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Abstract

INTRODUCTION: The tumor microenvironment within the breast is rich in adipose elements. 

The interaction between adipose cells and breast cancer is poorly understood, particularly as it 

pertains to patients with genetic susceptibility to breast cancer. Our study focuses on the 

phenotype of human adipose-derived stem cells (ASCs) with the BRCA1 mutation and the effect 

they may have on breast cancer cell behavior.

METHODS: CRISPR/Cas9 was used to generate de novo BRCA1-knockdown human ASCs 

(BRCA1-KD). The effect of the BRCA1 knockdown on the ASC phenotype was compared to wild 

type ASCs and patient derived breast ASCs with known BRCA 1 mutations. Interactions between 

ASCs and the MDA-MB-231 breast cancer cell line were evaluated.

RESULTS: BRCA1-KD ASCs stimulated MDA-MB-231 proliferation (1.4-fold increase on 

day4, P=0.0074) and invasion (2.3-fold increase on day2. P=0.0171) compared to wild type ASCs. 

Immunofluorescence staining revealed higher levels of phosphorylated ATM activation in 

BRCA1-KD ASCs (72.9±5.32% vs 42.9±4.97%. P=0.0147), indicating higher levels of DNA 

damage. Beta-galactosidase staining demonstrated a significantly higher level of senescence in 

BRCA1-KD ASCs compared to wild type ASCs (7.9±0.25% vs 0.17±0.17%, P<0.0001). Using 

quantitative ELISA to evaluate conditioned media, we found significantly higher levels of IL-8 in 

BRCA1-KD ASCs (2.57±0.32-fold, P=0.0049).

CONCLUSION: We have shown here for the first time that the BRCA1 mutation affects the ASC 

phenotype. Moreover, CRISPR/Cas9 generated BRCA1-KD ASCs stimulate a more aggressive 

behavior in breast cancer cells than wild type ASCs. This appears to be related to increased 

inflammatory cytokine production via a DNA damage-mediated cell senescence pathway.
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INTRODUCTION

With the rapid advancement of genomic programs in cancer care, management of patients 

with breast cancer-associated gene mutations is becoming more common. Of these, BRCA 

tumor suppressor gene mutations are the best characterized. Patients with BRCA1 mutations 

have a 50–65% lifetime risk of developing breast cancer with a preponderance of an 

aggressive subtype known as triple negative breast cancer (TNBC) (1). Research has shown 

that breast epithelial cells with the BRCA1 mutation can demonstrate accelerated breast 

carcinogenesis (2). Recent advances have demonstrated that hereditary mutations in breast 

stroma coincide significantly with genomic alterations in breast epithelial cells (3, 4). 

However, the possibility that inherited mutations may also impact breast stromal cells, thus 

influencing cancer progression, has not been tested.

It has been previously established that cells harboring BRCA mutations are sensitive to 

DNA-damage (5). DNA damage can lead to cellular senescence and a senescence-associated 

secretory phenotype (SASP), defined by their secretion of inflammatory cytokines, including 

IL-6 and IL-8 (6). Cytokines associated with SASP can drive aggressive cancer behaviors (7, 

8) and may play a role in TNBC progression.

Targeting active pathways within the tumor microenvironment may be especially beneficial 

for TNBC. Our study focuses on the phenotype of human adipose-derived stem cells (ASCs) 

with the BRCA1 mutation and the resulting effects on breast cancer cells. We hypothesize 

that the BRCA1 mutation in ASCs leads to a functional abnormality of these cells. 

Furthermore, we hypothesize that the mutation in the BRCA1 protein, a key player in DNA 

damage response pathway (8), induces cell senescence in ASCs and promotes the secretion 

of inflammatory cytokines, which act in a paracrine manner to promote tumor cell growth/

progression.

MATERIALS AND METHODS

Adipose-derived Stem Cells (ASCs)

One commercial ASC line (Lonza PT-5006) was obtained for CRISPR-mediated BRCA1 

knockdown. ASCs were maintained in ASC growth media (Lonza PT-3273 & PT-4503). 

Cell media was changed every 3 days, and 0.5% Typsin were used to passage the cells every 

6 days according to published protocol (9). Maintenance of adipogenesis of the ASCs was 

confirmed by culturing 1×105 ASCs in adipogenic induction media (Lonza PT-3004) for 14 

days. Cells were fixed with 4% paraformaldehyde and stained with Oil Red O (Sigma 

O0625).

Human Primary Breast Adipose-derived Stem Cells (brASCs)

To confirm findings from our CRISPR-mediated BRCA1-knockdown ASC model, we also 

used human brASCs. Human breast adipose tissues were obtained at the time of mastectomy 

in accordance with our IRB approved protocol. Five female patient ASCs were used for this 

study. Patient age, gender, BMI, BRCA1 mutation status, breast cancer type, and receptor 

status were obtained using online electronic records at Duke University Health System. 

Breast adipose tissue was digested with collagenase (Sigma C0130) in a 3:1 ratio with 
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agitation for 60 minutes. The stromal vascular fraction was isolated with centrifugation and 

a cellular pellet was generated in the standard fashion. The pellet was then incubated with 

erythrocyte lysis buffer (154 mM NH4Cl, 10mM KHCO3, 1mM EDTA) for 10 minutes, 

filtered, and centrifuged. Adipose-derived stem cells were then plated and expanded or 

stored for future experiments as per our standard protocol.

CRISPR/Cas9 Sequence Cloning to generate BRCA1 knockdown in human ASCs (BRCA1-
KD ASCs)

BRCA1 gene knockouts in human adipose derived stem cells were performed according to 

published methods using lentiCRISPRv2 vector system (10, 11). BRCA1 gene target was 

first selected using the online tool (12, 13): SgRNA1 sequence: 

TGGTCACACTTTGTGGAGAC; SgRNA2 sequence: GGTTTCTGTAGCCCATACTT. 

Then DNA oligos (Genewiz, Morrisville, NC) were digested and dephosphorylated with 

restriction enzyme Esp3I (Thermo Fisher ER0451). The plasmids were purified using 

QIAquick Gel Extraction Kit (Qiagen 28704) and eluted in EB buffer (10mM Tris-Cl, pH 

8.5). Then the purified plasmids were annealed using T4 Polynucleotide Kinase (NEB 

M0201S). Annealed oligos were diluted 1:200 and cloned into the lentiCRISPRv2 

backbone. The plasmids were then transformed into competent bacteria. Transfer plasmids 

(lentiCRISPR plasmids, luciferase plasmids) were co-transfected into HEK293T cells with 

packaging plasmids pMD2.G (AddGene 12259) and psPAX2 (AddGene 12260). Virus yield 

was collected and added to target cells. Successfully infected cells were selected using 

1ug/mL Puromycin (ThermoFisher A1113802). CRISPR negative controls were generated 

using non-targeting gRNAs that do not recognize any sequence in the human genome.

Tumor Cell Proliferation Assays

MDA-MB-231 cells (triple negative breast cancer cells) were labelled with luciferase gene 

using lentiviruses. To do this, 1× 105 ASCs and 1E4 MDA-MB-231 cells were seeded 

together in 12-well plates containing 5% FBS media. The luciferase absorbance was 

measured every 48hrs over 8 days. Tumor cell growth rate at various time points was 

calculated by comparing the luciferase levels to day 0. Growth rates were compared using t-

tests.

Western Blot Analysis

Cells were collected and lysed using lysis buffer. 20–30ug of lysates were loaded onto 10% 

SDS-PAGE gel with molecular markers and ran at 120V for 1–2hrs. Proteins were 

transferred to PVDF membranes. Then the membranes were stained with primary and 

secondary antibodies. Experiments were performed according to published protocol (14). 

BRCA1 protein expression was analyzed with western blotting using BRCA1 (Bethyl 

A300–000A) and anti-rabbit IgG antibodies (abcam ab6721). GADPH protein expressions 

were used as controls using GADPH (abcam ab8245) and anti-mouse antibodies (abcam 

ab6785). Images were acquired using darkroom development, and results were quantified 

using ImageJ (LOCI, Madison, Wisconsin, 11).
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Transwell Assays

Basement membrane matrix was created using Cultrex BME solution and buffer (Trevigen 

3455–096-02&03) and used to coat 0.8 um Millicell cell culture inserts (Millipore 

PICM01250). 2×104 ASCs were plated onto each of the 24-well plate with 600uL 10%FBS 

media, and 1×103 MDA-MB-231 cells were plated into each insert in the presence of 100 μL 

of serum-free media. Details can be found in published protocol (15). After 48 hours, tumor 

cell invasion to the lower side of the chamber insert was determined following Crystal Violet 

staining for 2hrs. All tumor cells with positive staining were counted in 10 high power fields 

per sample and compared between BRCA1-knockdown ASCs and controls using t tests.

Beta-galactosidase Enzyme Assays

Senescence beta-galactosidase staining kit (Cellsignal 9860) was used according to 

manufacture protocol after plating 1×105 ASCs in 6-well plates. Cells were first fixed with 

fixative buffer (Cellsignal 11674), and then stained with staining buffer (Cellsignal 11675) at 

37 degrees. After 24hrs of staining, ASCs were imaged under 10x magnification, and 10 

images were recorded per well. ASCs with positive beta-galactosidase staining and total cell 

numbers were counted. The ratio of positive beta-galactosidase ASCs was compared using t 

tests.

ELISA

Conditioned media was collected from ASCs after 48hr incubation in 10%FBS media. 

Inflammatory cytokine multi-analyte ELISArray kit (Qiagen MEH-004A) was used 

according to protocol to measure cytokine levels in the conditioned media. T-tests were used 

to compare the cytokine levels in different groups of ASCs.

Immunofluorescence Staining

Immunofluorescence staining was performed for phosphorylated ATM (pATM), an 

established marker for DNA double strand breaks. 1×105 ASCs were formalin fixed onto 

3cm plates with glass bottoms, these plates were incubated in pATM (Rockland pS1981) and 

BRCA1 (Benthyl A301–377A) primary antibodies for 12 hours. After blocking in buffers, 

fluorochrome-conjugated secondary antibodies (ab150074, ab150117) were applied. 

Experiments were performed according to published protocol (16). Images were taken on 

the Zeiss Z1 Observer inverted fluorescence microscope (Carl Zeiss Microscopy, LLC, NY). 

15 high power field (20x magnification, 20–35 cells per image) images were taken per 

sample, every 3 images were counted as a replicate. Cells positive for BRCA1 and/or pATM 

foci were identified. The ratio of pATM-positive cells in BRCA1-positive and BRCA1-

negative cells were compared using t tests.

Statistical Analysis

Statistical analysis was conducted using GraphPad Prism 7.0 for MAC OS X, GraphPad 

Software, La Jolla California USA, www.graphpad.com. T-tests were performed for all 

experiments, and significance level was set at 0.05. Because the sample sizes were small 

(N<5), effect sizes were calculated for all samples to confirm the power of the analysis (17). 
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Literature has shown that t-tests are acceptable for small sample sizes when the effect size is 

large (18) (effect size > 0.8) (19).

RESULTS

CRISPR/Cas9-mediated Knockdown of BRCA1 in Human ASCs

Using CRISPR/Cas9-mediated system, we generated human adipose stem cell (ASC) with 

stable BRCA1 knockdown models BRCA1-KD ASC. We demonstrated 79.1% knockdown 

expression of the BRCA1 gene in our BRCA1-KD ASCs, compared to CRISPR controls 

with empty vectors (Figure 1A). The ability of the ASCs to undergo adipogenesis was 

confirmed with Oil Red O staining (see Figure, Supplemental Digital Content 1, which 

demonstrates mature adipocytes differentiated from ASCs used in this study. The Oil Red O 

staining of differentiated adipocytes from ASCs used in the study at adipogenic induction 

day 14, INSERT HYPER LINK).

Decreased BRCA1 Expression in Primary brASCs

Western blot confirmed decreased expression of BRCA1 in brASCs in patients with deletion 

mutations (Figure 1B). Patient demographics, cancer details, and mutation status of the 5 

patient donors were detailed below the Western blot.

Effects of BRCA1 Mutation on Proliferation and Invasion of Breast Cancer Cells

We tested the effect of the BRCA1 knockdown on ASC stimulation of breast cancer cell 

progression. Proliferation of MDA-MB-231 cells in vitro was significantly faster when co-

cultured with BRCA1-KD ASCs (Figure 1C, 7.43-fold vs 5.16-fold increase at day 4 

comparing to day0, P=0.0074; 10.17-fold vs 6.57-fold at day6, P=0.036; 13.39-fold vs 8.02-

fold at day8, P=0.045, N=3, effect size Cohen’s d = 0.96). We found that BRCA-KD ASC 

also significantly increased breast cancer cell invasion. This is demonstrated using Transwell 

assays. Serving as feeders, BRCA1-KD ASCs induced significantly higher level of tumor 

cell invasion in MDA-MB-231 cells using Transwell assays (Figure 1D&1E, 151±17.39 vs 

66±13.17 cells migrated. P=0.0171, N=3, effect size Cohen’s d = 5.62). We also found that 

brASCs from patients with BRCA1 deletion mutation also increased breast cancer cell 

invasion in the Transwell assay experiment (see Figure 2, Supplemental Digital Content 2, 

which demonstrates higher tumor cell invasion brASCs from BRCA1 mutation carriers were 

plated in the bottom chamber, INSERT HYPER LINK). Therefore, our data suggests that 

BRCA1 mutation in ASCs results in a secretome which promotes in vitro breast cancer cell 

proliferation and invasion.

Increased Spontaneous DNA Damage Cell and ATM Activation in BRCA1-Deficient ASCs

We then aimed to elucidate the mechanism by which ASCs with the BRCA1 mutation 

stimulate breast cancer cells. The BRCA1 gene is well-known to play a role in DNA damage 

repair. Since the BRCA1 protein is required for mediating ATM-dependent DNA damage 

repair, and ATM activation induces cellular senescence, we hypothesized that senescence-

associated secretory phenotype was part of the underlying mechanism that drove BRCA1-

deficient ASCs to secrete inflammatory factors that induce breast tumor aggression. To test 

this, we performed immunofluorescence staining and western blot to quantify ATM 
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activation in BRCA1-knockdown ASCs. Immunofluorescence staining revealed higher 

levels of phosphorylated ATM in BRCA1-knockdown cells (Figure 2A&2B, 72.9±5.32% vs 

42.9±4.97%. P=0.0147, N=3, effect size Cohen’s d=5.83). Western blot also demonstrated 

higher expression of phosphorylated ATM in BRCA1-knockdown ASCs (Figure 2C). This 

confirms higher level of spontaneous DNA damage and ATM activation in BRCA1-deficient 

ASCs.

Senescence-Associated Secretory Phenotype and Its Role in Breast Cancer 
Microenvironment

We assessed cell senescence in different ASC groups with beta-galactosidase assay and 

western blotting. The beta-galactosidase assay demonstrated a higher degree of cell 

senescence in both BRCA1-knockdowns ASCs and brASCs with the BRCA1 mutation 

(Figure 3A&3B, 7.9±0.25% vs 0.17±0.17%, P<0.0001 in BRCA1-KD, N=3, effect size 

Cohen’s d=36.2; 41.7±2.30% vs 18.4±2.34%, P<0.0001 in patient brASCs, N=3, effect size 

Cohen’s d=10.0). Western blots also showed increased expression of p21, an established 

intermediate in cell senescence pathway (20) (Figure 3C). In this senescent state, we 

hypothesized that BRCA1-deficient ASCs secrete inflammatory cytokines. To confirm this, 

we used ELISA assays on supernatant of BRCA1-knockdown and control ASCs. First, our 

Screening ELISA assays demonstrated the most significant differences in cytokine 

production between the two ASC groups in IL-6 and IL-8 (see Figure, Supplemental Digital 

Content 3, which demonstrated the most significant differences in IL-6 and IL-8 production 

among 12 different cytokines, INSERT HYPER LINK). We found higher level of IL-6 and 

significantly higher level of IL-8 inflammatory cytokine in BRCA1-knockdown ASCs 

(Figure 4A, 2.57±0.32-fold change, P=0.0049, N=4, effect size Cohen’s d=4.97). We then 

demonstrated the effects of IL-6 and IL-8 inflammatory cytokines on invasion of breast 

tumor cells using Transwell assays. We found a significantly higher degree of breast tumor 

cell invasion when exposed to exogenous IL-6 and/or IL-8(Figure 4B&C, P=0.03 for IL-6, 

P=0.01 for IL-8, P=0.002 for IL-6&IL-8, N=3, effect size Cohen’s d=4.39).

Taken together, we established that BRCA1-deficienct ASCs were associated with 

persistently high levels of stress-induced DNA damage. This accumulation of DNA damage 

lead to more persistently active ATM complex, which in turns increased cellular senescence. 

In the senescence state, BRCA1- deficient ASCs secreted increased number of inflammatory 

cytokines, which promoted breast tumor proliferation and invasion (Figure 5). Our results 

confirmed that human ASCs with BRCA1 mutation created a secretome that lead to more 

aggressive tumor phenotypes. This was mediated through the DNA damage cell senescence 

pathway.

DISCUSSION

Adipose tissue makes up a large proportion of the breast gland and consists of mature 

adipocytes, adipose-derived stem cells, stromal supporting cells and inflammatory cells. 

Studies have supported that cancer-associated adipocytes (CAAs) play important roles in 

breast cancer progression and carcinogenesis (21). This study confirmed our hypothesis that 

the BRCA1 mutation in ASCs results in a phenotype that can promote breast cancer growth 
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and invasion via increased production of IL6 and IL8, mediated by the DNA-damage-

senescence pathway.

One important implication for this study relates to patients with the BRCA1 mutation, in that 

the aggressive nature of these tumors may be partially related to alterations within the 

surrounding adipose tissue itself. Studies have shown that ASCs may contribute to tumor 

cell proliferation and invasion, particularly in biologically aggressive breast cancers, such as 

triple negative or basal-type (22). Our study showed the increased IL-6, IL-8 production by 

BRCA1-defecient ASCs promotes breast cancer progression in vitro. This observation is 

consistent with previous studies that showed cancer-associated adipose cells secrete 

cytokines, including IL-6 and IL-8, which promote cancer growth in breast and prostate 

cancers. (23–31). Our study explored this concept within the context of the BRCA1 

mutation and describes a mechanism by which ASCs may alter the tumor microenvironment 

in a previously unrecognized manner. Another study highlighted the role of BRCA1 in 

modulation of estrogen biosynthesis in ASCs, contributing to tumor suppressor function 

(32). Results from others and this study further confirmed the importance of BRCA1 

mutation in breast tumor microenvironment on breast cancer progression (33, 34).

Cellular senescence, originally thought to be a tumor-suppressive mechanism, induces 

secretion of inflammatory cytokines that in fact promote tumor progression. Studies have 

found that IL-6 and IL-8 are two of the most prominent cytokines of SASP, which could be 

induced by persistent DNA-damage signaling mediated by ATM activation (35). Our 

findings of elevated levels of IL-6 and IL-8 in cell supernatant, as well as the higher 

percentage of phosphorylated ATM in BRCA1-deficient ASCs are consistent with the SASP 

pathway. This mechanism explains how BRCA1 mutation affects ASCs in a way that may 

lead to breast cancer progression. More importantly, this pathway can be targeted for more 

effective anticancer therapy, especially in the setting of high risk breast cancer. Our future 

directions include investigating the effects of inhibiting SASP in vitro and in vivo through 

inhibiting its inflammatory cytokines IL-6 and IL-8.

Risk of breast cancer in BRCA1 and BRCA2 mutation carriers can be modified by changes 

in body weight (36) and there is some evidence linking BRCA1 mutations with abnormal fat 

physiology, metabolism, and homeostasis (37, 38). Additionally, CAAs undergo delipidation 

and de-differentiation (39) which has been shown to occur in human obesity (40, 41). Thus, 

our investigation of the breast cancer tumor microenvironment helps provide insights into 

the effects of obesity on breast cancer development.

Our study may also be applicable to BRCA1 mutation carrier patients undergoing fat 

transfer procedures. This finding raises the question of safety of fat grafting in patients with 

BRCA1 mutation. Since our data demonstrate that BRCA1-mutated ASCs stimulate breast 

cancer cells, a cautious approach to fat grafting in patients with confirmed BRCA1 genetic 

mutation and residual breast cancer risk is reasonable until more clinical data is available.
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CONCLUSION

We demonstrate that BRCA1 mutation in tumor microenvironment promotes breast cancer 

progression. This effect is mediated by increased secretion of inflammatory cytokines in 

BRCA1-deficient ASCs via DNA-damage-senescence pathway. Our study not only helps 

identify targets for more effective anticancer therapies, but also provides insights into how 

obesity might contribute to breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
BRCA1-KD ASC promoted proliferation and invasion of breast tumor cells. A. WB of 

BRCA1 expression in CRISPR/Cas 9-mediated BRCA1-KD ASCs and primary brASC. B. 

WB of BRCA1 expression in patient brASCs. The table below shows the patient 

demographics, cancer details, and BRCA1 mutation status for these patients. C. Tumor 

growth rate when MDA-MB-231 cells were co-cultured with ASCs (N=3). D&E. 

Representative images and quantification of tumor cell invasion when ASCs were used as 

feeders in Transwell assays (N=3).

Zhao et al. Page 11

Plast Reconstr Surg. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
DNA Damage in BRCA1-Deficient ASCs. A&B. Representative immunofluorescence 

images and quantification of phosphorylated ATM. C. WB of pATM expression (N=3, * 

indicates P<0.05).
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Figure 3. 
Cell Senescence in BRCA1-deficient ASCs. A&B. Representative images and 

quantifications of beta-galactosidase assays in both BRCA1-KD ASCs and brASCs (N=3, 

**** indicates P<0.0001). C. WB of p21 expression.
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Figure 4. 
IL-8 in BRCA1-KD ASC cell supernatant that promotes cell invasion. A. Quantification of 

ASC supernatant using ELISA (N=4). B&C. Representative images and quantifications of 

cell invasion using IL6 and IL8 in transwell assays comparing to control (N=3, * indicates 

P<0.05, ** indicates P<0.01).
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Figure 5. 
The mechanism of how BRCA1-deficient ASCs promote breast cancer progression. 

BRCA1-deficienct ASCs are unable to repair both spontaneous and stress-induced DNA 

damage. This accumulation of DNA damage leads to more persistently active ATM 

complex, which activates p21, and induces cellular senescence. In the senescence state, 

BRCA1- deficient ASCs secrete increased number of inflammatory cytokines, which 

promotes breast tumor proliferation and invasion.

Zhao et al. Page 15

Plast Reconstr Surg. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Adipose-derived Stem Cells (ASCs)
	Human Primary Breast Adipose-derived Stem Cells (brASCs)
	CRISPR/Cas9 Sequence Cloning to generate BRCA1 knockdown in human ASCs (BRCA1-KD ASCs)
	Tumor Cell Proliferation Assays
	Western Blot Analysis
	Transwell Assays
	Beta-galactosidase Enzyme Assays

	ELISA
	Immunofluorescence Staining
	Statistical Analysis

	RESULTS
	CRISPR/Cas9-mediated Knockdown of BRCA1 in Human ASCs
	Decreased BRCA1 Expression in Primary brASCs
	Effects of BRCA1 Mutation on Proliferation and Invasion of Breast Cancer Cells
	Increased Spontaneous DNA Damage Cell and ATM Activation in BRCA1-Deficient ASCs
	Senescence-Associated Secretory Phenotype and Its Role in Breast Cancer Microenvironment

	DISCUSSION
	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

