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Introduction 

Majority of high grade sporadic breast cancer cells express low levels of BRCA1 mRNA, suggesting 
transcriptional suppression(Thompson et al, 1995; Wilson et al., 1999). Therefore, we studied BRCA1 
transcription. Previously, we described a positive regulatory region of the BRCA1 promoter(Thakur and Croce, 
1999). We also showed that intact Py/Pu site within the PRR was essential for estrogen response by the BRCA1 
promoter (Previous report). Therefore, identification of the Py/Pu binding factors was important. Utilizing 
Chromatographie procedures we purified the Py/Pu binding proteins. The proteins were identified as sub-units of 
Replication Protein A (RPA) factor. 

Body 
Specific aim 3: To identify and characterize the DNA sites and the factors influening the regulation ofBRCAl 
promoters 
In accordance with specific aim 3, detailed mutational analysis of the BRCA1 promoter was performed. In 
addition, the factors binding the regulatory site ofBRCAl were identified. Attempts to identify the factors by 
utilization of double stranded probes to screen cDNA expression libraries were not successful. However, 
biochemical purification and identification of regulatory factors were successful. We also did not perform 
experiments with mouse testis cells in order to identify the BRCA1 transcriptional regulatory site: Our successful 
efforts in identifying the transcriptional regulatory site, as well purification of the regulatory factors, precluded the 
need for these experiments. 

Mutation analysis ofBRCAl promoter 
The transcriptional activities of the deletion and point mutants ofBRCAl promoter were analyzed (Fig. 1). By 3' 
deletions, the minimal PRR was narrowed down to 37 bases (Fig. la; mutant -202 to -166). The 5' deletion 
mutants were reported in the previous report. Point mutations within the PRR (including CREB site; Fig. lb) 
resulted in the significant loss of activity in the majority of constructs (Fig. lc). These results indicate the 
importance of the PRR in BRCA1 transcription. 

Purification of Py/Pu binding factors: 
Py/Pu binding factors were purified by passage of whole cell extracts (prepared from Ramos line) through SP 
cation sepharose, Q anion sepharose and DNA affinity columns as described (Ausubel et al., 1996) (Fig. 2). The 
Py/Pu binding activity was monitored by DNA binding assays (data not shown). The eluted fractions with Py/Pu 
binding activity were analyzed by SDS-PAGE and Coomassie staining (Fig. 3). Three bands of sizes p70, p34 
and pl4 were detected. The protein bands were identified by peptide mass fingerprinting analysis as the three 
subunits of Replication Protein A viz. RPA1, RPA2 and RPA3. 

Binding of RPA to PRR 
Single stranded PRR (Pyrimidine rich strand) exhibited specific protein binding when incubated with MCF-7 
nuclear extract (Fig. 4a). A purified fraction containing RPA was analyzed for binding to the single-stranded PRR 
probe (Fig. 4b). A retarded DNA-protein complex was observed which supershifted on the addition of 
monoclonal antibodies against RPA2. This confirmed the binding of RPA to PRR. In an additional experiment, a 
monoclonal antibody against RPA2 supershifted a DNA-protein complex, when MF-7 nuclear extract was 
incubated with PRR probe (Fig. 4b). Therefore, in vivo RPA binding to the PRR (and Py/Pu) occurs. 

Specific aim 4: To study linked expression ofBRCAl and IA1-3B genes 
We studied the potential relationships of BRCA1 and IAI-3B gene, by deletion of the IAI-3B region from the 
BRCA1 promoter. However, there were no significant effects on BRCA1 transcription (data not shown). In 
addition, since the 37 base pair region of the PRR could direct transcription in the sense orientation, we studied its 
activity in the reverse orientation. However, reverse oriented PRR was not transcriptionally active. Based on 
these studies, we concluded that despite the close proximity ofBRCAl and IAI-3B genes, they did not share 
transcriptional regulatory regions. 



Key Research Accomplishments 
• Identification of the minimal regulatory region in the BRCA1 promoter 
• * Detailed mutational analysis of the PRR 
• Purification and identification of the Py/Pu binding factor as the RPA 
• Determination by utilization of monoclonal antibodies that RPA binds PRR and Py/Pu motif. 

Reportable outcomes 
Submitted manuscript titled,"Estrogen Responsive Motif in the BRCA1 Promoter Binds Replication Protein A 
(RPA)." 

Applied for funding to the Department of Defense, Breast Cancer Research. Career Development Award. 

Conclusions 
PRR is essential for BRCAl's response to estrogen and it binds the RPA. Therefore, RPA may influence BRCA1 
transcription. Aberrant expression of estrogen receptors or abnormal estrogen signaling to RPA associated with 
PRR, may compromise BRCA1 transcription and contribute to the observed loss of BRCA1 mRNA in sporadic 
breast cancers. 
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1) Figures and Figure Legends. 
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Figure legends 

Fig. 1 Mutants of BRCA1 promoter. Relative activities (%) of: (a) The 3' deletion 

mutants of BRCA1 promoter and (b) Analysis of the activity of the transcriptionally 

active fragment (-202-136) with disrupted CREB site, (c) Point mutants of the PRR. (a) 

Relative transcriptional activities of point mutants. The wild -type (WT) construct's 

activity was normalized to 100%. The mutated bases in other constructs are in lowercase, 

italicized and bold. 

Fig. 2 Purification of the Py/Pu motif binding activity. Total cell extract was prepared 

from 15 liters of Ramos cell line. The extract was passaged through a cation exchange 

column (SP Sepharose purchased from Pharmacia) and collected as unbound activity in 
the flowthough. The Py/Pu binding activity was pooled and passed through an anion 
exchange column (Q Sepharose purchased form Pharmacia) and again collected as an 
unbound activity.   A third passage was processed through a DNA affinity column of 

double-stranded Py/Pu motif as previously described, washed extensively in steps by 

increasing concentrations of Potassium Chloride up to IM and then bound proteins were 
eluted with 2M Sodium Chloride. The base solution used was identical to the one used 

for EMS A reactions. 

Fig. 3. Analysis of the eluted fractions (from DNA affinity column) by SDS-PAGE and 

Coomassie staining. Each fraction (a total of 6) collected from the DNA affinity column 
was electrophoresed in two lanes. The three proteins p70, p34 and pl4 are indicated and 
were identified by Matrix Assisted Laser Desorption Ionization Mass Spectrometery 

(MALDI) as the subunits of RPA. 

Fig. 4 Anti-p34 supershifts PRR-protein complexes, (a) Monoclonal antibodies Abl 
(anti-p70), Ab2 (anti-p34) and Ab3 (anti-p34), purchased from Oncogene Research, were 

used in supershift assays. Single stranded PRR (-202 to -166) probe was utilized in 
EMS A. Specificity of the DNA protein complexes was tested by non-specific and 

specific (S) competitions, with single stranded oligonucleotides. (b) Identification of 

RPA2 in the nuclear extract of MCF-7 cells, by the addition of anti-p34 antibody (Ab3) 

in EMS A reaction performed with single stranded end-labeled PRR probe. 
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Fig. lc 

Mutants Relative 
Activity (%) 

100 WT -202-156:5'-TTC TTC CTC TTC CGT CTC TTT CCTTTT ACG TCA TCC GGG GGC AGA C-3' 
P1 -202-156:5'-agCTTC CTCTTC CGT CTCTTT CaTTT ACG TCA TCC GGG GGC AGA C-3" 19.48 
P2 -202-156:5'-TTa gTC CTC TTC CGT CTC TTT CCTTTT ACG TCA TCC GGG GGC AGA C-3' 84.32 
P3 -202-156:5'-TTC Tag CTC TTC CGT CTC TTT CCTTTT ACG TCA TCC GGG GGC AGA C-3' 22.73 
P4 -202-156:5'-TTC TTC agC TTC CGT CTC TTT CCTTTT ACG TCA TCC GGG GGC AGA C-3' 5.9 
P5 -202-1 S&S'-TTCTTC da gTC CGT CTCTTT CCTTTT ACG TCA TCC GGG GGC AGA C-3' 78.37 
P6 -202-156:5'-TTC TTC CTC Tag CGT CTC TTT CCTTTT ACG TCA TCC GGG GGC AGA C-3' 0.3 
P7a-202-156:5'-TTC TTC CTC TTC aGT CTC TTT CCTTTT ACG TCA TCC GGG GGC AGA C-3' 1.75 
P7b-202-156:5'-TTC TTC CTC TTC CcT CTC TTT CCTTTT ACG TCA TCC GGG GGC AGA C-3' 0.25 
P7C-202-156:5'-TTC TTC CTC TTC CfT CTC TTT CCT TTT ACG TCA TCC GGG GGC AGA C-3' 0.47 
P7d-202-156:5'-TTCTTC CTCTTC CaT CTCTTT CCTTTT ACG TCA TCC GGG GGC AGA C-3' 0.23 
P8 -202-156:5'-TTC TTC CTC TTC CGa gTC TTT CCTTTT ACG TCA TCC GGG GGC AGA C-3' 0.67 
P9 -202-156:5'-TTC TTC CTC TTC CGT CagTTT CCTTTT ACG TCA TCC GGG GGC AGA C-3' 2.1 

P10-202-156:5'-TTC TTC CTC TTC CGT CTa gTT CCTTTT ACG TCA TCC GGG GGC AGA C-3' 35.53 
P11 -202-156:5*-TTC TTC CTC TTC CGT CTC Tag CCTTTT ACG TCA TCC GGG GGC AGA C-3' 8.02 
P12-202-1 SÖ^'-TTCTTC CTCTTC CGT CTCTTT agTTTT ACG TCA TCC GGG GGC AGA C-3' 16.12 
P13-202-1 SÖS'-TTC TTC CTC TTC CGT CTC TTT CCa gTT ACG TCA TCC GGG GGC AGA C-3* 1.19 
P14-202-156:5'-TTC TTC CTC TTC CGT CTC TTT CCTTag ACG TCA TCC GGG GGC AGA C-3' 29.1 
P15-202-156:5'-TTC TTC CTCTTC CGT CTC TTT CCT TTT g<G TCA TCC GGG GGC AGA C-3' 4.37 
P16-202-156:5'-TTC TTC CTC TTC CGT CTC TTT CCTTTT ACa cCA TCC GGG GGC AGA C-3" 8.67 
P17-202-156:5'-TTC TTC CTCTTC CGT CTC TTT CCT TTT ACG Tfg TCC GGG GGC AGA C-3' 3.52 
P18-202-156:5'-TTC TTC CTC TTC CGT CTC TTT CCTTTT ACG TCA ctC GGG GGC AGA C-3" 45.5 
P19-202-156:5'-TTC TTC CTC TTC CGT CTC TTT CCT TTT ACG TCA TCf aGG GGC AGA C-3' 2.7 

pGL3 Basic Vector °-53 
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Estrogen Responsive Motif in the BRCA1 Promoter Binds 
Replication Protein A (RPA) 

Sanjay Thakur, Tatsuya Nakamura, Richard P. Wassell, Garrett Dubois, Hansjuerg Alder, and 

Carlo M. Croce 

Thomas Jefferson University, Kimmel Cancer Center, 233 S10  St., 1030, BLSB, Philadelphia 

PA 19107. USA 

Majority of high grade sporadic breast cancer cells express low levels of BRCA1 mRNA, 

suggesting suppression of BRCA1 transcription. Previously, we had identified a positive 

regulatory region (PRR) in the BRCA1 transcriptional promoter. In the present study, we 

show that estrogen exerts its indirect, positive effect on BRCA1 transcription through a 

Polypyrimidine/Polypurine (Py/Pu) motif present in the PRR. In addition, employing 

Chromatographie purification protocols, proteins with specific binding affinity for Py/Pu 

motif were purified to apparent homogeneity. Utilizing peptide mass fingerprinting 

analysis, these proteins were identified as the p70, p34 and pl4 sub-units of the 

Replication Protein A (RPA) factor.  Monoclonal antibodies recognizing RPA p34 (RPA 2) 

supershifted DNA-protein complexes, when the PRR probe was incubated with purified 

RPA or MCF-7 nuclear extract. These results indicate the existence of a pathway 

wherein estrogen exerts a positive influence on the BRCA1 promoter region, which has 



specific affinity for RPA2. Abnormal estrogen signaling to RPA associated with the 

BRCA1 promoter, may contribute to the observed loss of BRCA1 expression in breast 

cancer. 

Inherited mutations of the BRCA1 gene are associated with the development of highly invasive 

breast cancer*. Although few BRCA1 mutations were detected in sporadic breast cancer^, 

BRCA1 protein and mRNA were reported to be absent in the majority of high grade, sporadic 

breast cancer^. This suggested that BRCA1 transcriptional suppression may play a role in the 

development of sporadic breast cancers. Furthermore, estrogen (ovarian hormone known to 

influence the development of breast cancer) is known to upregulate the mRNA levels of 

BRCAl^-9. Therefore we studied the BRCA1 transcription in the context of estrogen signaling. 

Here we show that the previously identified positive regulatory region (PRR) 10 is responsive to 

estrogen and that the Replication Protein A (RPA factor) binds the PRR. 

The in vivo effect of estrogen on the positive regulatory region (PRR) of the BRCA1 promoter 

was assessed (Fig 1). Interestingly, the PRR contains a 27 base-pair Polypyrimidine/Polypurine 

(Py/Pu) rich motif, with one Purine/Pyrimidine (G/C) base-pair in the middle (Fig. la, arrow- 

head). This motif demonstrated specific protein binding to the double-stranded Py/Pu probe 

(Fig. lb). Transfection of estrogen (E2) treated MCF-7 cells, with BRCA1 promoter containing 



intact Py/Pu (-202) resulted in the upregulation of the promoter activity (Fig. lc). In contrast, 

BRCA1 promoter with disrupted Py/Pu motif (-180) was not responsive to estrogen treatment. 

This established the importance of intact Py/Pu for estrogen response by the BRCA1 promoter. 

The next logical step was to identify the proteins which bound the Py/Pu. Utilizing biochemical 

purification procedures, involving cation, anion exchange and DNA affinity chromatography (Fig. 

2), three proteins with affinity to PRR were purified and detected by Coomassie staining of SDS- 

PAGE gels (Fig. 3). These proteins were identified by peptide mass fingerprinting analysis and 

were determined to be Replication Proteins p70, p34 and pl4 (RPA1, RPA2 and RPA3, 

respectively), which are known to be essential for DNA replication* 1. During the purification 

procedures, we did not detect additional factor(s) with specific affinity for the Py/Pu (data not 

shown). 

The purified proteins bound the single-stranded PRR probe (RPA is known to bind single 

stranded DNA with higher affinity 11), and monoclonal antibodies against RPA2 (Ab2 and Ab3) 

supershifted the DNA-protein complexes (Fig. 4a). The RPA1 (Abl) monoclonal antibody 

caused increased DNA binding. Furthermore, the DNA-protein complex was not affected by 

non-specific competition and was abolished by specific competition. Therefore, the RPA 



subunit RPA2 bound the PRR of BRCA1 specifically. Finally, anti-RPA2 (Ab3) also caused a 

partial supershift of PRR-protein complex when MCF-7 nuclear extract was incubated with the 

PPvR probe (Fig. 4b). 

These observations suggest that RPA2 may influence BRCA1 transcription. RPA is associated 

with DNA replication^ 1, although there is one report of RPA modulating the expression of 

metallothionein IIA gene 12. The role of RPA2 in BRCA1 transcriptional regulation is plausible, 

as DNA replication is known to influence transcriptional processes^-15. The results are also 

consistent with the reports that BRCA1 mRNA expression is cell-cycle dependent and peaks in 

the Gl/S phase, when maximal DNA replication occurs^»?-^ BRCA1 mRNA expression is the 

highest in meiotic testis cells, where active DNA replication occurs^. Furthermore, p53 is 

known to suppress BRCA1 transcription^'^ (S.T. unpublished data) and also has been 

reported to suppress DNA replication by binding to RPA2 *9. Therefore, p53 may also 

suppress BRCA1 transcription by RPA2 binding. 

Overall, the data indicates that a cascade of estrogen signaling has positive influence on the 

BRCA1 promoter region that has affinity to RPA2. Aberrant expression of estrogen receptors (a 

common phenomenon in breast cancer^O), may compromise normal estrogen signaling to the 



replication factors bound to BRCA1 promoter. Further investigation of the molecular pathways 

involving estrogen signaling and the influence of RPA on BRCA1 transcription, may provide 

information with regards the processes leading to the observed loss of BRCA1 expression in 

breast cancer cells. 

1. Miki, Y. et al. A strong candidate for the breast and ovarian cancer susceptibility gene 

BRCA1. Science 266,66-71. (1994). 

2. Futreal, P. A. et al. BRCA1 mutations in primary breast and ovarian carcinomas. Science 

266,120-122. (1994). 

3. Thompson, M. E., Jensen, R. A., Obermiller, P. S., Page, D. L. & Holt, J. T. Decreased 

expression of BRCA1 accelerates growth and is often present during sporadic breast cancer 

progression. Nat Genet 9,444-450 (1995). 

4. Wilson, C. A. et al. Localization of human BRCA1 and its loss in high-grade, non- 

inherited breast carcinomas. Nat Genet 21,236-240 (1999). 

5. Gudas, J. M., Nguyen, H., Li, T. & Cowan, K. H. Hormone-dependent regulation of 

BRCA1 in human breast cancer cells. Cancer Res 55,4561-4565 (1995). 



6. Lane, T. F. et al. Expression of Brcal is associated with terminal differentiation of 

ectodermally and mesodermally derived tissues in mice [published erratum appears in Genes Dev 

1996 Febl;10(3):365]. Gera* Ztev 9,2712-2722 (1995). 

7. Marquis, S. T. et al. The developmental pattern of Brcal expression implies a role in 

differentiation of the breast and other tissues. Nat Genet 11,17-26 (1995). 

8. Marks, J. R. et al. BRCA1 expression is not directly responsive to estrogen. Oncogene 

14,115-121(1997). 

9. Ruffner, H. & Verma, I. M. BRCA1 is a cell cycle-regulated nuclear phosphoprotein. 

ProcNatlAcadSci USA 94, 7138-7143. (1997). 

10. Thakur, S. & Croce, C. M. Positive regulation of the BRCA1 promoter. JBiol Chem 214, 

8837-8843 (1999). 

11. Wold, M. S. Replication protein A: a heterotrimeric, single-stranded DNA-binding 

protein required for eukaryotic DNA metabolism. Annu Rev Biochem 66, 61-92 (1997). 

12. Tang, C. M., Tomkinson, A. E., Lane, W. S., Wold, M. S. & Seto, E. Replication protein 

A is a component of a complex that binds the human metallothionein IIA gene transcription start 

site. JBiol Chem 271,21637-21644. (1996). 



\ 

13. Kodadek, T. Mechanistic parallels between DNA replication, recombination and 

transcription. Trends Biochem Sei 23, 79-83. (1998). 

14. Murakami, Y. & Ito, Y. Transcription factors in DNA replication. Front Biosci 4, D824- 

833. (1999). 

15. Stucki, M., Stagljar, I., Jonsson, Z. O. & Hubscher, U. A coordinated interplay: proteins 

with multiple functions in DNA replication, DNA repair, cell cycle/checkpoint control, and 

transcription. Prog Nucleic Acid Res Mol Biol 65,261-298 (2000). 

16. Zabludoff, S. D., Wright, W. W., Harshman, K. & Wold, B. J. BRCA1 mRNA is 

expressed highly during meiosis and spermiogenesis but not during mitosis of male germ cells. 

Oncogene 13,649-653 (1996). 

17. Arizti, P. et al Tumor suppressor p53 is required To modulate BRCA1 expression [In 

Process Citation]. Mol Cell Biol 20,7450-7459 (2000). 

18. MacLachlan, T. K., Dash, B. C, Dicker, D. T. & El-Deiry, W. S. Repression of BRCA1 

through a feedback loop involving p53 [In Process Citation]. JBiol Chem 275,31869-31875 

(2000). 

19. Dutta, A., Ruppert, J. M., Aster, J. C. & Winchester, E. Inhibition of DNA replication 

factor RPA by p53. Nature 365, 79-82. (1993). 



20. Clarke, R., Dickson, R. B. & Brunner, N. The process of malignant progression in human 

breast cancer. Ann Oncol 1,401-407. (1990). 

21. Manley, J. L., Fire, A., Cano, A., Sharp, P. A. & Gefter, M. L. DNA-dependent 

transcription of adenovirus genesin a solublewhole-cell extract. Proc. nail. Acad. Sei. 11,3855- 

3859 (1980). 

22. Ausubel, F. M. et al. DNA protein interactions. Current protocols in molecular biology. 

John Wiley and Sons Inc. 2,12-12.11 (1996). 

Acknowledgements 
This study is supported by Program Project Grants, Translational Research in Cancer and Oncogene Deregulation, 
from U.S Public Health Sciences, to Dr. C. M. Croce. S. Thakur was supported by Department of Defense Breast 
Cancer Fellowship. Correspondence and requests for materials should be addressed to C.M.C. (email: 
C_Croce@lac.jci.tju.edu) 



Figure Legends: 

Fig. 1 Estrogen response is mediated by the Py/Pu motif in the BRCA1 PRR. (a) 

Schematic representation and sequence of the Polypyrimidine/polypurine (Py/Pu) 

motif in the BRCA1 promoter, (b) Specific nuclear factors bound the double-stranded 

Py/Pu motif in the PRR. Non-specific (NS-5'-GTC ACT ATG GCT TTC AAT TGG CCC 

GGC ATA G-3') had no significant affect on the DNA-protein complex, whereas specific 

(S) competition abolished the complex, (c) BRCA1 transcriptional response to 

estrogen is mediated by Py/Pu. MCF-7 cells were transfected with BRCA1 promoters 

with intact PRR (-202) and disrupted PRR (-180). The transfected cells (which were 

maintained in media with stripped serum) were treated with 10"7M estradiol (E2) 

where indicated.  Normalized luciferase activities are indicated. The results represent 

several rounds of transfections. -202 and -180 mutant was constructed by 

polymerase chain reaction (PCR) using 5' primers (-202-CTC ACG CGT TTC TTC 

CTC TTC CGT CTC TTT CCT TTT ACG TCA TCC GGG GGC AGA CTG GGT GGC CA- 

3' and -180-CTC ACG CGT CTT TTA CGT CAT CCG GGG GCA GAC TGG GTG GCC A- 

3') with the 3' primer (+36-TAG CTC GAG GGA AGT CTC AGC GAG CTC-3') 

respectively, followed by subcloning in pGL3 basic vector (Promega). The PCR 

conditions, subcloning procedures, transfections and reporter gene assays were 

performed as described previously10. 



Fig. 2 Purification of the Py/Pu motif binding activity. Total cell extract was prepared 

from 15 liters of Ramos cell line as described 21. The extract was passaged through 

a cation exchange column (SP Sepharose purchased from Pharmacia) and collected 

as unbound activity in the flowthough. The Py/Pu binding activity was pooled and 

passed through an anion exchange column (Q Sepharose purchased form 

Pharmacia) and again collected as an unbound activity.   A third passage was 

processed through a DNA affinity column of double-stranded Py/Pu motif as 

previously described22i washed extensively in steps by increasing concentrations of 

Potassium Chloride up to 1M and then bound proteins were eluted with 2M Sodium 

Chloride. The base solution used was identical to the one used for EMSA reactions. 

Fig. 3. Analysis of the eluted fractions (from DNA affinity column) by SDS-PAGE and 

Coomassie staining. Each fraction (a total of 6) collected from the DNA affinity column 

was electrophoresed in two lanes. The three proteins p70, p34 and p14 are indicated 

and were identified by Matrix Assisted Laser Desorption lonization Mass 

Spectrometery (MALDI) as the subunits of RPA. 
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Fig. 4 Anti-p34 supershifts PRR-protein complexes, (a) Monoclonal antibodies Ab1 

(anti-p70), Ab2 (anti-p34) and Ab3 (anti-p34), purchased from Oncogene Research, 

were used in supershift assays. Single stranded PRR (-202 to -166)10 probe was 

utilized in EMSA. Specificity of the DNA protein complexes was tested by non-specific 

and specific (S) competitions, with single stranded oligonucleotides.  (b) 

Identification of RPA2 in the nuclear extract of MCF-7 cells, by the addition of anti-p34 

antibody (Ab3) in EMSA reaction performed with single stranded end-labeled PRR 

probe. 
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