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Abstract: Estrogen is believed to be pre-initiator in the risk of breast cancer. The BRCA1 

is a tumor suppressor gene associated with breast and ovarian cancer risk. This report 

describes functional analysis of two BRCA1 missense mutations (Asp67Glu and 

Thr1051Ser) observed in the familial breast/ovarian cancer patients in Thailand. Levels of 

luciferase activity of the two mutations were relatively lower than in the wild-type BRCA1. 

It is indicated that mutants may fail to promote the estrogen receptor dependent functions. 

It is presumed that estrogen and insulin/IGF-1 regulate c-Myc and cyclin D1 during breast 

cancer cell proliferation. It is also likely to affect ubiquitination mechanism. Since three 

affected cancer families carry the Asp67Glu mutation, it is believed that this type of 

mutation could have some effect on breast/ovarian cancer progression. 
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1. Introduction 

 

Breast cancer is the most common form cancer of women worldwide. In many developing 

countries, including in Asia, which were formerly believed to have low risk of breast cancer, the 

incidence is presently increasing. BRCA1 and BRCA2 are the two tumor suppressor genes associated 

with breast and ovarian cancer risk [1]. BRCA1 was localized on chromosome 17q21. The gene spans 

approximately 100 kb of genome, containing 22 coding and 2 noncoding exons. Its transcriptional  

7.8 kb mRNA product encodes a 200 kD nuclear phosphoprotein consisting of 1,863 amino acids [2]. 

The N-terminus of BRCA1 contains a ring finger motif which is a cysteine and histidine rich (C3HC4) 

and domain capable of zinc binding. This zinc–binding ring finger domain is located close to the 

amino-terminus (residues 20-68) [2] and has ubiquitin ligase activity [3-4]. The C-terminal region of 

BRCA1 contains two carboxyl-terminal domains (BRCT domains). The BRCT domain is a 

phosphoprotein binding domain. BRCT domains interact with multiple transcription activators and co-

repressors. The BRCT domain can interact with p53 and stimulates p53-dependent transcription of the 

p21 promoter. BRCA1 C-terminus interacts with RNA polymerase III holoenzyme in order to function 

as a transcriptional activator [5]. BRCT domain also has a role in the response to DNA damage [6]. 

The biological functions of BRCA1 are the maintenance of genome stability and DNA repair. The 

other two functions are transcriptional activity and growth and differentiation [3-6]. BRCA1 is 

expressed in a number of tissues including breast and ovary and abundant in testis and thymus. 

Estrogen plays important roles in the growth and differentiation of female secondary sex 

characteristics, in reproduction and in cellular metabolism [7,8]. The hormone may serve as the pre-

initiator and can alter the morphology of the mammary gland [9]. Once breast cancer initiation takes 

place, estrogen might promote the growth of transformed cells and lead to the development of breast 

cancer [10]. In addition, estrogen also increases proliferation and genetic instability by inducing free 

radical-mediated DNA damage and mutation [11]. 

Estrogens mediate their activity by interaction and activation of estrogen receptors (ER) [8]. Two 

forms of estrogen receptor, ER α and ER β are members of a nuclear receptor superfamily which 

responses to a variety of hydrophobic ligands such as steroid hormones (estrogens, glucocorticoids 

etc.), retinoic acid (vitamin A), vitamin D etc. [8]. Human ER α comprises of 595 amino acids and has 

molecular weight of 66-70 kD. It contains six functional domains (A to F). The A/B region contains 

activation function 1 (AF-1) which is important for transactivation and gene specificity. Region C is 

DNA binding domain (DBD) and contains two zinc finger motif and responsible for the binding of the 

receptor to estrogen response elements as well as contribute to dimerization and transactivation. 

Region D is the hinge region and contain nuclear localization. Region E contains the ligand binding 

domain (LBD) and activation function 2 (AF-2). AF-2 involves in transactivation in cooperation with 

AF-1. Human estrogen receptor β has 477 amino acids and is expressed in many tissues, including 

immune system and urogenital tract [12].  

Upon hormone binding, the receptor undergoes physiochemical changes including phosphorylation 

at specific serine and tyrosine residues that are accompanied by conformational changes [12]. The 

transformed ER dimer binds to its specific estrogen response element (ERE) located in the promoter 

region of estrogen responsive genes, regulating their transcriptional activity. ER-ERE interactions are 

augmented by the binding of co-activators or co-repressors that further regulate gene  
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transcription [13]. BRCA1 is a protein known to interact with and regulate activity of estrogen 

receptor α [14] as well as androgen receptor [15].  

In Thailand, mutations in the BRCA1 and BRCA2 exons were found in cases of Thai familial 

breast/ovarian cancer, or isolated early-onset cancer. Asp67Glu and Thr1051Ser are the two BRCA1 

missense mutations which occurred in Thai familial breast/ovarian cancer patients [16]. The 

significance of these two mutations are unknown. Estrogen receptor signaling pathway is one of the 

pathways involved in breast/ovarian carcinogenesis. We studied the role of these two missense 

mutations in estrogen receptor signaling pathway for promote the breast/ovarian carcinogenesis.  

 

2. Results and Discussion 

 

The report of Patmasiriwat et al. [16] showed that Asp67Glu and Thr1051Ser BRCA1 missense 

mutations appeared in some of familial breast/ovarian cancer. Figure 1 and 2 showed the pedigree of 

the familial breast/ovarian cancer families which were found these two missense mutations. This 

report also showed that the patient in family F17 (ID34), the patient in family F18 (ID35) and one 

isolated early-onset breast cancer case (ID36) had Asp67Glu BRCA1 mutation at exon 5. For the 

patient ID34 in family F17, the age of onset was low (27 years) and she had infiltrative 

adenocarcinoma of right breast. Both breast and ovarian cancer were found among the F17 members 

(Figure 1). Only breast cancer was found among the two members in family F18. Age of onset for the 

isolated breast cancer case (ID36) was 25 years. 

 

Figure 1. Pedigree of the breast cancer patient in F17. The patient had Asp67Glu BRCA1 

missense mutation. 
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The patient ID27 in family F15 carried BRCA1 3300delA-ter1061 at exon 11 and also had 

Thr1051Ser [16]. The age of onset was 42 years and she had bilateral ovarian serous papillary 

carcinoma. The clinical pathology showed that the estrogen receptor and progesterone receptor were 

positive in this case. The three members in F15 were ovarian cancer patients (Figure 2). 

 

Figure 2. Pedigree of the ovarian cancer patient in F15. The patient had BRCA1 

Thr1051Ser missense mutation in addition to 3300delA frameshift mutation. Estrogen 

receptor and progesterone receptor were positive in this patient.  

 
 

The role of Asp67Glu and Thr1051Ser on estrogen receptor signaling pathway were studied by 

transient transfection in DU145 cell line (prostate cancer cell line) [14] and luciferase activity was 

analysed. The first, second and sixth well were the proper control wells. Comparing luciferease 

activity of the six wells in this experiment, it showed that activity of the second well was the highest. 

The construct vectors of the second well include ER vector, ERE vector and estrogen, all components 

are necessary for estrogen receptor signaling. The first well had no estrogen and the sixth well had no 

ER vector. The luciferase activity of the first well was higher than the sixth well. From Figure 3, the 

average luciferase activity of the mutants (the fourth well and the fifth well) was significantly different 

from the wild-type BRCA1 (the third well) (P < 0.05). Luciferase activity levels of the two BRCA1 

missense mutations were relatively lower than the wild-type BRCA1 (the third well). Estrogen receptor 

signaling pathway was inhibited in the presence of wild-type BRCA1 in DU145 transfected cells as in 

the two mutants. In the vector construction in which ERE element was ligated to luciferase gene, level 

of lucifersase activity as response to ER in the presence of both BRCA1 and estrogen was lower than 

the activity in system without BRCA1. Thus, our work showed that the two BRCA1 missense mutations 

failed to promote the estrogen receptor signaling pathway in breast/ovarian carcinogenesis. 
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Figure 3. The role of BRCA1 missense mutation, Asp67Glu and Thr1051Serine, to 

estrogen receptor signaling pathway. Wt.BRCA1 expression vector and mutant BRCA1 

expression vectors were transfected into DU145 cell line for 48 hrs. Cells were stimulated 

by estrogen and assay for pERE-Elb-Luc reporter activity. The luciferase activity of 

BRCA1 mutants were different from activity of the wild-type (P < 0.05). These missense 

mutations failed to promote the estrogen receptor signaling pathway for breast/ovarian 

carcinogenesis.  

 
pcDNA3  + + - - - + 

ER + + + + + - 

ERE + + + + + + 

Estrogen - + + + + + 

wt.BRCA1 - - + - - - 

BRCA1 Asp67Glu - - - + - - 

BRCA1 Thr1051Ser - - - - + - 

 

In Thailand, the missense mutations Asp67Glu and Thr1051Ser of BRCA1 were previously detected 

in familial breast/ovarian cancer patients or isolated early onset cases. Asp67Glu missense mutation 

was occurred in three Thai breast/ovarian cancer patients. 3300delA-ter1061 frameshift mutation 

occurred in the other three Thai breast/ovarian cancer patients and two out of three patients had both 

Thr1051Ser missense mutation and 3300delA-ter1061 frameshift mutation occurred in the same 

person [16].  
Estrogen is important for the development of female reproductive tissues, particularly the uterus 

and mammary glands [17] and plays a central role in the development and progression of human breast 

cancer [18]. The mechanism which estrogen stimulate cell proliferation is controversial. Couse et al. 

showed that it could activate estrogen receptor (ER) transcriptional activity while other investigators 

reported the non-transcriptional mechanisms by activation of intracellular signaling such as the 

pathway involving MAPK [19-20]. Estrogen induces mitogenic effects in breast epithelial cells by 

stimulating G0/G1 resting cells to enter the cell cycle and progress through the G1-S transition to 

complete a round of cell division [21-22].  
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Estrogen receptor (ER) is a candidate locus for familial late onset breast cancer susceptibility [14]. 

The high expression of ER in breast cancer is associated with responsiveness to hormonal treatment 

and a favorable prognosis. Mutation in the ER may modify the hormonal response in breast epithelium 

and potentially result in inherited susceptibility to breast cancer [23].  

Estrogen binds and activates cytoplasmic ER α, which translocates to the nucleus, dimerizes, binds 

to estrogen responsive enhancer elements (EREs) on the target genes and activates transcription. Wild-

type BRCA1 protein suppress estrogen-dependent mammary epithelial proliferation by inhibiting ER 

α–mediated transcriptional pathways related to cell proliferation [14]. The inhibition of estrogenic 

stimulation for mammary epithelial cell growth by BRCA1 contributes to breast cancer suppression. 

BRCA1 function involves in estrogen receptor signaling pathway. Our study is in agreement with Fan 

et al. who showed that the wild-type BRCA1 inhibits estrogen receptor signaling pathway and may 

suppress estrogen-dependent mammary epithelial proliferation [14]. The loss of this inhibitory activity 

is believed to promote the proliferation of genetically damaged mammary epithelial cells. As proposed 

by Fan et al. and Zheng et al. [14,24], an inactivation of the ability to repress ER α transcriptional 

activity by BRCA1 mutation may contribute mammary carcinogenesis.  

Cyclin D1 is another factor which has been reported to involve in estrogen receptor function. Cyclin 

D1 protein is overexpressed in 25-80% of invasive ductal carcinoma cases. The protein is associated 

with poor prognosis in estrogen receptor α-positive cases [25]. Cyclin D1 is a downstream mediator of 

estrogen in MCF-7 cells [26,27]. Cyclin D1 also represents one of the key cell cycle regulators which 

is downstream of the PI3-kinase pathway and is required in addition to c-Myc to mediate the 

mitogenic effects of estrogen and insulin [28].  

Studying about the role of two missense mutations in BRCA1 (Asp67Glu, Thr1051Ser) to estrogen 

receptor signaling was investigated. Result showed that estrogen receptor signaling pathway was 

inhibited in the presence of BRCA1 expression vector in DU145 cells. In the construct which ERE 

element ligated to luciferase gene, level of luciferase activity as response to ER in the presence of both 

estrogen and BRCA1 was lower than the activity in system without BRCA1. Luciferase activity levels 

in the presence of the two expression vectors were also low, similar to the wild-type BRCA1. Thus the 

two BRCA1 missense mutations could not promote the estrogen receptor signaling pathway for 

familial breast/ovarian carcinogenesis. These mutations may involve in familial breast/ovarian 

carcinogenesis in the other pathways. Breast/ovarian cancer might be occurred because of the other 

factors such as c-Myc, cyclins, insulin-like growth factor-I (IGF-I) etc. Estrogen and IGF-1 regulate c-

Myc and cyclin D1 to stimulate breast cancer cell proliferation [28]. IGF-1 induces cyclin D1 and 

stabilizes the level of c-Myc and cyclin D1 through the PI3-kinase pathways. Estrogen activates the 

PI3-kinase and MAPK pathways by stimulating the autocrine growth factors. Cyclin D1 activates 

CDK4/6 while c-Myc induces the activation of cyclin E/CDK2 to stimulate maximal G1-S phase cell 

cycle progression [26,28-30]. These two missense mutations might promote estrogen and  

insulin/IGF-1 functions which regulate c-Myc and cyclin D1 for stimulate breast cancer cell 

proliferation.  

The other pathway which these two missense mutations may involve in carcinogenesis is 

ubiquitination. The ring domains of BRCA1 (residues 1-109) are associated with BARD1 [4] and 

BAP1 [3]. BAP1 (BRCA1-associated protein) is a member of the ubiquitin C-terminal hydrolase 

(UCH) family and can bind BRCA1. UCH degrades ubiquitin. BRCA1 is also a ring finger protein that 
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harbors E3 ubiquitin ligase activity and it is a part of an ubiquitin ligase complex [31,32]. The 

ubiquitin-proteosome pathway involves in regulating the stability of ring finger-containing proteins 

[3]. In vitro, the BRCA1 ubiquitin ligase activity requires interaction with two proteins. The  

N-terminus of BRCA1 interacts with BARD1 to form a heterodimer. The heterodimer has substantial 

E3 ubiquitin ligase activity with the UbcH5a class of E2 ubiquitin conjugating enzymes [33,34]. Loss 

of the activity occurs in some forms of BRCA1-mediated cancer, as disease-associated mutations that 

substitute Zn
2+

-binding residues within the BRCA1 ring affects BRCA1 ubiquitin ligase activity. This 

zinc–binding ring finger domain is located close to the amino-terminus (residues 20-68) [2] and 

Asp67Glu missense mutation is occurred in the amino-terminus. The missense mutation that 

predisposed to breast cancer cluster in the Zn
2+

- binding residues of the BRCA1 ring finger domain is 

critical to the ubiquitin ligase function [35-37] and the BRCA1 ubiquitin ligase function is linked to 

the DNA damage repair role of BRCA1 [38]. 

 

3. Experimental Section  

 

3.1. Construction of vectors  

 

The BRCA1 Asp67Glu and Thr1051Ser expression vectors were created from wild-type BRCA1 

expression vector by using site directed mutagenesis kit (Strategene, Wilmington, DE, USA). The 

mutagenic primers for Asp67Glu BRCA1 expression vector was forward: 5´-GT CCT TTA TGT AAG 

AAT GAG ATA ACC AAA AGG AGC C-3´ and reverse: 5´-G GCT CCT TTT GGT TAT CTC ATT 

CTT ACA TAA AGG AC-3´. The mutagenic primers for Thr1051Ser BRCA1 expression vector was 

forward: 5´-GAA GTA GGT TCC AGT AGT AAT GAA GTG GGC TCC AG-3´ and reverse:  

5´-CT GGA GCC CAC TTC ATT ACT ACT GGA ACC TAC TTC-3´. The changed base in each 

missense mutation was underlined in the sequence of each forward primer detailed above. For site 

directed mutagenesis, 5 μL of 10 × reaction buffer, 10 ng of DNA template, 125 ng of forward primer, 

125 ng of reverse primer, 1 μL of dNTP mix, 3 μL of QuickSolution, and ddH2O was added to a final 

volume of 50 μL. Then 1 μL of Pfu Turbo DNA polymerase (2.5 U/μL) was added. The PCR cycle 

was as followed: 1 cycle of 95 °C (1 min); 18 cycles of 95 °C (50 sec), 60 °C (50 sec) and 68 °C  

(1 min/kb of plasmid length); 1 cycle of 68 °C (7 mins). After the PCR cycling, placed the reaction 

tubes on ice for 2 mins. to cool the reaction for 37 °C or below. One μL of Dpn I restriction enzyme 

(10 U/μL.) was added and gently mixed the reaction mixture by up and down pipetting, then incubated 

at 37 °C for 1 hour. Two μL of the Dpn I-treated DNA was added in XL10-Gold ultracompetent cells, 

swirled the transformation reactions gently and incubated on ice for 30 mins. The reaction mixture was 

heat shocked at 42 °C for 30 sec and incubated on ice for 2 mins. The reaction mixture was added in 

LB media, incubated at 37 °C for 1 hour with shaking at 225-250 rpm. After incubation, 50 μL of the 

transformation mixture was plated on LB/ampicillin agar at 37 °C for 16 hours. The white colonies 

were picked up and cultured in LB/ampicillin media. They were incubated at 37 °C for 16 hours with 

shaking at 225-250 rpm, purified by Miniprep kit (Qiagen, Valencia, CA, USA) and sequenced by 

automated DNA sequencing. 
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3.2. Cell line and culture 

 

DU145 (prostate cancer) cell line was used in this assay. DU145 was grown in DMEM/F-12 

medium (Gibco BRL Life Technologies, San Diego, CA., USA) supplemented with 10% fetal calf 

serum and kept in a humidified 37 °C, 5% CO2 incubator. 

 

3.3. Transient transfection 

 

The vectors used in this assay were: (1) wild-type BRCA1 expression vector, (2) Asp67Glu BRCA1 

expression vector, (3) Thr1051Ser BRCA1 expression vector, (4) pERE-Elb-LUC vector as reporter 

gene, (4) RSV-ER expression vector, (5) pcDNA3 vector and (6) pSV40 β-galactosidase vector. 

DU145 cells at 50-70% of confluency in 24 well-cell culture plate were incubated for 24 hours. Six 

wells were used in this assay. Each well contained 105 DU145 cells, and various combination of the 

vectors were added to each well as follows: the pERE-Elb-LUC vector, RSV-ER vector, pcDNA3 

vector, pSV40 β-galactosidase vector in the first well; the pERE-Elb-LUC vector, RSV-ER vector, 

pcDNA3 vector, pSV40 β-galactosidase vector in the second well; the pERE-Elb-LUC vector, RSV-

ER vector, wild-type BRCA1 expression vector, pSV40 β-galactosidase vector in the third well; the 

pERE-Elb-LUC vector, RSV-ER vector, Asp67Glu BRCA1 expression vector, pSV40 β-galactosidase 

vector in the fourth well; the pERE-Elb-LUC vector, RSV-ER vector, Thr1051Ser BRCA1 expression 

vector, pSV40 β-galactosidase vector in the fifth well and the pERE-Elb-LUC vector, pcDNA3 vector, 

pSV40 β- galactosidase vector in the sixth well.  

0.5 µg of each vector was used for transfection in serum free DMEM/F-12 containing 

Lipofectamine plus reagent (Invitrogen, Carlsbad, CA, USA) for 24 hours. After 24 hours, 1 µM 

estrogen (preparation by diluted with 2% charcoal stripped fetal bovine serum) was added in the well 

number second to the sixth, and incubated for 24 hours. The pSV40 β-galactosidase vector (Promega 

Corp., Madison, WI, USA) was added as an internal control. An equivalent amount of the pcDNA3 

vector was used as the vector control. After estrogen was added and incubated for 24 hours, the 

transfected cells were washed twice with PBS. Luciferase and β-galactosidase assays were performed 

according to the manufacturer’s instruction. Luciferase activities were normalized in relative to  

β-galactosidase activity.  

 
4. Conclusions 

 

Our study concludes that the two BRCA1 missense mutations failed to promote the estrogen 

receptor signaling pathway in familial breast/ovarian carcinogenesis. They may play as a mild cancer-

risk modifier of some other defective mechanisms in cell cycle or ubiquitination and probably 

cooperate with these mechanisms to induce cancer in the breast/ovarian cancer patients. 

 

Acknowledgements 

 

We thank Bert O’Malley, Baylor College of Medicine, TX, USA, for pERE-Elb-LUC vector and 

RSV-ER vector. We also thank Mien Chie Hong, The University of Texas M.D. Anderson Cancer 



Int. J. Mol. Sci. 2009, 10             

 

 

4195

Center, USA for wild-type BRCA1 expression vector. Part of this work was supported by the Thailand 

Research Fund. 
 

References 

 

1. Rahman, N.; Stratton, M.R. The genetics of breast cancer susceptibility. Annu. Rev. Genet. 1998, 

32, 95-121.  

2. Miki, Y.; Swensen, J.; Shattuck-Eidens, D.; Futreal, P.A.; Harshman, K.; Tavtigian, S.; Liu, Q.; 

Cochran, C.; Bennett, M.; Ding, W.; Bell, R.; Rosenthal, J.; Hussey, C.; Tran, T.; McClure, M.; 

Frye, C.; Hattier, T.; Phelps, R.; Haugen-Strano, A.; Katcher, H.; Yakumo, K.; Gholami, Z.; 

Shaffer, D.; Stone, S.; Bayer, S.; Wray, C.; Bogden, R.; Dayananth, P.; Ward, J.; Tonin, P.; 

Narod, S.; Bristow, P.K.; Norris, F.H.; Helvering, L.; Morris, P.; Rosteck, P.; Lai, M.; Barrett, 

J.C.; Lewis, C.; Neuhausen, S.; Cannon-Albright, L.; Goldgar, D.; Wiseman, R.; Kamb, A.; 

Skolnick, M.H. A strong candidate for the breast and ovarian cancer susceptibility gene BRCA1. 

Science 1994, 266, 66-71. 

3. Jensen, D.E.; Proctor, M.; Marquis, S.T.; Gardner, H.P.; Ha, S.I.; Chodosh, L.A.; Ishov, A.M.; 

Tommerup, N.; Vissing, H.; Sekido, Y.; Minna, J.; Borodovsky, A.; Schultz, D.C.; Wilkinson, 

K.D.; Maul, G.G.; Barlev, N.; Berger, S.L.; Prendergast, G.C.; Rauscher, F.J., 3rd. BAP1: A novel 

ubiquitin hydrolase which binds to the BRCA1 RING finger and enhances BRCA1- mediated cell 

growth suppression. Oncogene 1998, 16, 1097-1112. 

4. Hashizume, R.; Fukuda, M.; Maeda, I.; Nishikawa, H.; Oyake, D.; Yabuki, Y.; Ogata, H.; Ohata, 

T. The ring heterodimer BRCA1-BARD1 is a ubiquitin ligase inactivated by a breast cancer-

derived mutation. J. Bio. Chem. 2001, 276, 14537-14540. 

5. Monterio, A.N.; August, A.; Hanafusa, H. Evidence for a transcriptional activation of BRCA1 C-

terminal region. Proc. Natl. Acad. Sci. USA 1996, 93, 13595-13599.  

6. Callebaut, I.; Mormon, J.P. From BRCA1 to RAP1: A widespread BRCT module closely 

associated with DNA repair. FEBS Lett. 1997, 400, 25-30. 

7. George, F.W.; Wilson, J.D. The Physiology of Reproduction; Knobil, E., Ed.; New York Press 

Inc.: New York, NY, USA, 1988; pp. 2-27. 

8. Jensen, E.V. Nuclear Hormone Receptors; Parker, M.J., Ed.; Academic Press: London, UK, 1992;  

pp. 1-13. 

9. Hilakivi-Clarke, L.; Onojafe, I.; Raygada, M.; Cho, E.; Lippman, M.E. A method diet high in n-6 

polyunsaturated fats alters mammary gland development, puberty onset, and breast cancer risk 

among female rat offspring. Proc. Natl. Acad. Sci. USA 1997, 94, 9372-9377. 

10. Gudas, J.M.; Nguyen, H.; Li, T.; Cowan, K.H. Hormone-dependent regulation of BRCA1 in 

human breast cancer cells. Cancer Res. 1995, 55, 4561-4565. 

11. Liehr, J.G. Is estradiol a genotoxic mutagenic carcinogen? Endocr. Rev. 2000, 21, 40-54.  

12. Enmark, E.; Gustafsson, J.A. Oestrogen receptors–An overview. J. Intern. Med. 1999, 246,  

133-138. 

13. Halachmi, S.; Marden, E.; Martin, G.; MacKay, H.; Abbondanza, C.; Brown, M. Estrogen 

receptor-associated protein: Possible mediators of hormone–induced transcription. Science 1994, 

264, 1455-1458. 



Int. J. Mol. Sci. 2009, 10             

 

 

4196

14. Fan, S.; Wang, J.A.; Yuan, R.; Ma, Y.; Meng, Q.; Erdos, M.R.; Pestell, R.G.; Yuan, F.; Auborn, 

K.J.; Goldberg, I.D.; Rosen, E.M. BRCA1 inhibition of estrogen receptor signaling in transfected 

cells. Science 1999, 284, 1354-1356. 

15. Keen, J.C.; Davidson, N.E. The biology of breast carcinoma. Cancer 2003, 97, 825-833. 

16. Patmasiriwat, P.; Bhothisuwan, K.; Sinilnikova, O.M.; Chopin, S.; Methakijvaroon, S.; Badzioch, 

M.; Padungsutt, P.; Vattanaviboon, P.; Vattanasapt, V.; Szabo, C.I.; Saunders, G.F.; Goldgar, D.; 

Lenoir, G.M. Analysis of breast cancer susceptibility genes BRCA1 and BRCA2 in Thai familial 

and isolated early-onset breast and ovarian cancer. Human Mutat. 2002, 20, 230.  

17. Couse, J.; Korach, K. Estrogen receptor null mice: What have we learned and where will they 

lead us? Endocrinol. Rev. 1999, 20, 358-417. 

18. Colditz, G. Relationship between estrogen level, use of hormone replacement therapy, and breast 

cancer. J. Natl. Cancer Inst. 1998, 90, 814-823. 

19. Migliaccio, A.; Domenico, M.; Castoria, G.; de Falco, A.; Bontempo, P.; Nola, E.; Auricchio, F. 

Tyrosine kinase/p21ras/MAP-kinase pathway activation by estradiol-receptor complex in MCF-7 

cells. EMBO J. 1996, 15, 1292-1300.  

20. Castoria, G.; Barone, M.; Domenico, M.; Bilancio, A.; Ametrano, D.; Migliaccio, A.; Auricchio, 

F. Non-transcriptional action of oestradiol and progestin triggers DNA synthesis. EMBO J. 1999, 

18, 2500-2510. 

21. Sutherland, R.; Reddel, R.; Green, M. Effects of oestrogen on cell proliferation and cell cycle 

kinetics: A hypothesis on the cell cycle effects of antioestrogens. Eur. J. Cancer Clin. Oncol. 

1983, 19, 307-318. 

22. Leung, B.; Potter, A. Mode of estrogen action on cell proliferation in CAMA-1 cells, sensitivity 

of G1 phase population. J. Cell Biochem. 1987, 34, 213-225. 

23. Zuppan, P.; Hall, J.M.; Lee, M.K.; Ponglikitmongkol, M.; King, M.C. Possible linkage of the 

estrogen receptor gene to breast cancer in a family with late-onset disease. Am. J. Hum. Genet. 

1991, 48, 1065. 

24. Zheng, L.; Annab, L.A.; Afshari, C.A.; Lee, W.H.; Boyer, T.G. BRCA1 mediates ligand-

independent transcriptional repression of the estrogen receptor. Proc. Natl. Acad. Sci. USA 2001, 

98, 9587-9592. 

25. Pestell, R.G.; Albanese, C.; Benlens, A.T.; Segall, J.F.; Lee, B.J.; Arnold, A. The cyclins and 

cyclin-dependent kinase inhibitors in hormonal regulation of proliferation and differentiation. 

Endocr. Rev. 1999, 20, 501-534.  

26. Prall, O.; Carroll, J.; Sutherland, R. A low abundance pool of nascent p21WAF1/Cip1 is targeted 

by estrogen to active cyclin E-CDK2. J. Bio. Chem. 2001, 276, 45433-45442. 

27. Carroll, J.; Swarbrick, A.; Musgrove, E.; Sutherland, R. Mechanisms of growth arrest by c-myc 

antisense oligonucleotides in MCF-7 breast cancer cells: Implications for the antiproliferative 

effects of antiestrogens. Cancer Res. 2002, 62, 3126-3131. 

28. Mawson, A.; Lai, A.; Carroll, J.; Sergio, M.; Mitchell, C.; Sarcevic, B. Estrogen and insulin/IGF-1 

cooperatively stimulate cell cycle progression in MCF-7 breast cancer cells through differential 

regulation of c-Myc and cyclin D1. Mol. Cell Endocrinol. 2005, 229, 161-173. 



Int. J. Mol. Sci. 2009, 10             

 

 

4197

29. Prall, O.W.; Rogan, E.M.; Musgrove, E.A.; Watts, C.K.; Sutherland, R.L. Estrogen-induced 

activation of Cdk4 and Cdk2 during G I–S phase progression is accompanied by increased cyclin 

D1 expression and decreased cyclin-dependent kinase inhibitor association with cyclin  

E-Cdk2. J. Biol. Chem. 1997, 272, 10882-10894. 

30. Lai, A.; Sarcevic, B.; Prall, O.; Sutherland, R. Insulin/insulin–like growth–I and estrogen 

cooperate to stimulate cyclin E-CDK2 activation and cell cycle progression in MCF-7 breast 

cancer cells through differential regulation of cyclin E and p21 WAF1/Cip1. J. Biol. Chem. 2001, 

276, 25823-25833. 

31. Starita, L.M.; Parvin, J.D. The multiple nuclear functions of BRCA1: Transcription, 

ubiquitination and DNA repair. Curr. Opin. Cell Biol. 2003, 15, 345-350. 

32. Lorick, K.L.; Jensen, J.P.M.; Fang, S.; Ong, A.M.; Hatakeyama, S.; Weissman, A.M. Ring finger 

mediate ubiquitin-conjugating enzyme (E2)-dependent ubiquitination. Proc. Natl. Acad. Sci. USA 

1999, 96, 11364-11369. 

33.  Xia, Y.; Pao, G.M.; Chen, H.W.; Vema, I.M.; Hunter, T. Enhancement of BRCA1 E3 ubiquitin 

ligase activity through direct interaction with the BARD1 protein. J. Biol. Chem. 2003, 278, 5255-

5263. 

34. Mallery, D.L.; Vandenberg, C.J.; Hiom, K. Activation of the E3 ligase function of the 

BRCA1/BARD1 complex by polyubiquitin chains. EMBO J. 2002, 21, 6755-6762. 

35. Hashizume, R.M.; Fukuda, M.; Maeda, I.; Nishikawa, H.; Oyake, D.; Yabuki, Y.; Otaga, H.; 

Ohta, T. The RING heterodimer BRCA1-BARD1 is a ubiquitin ligase inactivated by a breast 

cancer–derived mutation. J. Bio. Chem. 2001, 276, 14537-14540. 

36. Brzovic, P.S.; Keeffe, J.R.; Nishikawa, H.; Miyamoto, K.; Fox, D.; Fukuda, M.; Ohta, T.; Klevit, 

R. Binding and recognition in the assembly of an active BRCA1/BARD1 ubiquitin ligase 

complex. Proc. Natl. Acad. Sci. USA 2003, 100, 5646-5651.  

37. Morris, J.R.; Pangon, L.M.; Boutell, C.; Katagiri, T.; Keep, N.H.; Solomon, E. Genetic analysis of 

BRCA1 ubiquitin ligase activity and its relationship to breast cancer susceptibility. Hum. Mol. 

Genet. 2006, 15, 599-606. 

38. Morris, J.R.; Solomon, E. BRCA1:BARD1 induces the formation of conjugated ubiquitin 

structures, dependent on K6 of ubiquitin, in cells during DNA replication and repair. Hum. Mol. 

Genet. 2004, 13, 807-817. 

 

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. 

This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution license (http://creativecommons.org/licenses/by/3.0/). 


