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Figure 2.5. AP-1 sites in the MMP1 promoter mediate enhanced MMP1 expression in 

BRAT cells. 

A. Human MMP1 promoter luciferase reporter constructs. B. Cells stably expressing 

PCDNA or BRAT were transiently transfected with the indicated MMP1 reporter 

construct and a Renilla constitutive luciferase reporter plasmid for normalization. Lysates 

were collected, subjected to two freeze-thaw cycles, and assayed in triplicate on a manual 

luminometer using Promega’s Dual Luciferase Assay Kit. Luciferase activity was 

normalized to Renilla luciferase activity for each triplicate, averaged, and results are 

expressed +/- standard error. C. Stable cells were also co-transfected with non-targeting 

control siRNA or siRNA targeting c-Jun, collected, and assayed similarly. Protein lysates 

were collected in parallel for knock-down analysis.   
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by utilizing 1G and 2G full length promoter constructs in which the indicated AP1 site,  

(-72) or (-1602), was mutated to be non-functional (Figure 2.5. A). In reporter constructs 

containing either 1G or 2G version of the SNP, MMP1 promoter activity was diminished 

significantly by mutation of either AP1 site, (-72) or (-1602) (Figure 2.5. B). These data 

suggest that AP1 sites at (-72) and (-1602) are critical for BRAT-mediated enhancement 

of MMP1 expression. Further, the presence of an Ets binding site adjacent to the distal 

AP1 site further augments c-Jun-mediated MMP1 transcription. 

To dissect the contribution of other regions of the promoter to BRAT-mediated 

MMP1 up-regulation, a second set of luciferase reporter constructs was utilized. The 

constructs consist of a series of 5’ truncations of the MMP1 promoter in control of the 

firefly luciferase gene (Figure 2.5. A). The full length (FL), (-3292), and (-2942) 

constructs have the 2G version of the SNP, while the smaller constructs, (-1546) and      

(-517) lack this region. SiRNA against c-Jun was used concomitantly to validate the 

importance of c-Jun for BRAT-mediated MMP1 promoter activity mediated by each 

construct. Activity of the (-3292) truncation, in which an OCTA3 site, a PEA-3 site, an 

AP1 site, and several silencers are lost, was decreased by 24% compared to the full 

length reporter (Figure 2.5. C). Truncation to (-2942) results in loss of cAMP response 

element binding (CREB) and polyoma enhancer activator protein (PEA3) sites from the 

promoter. Transfection of (-2942) yielded 18% lower activity than the full length 

promoter as well. Notably, c-Jun knockdown in BRAT cells reduced full length, (-3292), 

and (-2942) reporter activity 61, 62, and 66.5% respectively, confirming the importance 

of c-Jun for BRAT-mediated MMP1 expression. Similarly, c-Jun knockdown 

significantly diminished remaining activity of the (-1546) and (-517) constructs. These 
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data suggest that proximal portions of the MMP1 promoter are important for BRAT-

mediated up-regulation, and that AP1 sites throughout the promoter are necessary for 

MMP1 expression in BRAT cells.  

Increased pro-MMP is detectable in BRAT mutation carrier-derived cellular 

conditioned media. To evaluate the clinical impact of BRAT on MMP1 levels, BRAT 

mutation carrier-derived immortalized HOSE cell lines were utilized. MMP1 levels in 

conditioned media of immortalized HOSE cell lines from the ovaries of women carrying 

a BRAT mutation were compared to lines without a family history of OC or with a 

confirmed wt genotype. Total conditioned media MMP1 levels were significantly higher 

in BRAT carrier HOSE cell lines (3261-77a, 3261-77b, 1816-686a, and 1816-686b) 

compared to non-carrier HOSE cell lines (121, 118, IMCC5) (Figure 2.6.). These data 

suggest that BRAT-mediated MMP1 up-regulation is detectable in cells of patients 

carrying this mutation. 

Discussion 

We have previously shown a role for the 185delAG BRCA1 mutation, BRAT, in 

STS-induced apoptosis of normal HOSE and OC cells [18], as well as in the up-

regulation of the OC-associated serpin, maspin, in normal cells [8]. Here, I identify a 

novel downstream target of BRAT, MMP1, and show that MMP1 is up-regulated 

transcriptionally through a mechanism involving c-Jun. Further, ELISA reveals higher 

total MMP1 secretion by HOSE cell lines derived from BRAT mutation carriers.  

Interestingly, several of the genes differentially regulated in BRAT-expressing 

HOSE cells encode proteins that localize to the extracellular space and are potentially 

important in OC (collagen I, and collagen III, IL-6, IL-1alpha, IL-1beta, and MMP1). 
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Figure 2.6. Increased pro-MMP is detectable in BRAT mutation carrier-derived cellular 

conditioned media. 

Cells were plated in triplicate at similar densities and conditioned media was collected as 

described. MMP1 ELISA activity assay was performed in triplicate as described, 

however, because cell viability differed significantly, cell counts were performed upon 

conditioned media collection, and total MMP1 levels were normalized to cell number. 

Graph illustrates averages +/- standard error. 
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Collagens I and III are present in the extracellular matrix of the ovary and/or the 

omentum [12, 13]. IL-1β enhances MMP1 mRNA stability and expression [43] and up-

regulates tumor necrosis factor α (TNFα) [44], another potential BRAT target and 

mitogenic factor for HOSE cells [14], while IL-6 can enhance invasion of OC cell lines 

[45]. MMP1 cleaves collagens I and III and can also cleave pro-TNFα, fibronectin, and 

laminin, which are present in the ovarian and omental ECM, and pro-MMP 2 and 9, 

which cleave multiple extracellular matrix constituents [11]. Taken together, these targets 

of BRAT could promote motility, invasion, and metastasis of normal HOSE and potential 

tumor cells of mutation carriers. 

c-Jun’s importance in MMP1 gene regulation has been well established [41, 42], 

and in my model system, c-Jun is crucial for BRAT-mediated MMP1 up-regulation. 

Increased c-Jun protein levels in BRAT cells likely contribute to MMP1 up-regulation. In 

agreement, c-Jun mRNA levels increase significantly prior to TNFα  and IL-1 -induced 

MMP1 up-regulation [46]. Future studies may reveal additional c-Jun-responsive genes 

differentially regulated by BRAT. 

I have begun to elucidate specific AP1 sites and other MMP1 promoter elements 

necessary for BRAT-mediated MMP1 up-regulation. Truncation of the full length MMP1 

promoter to (-3292) significantly decreases reporter activity in BRAT cells, which 

indicates the importance of one or more distal promoter elements for activity. Indeed, 

binding sites for AP1 and PEA3, which has been shown to transactivate the MMP1 

promoter [47], are located here. In some experiments, activity of the (-2942) construct 

was marginally higher. Loss of a PEA3 site at this position could make available 

additional PEA3, which has been shown to synergize with c-Jun [47]. BRAT cell reporter 
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activity of the three largest constructs was dramatically decreased by c-Jun knockdown. 

Reduced activity was comparable to that of the full length promoter in PCDNA3.1 cells, 

confirming the importance of c-Jun for BRAT-mediated MMP1 expression. The greatest 

loss in reporter activity relative to full length occurs by truncation of the promoter to        

(-1546) or (-517), by which several elements are eliminated, including two AP1 sites. 

Specific disruption of the (-1602) AP1 site significantly decreases reporter activity as 

well. In agreement with the literature (Reviewed in [38]), one or more of the most 

proximal AP1 sites (-1062, -891, -562, -436, -181, -72) contribute to basal BRAT-

mediated MMP1 promoter activity, as c-Jun knockdown significantly diminishes 

remaining activity of the (-1546) and (-517) constructs. Further, specific disruption of the 

(-72) AP1 site also abrogates reporter activity. Taken together, these data reveal the 

necessity of c-Jun in BRAT-mediated MMP1 up-regulation. 

The presence of the 2G MMP1 promoter polymorphism increases promoter 

activity [22] and is associated with decreased disease-free and overall survival in OC 

patients [48]. As expected, BRAT cells exhibited significantly higher activity than 

PCDNA3.1 cells when measuring 1G and 2G versions of the promoter. In agreement 

with previous findings, the 2G wt reporter construct mediated significantly more activity 

than the 1G promoter in both PCDNA3.1 and BRAT cells. Interestingly, the 

enhancement in promoter activity mediated by the additional G nucleotide was even more 

apparent in BRAT cells, and Ets-1 levels were increased in BRAT cells compared to 

PCDNA cells (Figure 2.7.). Greater MMP1 2G promoter activity in BRAT cells may 

occur through cooperation of Ets-1 with increased c-Jun, as Ets-1 and c-Jun physically 

interact and can synergistically transactivate promoter expression [49]. Further, AP1 and  
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Figure 2.7. Ets-1 protein levels are elevated in BRAT cells. 

Cells stably expressing PCDNA or BRAT were plated at equal densities, collected, and 

lysed. Protein lysate was separated using SDS-PAGE and Western blotting was 

performed using the indicated antibodies. Relative band intensity was determined by 

dividing the Ets-1 band intensity by the actin band intensity for each lane. 
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Ets-1 sites are found in the Ets-1 promoter [50], therefore increased Ets-1 levels in BRAT 

cells may occur in part through increased c-Jun transactivation. Alternatively, Ets-1 may 

represent an additional independent signaling pathway alternatively regulated in BRAT 

cell. It would be interesting to determine whether BRAT mutation-associated OCs exhibit 

a high frequency of 2G alleles, as the combination of this allele with elevated c-Jun 

protein could potentially augment OC progression or metastasis by up-regulating MMP1. 

I have determined that maspin and MMP1 are parallel targets of BRAT, as maspin 

does not significantly impact MMP1 expression in BRAT cells. Interestingly, MMP1 is 

activated in vitro in a stepwise manner by uPA and MMP3 (stromelysin) [51], and 

maspin has been shown to negatively regulate uPA activity by enhancing uPA/uPAR 

internalization and by inhibiting activation of pro-uPA [52]. Though maspin doesn’t 

appear to regulate MMP1 expression, it may be important in regulation of MMP1 

activity. Indeed, DU145 prostate cancer cells stably expressing maspin exhibit decreased 

collagen cleavage in collagen-degradation assays [53].  

We have previously found significantly lower levels of phospho-Akt concurrent 

with enhanced apoptosis in BRAT cells treated with cytotoxic drugs [18]. It would be 

interesting to determine whether diminished Akt activity is necessary for MMP1 up-

regulation in BRAT cells, and the signaling pathways involved. Indeed, preliminary data 

suggest Akt signaling is involved in BRAT-mediated MMP1 up-regulation. Expression 

of a constitutively active Akt construct diminishes MMP1 mRNA expression and total 

MMP1 in conditioned media of BRAT cells (Figure 2.8.). Interestingly, Akt inhibition 

has been shown to enhance activation of the MAPK pathway [54], which in turn  
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Further exploration of these changes can increase our understanding of early steps of OC 

development and help identify potential screening and treatment strategies.  
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Chapter 3: 

Impact of BRAT on Apoptosis, Gene Regulation, and Migration in Normal Breast 

Epithelial and Breast Cancer Cells 

Introduction 

Though BRCA1 mutation carriers have a slightly elevated risk for cervical, 

uterine, and pancreatic cancer [1], the most significant cancer risk associated with a 

BRCA1 mutation is for breast and OC [2]. Though it is not known why the disease 

manifests preferentially in these tissues, several hypotheses have been put forth: 1) 

BRCA1 mutation results in impaired DNA damage repair, accumulation of DNA 

damage, and apoptosis. Cells in the breast and ovary, however, could have a mechanism 

by which to delay apoptosis and accumulate mutations, resulting in cell survival and 

tumorigenesis [3]; 2) Higher rates of LOH may occur in the breast and ovary [3], which 

could result in loss of wt function and emphasize the importance of mutant BRCA1 

functions in these tissues; and 3) Increased risk for breast and OC may result in part from 

the influences of hormone signaling. Estrogen is clearly important for normal breast 

development and lactation and also in sporadic breast cancer. Expression of estrogen 

receptor alpha, which mediates the proliferative effects of estrogen for breast epithelial 

cells, is over-expressed in more than half of sporadic breast cancers [4], and selective 

estrogen receptor modulators, such as tamoxifen, are highly effective in treating breast 

cancers that express estrogen receptor alpha. Despite the fact that most BRCA1-
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associated breast tumors are estrogen receptor alpha negative [5], evidence indicates an 

interplay between BRCA1 and estrogen signaling. BRCA1 inhibits estrogen receptor 

alpha’s ligand-dependent transactivation function and down-regulates the co-activator 

p300 (E1A binding protein 300) (Reviewed in [6]). Consequently, aberrant estrogen 

signaling in the breast and ovary, either directly or indirectly through paracrine signaling, 

may contribute to cancer in these tissues by enhancing survival despite impaired DNA 

damage repair due to BRCA1 mutation (Reviewed in [2]).  

Very few epidemiologic studies have attempted to determine whether specific 

BRCA1 mutations confer differential risk for breast or OC. Individuals who carry the 

same BRCA1 mutation may develop either breast or OC, while some individuals develop 

both. In population studies, families with predisposition to both breast and OC exhibit 

variation in the ratio of breast to OC occurrence [7], possibly as a result of the mutation 

they share. These observations suggest specific mutations have tissue-specific functions 

that contribute to risk of cancer in the breast and/or ovary. Neuhausen et al. did not 

observe a significant difference in proportion of OC and breast cancer incidence mediated 

by specific mutations [8]. In contrast, utilizing a population of 191 Ashkenazi Jewish OC 

patients, Moslehi and colleagues compared the estimated risk for breast or OC to 75 years 

of age mediated by three founder mutations.  The three mutations conferred a similar risk 

of breast cancer, however risk of OC was greater in 185delAG mutation carriers 

compared to 5382InsC and 6174delT carriers (odds ratio 36.6, 20.8, and 14.2 

respectively) [9]. Differential risk of OC mediated by specific mutations may result from 

gain of function activity mediated by BRCA1 mutants in the ovary, while similar 

functions are not conferred, or have less impact in the breast.  
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Studies estimating risk levels for specific mutations are inherently difficult to 

interpret, however, because risk estimates are dependent on the study population. For 

example, risk estimations are higher in studies involving high risk families, and depend 

on biologic factors such as prophylactic oophorectomy or mastectomy and age [10]. 

Environmental factors such as diet or oral contraceptive use further complicate risk 

assessment. As a result, estimated ranges of risk associated with BRCA1 mutation for 

ovarian or breast cancer are wide, and statistical differences in risk between specific 

mutations are not typically reported [10].  

Larger studies examining mutations grouped by their location within the BRCA1 

gene have attempted to strengthen epidemiologic analysis. Such studies have reported 

differential ovarian and breast cancer risk based on the location of truncation mutations 

within the BRCA1 gene. For example, truncation and splice altering mutations in the 5’ 

third of the gene (before nucleotide 2401) and the 3’ third of the gene (after nucleotide 

4191) contribute to a significantly higher proportion of breast to OC incidence [7, 11]. 

Conversely, Thompson et al. identified a region between nucleotides 2401 and 4190 in 

which mutations contribute to a higher proportion of OC to breast cancer [12]. The 

location of a truncation mutation within the gene determines the predicted truncated 

protein size, which potentially influences the function of the mutant within the breast or 

ovary and, for some mutants, the relative ratio of breast to OC associated with a specific 

mutation. Indeed, clinical disease characteristics have been shown previously to be 

influenced by mutation location within the gene. For example, mutations in the 5’ and 3’ 

portions of the adenomatous polyposis coli (APC) gene result in a less severe version of 

familial adenomatous polyposis [11]. 
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I have previously observed that the BRAT mutation confers molecular and 

cellular changes in HOSE that may promote OC development. In order to understand the 

role of BRAT function in tissue specific disease and to determine whether BRAT’s 

unique functions may preferentially promote OC, I examined the cellular and molecular 

impact of BRAT in normal breast epithelial and breast cancer cells. I have investigated 

several cellular and molecular processes previously found to be influenced by BRAT in 

normal HOSE or OC cells, including apoptosis and gene regulation, as well as cell 

migration.  

Methods 

Cell culture and transfection. MCF7, SkBr3, and MDA-MB-231 human breast 

cancer cells were cultured in Medium 199/ MCDB 105 (Sigma, St. Louis, MO) with 10% 

fetal bovine serum and gentamicin. MCF10A normal human breast epithelial cells were 

cultured in DMEM/F12 (Mediatech, Manassas, VA) supplemented with 15mM HEPES, 

insulin 10ug/mL, EGF 20ng/mL (Sigma, St. Louis, MO), choleratoxin 100ng/mL 

(Biomol, Plymouth Meeting, PA), hydrocortisone 0.5ug/mL (BD Biosciences, Sparks, 

MD), L-glutamine (MP Biomedicals, Solon, OH), glucose, sodium bicarbonate, 10% 

fetal bovine serum and gentamicin. All cells were incubated at 37ºC with 5% CO2. Two 

million cells were transiently transfected as previously described [13] using Program X-

005 (for MCF7 cells), E-09 (for SkBr3 cells), X-013 (for 231 cells), T-024 (for MCF10A 

cells), Kit V, and the Nucleofector device (Amaxa/ Lonza, Walkersville, MD) with 2.5-

3.5 ug of plasmid (GFP, PCDNA3.1 or Flag-BRAT [13]).  
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Cell viability assay. Twenty-four hours after transfection, cells were trypsinized, 

counted, and plated at sub-confluence in triplicate in 96 well plates with media containing 

vehicle or 2-10uM cisplatin. After 1 hour, cells were assayed using the CellTiter 96® 

AQueous One Solution Cell Proliferation MTS (Promega, Madison, WI) colorimetric 

assay according to manufacturer’s instructions. Absorbance was read using an ELx800 

microplate reader (Bio-Tek Instruments, Winooski, VT) and designated “0h.” Cells were 

then assayed every 24 hours for 72 hours. Results were expressed as the mean absorbance 

± standard error.  

Western blot. Cells were PBS washed, trypsinized, pelleted, and washed 1-2 

times in cold PBS. Cells were lysed for 30 minutes on ice in modified CHAPS buffer, 

and lysate was centrifuged at 115,000 xg, at 4° C, for 1h. Thirty to 100μg of protein were 

separated via 10% SDS-PAGE. Proteins were transferred to PVDF membranes, dried at 

37° C for 1 hour, and blocked in 5% milk or bovine serum albumin in Tween 20-TBS. 

Blots were incubated in their respective antibodies overnight, followed by incubation 

with an HRP-conjugated secondary (Fisher Scientific), and developed via ECL (Pierce). 

Antibodies: BRCA1 (Calbiochem), cleaved caspase 3, caspase 3 (Cell Signaling 

Technology, Beverly, MA), actin (clone AC-40, Sigma, St. Louis, MO), and maspin (BD 

Biosciences, San Jose, CA). 

RT-PCR. RNA samples were isolated using TRIzol reagent from Invitrogen 

(Carlsbad, CA) per manufacturer’s protocol and DNAse treated. For semi-quantitaive 

PCR, one microgram total RNA, oligo(dT), and reverse transcriptase were used to 

generate single-strand cDNA as previously described [13]. The cDNA samples were 

amplified using the Applied Biosystems GeneAmp RNA PCR Core Kit (Foster City, 
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CA). Primers used were: Flag-BRAT sense (CGATGACAAAATGGATTTATCTGC), 

Flag-BRAT antisense (GAGACAGGTTCCTTCATCAACTCC), MMP1 sense 

(GAGCAAACACATCTGAGGTACAGGA), MMP1 antisense 

(TTGTCCCGATGATCTCCCCTGACA) [14], actin (98 base pairs) sense 

(GGGAATTCAAAACTGGAACGGTGAAGG), and actin (98 base pairs) antisense 

(GGAAGCTTATCAAAGTCCTCGGCCACA) Maspin sense 

(GGAGGCCACGTTCTGTAT) and Maspin antisense (CCTGGCACCTCTATGGA). 

The amplified products were separated by electrophoresis on a 10% polyacrylamide gel, 

stained with SYBR Green (Lonza, Rockland, ME), and photographed with the Kodak 

EDS 120 Digital Analysis System. The net intensity of each band was normalized to the 

respective endogenous control band. For real time PCR, one hundred ng total RNA was 

reverse transcribed to generate single-strand cDNA as previously described [13]. The 

cDNA samples were amplified using Fast SYBR Green Master Mix (Applied 

Biosystems) on an Applied Biosystems Step One Plus instrument. RQ (relative mean 

mRNA expression level) was calculated by the Step One software version 2.0. Using 

standard curves constructed for target and endogenous control genes, an arbitrary 

quantitative gene expression value was determined from the Ct for each gene from each 

sample. Target gene values were normalized to control gene values, and fold difference 

was determined by dividing by the designated reference/ calibrator sample. 

Scrape Assay. Following transfection, cells were plated at near confluence in 

60millimeter dishes. Sixteen to twenty-four hours later, cells were washed one time with 

PBS, and a scrape was made down the center of the dish using a sterile rubber cell 
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scraper. Cells were washed 2 times with PBS, and imaged immediately and every 24 

hours for 72 hours using an Olympus 1X71 microscope with D870 camera. 

Statistics. Samples for MTS assays were run in triplicate, and the data were 

subjected to the Student’s t test for determination of statistical significance.   

Results 

Endogenous BRCA1 and exogenous BRAT expression levels in normal 

breast epithelial and breast cancer cells. Etiologic studies have revealed a possible role 

for hormones and their receptors in BRCA1-associated breast cancer. For example, 

earlier age at first pregnancy, parity, and later first menarche decrease breast cancer risk 

in non-mutation carriers, however, studies have shown opposite or absent trends in 

BRCA1 mutation carriers [6]. In contrast, breast feeding reduces risk and oral 

contraceptive use increases risk similarly to non-mutation carriers [6]. Prophylactic 

oophorectomy, which eliminates a major source of estrogen production before 

menopause, significantly reduces breast cancer risk in mutation carriers as well [15].  

For this reason, multiple breast cancer cell lines, estrogen receptor positive and 

negative, were chosen for analysis. Each cell line represents human breast 

adenocarcinoma cells isolated from pleural effusion fluid, including: MCF7 cells are 

estrogen receptor positive, tumorigenic and metastatic in nude mice [16-18]. SkBr3 cells 

are tumorigenic, estrogen receptor negative, and overexpress Her2[19] [20]. MDA-MB-

231 cells are tumorigenic and estrogen receptor negative [16], and used as a model for 

highly aggressive breast cancer. One normal breast epithelial cell line, MCF10A was also 

analyzed. MCF10A cells are a spontaneously immortalized sub-population of normal, 
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non-tumorigenic breast epithelial cells derived from a patient with fibrocystic disease 

[16] that are frequently utilized for comparison with breast cancer cell lines.  

The breast cancer cell lines utilized exhibit varying levels of BRCA1 expression. 

MCF7 cells are reported to have genomic loss of one BRCA1 allele [21] and to express 

low levels of BRCA1 mRNA and protein [22]. SkBr3 cells are also reported to express 

low basal levels of BRCA1 [23]. The studies reporting BRCA1 levels in these cell lines 

have utilized different methods of detection (i.e. RT-PCR for mRNA level, Western 

blotting for protein level), and different reagents. To determine the relative expression of 

BRCA1 in the cell lines utilized, lysates were collected from each cell line and Western 

blotting was performed. SkBr3 cells expressed the highest levels of BRCA1, followed by 

MCF7 cells, MDA-MB-231 cells, and MCF10A cells (Figure 3.1). 

 Optimal transfection conditions for cell number, amount of DNA, and 

electroporation parameters were elucidated by transfection of GFP and followed by 

microscopic or flow cytometric analysis of the percentage of transfected cells 

(transfection efficiency). Transfection efficiencies were approximately 40-70% (Figure 

3.2.). Transfection of BRAT was then performed under the optimized conditions for each 

cell line and confirmed by semi-quantitative PCR. Figure 3.3. illustrates a representative 

figure confirming the 120 nucleotide BRAT PCR product efficiently expressed in SkBr3 

cells from 24-72 hours after transfection. Expression was confirmed in each remaining 

cell line (data not shown).  

BRAT does not significantly impact proliferation or chemosensitivity of 

normal breast or breast cancer cells. Previous studies from our lab have shown that 

expression of BRAT in normal HOSE and OC cells increases the sensitivity of these cells  
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Figure 3.1. Wild type BRCA1 levels in normal human breast epithelial and breast cancer 

cells. 

Cells were plated at equal densities, collected, and lysed. Protein lysate was separated 

using SDS-PAGE and Western blotting was performed using the indicated antibodies. 

Relative band intensity was determined by dividing the BRCA1 band intensity by the 

actin band intensity for each lane. 
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Figure 3.2. Transfection efficiencies of normal breast epithelial and breast cancer cell 

lines. 

Indicated cell lines were transfected with GFP using the appropriate Amaxa nucleofector 

program. After 24 hours, cells were imaged using fluorescent microscopy, and percent 

GFP positive cells was estimated. Representative fluorescence images at 10X 

magnification for each cell line are pictured with the concomitant phase contrast image. 

For flow cytometry, cells were collected by centrifugation and resuspended in PBS. 

Living cells were gated for GFP positivity. 



 

97 

 

 

Figure 3.3. BRAT is efficiently expressed in SkBr3 cells. 

SkBr3 cells were transiently transfected with BRAT plasmid, and cells were collected 24-

72 hours after transfection. RNA was isolated, DNAse treated, reverse transcribed, and 

semi-quantitative PCR was performed for BRAT. PCR products were electrophoresed on 

a 10% acrylimide gel, stained with SYBR green, and imaged.  
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to cytotoxic drug treatment [24]. Therefore, to test whether BRAT impacts 

chemosensitivity of breast cancer cells and normal breast epithelial cells, the MTS assay 

was performed on vehicle and cisplatin treated cells. No significant change in cell 

viability was observed in MCF7 cells treated with vehicle or 10uM cisplatin up to 72 

hours after transfection (Figure 3.4. A). Similar results were observed in MDA-MB-231 

and MCF10A cells (data not shown). SkBr3 cells transfected with BRAT exhibited cell 

viability similar to control PCDNA transfected cells (Figure 3.4. B). However, cisplatin-

mediated cytotoxicity was 17% greater in SKBr3 BRAT cells at 24 hours. The decrease 

in BRAT cell viability was most pronounced at 48 hours (24%), and a moderate decrease 

was still evident at 72h (15%) (Figure 3.4. B).  

The enhanced chemosensitivity observed in BRAT HOSE cells was previously 

found to involve induction of apoptosis through caspase 3 activation [13, 24]. Therefore, 

to further investigate the effect of BRAT on chemosensitivity of SkBr3 cells and 

determine whether caspase 3 is involved, Western blotting was performed to measure the 

level of cleaved (activated) caspase 3. No significant difference was observed in cleaved 

caspase 3 levels of BRAT-transfected SkBr3 cells compared to control PCDNA SkBr3 

cells when treated with vehicle or cisplatin (Figure 3.4. C). This data suggests that BRAT 

does not enhance apoptosis by caspase 3 activation in SkBr3 breast cancer cells.  

The transfection efficiency of 118 HOSE was previously found to be greater than 

97% [24]. Transfection of MCF10A and breast cancer cells was efficient, but not as 

high.(Figure 3.2.). To rule out the possibility that BRAT failed to modulate 

chemosensitivity because of lower transfection efficiency and, therefore, copy number in 

transiently transfected cells, stable cell lines were generated. SkBr3 cells were transfected  
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Figure 3.4. BRAT does not significantly impact growth or chemosensitivity of breast 

cancer cells. 

A. MCF7 or B. SkBr3 cells were transiently transfected with PCDNA or BRAT and 

plated in 96 well plates. Proliferation was measured via MTS assay at indicated time 

points on triplicate samples of untreated or 10 µM cisplatin-treated cells. Graphs illustrate 

average absorption at 450 nm ± SE. C. SkBr3 cells were transiently transfected with 

PCDNA or BRAT and plated. Cells were treated with 10 uM cisplatin for the indicated 

time point, lysed, and protein lysate was electrophoresed on a 10% SDS-PAGE gel. After 

transfer to PVDF membrane, blotting was performed with indicated antibodies. Relative 

band intensity was calculated by dividing cleaved caspase 3 band intensity by actin band 

intensity for each lane. 
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with PCDNA or BRAT and maintained in G418 selection media. BRAT expression was 

confirmed by semi-quantitative PCR to be similar to or higher than that of 118 stable 

cells (Data not shown). SkBr3 cells stably expressing BRAT exhibited 14% decrease in 

viability compared to PCDNA3.1 cells after 48 hours of cisplatin treatment, though 

viabilities were similar to PCDNA cells at other time points (data not shown). This data 

suggests that the BRAT mutation mediates ovary-specific effects on cell growth and 

chemosensitivity. 

BRAT does not significantly impact maspin expression in normal breast 

epithelial or breast cancer cells. In addition to its impacts on chemosensitivity in HOSE 

cells, BRAT was previously found to increase expression of the 42 kDa serine protease 

inhibitor, maspin. Maspin is unable to undergo the conformational change necessary for 

normal serpin function [25]. Maspin was identified by its diminished expression in breast 

tumor samples compared to normal breast tissue [26]. Interestingly, maspin expression is 

low in normal HOSE, but is uniquely up-regulated in OC and correlates with high tumor 

grade and shorter overall survival [27, 28]. 

In agreement with maspin’s aforementioned clinical correlations in breast cancer, 

maspin has the potential to impact several important processes in breast cancer cells. 

Increased maspin is associated with enhanced drug sensitivity in breast cancer models 

[29]. Maspin has been shown to increase adhesion and diminish invasion and metastasis 

[30, 31] of breast cancer cells as well. Therefore, I next sought to determine whether 

BRAT impacts maspin expression in normal human breast epithelial cells and breast 

cancer cells as it does in HOSE cells. 
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To this end, I first performed Western blotting to determine basal levels of maspin 

in each cell line. As expected, maspin expression was robust in normal MCF10A cells 

and undetectable in MCF7, SkBr3, and MDA-MB-231 breast cancer cells (Figure 3.5. 

A). Transfection of BRAT into MCF10A cells did not significantly alter maspin mRNA 

levels as measured by semi-quantitative PCR (Figure 3.5. B). Further, transfection of 

BRAT into SkBr3 cells did not result in detectable maspin expression (Figure 3.5. C), 

suggesting that BRAT does not significantly modulate maspin expression in normal 

human breast epithelial cells, nor does BRAT activate maspin expression in human breast 

cancer cells. 

BRAT does not significantly alter MMP1 expression levels in normal breast 

epithelial or human breast cancer cells. My data indicate elevation of the gene 

encoding matrix metalloproteinase 1 (MMP1) in HOSE cells transfected with BRAT 

(Chapter 2). MMP1 is clearly important for breast cancer progression. MMP1 gene 

expression is elevated in breast tumor tissue from tumors that metastasized to bone 

compared to tissue from non-metastatic breast cancer [32]. Further, inhibition of MMP1 

enhances apoptosis and inhibits metastasis of human breast cancer cells from the 

mammary fad pat of nude mice [33]. Because BRAT regulates MMP1 expression in 

normal HOSE cells, and because of a possible role for MMP1 in breast cancer 

progression, I evaluated the impact of BRAT on MMP1 expression in normal breast 

epithelial and human breast cancer cells. 

MMP1 expression was undetectable in MCF10A, SkBr3, and MCF7 cells by real 

time PCR, and transfection of BRAT did not result in increased expression (data not 

shown). Similarly, MMP1 expression was not detected by semi-quantitative PCR in  
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Figure 3.5. BRAT does not significantly impact maspin expression in breast cancer cells.  

A. Cells were plated at equal densities, collected, and lysed. Protein lysate was separated 

using SDS-PAGE and Western blotting was performed for maspin. MCF10A (B.) or 

SkBr3 (C.) cells were transiently transfected with BRAT plasmid. Cells were collected 

24-72 hours after transfection. RNA was isolated, DNAse treated, reverse transcribed, 
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and semi-quantitative PCR was performed for maspin and actin. PCR products were 

electrophoresed on a 10% acrylimide gel, stained with SYBR green, and imaged.  
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MCF10A or SkBr3 cells (Figure 3.6.). While a 185 nt PCR product representing MMP1 

mRNA was detectable in MDA-MB-231 cells, levels were not significantly altered by 

expression of BRAT (Figure 3.6.), suggesting MMP1 up-regulation is a tissue-specific 

function of the BRAT mutation. 

 BRAT does not significantly impact migration of breast cancer cells. Though 

BRAT did not appear to significantly impact apoptosis or regulation of targets previously 

identified in HOSE, it has not yet been determined whether BRAT impacts migration in 

any cell system. MMP1 is a major contributor to extracellular matrix remodeling, cell 

migration, invasion, and metastasis, therefore, in addition to MMP1 regulation, I chose to 

investigate whether BRAT modulates cell migration of breast cancer cells. To this end, a 

scrape assay was performed. For MDA-MB-231 and MCF7 cells, images of scraped edge 

appeared similar for PCDNA and BRAT-transfected cells (data not shown). SkBr3 

control PCDNA cells exhibited slightly more frequent patches of cells growing within the 

scraped area compared to BRAT cells (Figure 3.7.), however, changes were minimal. 

These data suggest BRAT does not significantly alter breast cancer cell migration. 

Discussion 

BRCA1 mutation-associated breast cancers are significantly more aggressive than 

their sporadic counterparts. Mutation-associated tumors are frequently ductal carcinomas 

[5], highly proliferative [34], of a higher grade [35, 36], exhibit enhanced genomic 

instability [34], and result in poorer survival than sporadic breast cancer [37]. Like 

BRCA1 mutation-associated OC, BRCA1-associated breast cancer cells are more 

sensitive to cisplatin treatment [37]. BRCA1-associated tumors are also more frequently 

estrogen receptor alpha, progesterone receptor, and Her2 negative [5], characteristics that  
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Figure 3.6. MMP1 expression is not altered by BRAT in normal breast epithelial or 

breast cancer cells. Indicated cells were transiently transfected with BRAT plasmid. Cells 

were collected 24 hours after transfection. RNA was isolated, DNAse treated, reverse 

transcribed, and semi-quantitative PCR was performed for MMP1 and actin. PCR 

products were electrophoresed on a 10% acrylimide gel, stained with SYBR green, and 

imaged.  
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Figure 3.7. Migration of SkBr3 cells is not significantly impacted by BRAT. 

SkBr3 cells were plated at near confluence, allowed to attach overnight, and a single 

continuous scrape was made down the center of the dish. Detached cells were removed 

and remaining adherent cells were washed with PBS and imaged at 4X immediately and 

every 24 hours for 72 hours. 
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are frequently associated with more aggressive disease and preclude treatment with anti-

estrogens. In contrast to BRCA1-associated OCs, BRCA1-associated breast cancers 

exhibit a unique gene expression profile, including up-regulation of DNA repair genes, 

such as Rad51 and human mutS homolog 2 (MSH2) [38], and genes associated with a 

basal-like tumor histology, such as cytokeratin 5 and 17 (Reviewed in [39]). 

Because of the aggressive clinical nature of BRCA1 mutation-associated breast 

cancers, decisions about screening and prophylaxis for mutation carriers are critical. 

Therefore, it is important to understand clinical characteristics specific to each mutation. 

For example, classification of mutations as having low penetrance for breast cancer 

would afford carriers the choice to avoid radical prophylactic procedures, such as 

mastectomy. Instead of grouping all BRCA1 mutations, clinical data such as tumor 

histology, breast/ ovarian specificity, and aggressiveness should be analyzed for each 

mutation. Further, the molecular changes that mediate tumor initiation and progression 

are likely dependent on BRCA1 mutant function, and are, therefore, specific to each 

mutation.  

In addition to epidemiologic data for each BRCA1 mutation, study of mutant 

functions in cell and animal model systems will reveal mechanisms by which each 

mutation promotes cancer in the breast or ovary and aid in identification of targets for 

more effective treatment of mutation-associated breast and OC. To this end, specific 

BRCA1 mutants have been shown previously to impact important cellular processes in 

breast epithelial and breast cancer models through gain of function or dominant negative 

activities. For example, mouse mammary gland-specific expression of wt BRCA1 delays 

mutagen-induced tumors, however, expression of a BRCA1 splice variant lacking the 
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first 72 amino acids accelerates tumorigenesis and death of transgenic mice [40]. A 

synthetic BRCA1 truncation mutant encoding the first 300 BRCA1 amino acids inhibits 

mammary gland differentiation and development in wt mice [41]. HCC1937 breast 

cancer cells are homozygous for the 5382InsC mutation, carry a p53 mutation with 

concomitant loss of the wt allele, and exhibit deletion of PTEN and other genetic 

aberrations implicated in breast cancer [42]. When transfected with wt BRCA1, these 

cells exhibit chemo-resistance, however, resistance is reversed upon co-transfection of C 

terminal BRCA1 mutants [43]. Co-expression of 5382InsC and 5677InsA with wt 

BRCA1 in breast cancer cells exerts a dominant negative effect by inhibiting the wt 

protein’s ability to enhance apoptosis [44]. 

Of the three breast cancer cell lines tested, only the SkBr3 breast cancer cell line 

exhibited an increase in cisplatin sensitivity. Interestingly, this cell line over-expresses 

Her2, a member of the EGF receptor family that has no specific ligand, but preferentially 

dimerizes with and activates other family members. This dimerization amplifies 

activation of MAPK and PI3K pathways and promotes survival, proliferation, migration, 

invasion, metastasis, and angiogenesis [45]. Her 2 is over-expressed in 25-30% of all 

breast and OCs [46], and correlates with poor prognosis [47]. As mentioned previously, 

Her2 is frequently absent in BRCA1 mutation-associated breast cancers, however, data is 

unavailable for each mutation. It would be interesting to examine whether Her2 over-

expression is associated with some BRCA1 mutations and not others in tumor samples as 

well as whether Her2 promotes or cooperates with mutant BRCA1 functions in mutation-

associated breast and ovarian model systems. 
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In contrast, some BRCA1 mutants do not mediate significant activity in breast 

cancer models independent of the loss of wt BRCA1 function. HCC1937 cells are more 

sensitive to ionizing radiation compared to breast cancer cells without a known BRCA1 

mutation, but restoration of wt BRCA1 partially reverses this sensitivity. Interestingly, 

expression of other BRCA1 mutants, M1775R, T826K, MfeΔ (frameshift at codon 1604), 

C64G, and P1749R, does not reverse sensitivity [48]. While wt BRCA1 reduces hyper-

recombination and enhances homologous DNA repair in MCF7 cells, which have a single 

wt BRCA1 copy, the 5382InsC mutation does not mediate these functions [49]. A breast 

epithelial cell line has been established that harbors one wt BRCA1 copy and one copy of 

the 185delAG mutation [50]. Analysis of this line revealed no detectable difference in 

growth, anchorage independence, response to ionizing radiation and hydrogen peroxide 

treatment, or tumorigenicity compared to breast epithelial cells with two wt copies of 

BRCA1 [50].  

Though most studies investigate mutant function in only one model system, Holt 

and colleagues compared the effect of two BRCA1 truncation mutants of 340 and 1835 

amino acids on growth of breast and OC cells. In agreement with my findings, cell type 

specific effects were observed. The mutants did not significantly impact growth of breast 

cancer cells, however, growth inhibition was observed in three OC cell lines [21]. You et 

al. found cell type-specific BRCA1 mutant functions, as well. While a synthetic BRCA1 

mutant lacking the N-terminal 302 amino acids enhanced apoptosis and inhibited growth 

of MCF10A cells, growth of HeLa cells was unaffected [51]. 

Reproductive organs and breast tissues are sometimes grouped together under a 

broad categorization of “hormone-responsive” tissue, and the intricate differences in 
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these tissues are overlooked. Tissue-specific effects in the context of cancer are a concept 

that has been demonstrated before. For example, tamoxifen is categorized as a selective 

estrogen receptor modulator because it exerts growth inhibitory effects on breast cancer 

cells and stimulatory effects on the uterine lining [52]. These disparate impacts are likely 

related to the complement of transcription factors and co-regulators expressed in each 

tissue type. Likewise, similar differences likely dictate the function of BRCA1 mutant 

proteins by providing different expression and stoichiometry of interacting proteins as 

well as redundancy for pathways inhibited by mutant function.  

Changes in gene regulation are observed in BRCA1 mutation carriers, and likely 

contribute to tissue-specific mutant function as well. Indeed, comparative genomic 

hybridization revealed that amplifications or deletions of specific chromosome regions 

was significantly more frequent in breast tumors from mutation carriers versus control 

tumors [53]. Conversely, Jazaeri et al. found similar patterns of gene expression in 

BRCA1/2 mutant ovarian tumors compared to sporadic tumors [54]. Whether these 

changes in expression are correlative or occur as a result of BRCA1 mutation, there is 

great potential for differential mutant BRCA1 protein function as a result of differential 

tissue-specific gene expression. 

Lastly, splice variants of the BRCA1 gene have been confirmed [55]. It has been 

suggested that tissue-specific expression of 3’ splice variants could result in restoration of 

wt protein expression [7]. Tissue-specific alteration of the balance of mutant and wt 

protein or repression of the mutant protein in this manner could result in significant 

impacts on cell physiology. Indeed, BRCA1 mutations in the 3’ third of the gene result in 

a significantly lower proportion of OC compared to breast cancer incidence [7]. 
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However, it has been difficult to determine differences in risk associated with specific 

mutations because of limited sample numbers.  

It is clear from this study, then, that the BRAT mutation confers tissue-specific 

effects on apoptosis and gene regulation. Tissue specific mutant functions may contribute 

significantly to differential breast and OC risk and penetrance. It remains to be 

determined whether other BRCA1 mutations confer similar functions and, therefore, 

similarly impact cancer risk in the breast and ovary. Elucidating the mechanism by which 

mutations confer enhanced cancer risk in the breast and ovary will allow for a better 

understanding of mutation-associated cancer etiology and therefore better treatment for 

mutation carriers. Further, this information will improve prognostic accuracy and allow 

physicians and patients to make better decisions regarding treatment and prophylaxis.  

We have previously reported BRAT-mediated changes in normal HOSE and OC 

cells that modulate cytotoxicity and regulation of genes potentially important in BRAT-

associated OC. Here, I compared BRAT’s impact on these cellular processes in normal 

human breast epithelial and breast cancer cells. I found that BRAT’s impacts on 

apoptosis and regulation of MMP1 and maspin are specific to the ovary, and the BRAT 

mutation likely increases risk of cancer in the breast by an alternative and yet 

undiscovered mechanism.  
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Chapter 4: 

Conclusions 

Origins of BRCA1-associated Ovarian Cancer 

A better understanding is needed of the mechanism by which normal HOSE of 

BRCA1 mutation carriers becomes malignant. Models of several cancer types, such as 

colon cancer, employ the concept of early “pre-malignant” molecular and histologic 

changes that promote tumorigenesis. Because OC is frequently diagnosed at late stage, 

identification and characterization of a pre-malignant state has proven difficult, however, 

studies suggest histologic and cytologic changes in non-tumor ovarian tissue of patients 

with a family history of OC or a confirmed BRCA1 mutation. For example, more 

frequent deep invaginations in the ovary surface, dysplasia, hyperplasia, and/ or surface 

papillae have been observed in prophylactically removed ovaries versus normal ovaries 

[1-3]. These abnormal regions are hypothesized to be the origin of epithelial OC. 

The role of BRCA1 mutations in the development of histologically abnormal 

regions is not yet understood, though the high frequency of these regions in mutation 

carriers suggests a role for BRCA1 mutants. Indeed, carcinoma was found to originate in 

inclusion cysts of several prophylactically removed ovaries of mutation carriers, and the 

same p53 mutation was found in tumor tissue and tumor-adjacent dysplastic and normal 

surface epithelium [4]. This evidence supports the hypothesis of morphologically 

abnormal regions of HOSE as BRCA1-associated OC precursors, and for p53 mutation 
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and BRCA1 LOH as early events in BRA1 mutation-associated OC development [4]. 

Similar findings of a p53 “signature” have been reported in prophylactically removed 

fallopian tube epithelium from BRCA1 mutation carriers, though this phenomenon was 

detected in a similar proportion of BRCA1 mutation carriers and control patients [5-7]. 

HOSE cells stably expressing BRAT have previously been characterized as non-

tumorigenic by lack of growth in soft agar and lack of telomerase activity [8]. Though 

BRAT cells do not exhibit malignant characteristics, it is possible that changes conducive 

to development of a malignant phenotype have begun. I propose that BRAT cells, like the 

ovarian surface epithelium of BRCA1 mutation carriers, may represent forward 

movement on the continuum of cellular malignancy. Additional changes or mutations 

may be necessary for cells to become malignant. Indeed, the model I propose does not 

exclude the contribution of other oncogenes, tumor suppressors, or invasion/ metastasis-

promoting proteins. Loss of DNA damage repair through BRCA1 mutation and LOH as 

well as gain of function mutant activities such as gene regulation both likely contribute to 

further accumulation of genetic changes that promote OC progression and are 

characteristic of late stage BRCA1 mutation-associated OC. 

Future Studies 

The role of BRAT and other BRCA1 mutants in early pre-malignant changes 

conducive to OC development requires further investigation. First, it is crucial to identify 

other BRCA1 mutants that mediate gain of function or dominant negative activity and the 

specific pathways and contexts in which they function. Other BRCA1 mutations found to 

elude nonsense-mediated RNA decay, such as 5382insC, 5677insA, 188del11, and 

Arg1835ter [9], are promising avenues for further study. Interestingly, the 188del11 
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mutation results in a STOP codon at codon 39 and a predicted protein product of similar 

size to BRAT, and may, therefore, mediate similar functions and specificity for ovarian 

cells. The stability of BRCA1 mutant mRNAs should also be tested in breast and ovarian 

cell lines, because previous studies were performed in lymphoblastoid cells [9]. 

Similarly, it is critical to continue seeking BRCA1 mutant proteins in cell lines and 

clinical specimens, as some mutant proteins may exhibit instability [10].  

As demonstrated by our studies, tissue specificity is an important factor in BRAT 

function. It is likely that other mutants besides BRAT mediate tissue-specific effects.  

HOSE-118 cells would be an ideal model in which to determine the impact of other 

BRCA1 mutations that exhibited gain of function activity in other model systems. For 

example, 5083del19, which increased periostin expression in HeLa cells and breast 

cancer tissue [11], may regulate other genes in the ovary. 

Cellular processes previously demonstrated to be altered by BRCA1 mutants 

provide direction for identifying additional downstream targets. For example, several of 

the genes found by microarray to be differentially regulated in BRAT-expressing HOSE 

cells encode proteins that localize to the extracellular space and are potentially important 

in OC motility, invasion, and metastasis (collagen I, and collagen III, IL-6, IL-1alpha, IL-

1beta, and MMP1). IL-1α and β expression is increased, and the pro form of IL1-β is also 

found at higher levels in conditioned media of BRAT cells compared to PCDNA cells 

(Figure 4.1). As mentioned previously, IL-1 enhances MMP1 mRNA expression and 

stability [12] and promotes HOSE cell proliferation indirectly by up-regulating the 

mitogenic factor TNFα [13]. Further, as demonstrated by our studies, BRCA1 mutation 

carrier-derived normal cell lines can reveal mutant functions that promote early  
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Figure 4.1. Pro-IL1β levels are increased in conditioned media of BRAT cells. 

HOSE 118 cells were transiently transfected with indicated transfectant. Cells were 

serum starved in media with 0.1% FBS for 24 hours. Conditioned media was collected, 

concentrated 47-fold, and run on a 10%  SDS-PAGE gel. Membrane was blotted with 

IL1β antibody, and subsequently stained with Amido Black for total protein. 
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pre-malignant changes and transformation (Chapter 2), while expression of BRCA1 

mutations in cancer cell models can reveal mutant functions that impact cancer 

progression through apoptosis [14], growth, invasion, or metastasis. 

BRAT’s effects on apoptosis and MMP1 gene regulation are likely linked as well, 

as up-regulation of both maspin and MMP1 involves c-Jun. In addition to Akt’s 

importance in enhanced chemosensitivity of BRAT cells, preliminary data also indicate a 

role for Akt in MMP1 up-regulation. Future studies will continue to explore Akt’s 

involvement in BRAT-mediated MMP1 up-regulation, and determine whether the MAPK 

signaling cascade is also affected by BRAT. It remains to be determined whether these 

and other as-yet undiscovered functions of BRAT will share common mechanisms or 

signaling pathways.  

Cell models allow mechanistic studies of BRCA1 mutant function at the 

molecular level, however, discerning the physiologic impact of BRCA1 mutant functions 

in vivo is vital to establishing clinical relevance. Staining of BRAT mutation-associated 

OC tissue and adjacent normal HOSE from patients is currently ongoing to determine 

whether MMP1 expression is elevated in these tissues compared to tissue from patients 

without a family history of OC. Though sample size will be limited, this data will 

confirm the clinical relevance of BRAT-mediated MMP up-regulation.  

To execute additional in vivo studies, a transgenic mouse model heterozygous for 

BRAT or other risk-associated BRCA1 mutations could be created to confirm the 

presence of pre-malignant changes similar to those found in human mutation carriers. 

BRCA1 heterozygous knockout mice do not spontaneously develop mammary or ovarian 

tumors [15], possibly because the mouse lifespan is not long enough to accumulate the 
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additional genetic changes necessary to achieve tumorigenesis [15]. BRCA1 knockout 

mouse models also fail to recapitulate BRCA1 mutant protein functions that likely 

contribute to tumorigenesis. In contrast, a transgenic BRCA1 mutant mouse model would 

address this shortcoming. Indeed, BRCA1 variants besides wt contribute significantly to 

mammary tumor development, as BRCA1 knockout mice that retain the Δexon11 

develop tumors that are morphologically and genotypically distinct from knockout 

models designed to eliminate the entire BRCA1 gene [15].  

BRCA1 mutation-associated breast and OCs exhibit frequent chromosomal 

aberrations and it is clear that accumulation of additional mutations is necessary for 

tumorigenesis. For example, mouse mammary gland-specific BRCA1 knockout mice that 

harbor a p53 mutation develop tumors with shorter latency [16]. It would be informative 

to investigate latency and tumor characteristics of BRCA1 mutant transgenic mice with 

concomitant overexpression of oncogenes previously shown to be important in OC, such 

as Ras, epidermal growth factor receptor (EGFR), or Her2, or in the context of a p53 

mutant background. Transgene expression specific to the reproductive epithelium has 

been achieved using the Mullerian inhibitory substance type II receptor [17]. Further, 

hormonal factors in BRCA1 mutation-associated OC development could be addressed by 

observing the effect of hormone treatment or reproduction on cancer incidence of 

heterozygous BRCA1 mutant mice. Recapitulation of breast cancers and OCs similar to 

those of mutation carriers could reveal targets and pathways of potential importance for 

treatment of BRCA1 mutation carriers. 

The utility of a transgenic BRCA1 mutant mouse models has some limitations, 

however. Specifically for BRAT, interpretation would be complicated by the lack of a 
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mouse homolog to the human MMP1 gene. An animal model with a longer lifespan and 

greater potential for stochastic mutation accumulation than the mouse would be 

beneficial as well. The rabbit ovary may be useful for this endeavor, as the normal 

histology of the rabbit ovarian surface has been described [18]. Further, in contrast to 

humans, a bursal membrane surrounds the murine ovary, which potentially alters the 

stromal/tumor microenvironment and acquisition of invasive and metastatic capabilities 

by tumor cells. 

In addition to animal models, mining previously collected epidemiologic data 

could further support a role for BRAT or other BRCA1 mutants in development of OC. 

For example, if mutation designation were available, other genetic alterations observed in 

prophylactically removed ovaries or BRCA1 mutation-associated OCs could hint at 

downstream targets of specific BRCA1 mutants or additional mutations that promote 

tumorigenesis in carriers of that mutation. 

Significance 

The scope of importance of BRAT and its impacts are broad in the field of OC 

pathology and treatment. Functions or targets of the BRAT protein may be common to 

other similar BRCA1 mutants. The similarity of breast cancer to OC ratios for BRCA1 

truncation mutants of similar sizes suggests BRCA1 mutants may share common 

mechanisms of action. If there are common themes, this discovery could advance 

understanding of and treatment of many high risk patients. 

Information gleaned about BRCA1 mutation-associated OCs may also be applied 

to sporadic cancers. Differences between sporadic and BRCA1 mutation-associated OC 

are less well defined than for breast cancer. Unlike BRCA1 mutation-associated breast 
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cancers, which are frequently more proliferative and higher grade [19-21], reports 

disagree as to whether stage and grade differ significantly between BRCA1-associated 

and sporadic OC [22, 23]. In contrast to BRCA1-associated breast cancers, BRCA1 OCs 

lack a unique molecular profile compared to sporadic OCs [24, 25]. BRCA1 mutation-

associated and sporadic OCs may share common downstream targets, such as Akt, c-Jun, 

or MMP1. Common signaling mediators shared between BRCA1 mutation-associated 

and sporadic OC increase the utility of drugs targeting these pathways by increasing the 

population of patients that will likely respond.  

Most studies reveal that BRCA1-associated OCs are more frequently categorized 

as serous carcinomas and rarely as mucinous [23, 26]. The histologic subtypes of OC not 

only have different clinical impacts (ie treatment response and survival rates), but are 

thought to arise from distinct precursor regions, undergo distinct stepwise histologic 

changes, and occur though deregulation of distinct molecular pathways (Reviewed in 

[27]). Subtype-specific pre-malignant changes may be similar in BRCA1 and sporadic 

OCs. Indeed, surface invaginations and inclusion cysts, which are hypothesized to be the 

origin of some types of OC, occur more frequently in BRCA1 mutation carriers, but are 

present in the ovaries of the general population and increase with age [13].  

Alternatively, BRAT’s mechanism of action may be unique, and understanding its 

contribution to OC and breast cancer risk may have limited application to prognosis nd 

treatment of the general population. Regardless, increasing knowledge about BRAT will 

greatly benefit confirmed mutation carriers and patients through better risk assessment, 

decisions about prophylaxis and treatment, and treatment efficacy.  
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I have identified MMP1 as a novel target of the BRAT BRCA1 mutation in 

HOSE. I have determined that BRAT increases MMP1 gene expression and enhances 

cellular and secreted pro-MMP1 in a c-Jun dependent manner involving several AP1 sites 

in the MMP1 promoter. I have also determined that BRAT’s impacts on chemosensitivity 

and gene regulation are specific for the ovary. Taken together, these early molecular 

changes could poise cells for transformation or acquisition of invasive or metastatic 

ability. Further exploration of these changes can increase our understanding of early steps 

of OC development and help identify potential screening and treatment strategies.  
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