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hereditary ovarian cancer cases.9,10 Despite its tissue specific-
ity, this 1,863-amino-acid protein has universal roles in DNA 
repair, cell cycle control, chromatin remodeling, transcriptional 
regulation, centrosome amplification, genome/protein stability, 
and X-chromosome inactivation.11-15 Interestingly, breast tumors 
from BRCA1 germ-line mutation carriers frequently display 
allelic losses at other major tumor suppressor loci such as p53 
and PTEN  and increased expression of c-myc and ErbB2.16,17 
These findings indicate a genetic and biochemical co-operativity 
between BRCA1 and other tumor suppressors and oncogenes.

To understand the role of BRCA1 and p53 in human mam-
mary epithelial cell transformation and breast tumorigenesis, 
we transformed human mammary epithelial MCF10A cells 
using mutant H-Ras and also introduced stable RNA inter-
ference (RNAi) targeting the tumor suppressors through ret-
roviral mediated gene specific-shRNA expression. Depletion 
of BRCA1 in H-Ras transformed MCF10A xenograft tumors 
resulted in larger soft agar colonies, aggressive tumor formation 
in vivo, larger size tumors with lesser apoptosis, increased levels 
of VEGF and blood vessel formation. In contrast, depletion of 
p53 in H-Ras transformed MCF10A xenograft tumors did not 
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Introduction

Human mammary epithelial cells (HMECs) such as luminal, 
myoepithelial and basal have a finite lifespan and undergo senes-
cence in culture.1,2 The initial steps in tumorigenesis involve 
the loss of senescence control and immortalization. Cell culture 
models have helped in identifying many gene alterations leading 
to HMEC immortalization and in understanding the biology 
of early breast cancer.1-3 Malignant cellular transformation is a 
complex multistep process that is associated with inactivation of 
tumor suppressors and activation of different oncogenes depend-
ing on cell type.4-6 Use of different combinations of oncogenic 
expressions has resulted in efficient transformation of normally 
senescing HMEC’s into aggressive breast cancer cells in vivo.7 
Deletion of tumor suppressor genes in transgenic mouse mod-
els has also contributed to the understanding of breast cancer 
progression.

Over a decade ago, genetic linkage analysis and posi-
tional cloning identified the BRCA1 gene on human chromo-
some 17q218,9 and mutations have been found to account for 
nearly 50% of hereditary breast cancer cases and almost all 
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Immunoblotting, immunofluorescence and histology. Pro 
tein lysates were separated using either 15% SDS-Polyacrylamide 
gels for lower molecular weight proteins or using 8% gels for 
higher molecular weight proteins. After separation, proteins were 
transferred from the gels onto a PVDF membrane, blocked with 
5% milk proteins for 1 hr at room temperature and probed with 
different primary antibodies overnight at cold room. Primary 
antibodies included p53 (sc-126 HRP), phospho (serine-15) 
p53 (Cell Signaling, 9286), BRCA1 (Santa Cruz, sc-642), p21 
(Calbiochem, OP64), EGFR (Cell Signaling, 2646), HER-2 
(Santa Cruz, sc-284), c-myc (sc-764), cyclin D1 (Calbiochem 
CC11), Ras (sc-35), VEGF (sc-152), p44MAPK (Cell Signaling, 
9102), phospho MAPK (Cell Signaling, 9101), Ran (BD 
Transduction Laboratories, 610341), DR5 (Cell Signaling, 
3696), BAX (Cell Signaling, 2774), PUMA (Calbiochem, 
PC-686), β-Tubulin (SC-5274), E-Cadherin (BD Biosciences, 
610181), β-Catenin (BD Biosciences, 610153), Vimentin (Novus 
Biologicals, NB200-621) and α-Smooth Muscle Actin (Sigma, 
A2547). After primary antibody incubation, blots were washed 
thrice in TBS-T, incubated with proper secondary antibodies 
for 2 hours at room temperature, washed again in TBS-T three 
times and developed with ECL reagent.

Cells were grown in chamber slides overnight to conflu-
ency, fixed with acetone:methanol (1:1 ratio) for 20 min on 
ice, treated with 0.5% Triton X-100 and blocked with 4% goat 
serum. Cells were incubated with primary antibodies at appro-
priate dilutions in PBS containing 0.1% Triton X-100 overnight, 
washed with PBS containing 0.1% Triton X-100 three times, 
incubated with corresponding cy-3 conjugated secondary anti-
bodies in PBS containing 0.1% Triton X-100 for 2 hr at room 
temperature and again washed three times as mentioned above. 
Cells were treated with diluted DAPI before mounting the slides 
with cover slips for viewing under microscope. Primary anti-
bodies included γ-Tubulin (Sigma, T3559), E-Cadherin (BD 
Biosciences, 610181), β-Catenin (BD Biosciences, 610153), 
Vimentin (Novus Biologicals, NB200-621), α-Smooth Muscle 
Actin (Sigma, A2547), γH2AX (Upstate, 07-164) and Phospho-
ATM (Rockland, 200-301-500). 

Tumor tissues were harvested after sacrificing mice and  
immediately fixed in 4% paraformaldehyde overnight at 4°C 
and paraffin sections were made. Immunohistochemistry was 
performed by dewaxing and rehydrating slides and subject-
ing them to antigen retrieval through boiling in 1mM citric 
acid buffer (pH 6.0) for 15 min. To quench endogenous per-
oxidases, 2% hydrogen peroxide was used and an avidin/bio-
tin blocking kit (Vector Laboratories, Burlin game, CA) was 
used to inhibit endogenous biotin, followed by protein blocking 
(Coulter Immunotech, Marseille, France). Sections were incu-
bated with different primary antibodies overnight, followed by 
PBS washes, incubation with biotinylated secondary antibodies 
(Vector Laboratories), developed with 3,3’-diaminobenzidine 
kit (Vector Laboratories) and counter stained with hematoxylin. 
Representative depiction of histology and immunohistochem-
istry was made using the IP Lab software. Primary antibodies 
included Ki-67 (Oncogene Research Products, NA59), VEGF 
(Santa Cruz, sc-152), CD34 (Abcam, ab8158 ), E-Cadherin 

show much enhancement in tumor growth in vivo. Interestingly, 
blocking the two major tumor suppressors, BRCA1 and p53 
either alone or in combination was not sufficient to transform a 
normal mammary epithelial cell into a cancer cell. These find-
ings suggest that apart from blocking BRCA1/p53 functions, 
the mammary epithelial cells also need further hits such as onco-
genic activation which may be provided by the loss of genomic 
stability, to transform a normal cell into a breast cancer cell. 

Materials and Methods

Generation of stable knock-down cell lines. Non-transformed 
human breast epithelial MCF10A cells were grown as described 
before.18 For BRCA1 shRNA, a 64-mer oligonucleotide with the 
target sequence of 5’-GGCTACAGAAACCGTGCCAAA-3’19 
was synthesized with BamHI and EcoRI overhang and cloned 
into BamHI and EcoRI sites of pSiren Retro Q (Clontech)  hav-
ing marker ZS-Green. pBABE-puro-Ras-V12 was a kind gift 
of Dr. Robert Weinberg (Whitehead Institute for Biomedical 
Research, Cambridge, MA). Construction of pKS-neo-Luc was 
described previously.20 Amphotrophic retroviruses were made by 
transfecting Phoenix-Ampho cells with the Lipofectamine2000 
reagent (Invitrogen) by following the manufacturer’s instruc-
tions.  After 2 days of transfection, the filtered viral supernatant 
was used to infect target MCF10A cells using spin centrifuga-
tion.21,22 Retroviruses were infected serially and cells over express-
ing Luciferase or H-Ras V12 were selected either with 200 μg/mL 
neomycin or 1 μg/mL puromycin respectively or FACS sorted for 
zs-green or RFP positive samples, over expressing shRNAs spe-
cific for BRCA1 and p53, respectively.

In vivo bioluminescence imaging of tumors, internal organs 
and isolation of tumor cells. Immunodeficient BALB/c nude 
mice were injected subcutaneously either in flanks or in mam-
mary fat pads with cell suspension prepared in 50% Matrigel. For 
each cell line, a total of ten mice were injected with 10 million 
cells/injection. In vivo tumor growth was monitored by imag-
ing mice at regular time intervals using the Xenogen In Vivo 
Imaging System (Xenogen, Alameda, CA). Mice were imaged 
5–10 min after intraperitoneal injection of D-luciferin (5 mg/
mouse) combined with ketamine/xylazine as the anesthetic drug 
combination. For imaging the internal organs, tumor-bearing 
mice were sacrificed after 10 min of ketamine/xylazine injection, 
and different organs were harvested quickly and imaged for either 
luciferase or zs-green expression using appropriate filters.

For MMP680 imaging, 2 nmol probe was injected retro-orbit-
ally into tumor-bearing mice. Animals were imaged at different 
time intervals using the CRi Maestro in vivo imaging system and 
spectral unmixing was performed to subtract the background 
autofluorescence. The same approach was used to detect zs-green 
expression in different internal organs using appropriate filters 
after sacrificing the animals and harvesting the organs.

For isolating cells, tumor tissues were washed in PBS and 
digested with 1 mg/ml collagenase A for 2 hr at 37°C. The 
tissue mixture was dispersed using an 18-gauge needle and 
plated in DMEM:F12 growth medium containing the essential 
supplements.
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were subsequently transduced with mutant H-RasV12 retroviral 
vectors, selected for puromycin and called MLR (MCF10A-Luc-
Ras), MLBR (MCF10A-Luc-BRCA1knockdown-Ras), MLPR 
(MCF10A-Luc-p53knockdown-Ras) and MLBPR (MCF10A-
Luc-BRCA1/p53knockdown-Ras) (Fig 1c). Interestingly as 
shown before for efficient mammary epithelial cell transforma-
tion,7 using the hygromycin marker for selecting Ras expressing 
ML cells (Hygro-Ras) resulted in lesser Ras protein levels and 
weaker downstream MAPK signaling compared to higher Ras 
levels and stronger MAPK signaling in cells selected for puromy-
cin marker (Puro-Ras) (Fig 1cii). So, we chose to use puro-Ras 
cells for all our further studies.  Western analysis of different pro-
tein levels in those mutant Ras over-expressing MLBR, MLPR 
and MLBPR cells showed higher levels of c-myc, cyclin D1, 
EGFR and Her-2. Surprisingly, elevated levels of those proteins 
were observed in BRCA1-knockdown (MLB) cells also without 
any mutant Ras expression. But, in cells with p53 knockdown 
alone (MLP) the levels of those oncogenic proteins remained the 
same as in control ML cells (Fig 1ciii). Growth measurement of 
these cells in vitro showed an increase in growth rate when cells 
lacked BRCA1 (Fig 1d). This enhanced growth rate of BRCA1 
deficient cells in vitro may be due to impaired differentiation 
process and enhanced proliferation.19

Enhanced Ras-mediated transformation with BRCA1 
depletion. One of the hallmarks of transformed cells is the abil-
ity to grow in an anchorage-independent manner in soft agar. 
When different ML cells were plated in soft agar, only mutant 
Ras-expressing cells were able to grow and form colonies whereas 
cells lacking mutant Ras did not form any colony (Figure 2ai 
and complete data not shown). Interestingly, this Ras-mediated 
transformed phenotype was much enhanced with higher colony 
number in soft agar assays when BRCA1 was also depleted (Fig 
2aii). Visible colonies were observed as early as ten days after 
seeding the cells in soft agar with BRCA1 knockdown whereas 
knocking down p53 did not enhance colony formation in soft 
agar assays.

Mammary epithelial cells grown in three-dimensional (3D) 
matrigel culture can resemble breast epithelium in vivo includ-
ing formation of spherical acini with apicobasal polarization 
of cells surrounding a hollow lumen.26,27 The mechanism and 
signaling pathways dictating individual cells to arrange into 
a polarized glandular architecture are still unclear. Thus, the 
three-dimensional culture of mammary epithelial cells provides 
a model to investigate the biological activities of genes associated 
with breast cancer. To study the changes in BRCA1-depleted 
and/or Ras over-expressing ML cells, they were grown in matri-
gel matrix as described26 and monitored at different time inter-
vals as shown in Fig 2aiii. Control ML cells formed organized 
acini with a single layer of luminal cells surrounding a hollow 
lumen. By contrast, Ras over-expressing MCF10A-Luc (MLR) 
cells formed large irregular-shaped multilobular structures with 
a filled lumen. In BRCA1-depleted, Ras over-expressing (MLBR) 
cells, these unusual structures were observed as early as the sec-
ond day after seeding the cells on matrigel (Figure 2aiii).

To test the tumorigenic potential of these cell lines in vivo, 
each cell line was injected into immunodeficient nude mice 

(BD Biosciences, 610181), β-Catenin (BD Biosciences, 610153), 
Vimentin (Novus Biologicals, NB200-621), α-Smooth Muscle 
Actin (Sigma, A2547) 

Anchorage-independent and trans well migration assay. 
Anchorage independent soft agar assays, a bottom layer of 0.5% 
noble agar in DMEM:F12 (1:1 ratio) without serum was first 
placed in 6 cm dishes. Different MCF10A cells were seeded in 
0.3% top agar having serum and other growth supplements. 
Fresh top agar was added every 4th day and colonies were moni-
tored up to 30 days after seeding.7 Trans well migration assay 
was performed as described.23

Metaphase spreads. Exponentially growing cells were 
arrested with colcemid (0.02 μg/mL; Sigma) and processed fur-
ther before dropping onto ice-cold glass slides and air dried as 
described before.20

TUNEL staining for apoptosis in tumors. TUNEL staining 
was done as mentioned in manufacturer’s protocols (Chemicon, 
cat # S7165).

Results

Construction and characterization of stable BRCA1 and p53 
shRNA knockdown in MCF10A cells with mutant H-Ras 
over-expression. We stably over-expressed firefly luciferase 
through retroviral-mediated transduction of MCF10A cells for 
imaging purposes, selected for neomycin resistance and referred 
to the cells hereafter as ML (MCF10A-Luc) cells. To investigate 
the role of BRCA1 and p53 in human mammary epithelial cell 
transformation, we generated different retroviral vectors that 
expressed gene-specific shRNA to stably knockdown the expres-
sion of both BRCA1 and p53 in ML cells, either separately or 
together. These cells were selected for zs-green expression for 
BRCA1 knockdown or for RFP expression for p53 knock down 
by FACS, and referred as MLB (MCF10A-Luc-BRCA1 knock-
down) and MLP (MCF10A-Luc-p53 knockdown, Fig 1a and 
1b). Western blot analysis confirmed the effective and stable 
knockdown of BRCA1 and p53 in MLB and MLP cells (Fig 1aii 
and Fig 1bii). As a way of characterizing these cells for different 
biological defects with stable BRCA1 knockdown, centrosomal 
staining using γ-tubulin antibody and giemsa staining after 
colchicine-induced mitotic arrest were carried out.14,24 The pres-
ence of highly decondensed mitotic chromosomes and multiple 
centrosomes confirmed the BRCA1 deficiency leading to altered 
cellular functions in these MLB cells (Fig 1aiii and 1aiv). Earlier 
work from our laboratory had shown the importance of BRCA1 
in mediating p53 stability.15 As expected, in BRCA1 deficient 
MLB cells, p53 stability was drastically impaired when cells 
were treated with DNA-damaging agents (Fig 1biii).

Ever since the first demonstration of successful human cellular 
transformation using an oncogenic, mutant Ras (H-RasV12) in 
combination with other oncogenes like SV40 T-Ag and h-TERT 
to convert a normally senescing fibroblast into a highly malignant 
cancer cell,25 the H-RasV12 has been used in many studies to 
effectively transform different cell lines including human mam-
mary epithelial cells.7 After constructing the stable knockdown 
cell line for both BRCA1 and p53, those MLB and MLP cells 



www.landesbioscience.com Cancer Biology & Therapy 2420

Figure 1a. For figure legend, see page 116.



2421 cancer Biology & Therapy Volume 8 Issue 24

subcutaneously in the flank region. In order to detect the growth 
of tumor tissue in nude mice and to quantify the bioluminescence 
signal as a measure of tumor growth in vivo, the firefly luciferase 
gene was used as a marker. By measuring the bioluminescence 
signal, we could detect the tumor cell growth kinetics even before 
formation of a visible tumor as the injected and viable cells were 
the only source of luciferase activity in the mice. In each indi-
vidual animal, two injections were made. On the left side of the 
animal we injected cells having normal levels of BRCA1 as a 
control and on the right side of the animal we injected cells hav-
ing depleted levels of BRCA1 (eg. injection of MLR and MLBR 
on left and right sides of the same individual animal, or MLPR 
and MLBPR on left and right sides of an animal, respectively). 
We detected a strong luciferase signal after three days of inject-
ing different cell lines. Though bioluminescence signal from 
tumors having normal levels of BRCA1 showed a slight decrease 
for the initial few weeks, later on it showed an increase. By con-
trast, the xenografted tumors with deficient levels of BRCA1 
(both MLBR and MLBPR) showed much enhanced growth. 
The most aggressively growing tumor resulted with injection 
of MLBR cells. Small tumor nodules were identified at 25 days 
post injection and 6 tumors with much higher luciferase signal 
(>1 × 109 photons/second) were formed by 40 days from 10 dif-
ferent injections (Table 1). Surprisingly, depletion of p53 did not 
appear to enhance the xenograft tumor growth in vivo whereas 
BRCA1 knockdown drastically enhanced the Ras-transformed 
tumor growth in mice (Fig 2bi and Fig 2bii). MCF10A cell lines 
having depleted levels of BRCA1 and/or p53 proteins failed to 
form any tumor in the absence of H-RasV12 expression (data 
not shown). The xenografted tumors with deficient levels of 
BRCA1 were much bigger in size than tumors with wild type 
levels of BRCA1 (Fig 2biii and Fig 2biv). Western blot analysis 
of these xenografted tumor tissues confirmed the depleted levels 
of tumor suppressors, BRCA1 and p53 with respective shRNA 
expression and higher levels of Ras oncoprotein with enhanced 

MAPK activation (Fig 2ci and 2cii). Unexpectedly, the Ras 
oncoprotein showed a slight mobility shift only in tumor tis-
sues (lanes 6 and 7 in Fig 2ci). Interestingly, p53 protein levels 
were reduced even in xenografted tumors having no p53-specific 
shRNA expression (lanes 2-3 and lanes 6–7 in Fig 2ci). In many 
of the BRCA1-associated familial breast cancer, the p53 gene is 
also mutated at unique spots  not found in other types of can-
cer.28 So, we were interested in testing the levels of p53 protein 
in Ras-transformed cells (MLR and MLBR), in the correspond-
ing tumor xenografts and in the cell lines re-established from 
those tumor xenografts. Surprisingly, p53 expression was greatly 
reduced only in tumor xenografts that formed in vivo  whereas 
the corresponding transformed cells retained p53 expression 
though BRCA1 depletion led to reduced p53 stability. When 
levels of a few of the pro-apoptotic downstream targets of p53 
were analyzed, we found only in tumor tissues a complete loss 
of DR5 expression and reduction in BAX level but the levels of 
PUMA remained unchanged in tumor tissues (Fig 2d).

Histological analysis of BRCA1 depleted Ras-transformed 
mammary tumor xenografts. As BRCA1 deficiency led to 
aggressive growth of xenografted tumors in vivo with increased 
size and mass (Fig 2bi–Fig 2biv), we were interested in ana-
lyzing the proliferation and apoptosis occurring in the tumors. 
We speculated that reduction of both p53 and its downstream 
pro-apoptotic targets like DR5 and BAX in tumor xenografts 
may result in reduced apoptosis. As a marker of proliferation, the 
tumor xenograft sections were stained for Ki-67 and TUNEL 
staining was performed to detect apoptosis. Ki-67 staining of 
both tumor tissues having either normal levels or depleted levels 
of BRCA1 showed little difference in proliferation of cells in 
those growing tumors in vivo (Fig 3ai and 3aii). Surprisingly, 
TUNEL staining showed more than a two-fold decrease in apop-
tosis in tumor tissues with depleted levels of BRCA1 (Fig 3bi and 
3bii). These results suggested that in the absence of functional 
BRCA1 protein, the tumor tissues lacked the ability to undergo 

Figure 1a. Generation of MCF10A cells with knockdown of BRCA1, p53 and transformation by mutant H-Ras. 1a. Construction and characteriza-
tion of BRCA1 stable siRNA knockdown in MCF10A-Luc cells. The retro viral vector map used to clone the annealed double stranded siRNA oligo 
into BamH I and EcoR I sites. Retro viruses were prepared, the target MCF10A-Luc cells were infected as mentioned in materials and methods and 
sorted for BRCA1 knock down with zs-green selection marker by FACS (Fig 1ai). Western blot analysis  of BRCA1 knockdown (Fig 1aii), metaphase 
chromosome spread (Fig 1aiii) and centrosomal staining using γ-Tubulin antibody (Fig 1aiv)   were done to confirm the biological defects of BRCA1 
deficiency.

Table 1. Summary of tumor formation using different MCF10A-Luc-Ras transformed cells injected into nude mice. The tumor # incidence represents 
the single tumor observed at each injection site for which there was only one injection of cells/site
.

Tumor #/# of injections 
(Flank Region)

Tumor #/# of injections 
(Mammary Fat Pad)

MCF10A-Luc (ML) 0/10 n.d.

MCF10A-Luc-BRCA1 KD (MLB) 0/10 n.d.

MCF10A-Luc-p53 KD (MLP) 0/10 n.d.

MCF10A-Luc-BRCA1-p53 KD (MLBP) 0/10 n.d.

MCF10A-Luc-Ras (MLR) 6/10 0/30

MCF10A-Luc-BRCA1 KD-Ras (MLBR) 6/10 15/30

MCF10A-Luc-p53 KD-Ras (MLPR) 5/10 n.d.

MCF10A-Luc-BRCA1-p53 KD-Ras (MLBPR) 5/10 n.d.

n.d.=not determined
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growth is the tumor vasculature. Blood vessels help not only 
in supplying oxygen, nutrients, and growth factors to tumor 
cells but also allow removal of metabolic waste generated by the 
tumors.29 A perfect balance between many positive and negative 

natural apoptosis during growth which may have contributed to 
the increased mass and size of these tumors in vivo.

In addition to growth promoting and apoptotic signals in 
tumor stroma, another important factor that influences tumor 

Figure 1b. Construction and characterization of p53 stable siRNA knockdown in MCF10A-Luc cells. The retro viral vector map used to clone the 
annealed double stranded siRNA oligo into BamH I and EcoR I sites. Retro viruses were prepared, target ML and MLB cells were infected as men-
tioned in materials and methods and sorted for p53 knock down with RFP selection marker by FACS (Fig 1bi). Western analysis for  evaluating p53 
knockdown (Fig 1bii), and western analysis for  impaired p53 levels, reduced phosphorylation at serine 15 of p53 protein and p21 levels with different 
DNA damaging agent treatment to show that depletion of BRCA1 can affect the p53 stability. Cells were harvested after 24 hours of different agents 
treatment except for adriamycin treated cells, collected immediately after 4 hours of treatment (Fig 1biii).
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Figure 1c. For figure legend, see page 119.
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the site of the primary tumor at later stages of cancer progres-
sion.   Using transformed mammary epithelial cells may be an 
appropriate model to study the process of breast cancer metas-
tasis as it helps in identifying the molecular changes associated 
with breast cancer progression. The epithelial-to-mesenchymal 
transition (EMT) is a process by which epithelial cells undergo 
many molecular and morphological changes  including loss of 
cell-cell contact, cell polarity, gain of mesenchymal gene expres-
sion and mesenchymal-like structural alterations in the cytoskel-
eton enabling increased motility and invasiveness.37-40 During 
the EMT, many known epithelial-specific markers are lost and 
mesenchymal-specific markers are gained. We were interested 
in testing the ability of Ras-transformed MCF10A cells used 
in our experiments to undergo the EMT. Western blot analysis 
for epithelial-specific markers such as E-cadherin and β-catenin 
showed loss of expression whereas mesenchymal markers like 
vimentin and α-SMA showed a gain of expression (Fig 4a). 
Interestingly, the expression pattern of these markers in Ras-
transformed mammary epithelial cells was influenced by its sur-
rounding environment from where the cells were grown. When 
transformed cells were grown either in the presence of culture 
medium in vitro or during tumor formation in animals in vivo, 
E-cadherin expression was lost completely and vimentin expres-
sion was enhanced, compared to parental untransformed ML cells  
(lanes 1–7 of Fig 4a). Surprisingly, another epithelial marker 
expression, β-catenin was diminished in Ras-transformed cells 
when grown in culture medium but a complete loss of expres-
sion was observed only in vivo during tumor formation (lanes 
1-3 with lanes 6 and 7 in Fig 4a). Another mesenchymal 
marker, α-SMA showed increased levels only in tumor tissues 
in vivo whereas modest expression was only detected in corre-
sponding cells when grown in culture medium in vitro (lanes 

regulators of the neovasculature such as vascular endothelial 
growth factor (VEGF; angiogenic)30 and thrombospondin 
(Tsp-1; anti-angiogenic),31 determines the angiogenic poten-
tial of tumor tissues. The Ras oncoprotein plays a contrasting 
dual role in being both a stimulator of VEGF expression and an 
inhibitor of Tsp-1 expression.32,33 Since our human mammary 
epithelial cell lines were over-expressed with mutant Ras in com-
bination with depleted levels of tumor suppressor proteins, we 
therefore tested the levels of both VEGF and Tsp-1 in the dif-
ferent transformed cells and in the corresponding tumor xeno-
grafts derived with Ras over-expression. Immunohistochemical 
analysis of tumor tissues showed a much stronger positive stain-
ing for VEGF in tumors lacking BRCA1 as compared to con-
trol tumors with normal levels of BRCA1 (Fig 3ci). Western 
blot analysis of those tumor tissues also showed an increase in 
VEGF protein expression in the BRCA1-deficient tumors (Fig 
3cii, lane 2–3 and 6–7). Interestingly, the protein level of the 
anti-angiogenic factor, Tsp-1 was not decreased in transformed 
cells but was completely lost in tumors derived from those cor-
responding transformed cells (Fig 3cii, lane 2–3 and 6–7). To 
test whether increased VEGF and decreased Tsp-1 expression in 
tumor xenografts can result in neovascularisation and enhanced 
tumorigenecity, tumor sections were stained for CD34 mark-
ers.34-36 CD34 staining showed stronger positive staining in 
BRCA1-deficient tumors suggesting higher levels of vasculariza-
tion in that tumor type compared to ones with normal levels 
of BRCA1 (Fig 3d). This enhanced vascularization in BRCA1-
deficient tumors may also be partially due to increased VEGF 
protein levels.

Epithelial-to-mesenchymal transition (EMT) in Ras-driven 
mammary tumors. Many of the natural breast cancer cell lines 
are metastatic in vivo and establish secondary tumors from 

Figure 1c. Construction and characterization of different MCF10A-Luc cells stably over-expressing mutant H-Ras. Different target MCF10A-Luc 
cells were infected with pBABE-Puro H-RasV12 virus and selected for puromycin resistance for three days with a concentration of 1 μg/ml (Fig 1ci). 
Western analysis of H-Ras protein levels and downstream MAPK activity with either pBABE Hygro-Ras or pBABE Puro-Ras transduced cells which 
were tested to find out the difference in Ras expression levels in  a selection marker dependent manner (Fig 1cii). Western analysis to identify an 
increase in different onco protein levels with BRCA1 knockdown (Fig1ciii).

Figure 1d. Growth rate of different MCF10A-Luc cells. Different MCF10A-Luc cells were seeded at the density of 5 x 104 cells / petri dish, harvested 
and counted using hemocytometer at different time points as shown. For each time point, average values of triplicates were plotted.
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Figure 2a. For figure legend, see page 121.
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can promote migratory properties of transformed cells dur-
ing advancement of breast cancer (lane 11 in Fig 4a). Using 
the same antibodies specific for epithelial and mesenchymal 
markers in further immunocytochemical and histochemical 
analysis with either these Ras-transformed mammary epithelial 
cells or their corresponding tumor xenografts derived in vivo 
respectively, confirmed the process of EMT (Fig 4b–4d). As 
observed in western blot analysis (Fig 4a), immunocytochemi-
cal analysis also confirmed the complete loss of E-cadherin and 
partial loss of β-catenin expression with Ras overexpression  

1-3 with lanes 6 and 7 in Fig 4a). These results suggest that 
the tumor microenvironment consisting of matrigel matrix 
can influence the gene expression pattern of transformed cells 
to promote tumorigenesis and  metastasis in vivo, much differ-
ent from the gene expression pattern of the same cells grown 
in culture medium. Unexpectedly, depletion of both BRCA1 
and p53 protein levels together in ML cells also resulted in com-
plete loss of epithelial marker expression E-cadherin indicating 
that loss of these two major tumor suppressors may contrib-
ute to structural alterations in mammary epithelial cells that 

Figure 2a. Soft agar, and xenograft growth characteristics of transformed human mammary epithelial cells.  2a. Transformation efficiency of dif-
ferent MCF10A-Luc cells over-expressing mutant H-Ras. Different Ras-transformed cells were seeded on soft agar plates and monitored at regular 
time intervals. BRCA1-depleted Ras-transformed (MLBR & MLBPR) cells formed visible growth colonies as early as the tenth day and showed a higher 
increase in total number by thirty days of growth. Average values of total colonies from triplicate plates were counted and plotted (Fig 2ai and Fig 
2aii). Matrigel matrix growth assay was done to identify abnormalities in acinar structures with Ras overexpression. As early as on second day, MLBR 
cells showed highly irregular lobular structures different from control ML cells which formed a uniform monolayer spherical  structure with luminal 
epithelial cells surrounding a hollow lumen (Fig 2aiii).

Figure 2b. For figure legend see p.122.
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with injection of MMP680 fluorescent probe specific for detect-
ing matrix metalloproteases (MMPs) also indicated the ability 
of these tumors to invade the neighboring tissues with secre-
tion of MMPs (Fig 4f). When these Ras-transformed, BRCA1-
depleted mammary epithelial (MLBR) cells were implanted into 
mammary fat pads of nude mice, they also showed metastasis 
to different internal organs such as lymph nodes and liver after 
60 days of implanting cells (Fig 4gi and 4gii). Hematoxylin 
and Eosin staining of lymph node tissue sections from tumor-
bearing animals showed much larger cells with more cytoplasm 
and strong zs-green signal under uv light in microscopy con-
firming the metastasis of tumor cells from their original site of 

(Fig 4b). Similarly, intense staining was detected only for vimentin 
expression in transformed cells by immunocytochemical analysis  
(Fig 4c) and a stronger signal was observed for α-SMA expres-
sion in tumor xenografts with immunohistochemical analysis 
(Fig 4d). All these results suggested the occurrence of EMT 
in Ras-transformed MCF10A cells. To confirm the migratory 
properties of these transformed cells, a transwell migration 
assay using serum as chemo-attractant was performed in vitro. 
Interestingly, depletion of BRCA1 enhanced the migratory prop-
erties of transformed cells with an increase in the total number of 
migrating cells, even in the absence of chemo-attractant serum 
(Fig 4e). In vivo bio-imaging of animals bearing MLBR tumors 

Figure 2b. Aggressive tumor formation of BRCA1-depleted MCF10A-Luc cells over-expressing mutant H-Ras. A group of ten animals for each trans-
formed cell line was implanted subcutaneously on the flank region. 10 x106 cells/injection was used. In each individual animal, the left side was injected 
with tumor cells having normal levels of BRCA1 and the right side was injected with tumor cells having depleted levels of BRCA1 (combination of 
MLR / MLBR cells as in Fig 2bi or MLPR/MLBPR cells as in Fig 2bii). Animals were imaged periodically every week and the average signal 
intensities from growing tumors were calculated and plotted. 50% of the animals formed tumors with such subcutaneous injections in flanks (Table 
1). After nearly 2 months, animals were sacrificed, tumors were harvested, sizes measured and processed for further histological analysis. BRCA1 
deficient MCF10A tumors were much aggressive and bigger in size than tumors with normal levels of BRCA1, and p53 depletion did not enhance in vivo 
tumorigenecity (Fig 2biii and Fig 2biv).
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implantation in the mammary fat pads (Fig 4h). During such 
fat pad implantations, only BRCA1-depleted Ras-transformed 
(MLBR) cells were able to grow and establish tumors in nude 
animals whereas MLR tumors with normal levels of BRCA1 
failed to form tumors in mammary fat pads (Table 1, complete 
data not shown).

Genomic instability and sensitivity towards DNA-
damaging agent treatment. Our results indicate that deficiency 
of BRCA1 in MCF10A cells with stable knockdown can cause 

multiple centrosomes that can eventually result in unequal seg-
regation of chromosomes during mitosis and loss of genomic 
balance in resultant daughter cells (Fig 1aiv).14 During mito-
sis, the chromosomes of BRCA1-deficient cells are highly coiled 
and decondensed in architecture indicative of a susceptibility 
to chromatid breaks and unwanted chromatid exchanges in the 
form of recombination events (Fig 1aiii).24,41 Apart from being a 
classical tumor suppressor in breast and ovarian tissues, another 
major function of BRCA1 is, its universal role in safeguarding 

Figure 2c and d. (2c) Western blot analysis of Ras-transformed MCF10A-Luc tumor xenografts. Western analysis for protein lysates prepared from 
harvested tumor xenografts was done to look for the levels of H-Ras, MAPK activity, p53 and BRCA1 (Fig 2ci and Fig 2cii). p53 expression was  
greatly reduced only in tumor xenografts but not in corresponding cells grown in petri dish. (2d) Western blot analysis of levels of p53 and its pro-
apoptotic downstream targets in Ras-transformed MCF10A-Luc tumor xenografts. Different downstream pro-apoptotic targets of p53 such as DR5, 
BAX, PUMA were tested in transformed tumor cells, in corresponding tumor xenografts and in cell lines re-established from tumor tissues. Expres-
sion levels of p53 and DR5 were greatly reduced only in tumors.
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(γ-H2AX) even in the absence of any DNA damaging agent 
treatment (Fig 5a). BRCA1 deficiency also resulted in enhanced 
sensitivity towards DNA cross-linking agents like mitomycin-
c and γ–irradiation.12,44 Treating these Ras-transformed mam-
mary epithelial cells with another DNA-damage inducing agent, 
adriamycin (0.25 μg/ml) resulted in two different results when 
either BRCA1 alone is depleted or together with p53. Compared 
to control ML cells, over-expression of Ras in ML cells resulted 
in chemoresistance at 48 hr. Interestingly, BRCA1-deficient 
MLBR cells showed much higher sensitivity as compared to ML 
and MLR cells, at 48 hr. But, double-depletion of both BRCA1 

the genome. BRCA1 also acts as sensor or transducer of the 
DNA damage signal by recruiting other DNA repair proteins.42 
During the early stages of DNA damage, ATM gets activated 
by auto-phosphorylation and phosphorylates downstream tar-
get proteins including Chk2 and H2AX.43 It has been reported 
that Ras-mediated mammary epithelial cell transformation can 
by accompanied by diverse genomic rearrangements.7 Thus, we 
tested what happens to DNA damage signaling pathways in 
MLR and MLBR cells, with respect to activation (phosphoryla-
tion) of ATM and H2AX. Unexpectedly, both MLR and MLBR 
cells showed activation of ATM (phospho ser-1981), and H2AX 

Figure 3a. Proliferation, apoptosis, and angiogenesis effects of tumor suppressor BRCA1 knockdown and H-Ras-mediated transformation of human 
mammary epithelial cells. (3a) Immunohistochemical staining of tumor xenografts with Ki-67 antibody for proliferation. Histological staining was done 
using Ki-67 antibody to look for the proliferation in both MLR and MLBR tumor tissues (Fig 3ai) and quantification of average values from three such 
independent staining was plotted (Fig 3 aii).
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functions such as centrosomal duplication, chromosomal con-
densation during mitosis, etc. due to the lack of ubiquitin ligase 
activity on many diverse substrates like γ-tubulin and topoi-
somerase II-α, respectively (Fig 1aiii and 1aiv). Interestingly, 
depletion of BRCA1 also causes impaired p53 stability in human 
mammary epithelial cells through an unknown mechanism  
(Fig 1biii),  consistent with a previous report from our labora-
tory that BRCA1 over-expression can stabilize the p53 protein.15 
MLB cells also behave in a very similar manner to breast tumors 
from the Brca1-conditional knockout mouse, in showing ele-
vated levels of different oncoproteins such as cyclin D1, c-myc, 
Her-2 and EGFR17 suggesting this genetically engineered human 
cell line  can very well mimic the biology of BRCA1-deficient 

and p53 in MLBPR cells showed reduction in BRCA1-mediated 
sensitivity towards adriamycin treatment at the same time point 
(Fig 5b). These results suggest that BRCA1 and p53 proteins 
may have different functions in mediating cellular responses to 
adriamycin treatment.

Discussion

Using retroviral-mediated shRNA expression system, we show 
that successful establishment of a viable human mammary epi-
thelial cell line deficient for two major tumor suppressors of breast 
epithelium-BRCA1 and p53. Stable knock down of BRCA1 
alone in MCF10A cells (MLBR) affects many different biological 

Figure 3b. TUNEL staining of tumor xenografts for apoptosis. TUNEL staining was done to look for apoptotic cells in both MLR and MLBR tumor 
tissues (Fig 3bi) and quantification of average values from three such independent staining was plotted (Fig 3bii).



2431 cancer Biology & Therapy Volume 8 Issue 24

system suggests that for efficient transformation of human 
breast epithelium, apart from blocking BRCA1 and p53 tumor 
suppressor pathways in breast epithelium, additional event such 
as oncogenic activation is also important to promote tumorigen-
esis.7 Absence of functional BRCA1 and p53 has been shown 
to increase genomic instability and hypersensitivity towards 
gamma-irradiation in Brca1-conditional knockout mouse mod-
els.12 Enhanced genomic instability may result in accumulation 
of additional mutations in oncogenes randomly over a period of 
time, resulting in oncogenes activation and accelerated growth 
of those cells bearing such activated mutant oncogenes. Our 
results from both in vitro and in vivo experiments support the 
hypothesis that loss of functions of both BRCA1 and p53 in 

tumors of known conditional knockout animal models and thus 
making it a simplified tool to study the functions of BRCA1 in 
human breast tumorigenesis (Fig 1ciii). As reported by Elenbaas 
et al.,7 we also observed a failure of successful transformation of 
MCF10A cells with lesser levels of H-Ras protein when hygro-
mycin marker was used to select for pBABE-H-RasV12 trans-
duced cells (complete data not shown). At present, the molecular 
mechanism of selection marker driving the stronger expression 
levels of H-RasV12 in pBABE vector, still remains unclear.

Unlike in breast cancer patients who carry mutations in Brca1 
and p53 genes, depletion of both BRCA1 and p53 either alone 
or together is not sufficient to transform a normal mammary  
epithelial cell into a cancer cell in vitro. Our in vitro model 

Figure 3c. Immunohistochemical staining and western blot analysis of tumor xenografts for VEGF. Histochemical staining was done using VEGF 
antibody in both MLR and MLBR tumor xenografts (Fig 3ci). Immuno blot analysis was done to check the levels of pro-angiogenic—VEGF and anti-
angiogenic—Thrombospondin (TSP-1) in different Ras-transformed cells and in MLR & MLBR tumors showing BRCA1 depletion leading to higher VEGF 
levels and lesser thrombospondin in tumors compared to its corresponding transformed cells (Fig 3cii).
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pro-apoptotic downstream targets like DR5 and BAX (Fig 2d). 
Additional depletion of p53 by gene knockdown, either alone or 
in combination with BRCA1 did not enhance the tumorigenecity 
of Ras-transformed MCF10A cells both in vitro and in vivo. 
In matrigel matrix growth, BRCA1-deficient Ras-transformed 
MCF10A-Luc (MLBR) cells showed structural alterations by as 
early as the second day indicating these cells may acquire better 
adaptability to grow and establish tumors more quickly in vivo 
within the matrigel matrix micro environment (Fig 2aiii). All 
these results suggest that BRCA1 may play a more important 
role in tumor suppression in human breast epithelium.

A balance between proliferation and apoptosis may determine 
the size of a growing tumor. In our experimental models, analy-
sis with Ki-67 specific antibody revealed the proliferation rate 

human breast epithelium must also be accompanied by a gain 
of function in the form of an oncogene activation to convert 
effectively a normal mammary epithelial cell into a cancer cell. 
Depletion of BRCA1 and p53 either alone or together without 
over-expression of H-RasV12 neither formed soft agar colonies 
nor tumors in animals (data not shown). But, both soft agar 
colony formation assays and in vivo tumor formation in mouse 
models showed a significant enhancement of the total number 
of soft agar colonies and highly aggressive, larger sized tumors 
only when BRCA1 depletion was combined with H-Ras over-
expression (Fig 2a and 2b). Interestingly, even without any p53- 
or BRCA1-specific shRNA expression, the p53 protein level was 
reduced in tumor xenografts for unknown reasons. Reduced p53 
expression in tumor tissues was reflected in reduced levels of its 

Figure 3d. Immunohistochemical staining of tumor xenografts for CD34. Histochemical staining was done in MLR and MLBR tumor xenografts us-
ing CD34 antibody to look for neovascularisation and quantification of such positive staining from three independent experiments (Fig 3d) showing 
BRCA1 depleted tumors were more vascularised.
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cells grown in vitro, whereas more than a three-fold increase in 
VEGF levels is observed in tumors lacking BRCA1 (MLBR) as 
compared to tumors with normal levels of BRCA1 (MLR). This 
suggests that apart from reduced apoptosis in tumors, BRCA1-
deficiency may also provide further growth advantage to the 
developing tumor by recruiting more endothelial cells that will 
reflect in higher levels of new vascularization. CD34 staining 
of tumor xenografts for endothelial cell recruitment confirmed 
that indeed BRCA1-deficient tumors have higher levels of blood 
vessel formation that also facilitates an aggressive tumor growth 
compared to lesser vascularization in tumors with normal levels 
of BRCA1 (Fig 3c). This observation may have potential clinical 
application as anti-angiogenic drugs can be used to treat breast 
cancer patients effectively who have BRCA1 mutations.

Our results using both in vitro and in vivo approaches, 
strongly indicate that H-Ras over-expression not only trans-
forms the MCF10A cells but also makes the cell undergo the 
epithelial-to-mesenchymal transition leading to loss of epithe-
lial-specific markers, appearance of mesenchymal markers and 
secretion of MMPs, collectively all contributing to many new 
characteristics including cytoskeleton structural alterations, 
and increased motility and invasiveness. In vivo studies in nude 
animals showed enlargement of the spleen when cells were 
implanted subcutaneously in the flank region though we failed 
to detect any metastatic secondary tumors in internal organs of 
animals by in vivo imaging approaches to trace the marker gene 
expressions such as Luciferase or ZS-Green (data not shown). 
But, when cells were implanted in the mammary fat pads of 
animals, metastasis was detected mainly in lymph nodes and 

was nearly the same in both BRCA1-depleted Ras-transformed 
xenograft tumors (MLBR) and tumors with wild-type levels 
of BRCA1 (MLR).  However, TUNEL-staining confirmed a 
different rate of apoptosis in these two tumors suggesting that 
BRCA1-deficiency leads to reduced apoptotic rate in a growing 
tumor which is a major cause contributing to larger tumor size in 
vivo (Fig 3a and 3b). In other words, BRCA1 may be essential for 
controlling apoptosis during normal mammary tissue develop-
ment, the absence of which can result in lack of programmed cell 
death and an increase in total cell number. Another major factor 
that can influence the size of a growing tumor in vivo is, neovas-
cularisation. The link between vascular endothelial growth fac-
tor, VEGF and new blood vessel formation in a growing tumor 
has been very well studied.29,30, 32,33 It has also been documented 
how BRCA1 can negatively regulate the levels of VEGF in ER 
positive cells through estrogen receptor alpha—ERα.45,46 In our 
xenograft tumor models, we show BRCA1-depletion can lead to 
an increase in VEGF levels in Ras-transformed MCF10A tumors 
in an estrogen receptor α independent manner as MCF10A is an 
ER negative cell line (Fig 3c). So, this cell line may help shed 
new light in identifying the mechanism of VEGF regulation by 
BRCA1 in estrogen receptor-negative cell lines. It is also possible 
that VEGF regulation may be influenced by HIF-1 in a hypoxic 
tumor environment. Increased pro-angiogenic factor VEGF and 
decreased anti-angiogenic factor Thrombospondin (Tsp-1) may 
well contribute to new blood vessel development in expanding 
tumors. Our experimental models show that both tumors with 
either normal levels of BRCA1 or depleted levels, show lack of 
Tsp-1 expression compared to their corresponding transformed 

Figure 4a. Western analysis of EMT markers in Ras-transformed MCF10A-Luc tumor xenografts. Immuno blot analysis using antibodies specific 
for both epithelial markers like E-cadherin, β-catenin and mesenchymal markers like vimentin and α-SMA confirmed the occurrence of epithelial to 
mesenchymal transition.
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may partially be due to the ability of BRCA1-deficient cells to 
adapt faster to their natural surroundings i.e. in the mammary 
fat pads or to interact within the tumor microenvironment con-
taining matrigel matrix as evidenced in matrigel growth assay 

liver by imaging approaches (Fig 4g and Fig 4h). Interestingly, 
only MLBR cells were able to form tumors in mammary fat 
pads whereas MLR cells with normal levels of BRCA1, failed 
to establish tumors in the mammary fat pads of animals. This 

Figure 4b. Epithelial marker-specific staining of Ras-transformed MCF10A-Luc cells. Immuno cytochemical staining of transformed MCF10A-Luc cells 
with antibodies specific for epithelial markers, showing the loss of E-cadherin and β–catenin expression.
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Figure 4c. Mesenchymal marker-specific staining of Ras-transformed MCF10A-Luc cells. Immuno cytochemical staining of transformed MCF10A-Luc 
cells with antibodies specific for mesenchymal markers, showing the appearance of vimentin and α-SMA expression.
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(Fig 2aiii). There are many known factors which can promote 
EMT and breast metastasis such as Twist, 47 Goosecoid, 48 
Snail,49-51 Slug,52,53 SIP1,54 FOXC255 and different microRNAs 
like miR-10b,56 miR-373 and miR-520c.57 As our result from in 
vitro migration assay and in vivo lymph node metastasis suggest 
that MLBR cells have higher migratory capacity (Fig 4d, 4g 
and 4h), it is tempting to speculate that BRCA1 may be acting 
as suppressor and may be involved in down-regulation of any of 
these known metastatic promoting genes. It will be interesting 
to test in the future whether these known factors can be down-
regulated in a BRCA1-dependent manner in breast epithelium 
using these transformed mammary epithelial cells with stable 
BRCA1 knockdown.

Figure 4d. Epithelial-mesenchymal transition in Ras-transformed MCF10A-Luc tumor xenografts. Immunohistochemical analysis using antibodies  
specific for both epithelial markers like E-cadherin, β-catenin and mesenchymal markers like vimentin and α-SMA confirmed the occurrence of epithe-
lial to mesenchymal transition in tumor xenografts.

Among the multiple functions of BRCA1, maintaining 
genomic stability is very crucial as witnessed in many patients, 
where BRCA1 mutations are also associated with secondary 
mutations in other tumor suppressor genes such as p53, or PTEN.  
Additional mutations may occur randomly in the genome in the 
absence of a functional BRCA1 as these cells are deficient in DNA 
repair pathways.58-60 It has been reported that the genome of trans-
formed human mammary epithelial cells with over-expression of 
h-TERT, SV40 large T-Antigen and H-Ras can have multiple 
genetic changes.7 Interestingly in our model system, the Ras-
transformed mammary epithelial cells showed activation of both 
ATM and H2AX even in the absence of DNA-damaging agent 
treatment suggesting these cells may harbor either irreparable 
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DNA damage due to higher levels of genomic instability or defec-
tive DNA repair signaling pathways (Fig 5a). BRCA1 depletion 
in the same genetic background, further elevates the total num-
ber of cells harboring such a defective genome. These cell lines 
may provide a tool to identify the genomic loci that are selectively 
undergoing genetic changes in a BRCA1-dependent manner,  
if any.

Though both p53 and BRCA1 are guardians of the genome, 
absence of each protein can have different effects on outcome 
to therapeutic responses. Our results with adriamycin treat-
ment of transformed cells indicate that over-expression of H-Ras 
can provide chemoresistance to transformed breast cancer cells 
against adriamycin-mediated DNA damage whereas depletion of 
BRCA1 can overcome this H-Ras mediated resistance and make 
the cells more sensitive towards adriamycin treatment. Double 
depletion of both p53 and BRCA1 can make breast cancer cells 
chemoresistant against adriamycin treatment, suggesting dif-
ferent functions of these two tumor suppressors in response to 

Figure 4e. Transwell migration assay for Ras-transformed MCF10A-Luc cells. Transformed cells showed higher migratory property from top well to 
bottom well with BRCA1 depletion whereas control cells failed to show any migration in the absence of chemo-attractant serum at bottom well. Cells 
were seeded at top well, incubated for 4 days at 37°C. Average value of total number of cells showing migration was counted from triplicate wells and 
plotted.

therapeutic treatment (Fig 5b). This approach can be exploited 
in further studies, by specifically blocking the BRCA1 path-
ways and making cells more responsive to chemotherapeutic 
treatments.

In summary, we have created a stable knock-down mammary 
epithelial cell line for BRCA1 mimicking well the biological 
defects of known BRCA1 mutant cells, showing a functional 
link with p53 protein stability, loss of control over regulation of 
other oncogenes and enhanced tumorigenic potential both in 
vitro and in vivo. Our in vivo tumor models show that BRCA1 
is important in controlling programmed cell death during 
tumor development, lack of which can lead not only to aggres-
sive growth but also higher levels of VEGF and more vascular-
ization of tumors. This cell line model system may be used to 
understand the regulation of p53 expression in breast tumori-
genesis and to identify the genes promoting breast metastasis. 
Finally, inhibition of BRCA1 function in this model may also be 
useful in testing the susceptibility of breast tumors to classical 
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chemotherapeutic treatment, anti-angiogenic drug treatment, as 
well as combinations with DNA repair targeted therapies.
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Figure 4g(i). Imaging of mouse internal organs for metastasis. Different internal organs were harvested from animals bearing MLBR tumors, nearly 
after 75 days of tumor cell implantation in mammary fat pads, and imaged for zs-green expression with proper filters either using Xenogen IVIS imaging 
system (Fig 4gi) or CRi Maestro imaging system (Fig 4gii). Zs-green detection revealed metastasis of MLBR tumor cells from mammary fat pads to 
lymph nodes and liver.
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Figure 4h. Histological analysis of lymph nodes for metastasis. Paraffin embedded tissue sections of lymph nodes made from animals bearing MLBR 
tumors in mammary fat pads, were dewaxed before staining with propidium iodide. Fluorescent microscopy scanning of those sections for zs-green 
confirmed the lymph node metastasis of MLBR tumor cells from its primary site, mammary fat pads. H&E staining revealed the presence of larger sized 
cells with huge cytoplasm in lymph node, indicative of metastatic MLBR cells.
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Figure 5a. Activation of DNA damage signaling and sensitivity to DNA damaging agents of BRCA1-deficient Ras-transformed human mammary epi-
thelial cells. (5a) Activation of DNA damage signaling in BRCA1-depleted, Ras-transformed MCF10A-Luc cells. Immuno cytochemical staining of MLR 
and MLBR cells with phospho aTM and γH2AX revealed the presence of double strand breaks and the persistent activation of DNA damage signaling 
pathways even without any DNA damaging agent treatment.
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