is associated with a 50-fold decrease of 

BRCAl transcript compared to normal breast cells. Specimen #4 also displayed 

extensive methylation in the BRCAl promoter with -30% of the DNA molecules being 

methylated and was associated with a >4-fold decrease in BRCAl expression compared 

to normal breast cells. This pattern of methylation in specimen #4 most likely reflects 

many contributing factors, such as the presence of contaminating nonmethylated normal 

cells as well as heterogeneity within the tumor itself 

Specimen #1 showed a unique cytosine methylation pattern with 100% and 95% 

methylation of two contiguous CpG dinucleotides at -56 and -48 whereas all other CpG 

dinucleotides were nonmethylated. To determine if methylation only at -56 and -48 in 

the BRCAl promoter could contribute to the 3-fold decrease in BRCAl transcript 

observed in specimen #1, we performed gel mobility shift assays using two double-

stranded oligonucleotides: one nonmethylated and one methylated at these CpG 

dinucleotides. The data show that the methylated oligonucleotide has a 2-fold less 

affinity for nuclear proteins compared to the nonmethylated oligonucleotide. The 

competitive gel mobility shift assay confirms that methylation at -56 and —48 confers 

decreased affinity for nuclear proteins suggesting that methylation of these two 

contiguous CpG dinucleotides may be responsible for the decreased levels of BRCAl 

transcript observed in specimen #1. A search of transcription factor databases revealed 

the presence of a myb consensus binding domain within this region. The myb family of 
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DNA-binding proteins is involved in normal breast development and the binding io their 

DNA consensus site has been shown to be inhibited by cytosine methyiation 

(Klempnauer, 1993; Oh and Reddy, 1999; Toscani et al., 1997). Although it is 

interesting to speculate that myb is involved in BRCAl transcription which can be 

inhibited by aberrant cytosine methyiation, there is no evidence of this to date. 

Our data show that 3 of 21 (14%) breast cancer specimens analyzed contained an 

aberrantly methylated BRCAl promoter and that these methylated specimens were 

associated with decreased levels of BRCAl transcript. Although this is the only study to 

describe the methylation-associated inactivation of BRCAl in sporadic breast cancer, our 

findings are consistent with other reports of BRCAl methyiation. One report found 2 of 

7 (28%) breast carcinomas contained a methylated BRCAl gene (Dobrovic and 

Simpfendorfer, 1997) while other reports found the BRCAl promoter to be methylated in 

2 of 6 (33%) and 4 of 18 (22%) breast carcinomas (Bianco et al., 2000; Mancini et al., 

1998). Taken together, these data indicate that methyiation of the BRCAl promoter is 

associated with decreased BRCAl expression and that the aberrant methyiation of 

BRCAl occurs in 15-30% of all sporadic breast cancer patients. 

UACC3199 was also used as the in vitro model of sporadic breast cancer with 

methylation-associated BRCAl inactivation to analyze histone H3 and H4 acetylation 

status as well as chromatin structure of the BRCAl promoter. Our findings show that 

aberrant cytosine methyiation of the BRCAl promoter coincides with the 

transcriptionally repressive effects of histone hypoacetylation and chromatin 

condensation. The methylated BRCAl promoter of the BRCAl-negative UACC3199 
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cells contain hypoacetylated histones H3 and H4 compared to the nonmethylated, 

BRCAl-positive HMEC and MCF7 cells indicating that histone hypoacetylation occurs 

only in the aberrantly methylated BRCAl promoter. In contrast to the BRCAl-positive 

HMEC and MCF7 cells, the methylated and hypoacetylated BRCAl promoter of 

UACC3199 contains condensed chromatin that coincides with the observed 

transcriptional repression of BRCAl. 

Taken together, these data indicate that aberrant cytosine methylation, histone 

hypoacetylation, and chromatin condensation act together in the discrete region of the 

BRCAl promoter to inactivate BRCAl transcription in sporadic breast cancer. These 

findings are consistent with recent reports of the human fragile X mental retardation 

gene, FMRl. The FMRl gene is inactivated in fragile X cells by cytosine methylation, 

hypoacetylation of histones H3 and H4, and chromatin condensation in its 5' regulatory 

region compared to normal cells (Coffee et al., 1999; Godde et al., 1996). Similarly, in 

an in vitro system, a methylated herpes simplex virus thymidine kinase reporter is 

transcriptionally repressed in stabily transfected L-cells and is associated with 

hypoacetylated histone H4 and DNase I insensitivity (Eden et al., 1998). These studies 

directly indicate that aberrant cytosine methylation, histone hypoacetylation and 

chromatin condensation act together in mammalian gene promoters to suppress 

transcription. 

In contrast to the nonmethylated BRCAl promoter, the region upstream of-728 

is densely methylated in all normal cell types analyzed regardless of BRCAl expression. 

In addition, the chromatin accessibility assays show that this methylated region is 
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inaccessible to in vivo endonuciease digestion. Although we attempted to determine the 

acetylation status of the 5' methylated region, the presence of a repetitive element 

upstream of—1273 blunted our efforts to successfully analyze this region. These data 

indicate that the methylated region upstream of—728 is inaccessible to DNA-protein 

interactions and suggests that the noimiethyiated and accessible region downstream of 

-728 represents the functional 5' regulatory region of the BRCAl CpG island. This 

conclusion is reinforced by BRCAl promoter studies which show that reporter constructs 

lacking the region upstream of -728 have significantly higher promoter activities 

compared to reporter constructs that contain the region upstream of -728 (Thakur and 

Croce, 1999; Xuetal., 1997). 

The 5-methylcytosine pattern of the BRCAl CpG island observed in the normal 

cells is typical of other human tumor suppressor gene CpG islands such as E-cadherin 

and VHL (Graff et al., 1997). While the 5' regulatory region of these genes are 

nonmethylated in normal cells, the upstream region contains a methylated repetitive 

element. Recent studies suggest that methylated repetitive elements may function as cis-

acting "'de novo methylation centers" (Mummaneni et al., 1995; Yates et al., 1999). In 

cultured human fibroblasts overexpressing DNA methyltransferase, methylation spread 

from the methylated repetitive element into the 5' regulatory regions of both the E-

cadherin and VHL genes (Graff et al., 1997). The mouse aprt gene is protected from its 

5' de novo methylation center by the presence of an Spl site located in the 5' regulatory 

region (Mummaneni et al., 1993). Deletion of this Spl site results in the aberrant 

cytosine methylation of the aprt regulatory region and transcriptional repression of aprt 
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(Mummaneni et al., 1998). It is possible that, like aprt, the BRCAl 5' regulatory region 

is protected from aberrant cytosine methylation by DNA-binding proteins located in the 

region around -728. It is interesting to note that there is an Spl consensus sequence 

located at -687 between the last methylated CpG of the upstream methylated domain and 

the first nonmethylated CpG dinucleotide of the nonmethylated regulatory region. 

Based on these results and the current scientific literature, we propose the 

following temporal sequence of epigenetic repression of BRCAl in sporadic breast 

cancer as illustrated in Figure 1.13. The aberrant cytosine methylation of the BRCAl 5' 

regulatory region is, most likely, the first epigenetic event. Previous studies have shown 

that a methylated reporter construct transfected into mammalian cells was able to 

transcribe the reporter gene for eight hours (Buschhausen et al., 1987; Kass et al., 1997). 

After eight hours, however, the methylated construct became transcriptionally inert which 

coincided with alterations in the nucleosomal array and an inability of RNA polymerase 

to bind the regulatory region. These data indicate that methylation of the regulatory 

region is not directly responsible for transcriptional repression, rather, methylation leads 

to a transcriptionally repressive chromatin state. 

The aberrant cytosine methylation of the BRCAl 5' regulatory region may be 

followed by the binding of methylation specific methyl binding proteins (Boyes and Bird, 

1991; Hendrich and Bird, 1998; Meehan et al., 1992). One of these methyl binding 

proteins, MeCP2, has been shown to associate with a transcriptional repressor complex 

that includes histone deacetylases (Jones et al., 1998; Nan et al., 1998). We speculate 

that the methylated BRCAl 5' regulatory region recruits MeCP2, or an analogous methyl 



70 

BRCA 1 regulatory region ~I 
I I 

-1040 -730 -420 -1 -10 +200 

Normal 

Ac Ac Ac Ac Ac 

Tumor 

deAc deAc deAc deAc deAc 

Figure 1.13. Transcriptional repression of BRCAI by aberrant cytosine 
methy lation, his tone hypoacety lation and chromatin condensation of the BRCA 1 
5' regulatory region in sporadic breast cancer. The top panel shows a schematic 
of the BRCAI 5' flanking region. The BRCAI upstream region (hashed lines) 
contains a repetitive element (Alu) and extends to the beginning of the BRCAI 
5' regulatory region at -728 ( dark vertical line). The numbers represent the 
nucleotide position relative to the BRCAI transcription start site (bent arrow). 
BRCAI-positive normal breast cells (middle panel) are nonmethylated, contain 
acetylated core histones H3 and H4 (Ac), and have a protein accessible 
chromatin conformation ( open ovals) in the BRCA 1 5' regulatory region. In 
contrast, the BRCAI-negative breast tumor cells (bottom panel) have an 
aberrantly methylated BRCAI 5' regulatory region (meC), hypoacetylated 
core histones H3 and H4 ( deAc ), and protein inaccessible condensed chromatin 
(bricked ovals) coincident with BRCA 1 repression. Both normal and tumor 
cells have a methylated (meC) and chromatin condensed (bricked ovals) BRCAI 
upstream region. 
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binding protein, and a repressor complex that is capable of deacetylating histones H3 and 

H4, as observed. In turn, the deacetylation of histones, probably in concert with other 

chromatin remodeling proteins, results in the observed chromatin condensation and 

transcriptional repression of BRCAl. 

Based on these findings and the high incidence of methylation-associated 

inactivation of BRCAl in sporadic breast cancer patients, we attempted to 

pharmacologically reactivate BRCAl gene expression. Since forced expression of 

BRCAl has been shown to decrease tumor growth rate, we hypothesize that reactivation 

of BRCAl in sporadic breast cancer could repress the progression of the disease (Holt et 

al., 1996). Using the methylated BRCAl-negative UACC3199 cell line as the in vitro 

model of sporadic breast cancer with methylation-associated BRCAl inactivation, we 

tested the effects of the demethylating agent, 5-A2a-2-deoxycytidine (5-AzadC), and the 

histone deacetylase inhibitor, trichostatin A (TSA), on UACC3199 for the reactivation of 

BRCAl. Although treatment with 5-AzadC increased BRCAl transcript by 40% in 

UACC3199, a similar increase was observed in the nonmethylated BRCAl-negative 

UACC2087 cells indicating that the increase in BRCAl transcript was due to secondary 

effects of 5-AzadC rather than demethylation of the BRCAl promoter. In contrast, TSA 

produced an unexpected decrease in both cell types, again, most likely due to secondary 

effects of TSA. These results suggest that 5-AzadC and TSA would not be effective in 

the reactivation of BRCAl in the clinical treatment of sporadic breast cancer patients 

with methylation-associated BRCAl inactivation. 
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This study shows that the aberrant cytosine methylation of the BRCAl promoter 

is associated with decreased levels of BRCAl transcript in 15-30% of women with 

sporadic breast cancer. This study also shows that, in an in vitro model, the repressive 

epigenetic effects of aberrant cytosine methylation, histone hypoacetylation, and 

chromatin condensation act together in a discrete region of the BRCAl promoter to 

inactivate BRCAl transcription. These findings have clinical as well as biological 

importance. Analysis of the BRCAl promoter for the presence of 5-methylcytosine 

could serve as a diagnostic or prognostic indicator for sporadic breast cancer. Since 

BRCA1 is inactivated by cytosine methylation, histone hypoacetylation and chromatin 

condensation, new therapeutic approaches using agents that reverse these effects could 

reactivate BRCAl expression and, potentially, repress the progression of sporadic breast 

cancer. Biologically, our data suggests that the aberrant cytosine methylation observed in 

other human tumor suppressor gene CpG island promoters coincide with alterations in the 

composition and stmcture of the associated chromatin to a transcriptionally repressive 

state. These epigenetic alterations may reflect a common set of events necessary for the 

inappropriate transcriptional inactivation of human tumor suppressor genes and the 

progression of cancer. 
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PART TWO: 

EPIGENETIC SILENCING OF MASPIN 

IN SPORADIC BREAST CANCER 
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INTRODUCTION 

Maspin (rtiiimmary serine protease inhibitor) is a member of the serine protease 

inhibitor (serpin) superfamily. Maspin was discover through subtractive hybridization 

and differential display analyses by comparing gene expression profiles in normal 

mammary epithelium and invasive breast carcinoma cell lines (Zou et al., 1994). Since 

its discovery, maspin has been defined as a tumor suppressor that inhibits the motility, 

invasion, and metastasis of breast cancer cells. 

The 3 kb maspin mRNA encodes a 375 amino acid polypeptide with molecular 

weight of 42 kDa (Zou et al., 1994). The maspin protein has multiple cellular functions 

including the inhibition of breast cancer invasion, metastasis and angiogenesis. Breast 

cancer cells transfected with the maspin cDNA exhibited decrease tumor growth and the 

ability to metastasize in nude mice compared to control. In addition, the maspin 

transfected cells also decreased the ability to invade basement membrane matrices in 

vitro (Zou et al., 1994). Maspin suppresses malignant transformation as invasive breast 

cells expressing recombinant maspin were converted to a more benign epithelial 

phenotype with decreased invasive potential (Seftor et al., 1998). Recent evidence shows 

that p53 regulates maspin expression in breast cancer cell lines (Zou et al., 2000). A 

strong induction of maspin expression was observed in breast cells after infection of a 

wild-type p53 expression adenoviral vector. The kinetics of maspin induction were 

similar to those observed in the p53 activation of p21. It was also shown that purified 

p53 directly binds to the maspin promoter. These results suggest that maspin and p53 
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cooperate in the negative regulation of tumor cell invasion and metastasis. A recent 

report shows that maspin is an effective inhibitor of angiogenesis (Zhang et al., 2000). It 

was shown that maspin acted directly on cultured endothelial cells to inhibit their 

migration towards angiogenic growth factors, including vascular endothelial growth 

factor. Maspin also reduced the ability to form tubular structures for vascularization. 

Maspin-treated tumor cells in a xenograph mouse model blocked neovascularization and 

inhibited tumor growth. 

Maspin is highly expressed in normal mammary epithelial cells and is required for 

the normal development of breast cells (Zhang et al., 1999). In contrast, maspin 

expression is lost in advanced breast cancer cells. This loss of maspin gene expression is 

not due to the loss or gross rearrangement of the maspin gene (Zou et al., 1994), and 

suggests that the factors which regulate maspin expression are disrupted during cancer 

progression. Analysis of the cloned maspin promoter region by reporter gene assays in 

transiently transfected cells showed that the promoter was less active in breast cancer 

cells than in normal breast epithelial cells (Zhang et al., 1997). In addition, transfection 

of maspin promoter deletion constructs showed that the transcriptional activity of the 

maspin promoter in normal human mammary epithelial cells was dependent upon AP-I 

and ETS cis-elements located therein (Zhang et al., 1997). These results suggested that 

decreased signaling through AP-1 and ETS might contribute to the loss of maspin 

expression in breast cancer cells; however, AP-1 and ETS activities are typically 

overexpressed in the tumorigenic/metastatic phenotype. Thus it seems likely that other 
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mechanisms of gene regulation participate in the silencing of maspin gene expression in 

human breast cancer. 

The aberrant cytosine methylation-inactivation of CpG island promoters of tumor 

suppressor genes is a common epigenetic event in the progression of cancer (Baylin et 

al., 1998). Analysis of the maspin 5' regulatory region indicates that it contains a CpG 

island (Gardiner-Garden and Frommer, 1987). We hypothesized that maspin expression 

was lost in sporadic breast cancer due to the aberrant cytosine methylation and chromatin 

condensation of its CpG island promoter. To determine whether the loss of maspin 

expression observed in mammary cancers is related to a mechanism involving cytosine 

methylation and chromatin structure, we compared the cytosine methylation patterns and 

in vivo nuclease accessibility of the maspin gene promoter in normal and malignant 

breast epithelial cells. We show that the maspin CpG island promoter is nonmethylated 

and has an open chromatin structure in normal, maspin-positive human mammary 

epithelial cells (HMEC). In contrast, the maspin promoter is often aberrantly methylated 

and associated with a closed chromatin structure in maspin-negative human breast cancer 

cell lines. This methylation-associated inactivation of maspin was reversed in the 

methylated, maspin-negative MCF7 cells by treatment with 5-aza-2-deoxycytidine (5-

AzadC), a DNA demethylating agent, and/or trichostatin A (TSA), an histone deacetylase 

inhibitor. These results show that transcriptional repression of maspin expression is 

associated with the aberrant cytosine methylation and chromatin condensation of the 

maspin promoter in sporadic breast cancer cell lines. Collectively these results suggest 

that the aberrant methylation, chromatin condensation and, perhaps, histone 
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hypoacetylation of the maspin gene promoter participate in the transcriptional silencing 

of the maspin gene in sporadic breast cancer. 



78 

MATERIALS AND METHODS 

Cell culture and drug treatment 

Normal human mammary epithelial cells (HMEC) were obtained from Clonetics (San 

Diego, CA) and grown according to the manufacturer's instructions. MCF7, ZR-75-1, 

BT549 and HS578T breast cancer cells were obtained from the American Type Culture 

Collection (Rockville, MD). The early passage sporadic breast cancer cell lines were 

developed and maintained at the Arizona Cancer Center Cell Culture Core Facility. 

UACC245, UACCl 179, UACC2087 and UACC3133 cells were derived from pleural 

effusions, while UACC893 cells were derived from a primary tumor (Guan et al., 1994; 

Meltzer et al., 1991; Thompson et al., 1993; Trent et al., 1993). Pathological 

examination confirmed that UACC893 is an infiltrating ductal carcinoma and cytological 

analysis of the pleural effusions confirmed that UACC245 is an infiltrating and 

intralobular carcinoma and that UACCl 179, UACC2087 and UACC3133 are 

adenocarcinomas. 

To assess reactivation of maspin expression, UACC2087 and MCF7 cells were grown 

at low density in 6-well plates on day 0. Cells were treated with 0, 1 or 10 ^iM 5-aza-2-

deoxycytidine (S-AzadC) (Sigma, St. Louis, MO) in 1 x PBS on days 1 and 3. Cells were 

also treated on day 3 with 1 |iM trichostatin A (TSA) (Sigma) alone or in combination 

with 5-AzadC. On day 4, total RNA was isolated from the different treatment groups and 

analyzed by Northern blot (see below). 
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Northern hybridization assays for maspin mRNA 

Total cellular RNA was isolated using the Qiagen RNeasy Mini kit (Valencia, CA). 

Total cellular RNA (10 |ig) from each cell line was electrophoresed on an agarose gel 

containing formaldehyde and transferred to a nylon membrane (Schleicher and Schuell, 

Keene, NH). Nucleic acids were cross-linked to the membrane by UV irradiation and the 

membrane was incubated in pre-hybridization solution (50% formamide, 10 x Denhardt's 

solution, 10% dextrane sulfate and 200 ^g/ml salmon sperm DNA) for 12 hours at 42°C. 

A Kpnl - Xhol restriction fragment from pcDNA3.1-maspin containing an approximately 

1.1 kb partial human maspin cDNA was gel isolated and labeled with using a random-

primed DNA labeling kit following the instructions provided by the supplier (Roche, 

Indianapolis, IN). The denatured cDNA probe was subsequently added into the pre-

hybridization mixture solution and incubated 18 hours at 42°C. The membrane was 

washed once in 1 x SSC - 1% SDS at 65°C for 10 minutes, followed by one wash with 

0.1 X SSC at room temperature for 30 minutes. The membrane was visualized by 

exposure to X-ray film at -80°C for 24 hours with two intensifying screens. The 

membrane was stripped and reprobed with a ^^P-labeled cDNA specifrc for the 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 
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Sodium bisulfite sequencing of the maspin promoter 

Genomic DNA was isolated using the Qiagen RNA/DNA Midi kit and quantitated 

spectrophotometrically. Five micrograms of genomic DNA was modified with sodium 

bisulfite under conditions previously described (Clark et al., 1994). Briefly, DNA was 

denatured with 0.3 M NaOH, reacted with 3.6 M sodium bisulfite (pH 5) (Sigma) at 55°C 

for 14 hours, desalted by using a Wizard Prep kit (Promega), desulfonated with 0.3 M 

NaOH and finally ethanol precipitated in preparation for PGR. The maspin promoter 

(Zhang et al., 1997) was amplified fi-om the bisulfite modified DNA by PGR using the 

following primers specific to the bisulfite modified sequence of the maspin promoter: 

primer U2 (nt 673 to nt 702), 5'-AAAAGAATGGAGATTAGAGTATTmTGTG-3'; 

primer D2 (nt 1114 to nt 1141), 5'-GGTAAAATGACAATTATGGTAAAAAATA-3'. 

PGR amplification was performed under the following conditions: 94°G for 4 minutes 

followed by 5 cycles of 94°C for 1 minute, 56°G for 2 minutes, 72°G for 3 minutes, then 

35 cycles of 94°C for 30 seconds, 56°G for 2 minutes, 72°G for 1.5 minutes and a final 

extension of 72°C for 6 minutes. The resultant PGR products were cloned into pGEM-T-

Easy TA (Promega, Madison, WI) according to the manufacturer's instructions. Ten 

positive recombinants were isolated using the Qiaprep Spin Plasmid Miniprep Kit 

(Qiagen) and sequenced on an ABI automated DNA sequencer. The methylation status 

of individual GpG dinucleotides was determined by comparison of the sequence obtained 

with the known BRGAl sequence. The number of methylated GpGs at a specific site was 
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divided by the number of clones analyzed (n = 10 in all cases) to yield a percent 

methylation for each site. 

Chromatin accessibility assay of the maspin promoter 

Ceils were washed once in 1 x PBS, scraped, collected and counted. Nuclei from 10 

to 20 X 10® cells from each cell type were isolated by resuspension in ice-cold 1 x RSB 

buffer (10 mM Tris HCl (pH 8), 3 mM MgCb, 10 mM NaCl, 0.05% NP-40). Nuclei 

were collected by centriftigation, resuspended in 1 x restriction enzyme buffer and 

divided into 4 aliquots, as previously described (Watts et al., 1997). Briefly, 0, 25, 75 or 

225 units of Mspl (Gibco-BRL) were added to each aliquot and incubated at 37°C for 15 

minutes. After 5 minutes of the in vivo restriction digestion, 20 (il of a 20 mg/ml RNase 

A solution was added to each sample. The accessibility assay was terminated by the 

addition of proteinase K in cell lysis solution, and DNA was isolated using the QIAamp 

Tissue Kit (Qiagen). Fifteen micrograms of each of the DNAs were digested in vitro 

with Bsp 12861 (New England Biolabs, Beverly, MA), extracted with phenol/chloroform 

and ethanol precipitated. DNA was collected by centriftigation, resuspended in water, 

size fractionated on a 2% TBE agarose gel and capillary transferred onto a 0.2-^m-pore-

size Nytran Plus membrane (Schleicher and Schuell). A probe specific for the maspin 

promoter was generated from HMEC by PGR using primers designed from nt 383 to nt 

402 and nt 703 to nt 724 of the maspin promoter (Zhang et al., 1997). The probe was 

random-primed labeled with ^^P-dCTP and hybridized to the DNA at 42°C overnight. 



Membranes were washed once in 2 x SSC - 0.5% SDS at room temperature for 30 

minutes and then 0.1 x SSC - 0.5% SDS for 15 minutes first at 55°C and then at 65°C 

and then at 70°C. Blots were exposed to X-ray film at —80°C with two intensifying 

screens for 6 days and results were visualized by autoradiography. 
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RESULTS 

Northern analysis of maspin expression 

Relative levels of maspin mRNA expression in normal HMEC and human breast 

cancer cell lines were determined by northern blot analysis. Results of this steady-state 

expression analysis are shown in Figure 2.1. Maspin mRNA was abundantly expressed 

in HMEC, whereas, seven of nine established breast cancer cell lines (MCF7, BT549, 

HS578T, UACCl 179, UACC2087, UACC893. and UACC3133) had undetectable 

maspin mRNA expression. The results from MCF7, BT549, and HS578T are in 

agreement with previously published results (Zou et al., 1994). Only two human 

mammary cancer cell lines, UACC245 and ZR-75-1 displayed detectable, but minimal, 

levels of maspin mRNA expression compared to normal HMEC. 

5-methylcytosine map of the maspin promoter 

We next sought to determine whether maspin gene silencing in human breast 

cancer was associated with aberrant cytosine methylation of its promoter. Using sodium 

bisulfite genomic sequence analysis, we mapped the levels of 5-methylcytosine in 22 

CpG sites of the 5' end of the maspin gene in normal HMEC, the nine breast cancer cell 

lines, and normal PEL; a cell type that does not express maspin (Pemberton et al.. 
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Figure 2.1. Northern blot analysis of maspin expression (top 

panel) and GAPDH expression (bottom panel) in normal human 

mammary epithelial cells (HMEC) and breast cancer cell lines. 
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1997). This 410 bp region of the maspin 5' end contains the API and ETS element and is 

sufficient for maximal promoter activity in reporter gene assays (Zhang et al., 1997). 

The region is diagrammed in Figure 2.2, and shows the relative locations of the CpG 

dinucleotides across the region analyzed, the locations of the primers used for PGR 

amplification of sodium bisulfite-modified genomic DNA, and the restriction sites and 

probe used for chromatin accessibility assays (see below). 

Results of the sodium bisulfite genomic sequence analysis of the 22 CpG sites in 

the maspin promoter are shown in graphical form in Figure 2.2. The maspin promoter 

region was nonmethylated in the maspin-positive, normal HMEC; 21 of 22 CpG sites 

were completely nonmethylated and 1 of 22 sites was 10% methylated. In contrast, all 22 

CpG sites in the maspin promoter region were heavily methylated in the maspin-negative 

normal PBL. Among the seven breast cancer cell lines that did not express maspin. six 

showed considerable cytosine methylation at all 22 CpG sites analyzed in the maspin 

promoter (BT549, HS578T, MCF7, UACC893, UACCl 179, UACC3133). Only one of 

the maspin-negative breast cancer cell lines, UACC2087 was largely nomnethylated. In 

the two breast cancer cell lines for which maspin expression was still detectable, ZR-75-1 

and UACC245, very low levels of cytosine methylation were detected in the maspin 

promoter region. These results indicate that 6/7 (86%) breast cancer cell lines that had 

undetectable levels of maspin mRNA also displayed maspin gene promoter 

hypermethylation. In addition, 3/3 (100%) mammary cell populations (HMEC, 

UACC245, ZR-75-1) with detectable levels of maspin mRNA had nonmethylated maspin 
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Figure 2.2. (A) Diagram of the maspin promoter region analyzed. The bent arrow is 
transcription start, the open rectangle is exon 1, the hash marks are CpGs, the closed 
rectangles are primers for bisulfite sequence analysis, the shaded rectangle is the probe 
used in the chromatin accessibility assay, and Mspl and Bsp 1286 I mark the restriction 
sites used in the chromatin accessibility assay. (B) 5-methylcytosine analysis of the 
22 CpGs in the maspin promoter in normal and breast cancer cells. Cytosine 
methylation frequency is located on the y-axis and nucleotide position relative to 
transcription start is located on the x-axis. 
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promoters. Thus, breast cancer cell lines that retained detectable maspin mRNA 

expression had nonmethylated promoters similar to HMEC, while those breast cancer cell 

populations that have completely lost maspin expression typically displayed aberrant 

methylation of the maspin promoter. These results are summarized in Table 2.1. 

A 550 bp region of the maspin promoter that contained the remaining 13 CpG 

dinucleotides and is 120 bp 5' of the CpG rich region described above was also analyzed 

by sodium bisulfite genomic sequencing. This region was completely methylated in both 

normal maspin-positive HMEC as well as maspin-negative BT549 and HS578T breast 

cancer cell lines. Therefore, this region of the maspin promoter is not likely to participate 

in the methylation-associated silencing of maspin expression. 

Table 2.1. Summary of maspin expression and promoter 
methylation in a panel of human breast cancer cells. 

Cell line Maspin Promoter 
Expression Methylation 

HMEC 
UACC 245 
ZR-75.1 
MDA-MB-435 
MDA-MB-231 
MCF7 
BT549 
HS578T 
UACC1179 
UACC893 
UACC3133 
UACC2087 

-HH-

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
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Chromatin accessibility assay of the maspin promoter 

An in vivo nuclease accessibility assay was used to determine the relationship 

between cytosine methylation levels and chromatin structure of the maspin promoter in 

normal and breast cancer cells. Isolated nuclei from normal, maspin-positive HMEC 

were exposed to various amounts of Mspl followed by DNA isolation and in vitro 

digestion with restriction enzymes to create maspin promoter fragments of predicted sizes 

for Southern blot analysis. The results of this experiment are shown in Figure 2.5. In the 

nonniethyiated, maspin-positive, normal HMEC, Mspl was capable of accessing the 

maspin promoter at the lowest amount of Mspl added (25 units). In contrast, in the 

hypermethylated, maspin-negative MCF7 cells, Mspl was incapable of accessing the 

maspin promoter even at the highest amount of Mspl used (225 units). These results 

indicate that the maspin promoter was maintained in an accessible chromatin 

conformation in HMEC, which have a nonmethylated maspin promoter and express 

maspin, but adopted a closed chromatin structure in MCF7 cells, which have a 

methylated maspin promoter and do not express maspin. This association between the 

cytosine methylation status of the maspin promoter, its' chromatin structure, and maspin 

gene expression supports the hypothesis that maspin gene expression is silenced through 

an epigenetic mechanism in human breast cancer. 
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Figure 2.3. Chromatin accessibility assay of the maspin promoter in 
HMEC and MCF7. Nuclei from HMEC and MCF7 were exposed to 
0, 25, 75 or 225 units of Mspl to assess in vivo chromatin accessibility. 
The genomic DNA was isolated, digested with Bsp1286I, fractionated 
on a 2% agarose gel, capillary-transferred to a nylon membrane and 
hybridized with the maspin promoter probe shown in Figure 2.2. 
Control digests ofHMEC and MCF7 DNA with both Mspl and 
Bsp1286I are included to show the in vitro limit digests. 

89 
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Reactivation of maspin by 5-Aza-2-deoxycytidine (5-AzadC) and trichostatin A (TSA) 

Experiments were performed to determine whether maspin gene expression could 

be reactivated in human breast cancer cells by the demethylating agent, 5-AzadC, and/or 

the histone deacetylase inhibitor, TSA. The methylated, maspin-negative MCF7 cells 

were plated at low confluence on day 0 and were exposed to 0, I, or 10 fiM 5-AzadC on 

days 1 and 3. The cells were dosed on day 3 with 500 nM TSA and total cellular IWA 

was isolated from each of the treatment groups on day 4. The steady state levels of 

maspin and GAPDH, the loading control, expression were determined by Northern blot 

analysis. 

Results of these experiments are shown in Figure 2.4, and demonstrate that 5-

Aza-dC was able to reactivate maspin expression in a dose dependent maimer suggesting 

a correlation between degree of demethylation and reactivation. The TSA treatment 

group reactivated maspin expression to a greater extent than 10 (iM 5-AzadC alone. 

Contrary to a recent report, 5-AzadC and TSA in combination did not synergistically 

reactivate maspin expression (Cameron et al., 1999). Taken together, these findings 

suggest that c>losine methylation and changes in the chromatin structure of the maspin 

promoter are mechanistically linked to maspin gene silencing in human breast cancer. 
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Figure 2.4. The demethylating agent, S-Aza-2-deoxycytidine (5-AzadC) and the 
histone deacetylase inhibitor, trichostatin A (TSA), reactivate maspin expression. 
(A) Dose-dependent increase in maspin expression in the methylated, maspin-
negative MCF7 breast cancer cell line by 5-AzadC. (B) TSA reactivates maspin 
expression better than S-AzadC alone. S-AzadC does not synergistically 
reactivate maspin expression with TSA. 
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DISCUSSION 

Maspin gene expression is frequently silenced in breast cancer cells, and the 

forced re-expression of maspin in these cells renders them less invasive (Zou et al., 

1994). Although the maspin gene is silenced, maspin gene deletions and mutations have 

not been found (Zou et al., 1994). The purpose of this study was to determine if 

decreased levels of maspin mRNA in sporadic breast cancer was associated with the 

repressive epigenetic events of aberrant cytosine methylation and chromatin condensation 

of the maspin promoter. To determine this, we first analyzed levels of maspin mRNA 

expression in normal human mammary epithelial cells (HMEC) and a panel of breast 

cancer cell lines. Our results show that 7 of 9 (78%) breast cancer cell lines analyzed had 

lost maspin mRNA expression compared to the normal HMEC. These results indicate 

that loss of maspin expression is a frequent occurrence, not only in sporadic breast 

cancer, but also in breast cancer cell lines. 

Analysis of the maspin promoter reveals that it contains a CpG island (Gardiner-

Garden and Frommer, 1987). CpG island promoters of tumor suppressor genes can be 

negatively regulated by aberrant cytosine methylation and is a common event in the 

progression of cancer (Baylin et al., 1998). A number of tumor suppressor genes have 

been demonstrated to be transcriptionally inactivated by aberrant cytosine methylation, 

including Rb, pl6, ER and E-cadherin (Baylin et al., 1998; Graff et al., 1995; Lapidus et 

al., 1996; Merlo et al., 1995; Stirzaker et al., 1997). We analyzed the cytosine 

methylation status of all 22 CpGs in the published sequence of the maspin promoter in 
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the normal HMEC and a panel of breast cancer cell lines (Zhang et al., 1997). While the 

normal maspin-positive HMEC were nonmethylated, as predicted (Bird, 1986), the 

results show that 8 of 11 (73%) breast cancer cell lines were aberrantly methylated in the 

maspin promoter and that these cell lines had lost maspin expression. The aberrant 

cytosine methylation was only detected in a 410 bp CpG rich region around the 

transcription start site. Analysis of a 550 bp region upstream of the functional maspin 

promoter was methylated in normal maspin-positive HMEC as well as maspin-negative 

breast cancer cell lines BT549 and HS578T. The lack of association between 

methylation and expression in this distal region of the promoter likely indicates that the 

distal region of the promoter is not involved with methylation-associated inactivation of 

maspin gene expression. These results indicate that methylation-associated inactivation 

of maspin expression occurs at high frequency in breast cancer cell lines through aberrant 

cytosine methylation precisely in the region previously defined as having maximal 

promoter activity (Zhang et al., 1997) and the AP-1 and ETS binding sites that are 

necessary for transactivation. It is interesting to note that methylation-associated 

silencing at other tumor suppressor CpG island promoters occurs at relatively low 

frequencies, typically about ten to thirty percent. In contrast, our results suggest that 

maspin inactivation by aberrant cytosine methylation is a much more frequent event in 

human breast cancers, occurring with a frequency of approximately seventy percent. 

MCF7 was used as the in vitro model of breast cancer with methylation-

associated maspin inactivation to analyze the chromatin structure of the maspin promoter. 

Our findings show that the aberrant cytosine methylation of the maspin gene promoter in 
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MCF7 coincides with chromatin condensation of the maspin promoter compared to the 

nonmethylated HMEC. These data suggest that the aberrant cytosine methylation and 

chromatin condensation of the maspin promoter act together to render this region 

inaccessible to DNA-binding proteins and prevent maspin transcription. This closed 

chromatin structure in the maspin promoter may act to occlude other DNA-binding 

proteins that are necessary for maspin transcription, such as AP-1 and ETS, resulting in 

inactivation of maspin gene expression. 

To test this theory, we used the MCF7 cells as an in vitro model of methylation-

associated maspin inactivated breast cancer and tested the effects of 5-aza-2-

deoxycytidine (5-AzadC), a demethylating agent, and trichostatin A (TSA), a histone 

deacetylase inhibitor, on maspin mRNA expression. Maspin reactivation using 5-AzadC 

was observed in a dose-dependent manner suggesting a correlation between the degree of 

demethylation of the maspin promoter and maspin expression. Maspin expression was 

reactivated to a greater extent with TSA alone rather than 5-AzadC alone suggesting that 

the deacetylation of core histones of the maspin promoter may also be involved in maspin 

inactivation. Although a recent report suggests that S-AzadC and TSA act synergistically 

to reactivate gene expression in methylated tumor suppressor gene promoters, this was 

not the case for maspin (Cameron et al., 1999): 5-AzadC in combination with TSA did 

not further enhance the reactivation of maspin than with TSA alone. These results are 

consistent with other studies showing that aberrant cytosine methylation, histone 

hypoacetylation and chromatin condensation of the CpG island promoters act in concert 

to repress gene expression (Coffee et al., 1999; Eden et al., 1998; Godde et al., 1996). 
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This study shows that the aberrant cytosine methylation of the maspin CpG island 

promoter is associated with decreased levels of maspin expression in —70% of sporadic 

breast cancer cell lines. These results suggest that the methylation-associated inactivation 

of maspin may occur frequently in metastatic sporadic breast cancers. This study also 

shows that the repressive epigenetic events of aberrant cytosine methylation, chromatin 

condensation and, perhaps, histone hypoacetylation may act together in the maspin 

promoter to inactivate maspin transcription. These findings could have clinical relevance 

since we show that maspin expression can be reactivated in a methylation-associated 

maspin inactivated breast cancer cell line by treatment with 5-AzadC and TSA. It is 

possible that pharmacological reactivation of maspin expression by demethylating agents 

and/or histone deacetylase inhibitors may be a potent therapeutic intervention for 

suppressing the malignant phenotype of sporadic breast cancer. 
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APPENDIX A: PROTOCOLS 

Luciferase Assay 

Cells should be grown to >50% confluency in a T-25 flask and the transient 

transfection should be performed as follows (also, check with the protocol from the 

Promega Dual Luciferase Reporter Assay System for modifications): 

1) In a sterile glass tube (per reaction) add 5 fig of your reporter vector and q.s. the 

volume to 50 ^il of sterile Hepes. 

2) In another sterile glass tube (per reaction) add 70 fxl of sterile Hepes and 30 fil of 

DOTAP (Boehringer-Mannheim). 

3) Transfer the DNA to the DOTAP tube and gently pipet up and down. Incubate 15 

minutes at room temperature. 

4) Add 5 ml of fresh media to the tubes. 

5) Remove the media from the T-25 flasks and add the new media containing the DNA 

+ DOTAP. 

6) Mix well and incubate 24-48 hours in the cell culture incubator. 

7) Remove the media and rinse the cells with PBS. 

8) Add 1 ml of 1 X Passive Lysis Buffer to the cells, scrape from the plastic and collect 

in a microtube. Store on ice or at —20°C until ready to perform the assay. 

9) To a tube, add 100 ^il of the Luciferase Assay Reagent II (LARII). Take a reading for 

10 seconds on the Luminometer. This is your background. 

10) Add 20-100 (il of your lysed sample to the tube and pipet up and down. Take a 

reading for 10 seconds. This is your result. Make sure to subtract the background. 
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11) Add 100 of the Stop & Glo reagent to the tube and pipet up and down. Take a 

reading for 10 seconds. This is your transfection efficiency normalization. 

12) Proceed to the next sample. 

Chromatin Immunoprecipitations (ChlPs) 

This protocol is similar to the protocol by Upstate Biotech with minor 

modifications. 

1) Typically start with one or more confluent T-75 flasks. 

2) Remove media and add 9 ml of HBSS + 0.1% EDTA. 

3) Remove and add another 9 ml + 250 ^1 of 37% formaldehyde (1%). 

4) Incubate 37°C for 10 minutes. 

5) While incubating, prepare HBSS + 0.1% EDTA with protease inhibitors (final 

concentration of 1 mM PMSF, 1 |ig/ml Pepstatin A, 1 (ig/ml Aprotinin) 

6) Aspirate off the formaldehyde and add 9 ml of the HBSS + 0.1% EDTA with 

protease inhibitors. Gently scrape off the cells and collect in a 15 ml conical tube on 

ice. 

7) Spin cells 218 x g for 4 minutes. 

8) While spinning, prepare the SDS lysis buffer + protease inhibitors (0.5 ml per sample 

of SDS lysis buffer and final concentration of 1 mM PMSF, 1 ng/ml Pepstatin A, 1 

fig/ml Aprotinin). 

9) Discard supernatant and add 400 |il of the SDS lysis buffer + protease inhibitors to 

the pellet. Pipet up and down and transfer to microtubes on ice for 10 minutes. 
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10) Sonicate samples for 10 seconds and place on ice for 50 seconds to cool. Repeat this 

process until the majority of the sheared DNA is between 500-1500 bp in length on a 

l%TBEgel. 

11) Spin samples 13000 rpm for 10 minutes at 4°C. 

12) Transfer supernatant to a 15 ml conical tube and add 4 ml of ChlPs dilution buffer 

with protease inhibitors (final concentration of 1 mM PMSF, 1 ng/ml Pepstatin A, 1 

(ig/ml Aprotinin). 

13) Mix well and place 1 ml of the mixture into a microtube. This is your in vitro control 

sample. 

14) To the remainder, add 120 jil of the salmon sperm DNA/Pro A slurry. Place the 

control and these samples on a rotator at 4°C for 30 minutes. 

15) Spin samples max speed for 2 minutes at 4°C to pellet the slurry. 

16) Split the supernatant so that half will be exposed to the antibody (+Ab) and the other 

half with be your negative control (-Ab). 

17) Add 7.5 |il of antibody to each of your +Ab tubes. 

18) Put all samples, including controls, on the rotator in 4°C overnight. 

19) Add 90 (il of the salmon sperm DNA/Pro A slurry to each +Ab and -Ab sample. 

Rotate at 4°C for 1 hour. 

20) Prepare the elution buffer (600 ^il per sample with PGR water, 0.1 M HaHCOs, 1% 

SDS). 

21) Spin the samples 13000 rpm for 3 minutes at 4°C. 
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22) Discard the supernatant (you may want to save this) and wash the beads for 5 minutes 

on a rotator with the following buffers by the manufacturer: low salt, high salt, LiCl, 

TE, TE. After each wash, pellet the beads at 13000 rpm for 3 minutes. Make sure to 

save the beads and discard the supernatant. 

23) Elute the DNA with 250 ^il of elution buffer. Mix well and rotate for 15 minutes at 

room temperature. 

24) Remove the supernatant and save to a new microtube. Repeat the elution with 

another 250 |il of elution buffer. 

25) To the 500 jal of eluate, add 40 jil of 5 M NaCl and incubate at 65°C for 4 hours. 

26) To each sample, add 100 (il 0.1 M EDTA, 40 jal 1 M Tris-Cl pH 7.5, 4 |il 10 mg/ml 

proteinase K and incubate 1 hour at 45 °C. 

27) Perform phenol/chloroform extractions. 

28) Split the 500 |il of the samples into 2 tubes to perform an ethanol precipitation. Rinse 

with 70% EtOH and lyophilze to dryness. 

29) Resuspend each pellet in 50 ^il of PGR water and consolidate. 

30) Quantitate by pico green and store in —20°C. 
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