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Abstract

Obesity is associated with an increase in cancer-specific mortality in women with breast cancer. 

Elevated cholesterol, particularly low-density lipoprotein cholesterol (LDL-C) is frequently seen 

in obese women. Here, we aimed to determine the importance of elevated circulating LDL, and 

LDL receptor (LDLR) expression in tumor cells, on the growth of breast cancer using mouse 

models of hyperlipidemia. We describe two novel immunodeficient mouse models of 

hyperlipidemia (Rag1−/−/LDLR−/− and Rag1−/−/ApoE (apolipoprotein E)−/− mice), in addition to 

established immunocompetent LDLR−/− and ApoE−/− mice. The mice were used to study the 

effects of elevated LDL-C in human triple negative (MDA-MB-231) and mouse Her2/Neu 

overexpressing (MCNeuA) breast cancers. Tumors derived from MCNeuA and MDA-MB-231 

cells had high LDLR expression and formed larger tumors in mice with high circulating LDL-C 

concentrations than in mice with lower LDL-C. Silencing the LDLR in the tumor cells led to 

decreased growth of Her2Neu overexpressing tumors in LDLR−/− and ApoE−/− mice, with 

increased Caspase 3 cleavage. Additionally, in vitro, silencing the LDLR led to decreased cell 

survival in serum-starved conditions, associated with Caspase 3 cleavage. Examining publically 

available human datasets, we found that high LDLR expression in human breast cancers was 

associated with decreased recurrence-free survival, particularly in patients treated with systemic 

therapies. Overall, our results highlight the importance of the LDLR in the growth of triple 

negative and HER2 overexpressing breast cancers in the setting of elevated circulating LDL-C, 

which may be important contributing factors to the increased recurrence and mortality in obese 

women with breast cancer.
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Introduction

Obesity is associated with an increase in all-cause and cancer-specific mortality in women 

with breast cancer [1]. Many systemic metabolic abnormalities are associated with obesity, 

including hyperlipidemia. Increasing obesity is associated with increased total cholesterol, 

increased circulating low-density lipoprotein (LDL) cholesterol, increased triglycerides (TG) 

and decreased high-density lipoprotein (HDL) cholesterol [2, 3]. Although the risk of 

developing breast cancer has, in general, not been associated with high cholesterol levels, 

prospective studies have reported an increase in breast cancer recurrence in women with 

elevated total cholesterol levels [4], and higher serum concentrations of low-density 

lipoprotein (LDL) cholesterol are associated with reduced disease-free survival [5]. 

Conversely cholesterol-lowering statins have been reported to decrease breast cancer 

recurrence and mortality [6]. Therefore, elevated cholesterol may be an important 

contributing factor to breast cancer recurrence, and decreased survival.

The mechanisms through which cholesterol contributes to breast cancer progression are 

incompletely understood [7]. Previous mouse models examining the role of cholesterol in 

breast cancer progression have largely used immunocompetent or immunodeficient mice on 

high cholesterol diets [8, 9]. High cholesterol diets increase total serum cholesterol levels in 

mice; however, due to a deficiency of cholesteryl ester transfer protein (CETP), their 

circulating cholesterol is composed mostly of high-density lipoprotein (HDL) cholesterol 

[10, 11]. In contrast, in humans with elevated cholesterol, the main components are LDL and 

VLDL cholesterol [11]. Specific mouse models that have been used to examine the effects of 

hyperlipidemia that more closely resembles human hyperlipidemia on breast cancer 

progression include the apolipoprotein E (ApoE) knockout mice, the human ApoE3 

expressing mice, and the adiponectin knockout mice [12–14]. In these studies, tumors were 

derived from murine breast cancer cell lines (ApoE knockout and ApoE3 expressing mice), 

or a murine transgene (adiponectin knockout mice). To date, to our knowledge, there are no 

published studies using immunodeficient mice modeling human hyperlipidemia to study the 

effect of LDL cholesterol on human breast cancer xenografts.

Cells internalize cholesterol from circulating LDL through the LDLR on the cell surface 

[15]. Previous in vitro studies have found that the LDLR is expressed in human breast cancer 

cell lines. These studies reported that expression of the LDLR in the human triple negative 

(estrogen receptor, progesterone receptor and HER2 negative) cell line MDA-MB-231 cells 

was higher than in the estrogen receptor positive MCF7, or the non-tumorigenic MCF-10A 

cell lines [16, 17]. One clinical study, from before cholesterol-lowering statins were in 

clinical use, reported that the LDLR content of human breast cancers was inversely 

correlated with survival [18]. Therefore, we hypothesized that increased circulating LDL 

cholesterol in hyperlipidemia promotes breast cancer growth through the LDLR expressed 

on cancer cells.

We aimed to determine whether tumors from aggressive mouse and human (HER2 

overexpressing and triple negative) breast cancer cells with high LDLR expression grow 

larger in mice with high serum LDL concentrations. Additionally, we sought to ascertain 

whether the LDLR on the triple negative and HER2 expressing breast cancer cells plays a 
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significant role in the growth of tumors in the hyperlipidemic mice. In order to perform these 

studies, we generated two novel immunodeficient mouse models of hyperlipidemia by 

crossing the recombination-activating gene 1 (Rag1) knockout mice [19] with the ApoE 

knockout mice [20], and the LDLR knockout mice [21]. We found that tumors with high 

LDLR expression grew larger in mice with high serum LDL cholesterol levels. Additionally, 

silencing the LDLR on tumor cells led to decreased tumor growth in vivo and decreased 

survival in vitro.

Results

Immunodeficient ApoE and LDLR knockout mice maintain the hyperlipidemic profile of 
immunocompetent mice

Immunodeficient mouse lines may have different metabolic characteristics then their 

immunocompetent counterparts [22–24]. Generation and breeding of the immunodeficient 

Rag1−/−, Rag1−/−/LDLR−/− and Rag1−/−/ApoE−/− mice is described in the Materials and 

Methods section. We examined the lipid profiles of the immunocompetent wild type (WT), 

LDLR−/− and ApoE−/− mice, and the immunodeficient Rag1−/−, Rag1−/−/LDLR−/− and 

Rag1−/−/ApoE−/− mice. In the immunocompetent model, LDLR−/− and ApoE−/− mice were 

found to have significantly higher total cholesterol levels (783±32.6 mg/dL, 1642±73.0 

mg/dL, respectively) than the WT mice (149.5±8.7 mg/dL, p<0.01) fed a Western diet for 8 

weeks (Figure 1A). ApoE−/− mice had significantly higher total cholesterol levels than the 

LDLR−/− mice (p<0.01). Examining the lipoprotein composition revealed that the low-

density lipoprotein (LDL) and very low-density lipoprotein (VLDL) cholesterol levels were 

also significantly higher in the LDLR−/− (463.1±69.8.0 mg/dL) and ApoE−/− (626.2±114.2 

mg/dL) mice compared with the WT mice (28.8±1.0 mg/dL, p<0.01, Figure 1B). After 

generating the homozygous Rag1−/−/LDLR−/− and Rag1−/−/ApoE−/− we first examined their 

lipid profiles. Total serum cholesterol concentrations of the Rag1−/−/LDLR−/− (657.8±49.7 

mg/dL) and Rag1−/−/ApoE−/− (1323.3±258.1 mg/dL) mice were significantly higher than the 

Rag1−/− control mice (161.1±13.8 mg/dL, p<0.01 vs Rag1−/−/ApoE−/−, p<0.05 vs Rag1−/−/

LDLR−/−, Figure 1C). Similar to the immunocompetent mice, the total cholesterol levels 

were significantly higher in the Rag1−/−/ApoE−/− compared with the Rag1−/−/LDLR−/− mice 

(p<0.05). Rag1−/− control mice had significantly lower concentrations (25.3±2.9 mg/dL), 

than the Rag1−/−/LDLR−/− (354.7±137.6 mg/dL), and Rag1−/−/ApoE−/− (731.7±47.2 mg/dL) 

mice (p<0.05, Figure 1D).

Body weights of the immunocompetent ApoE−/− mice on high fat diet were greater than WT 

and LDLR−/− mice, consistent with previous studies (p<0.01, [20]). The body weights of the 

LDLR−/−, mice fed a western diet were consistently lower than the other mice (p<0.01, 

Figure 2A). In contrast, there were no statistically significant differences in the body weights 

of the Rag1−/−, Rag1−/−/LDLR−/− and Rag1−/−/ApoE−/− mice (Figure 2C). Rag1−/− and 

Rag1−/−/LDLR−/− mice were heavier than the immunocompetent WT and LDLR−/− mice, 

consistent with previous observations [25]. Insulin tolerance tests were performed in 

immunocompetent and immunodeficient animals and all mice were found to be insulin 

sensitive (Figure 2B, 2D). Therefore, the immunodeficient Rag1−/−/LDLR−/− and Rag1−/−/
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ApoE−/− mice maintained the dyslipidemic profile of the immunocompetent mice, with no 

difference in insulin sensitivity or body weights.

MDA-MB-231 cells and MCNeuA cells expressed high levels of the LDLR, compared with 
other cell lines and grew larger in hyperlipidemic mice

We hypothesized that circulating LDL would promote the growth of tumors with high LDLR 

expression. Therefore, we aimed to identify cell lines with high LDLR protein expression. 

Comparing human breast cancer cell lines, we found that MDA-MB-231 cells expressed 

high levels of the LDLR, compared with MCF7 and MDA-MB-468 cells (Figure 3A). 

Furthermore, we found that the murine MCNeuA cells express higher levels of the LDLR 

than the murine MVT1 breast cancer cell line (Figure 3B). We selected the MDA-MB-231 

and MCNeuA tumor cell lines for in vivo studies.

2 × 106 MCNeuA tumor cells were injected into the 4th mammary fat pad of WT, LDLR−/− 

and ApoE−/− mice fed a Western diet. Tumors were measured twice weekly. Both LDLR−/− 

and ApoE−/− mouse models of hypercholesterolemia developed larger tumors than the WT 

control mice (LDLR−/− 766.9±78.3 mm3; ApoE−/− 1189±94.5; WT: 513± 71.2 mm3) with 

the greatest increase in tumor growth being observed in the ApoE−/− mice with the highest 

serum LDL concentrations (p<0.01) (Figure 3C). Using our novel immunodeficient models 

of hypercholesterolemia, we next examined the effect of elevated circulating LDL on the 

MDA-MB-231 tumor xenografts. 5 × 106 cells were injected into the 4th mammary fat pad 

of Rag1−/−, Rag1−/−/LDLR−/− and Rag1−/−/ApoE−/− mice and tumor volume was measured 

weekly. Both Rag1−/−/LDLR−/− and Rag1−/−/ApoE−/− developed more rapid tumor growth 

than Rag1−/− mice. Tumor volumes reached ≥ 1000mm3 48 days after cell injection in the 

Rag1−/−/ApoE−/− mice, 72 days after injection in the Rag1−/−/LDLR−/− and 99 days after 

injection in the Rag1−/− mice (Figure 3D).

MDA-MB-468 cells with low LDLR protein expression in vitro have high LDLR expression in 
xenografts

We hypothesized that MDA-MB-468 cells with low LDLR expression (Figure 3A) would 

not grow larger in the hyperlipidemic mice. We injected 5 × 106 cells MDA-MB-468 cells 

into the 4th mammary fat pad of Rag1−/−/ApoE−/− and Rag1−/− mice on a Western diet. 

Surprisingly, we found that MDA-MB-468 tumors also grew more rapidly in the Rag1−/−/

ApoE−/− mice than control mice, p<0.01 (Figure 4A). Tumors volumes were also measured 

by micro-ultrasound with 3D reconstruction (Figure 4B). Tumor volumes by 3D micro-

ultrasound correlated with volume calculated by caliper measurements. We repeated the 

study in the Rag1−/−/LDLR−/− and Rag1−/− mice on regular chow (Supplementary Figure 2), 

and also found a significant increase in tumor volume in the Rag1−/−/LDLR−/− compared 

with control mice (p<0.05). We then examined the tumors for LDLR protein expression by 

western blot (Figure 4C) and immunohistochemistry (Figure 4D), and found that the tumor 

cells in xenografts had higher expression of the LDLR than tumor cells in vitro (Figure 4C, 

Figure 4D). Therefore, cells with low LDLR expression in vitro are capable of increasing 

LDLR expression in vivo.
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Silencing the LDLR in cells with high LDLR expression led to decreased tumor growth in 
mouse models of hyperlipidemia

We next silenced the LDLR in MCNeuA cells using two different shRNA sequences (M1 

and M2). After puromycin selection, LDLR knockdown was confirmed by western blot, 

showing an 80% (M1) and 75% (M2) reduction in LDLR expression (Figure 5A, Figure 

5B). We injected MCNeuA cells transduced with control shRNA, and the two LDLR 

targeting shRNA (M1 and M2) into the hypercholesterolemic LDLR−/− mice and ApoE−/− 

mice. Silencing the LDLR led to significantly smaller tumors in both mouse models of 

hypercholesterolemia (Figure 5C, Figure 5D). Immunohistochemistry staining of the tumors 

revealed heterogenous LDLR staining in the M1 and M2 knockdown tumors, compared with 

more homogenous LDLR staining in the control shRNA tumors (Supplementary 3). This 

may explain the reduction but not complete abrogation of tumor growth in the LDLR 

silenced tumors. An increase in Caspase 3 cleavage was observed in the tumors with reduced 

LDLR expression in both mouse models (Figure 5E, Figure 5F). These data support that the 

LDLR on tumor cells is an important mediator of increased tumor growth in the setting of 

hypercholesterolemia.

Failure of cells to increase LDLR expression in serum starved conditions led to increased 
cell death

To determine if upregulation of the LDLR was an important survival factor in human breast 

cancer cells, we also silenced the LDLR in MDA-MB-231 cells using two different shRNA 

sequences (H1 and H2) and achieved a 95% and 78% reduction in LDLR protein expression, 

respectively (Figure 6A, Figure 6B). We found that after 48 hours of low serum medium 

(0.3% charcoal stripped FBS) both MCNeuA and MDA-MB-231 control cells demonstrated 

increased LDLR protein expression, but cells transduced with LDLR shRNA were unable to 

upregulate the LDLR (Figure 5A, Figure 6A). No difference in cell proliferation was 

observed between control cells, and cells with LDLR knockdown when MCNeuA and 

MDA-MB-231 cells were cultured in complete medium (Figure 6C, Figure 6D). No 

differences were seen in 3D cell growth between control cells and cells with LDLR 

knockdown in either MCNeuA or MDA-MB-231 cell lines (Figure 6E, Figure 6F). However, 

prolonged serum starvation led to a significant increase in cell death (Figure 6G), and an 

increase in Caspase 3 cleavage (Figure 6H, 6I, 6J), consistent with the in vivo tumor data.

Higher LDLR in human breast cancers is associated with decreased recurrence free 
survival in women treated with systemic hormonal therapy

Using KMplot [26] and PROGgeneV2 [27], we then examined the effect of LDLR 

expression in human breast cancers on overall and recurrence free survival in publically 

available gene expression databases to determine the clinical relevance of our findings 

(Figure 7). High breast cancer LDLR expression was associated with lower overall survival, 

HR 1.8 (1.41–2.45, p1.21e-05, n=114), and recurrence-free survival, HR 2.1 (1.35–3.26, 

p0.000982, n=114) in a French cohort of women treated with tamoxifen and followed up for 

more than 5 years (GSE9893, Figure 7A, Figure 7B, [28]. Similarly, in a Canadian cohort of 

women treated with tamoxifen, high LDLR expression was associated with decreased 

recurrence free survival (Figure 7C), HR 2.75 (1.06–7.09, p=0.037, GSE9195, n=77) [29]. 
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Analyzing estrogen receptor negative tumors that had high LDLR expression in a cohort 

from the UK who received systemic chemotherapy and had 10 years of follow up [30], the 

recurrence free survival was also significantly lower in the group with high LDLR 

expression (HR 1.87 (1.05–3.33, p=0.032, n=82, Figure 7D). In the TGCA dataset, we found 

that in patients who received systemic treatment with endocrine therapy with or without 

chemotherapy, those with high LDLR expression had decreased recurrence free survival (HR 

1.5 (1.18–1.92, p=0.0011, n=1064, Figure 7E) [31]. These results suggest that higher 

expression of the LDLR is associated with resistance of cancer cells to systemic therapies.

Discussion

The results of our studies show that in immunocompetent and novel immunodeficient mouse 

models of hyperlipidemia, tumors from breast cancer cells with high LDLR expression grow 

incrementally larger with increasing serum LDL concentrations. In addition, we show that 

breast cancer cells with shRNA-mediated knockdown of LDLR expression have reduced 

tumor growth in the setting of hyperlipidemia. Our in vitro studies show that breast cancer 

cells upregulate the LDLR in the setting of serum starvation, and cells that are unable to 

upregulate the LDLR have reduced survival, and increased Caspase 3 cleavage. Furthermore, 

we show that in human breast cancers from four international cohorts, higher LDLR 

expression is associated with a worse prognosis in patients who undergo systemic therapy. 

Overall, these data support a role for elevated circulating LDL and breast cancer expression 

of the LDLR in HER2 overexpressing and triple negative breast cancer progression and 

disease-free survival.

Previous animal studies have not examined the effect of the LDLR in breast cancer 

progression, or the role of the LDLR in breast cancer cell survival in vivo. From human 

studies, tumors that contain higher levels of esterified cholesterol have been reported to be 

more aggressive, and have higher LDLR mRNA expression [32]. A small study (n=16) that 

examined the effect of chemotherapy on LDLR expression by IHC found that after 

chemotherapy a subset of tumors had reduced LDLR expression, while others had increased 

LDLR expression [33]. Circulating lipid levels were not available for these cases, and the 

study was too small to determine if LDLR expression was related to resistance to 

chemotherapy or cancer recurrence. A previous mouse study of MMTV-polyoma virus 

middle T antigen (MMTV-PyVT) transgenic mice found that adiponectin deficiency 

increased circulating LDL concentrations, tumor LDLR expression and tumor growth [14]. 

However, adiponectin may also be a tumor suppressing adipokine [34]. In vitro studies have 

found other factors that may also increase LDLR expression in certain cell lines, including 

tamoxifen [35]. Our current results imply that expression of the LDLR in breast cancer cells 

confers a survival benefit to the cells, and the inability of cells to upregulate the LDLR leads 

to cell death in the setting of serum starvation.

These results are consistent with previously published studies examining the importance of 

the LDLR in the brain and liver. LDLR deficiency in the brain was found to be associated 

with decreased proliferation and apoptosis in the hippocampus of mice [36, 37]. Increased 

apoptosis in the liver was also observed in mice lacking the LDLR [38]. Previous in vitro 
studies on breast cancer cell lines have reported that inhibiting MEK and PKC leads to 
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downregulation of the LDLR [16]. Therefore, if upregulating the LDLR is a mechanism of 

resistance to chemotherapy and endocrine therapy, also targeting specific pathways to 

downregulate the LDLR may increase the response to systemic therapy.

How exactly LDL cholesterol promotes breast cancer progression is not entirely clear. 

Cholesterol appears to have direct effects on tumor cells; it alters membrane fluidity, alters 

cell signaling, and it may be involved in driving the Warburg effect [39, 16, 40, 41]. 

Cholesterol is also converted to oxysterols, including 27-hydroxycholesterol, which acts as 

selective estrogen receptor modulators and ligand for liver × receptors (LXR) in estrogen 

receptor positive breast cancer cell lines and tumors [13]. Our current study focused on triple 

negative breast cancers and HER2 overexpressing cancers where LDLR expression was 

found to be high and alternative cholesterol-induced mechanisms may be involved. 

Cholesterol may also lead to increased tumor associated inflammation, as occurs in 

atherosclerotic lesions and in the liver in the setting of elevated LDL cholesterol [42].

Overall, our studies show that elevated LDL and high tumor cell LDLR expression are 

important for breast cancer growth, and that decreasing LDLR expression in triple negative 

and HER2 overexpressing breast cancer cells increases cell death and reduces the growth of 

tumors in the setting of hyperlipidemia. Through these mechanisms cholesterol may 

contribute to increased breast cancer recurrence and mortality in obese women.

Materials and Methods

Animal models

All animal procedures described in this paper were compliant with the current Guide of the 

Care and Use of Laboratory Animals and approval was obtained from the Icahn School of 

Medicine at Mount Sinai Institutional Animal Care and Use Committee. ApoE knockout 

(ApoE−/−) mice and LDLR knockout (LDLR−/−) mice on a Friend Virus B (FVB) 

background were provided by Dr. Jan Breslow (Rockefeller University, New York, NY) [43, 

44]. The phenotype of the ApoE−/− mice on an FVB background have been previously 

described [12, 43]. LDLR−/− mice were re-derived at the Mount Sinai Mouse Genetics and 

Gene Targeting Core Facility using wild-type FVB mice and were crossed to homozygosity. 

The Rag1−/− mice on an FVB background were given to us by Dr. Lisa Coussens (Oregon 

Health and Science University, Portland, OR). Rag1−/− mice were crossbred with the 

ApoE−/− and LDLR−/− mice to generate homozygous Rag1−/−/ApoE−/− and Rag1−/−/

LDLR−/− mice. Mouse genotype was confirmed using the following primers: ApoE primer 

1: CTCTGTGGGCCGTGCTGTTGGTCACATTGCTGACA, ApoE primer 2: 

CGCCGCTCCCGATTCGCAGCGCATCGC, ApoE primer 3: 

CTCGAGCTGATCTGTCACCTCCGGCTCTCCC; LDLR primer 1: 

AATCCATCTTGTTCAATGGCCGATC, LDLR primer 2: CCATATGCATCCCCAGTCTT, 

LDLR primer 3: GCGATGGATACACTCACTGC. Rag1 primer 1: 

AGACACAACGGCTTGCAACACAG, Rag1 primer 2: 

TGCCGAGAAAGTCCTTCTGCCAG, Rag1 primer 3: 

GTGGAATGAGTGCGAGGCCAGA. DNA electrophoresis results are shown in 

Supplementary Figure 1.
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Tumor studies were started in virgin female mice aged between 8 and 12 weeks. The mice 

were housed in the Mount Sinai Center for Comparative Medicine and Surgery (CCMS) 

facility. Mice were housed 4–5 per cage in the CCMS facility with a 7am–7pm light and 

7pm to 7am dark cycle and were fed a standard mouse chow diet (PicoLab 5053, 

Brentwood, MO, USA), or a Western high-fat/high-cholesterol (HF/HC) diet which contains 

1.25% cholesterol and 20% (gram%) fat (D12108C: Research Diets, New Brunswick, NJ, 

USA), as indicated in the studies. Animal numbers for tumor studies were based on the 

anticipated difference in growth of the tumors between the groups, and expected variance in 

the growth of the tumors in each group. Sample sizes for each experiment are detailed in the 

figure legends. For shRNA tumor studies, mice were randomly selected from the different 

genotypes of similar age assigned to the study (WT, LDLR−/− and ApoE−/−) to receive 

control, M1, or M2 shRNA MCNeuA tumor cells. No blinding of the investigator was 

performed.

Cell Culture

Human MDA-MB-231 and MDA-MB-468 were obtained from American Type Culture 

Collection (ATCC, Manassas, VA). Cell line authentication of MDA-MB-231 cells was 

performed by IDEXX Bioresearch (Columbia, MO) in October 2015. MDA-MB-468 cells 

were received from ATCC in August 2014 at passage 349. MCF7 cells originated from Dr. 

Kent Osborne at Baylor College of Medicine (Houston, TX) [45]. The MCNeuA mouse 

carcinoma cell line was established from MMTV-Neu (FVB/N) transgenic mouse tumors 

[46]. MDA-MB-231, MDA-MB-468 and MCNeuA cells were grown in Dulbecco’s 

Modified Eagles Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) 

(Invitrogen Life Technologies, Grand Island, NY), 100U/ml penicillin, 100μg/ml 

streptomycin (Mediatech, Manassas, VA). Serum starvation studies were performed using 

DMEM, 0.3% Charcoal Stripped FBS (Sigma-Aldrich, St. Louis, MO). Cells with lentiviral 

plasmid DNA were selected using puromycin and maintained in 1.5¼g/ml. Cells were 

cultured at 37C in 5% CO2. 3D culture was performed using the 3D “on-top” assay, as 

previously described (17396127 [47]).

LDLR shRNA

Glycerol stocks of lentiviral shRNA targeting LDLR were obtained from Sigma-Aldrich (St. 

Louis, MO). shRNA sequences were: control shRNA: CAACAAGATGAAGAGCACCAA, 

and LDLR shRNA human (H1) GATGAAGTTGGCTGCGTTAAT, human (H2) 

GGGCGACAGATGCGAAAGAAA, mouse (M1) AGTCGCCATTCTCCCTTAATA, mouse 

(M2) ACGGGTTCAGATGTGAATTTG. Plasmid DNA generation, HEK293FT 

transfection, and target cell lentiviral transduction were performed as previously described 

[48]. After the transduction, puromycin was used for selection of stable knockdown of the 

LDLR in the tumor cells. LDLR protein reduction was confirmed by Western Blot analysis.

Tumor Studies

2 × 106 MCNeuA, or 5 × 106 MDA-MB-231 cells or lentiviral transduced cells from these 

lines injected into mice after being resuspended in 100μL of sterile PBS. For MDA-MB-468 

cell injection, 5 × 106 cells were diluted 1:1 in PBS/Matrigel (Trevigen, Gaithersburg, MD). 

All cell lines were injected into the 4th mammary fat pad of 10–14 week old LDLR−/− and 
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ApoE−/− mice and FVB control mice (MCNeuA) or Rag1−/−/LDLR−/−, Rag1−/−/ApoE−/− 

and Rag1−/− control mice (MDA-MB-231 and MDA-MB-468), as indicated. Mice were fed 

a Western diet as indicated. Tumor measurements were made by measuring 3 dimensions 

(anterior to posterior, cranial to caudal, and lateral). The following formula was used to 

calculate tumor volume: 4/3 × pi × (length/2) × (width/2) × (depth/2). Micro-ultrasound 

(US) was performed for 3D imaging and tumor volume analysis using the Vevo 2100 (Visual 

Sonics, Toronto, Canada) micro-ultrasound system at the Mount Sinai Translational and 

Molecular Imaging Core facility.

Proliferation and survival assays

15,000 MDA-MB-231 and MCNeuA cells were plated in each well of 12-well plates and 

were placed in the incubator to adhere overnight. The following morning, medium was then 

changed to either DMEM/10% FBS/1% penicillin/streptomycin, or DMEM containing 0.3% 

charcoal stripped FBS, 1% penicillin/streptomycin. Cells were then cultured for 72 hours 

(MDA-MB-231 cells) or 96 hours (MCNeuA cells). Medium with non-adherent cells was 

collected and the adherent cells were detached using TrypLE express (Invitrogen, Carlsbad, 

CA), collected in PBS, and were added to the non-adherent cells from the same well. Cells 

were centrifuged at 1200rpm for 5 minutes. Cell pellets were resuspended in 50–100ul of 

PBS, diluted in trypan blue (1:1) and were counted using TC20 automated cell counter (Bio-

Rad, Hercules, CA).

Western Blotting

Protein isolation from cells and tumors for Western blot analysis, and the Western blot 

procedures were performed as previously described [49]. Western blot membrane images 

were captured using the Li-Cor infrared imaging system and were quantified using Licor 

Software (Li-Cor Biosciences, Lincoln, NE).

Histology and immunohistochemistry staining

Tumors were removed from the mice andfixed in 10% zinc formalin. They were paraffin 

embedded and sectioned at the Icahn School of Medicine Biorepository and Pathology Core 

Facility. Sections were deparaffinized, rehydrated, subjected to Tris-EDTA pH 9 or Sodium 

Citrate EDTA pH 6.0 antigen retrieval (microwave for 20 min). Blocking was performed in 

TBS with 0.1% Tween20 for 1 hour at room temperature, and primary antibody (LDLR 

1:500 dilution; Abcam, Cambridge, MA) was diluted in Signal Stain diluent (Cell Signaling 

Technology, Danvers, MA) and incubated overnight at 4 C. The following day sections were 

incubated with secondary antibody (SignalStain Boost Rabbit, HRP, Cell Signaling 

Technology, Danvers, MA) for 1 hour, and DAB (Immpact DAB Peroxidase substrate, 

VectorLabs, Burlingame, CA) for 5 minutes. Nuclei were stained with Harris Hematoxylin 

(Sigma-Aldrich, St. Louis, MO). Tumor sections were then washed in tap water, and briefly 

dipped in acid alcohol, followed by ammonium hydroxide. They were dehydrated in ethanol 

and xylene washes and mounted using Eukitt mounting medium (Electron microscopy 

sciences, Hatfield, PA). Images of the stained tumor sections were captured using an 

Olympus AX70 microscope.
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Antibodies

Rrimary antibodies used for Western blotting and immunohistochemistry were as follows: 

LDLR (ab52818, Abcam, Cambridge, MA), cleaved Caspase 3 (#9664 Cell Signaling 

Technology, Danvers, CA), total caspase 3 (#9662 Cell Signaling Technology, Danvers, CA) 

and β-actin (A228, Sigma-Aldrich, St. Louis, MO).

Metabolic Studies

Weekly body weights were recorded once a week from 8-weeks of age. Insulin tolerance test 

was performed on 8-week old mice after a 2 hour fast. Insulin (0.75 units/kg) was 

administered by intraperitoneal injection. Blood glucose levels were measured using a Bayer 

Contour Next Glucometer (Bayer HealthCare, Mishawaka, IN) at time 0 (immediately 

before injection) and 15, 30, and 60 minutes after insulin injection. Total serum cholesterol 

levels were measured using the Pointe Scientific Liquid Cholesterol kit (Pointe Scientific, 

Canton, MI). Low-density lipoprotein levels were measured using the Biovision HDL and 

LDL/VLDL Quantification Colorimetric Kit (Biovision, Milpitas, CA).

Statistical analysis

All data are expressed as mean ± SEM. F-test was performed to determine if groups had 

equal variance prior to performing a Student’s t-test. Student’s 2 tailed t-test and, where 

appropriate, Kruskall Wallis H Test followed by Conover post-hoc test, were used with P 
value ≤ 0.05 considered statistically significant using SPSS Statistics (IBS, Armonk, NY).

Recurrence free survival and overall survival data from human breast cancer databases

LDLR gene expression data in human breast cancer was obtained from the following 

publically available prognostic databases: PROGgene V2 [27], and KM plot [26]. Analysis 

was performed by dividing the populations into high or low LDLR expression determined by 

the median of the population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Non-fasting serum total cholesterol and (B) serum low density and very low-density 

lipoprotein levels from wild type (WT) control, LDLR knockout (LDLR−/−) and ApoE 

knockout (ApoE−/−) mice on western diet. (C) Non-fasting serum total cholesterol and (D) 

low density and very low-density lipoprotein) levels from Rag1−/− control, Rag1−/−/

LDLR−/− and Rag1−/−/ApoE−/− mice on western diet (n=4 (Rag1−/−/ApoE−/−), n=10 

Rag1−/− and Rag1−/−/LDLR−/− per group). Graphs represent the mean of each group, error 

bars are SEM, *p value <0.05, ** p value <0.01 between groups as indicated.
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Figure 2. 
(A) Body weights of WT, LDLR−/− and ApoE−/− mice after 4 weeks of western diet feeding 

at start of tumor study (n=15 per group). (B, D) Insulin tolerance test performed on mice that 

were fasted for 2 hours prior to the injection of 0.75units/kg of regular human insulin (n=4 

WT, LDLR−/−, ApoE−/− per group, n=5 Rag1−/−, Rag1−/−/LDLR−/− per group). (D) Body 

weights of Rag1−/−, Rag1−/−/LDLR−/− and Rag1−/−/ApoE−/− mice after 4 weeks of 

postpubertal western diet feeding, prior to tumor cell injection (n=Rag1−/−/ApoE−/−:4, 

Rag1−/− and Rag1−/−/LDLR−/−:10 per group). * p value <0.05, **p value <0.01 between 

groups as indicated. Graphs represent the mean of each group, error bars are SEM.
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Figure 3. 
(A) Western blot of LDLR expression in protein lysates from human MDA-MB-231, MDA-

MB-468 and MCF7 cells after growth in DMEM with 10% FBS and 1% penicillin 

streptomycin (FBS) or cells serum starved in DMEM with 0.1% BSA and 1% penicillin/

streptomycin overnight (SFM). Beta actin was used as loading control (B) Western blot of 

LDLR expression in protein lysates from murine MCNeuA and MVT1 cell lines. (C) 

MCNeuA tumor volume in WT, LDLR−/− and ApoE−/− mice after orthotopic injection of 2 

× 106 cells on day 0 (n=7 (WT), n=10 per group (LDLR−/−, ApoE−/−)). (D) MDA-MB-231 

tumor volume in Rag1−/−, Rag1−/−/LDLR−/− and Rag1−/−/ApoE−/− mice after tumor cell 

injection into the 4th mammary fat pad on day 0 (n=4 Rag1−/−/ApoE−/−, n=9 Rag1−/− and 

Rag1−/−/LDLR−/− per group). Graphs are the mean of each group, error bars represent SEM. 

* p value <0.05, ** p value <0.01 between groups as indicated.
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Figure 4. 
(A) MDA-MB-468 tumor volume in Rag1−/− and Rag1−/−/ApoE−/− mice after tumor cell 

injection into the 4th mammary fat pad on day 0 (n=5 per group). Graphs are the mean of 

each group, error bars represent SEM. * p value <0.05 between groups. (B) Representative 

micro ultrasound images of tumors from Rag1−/− and Rag1−/−/ApoE−/− with 3D 

reconstruction of tumors for volume measurement. (C) Western blot analysis of LDLR 

expression in protein lysates from MDA-MB-468 tumors from Rag1−/−/ApoE−/− mice, and 

MDA-MB-468 cells grown in complete growth media. Protein lysates from WT and LDLR 

knockout (LDLR−/−) liver were used as positive and negative controls for the LDLR, 

respectively. (D) Representative immunohistochemistry staining of MDA-MB-468 tumor 

xenografts from Rag1−/− and Rag1−/−/ApoE−/− mice. Positive staining is in the upper panels, 

negative controls (without primary antibody) are in the lower panels. Positive and negative 

images were taken at 40× objective. Inserts are cropped magnified images from upper 

panels.
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Figure 5. 
(A) Representative western blot comparing LDLR protein expression in MCNeuA control 

(Ctrl) cells, and cells transduced LDLR shRNA M1 and M2 sequences in serum starved 

medium (SSM) for 48 hours compared with cells grown in complete medium (CM). (B) 

Quantification of western blot of control, and M1, and M2 LDLR expression/beta actin by 

densitometry (n=3 per group). Expression is quantified relative to the LDLR/beta actin 

expression in the control cells. (C) The volume of MCNeuA tumors with control shRNA, or 

LDLR targeting shRNA (M1, M2) grown in hyperlipidemic LDLR−/− mice (n=10 control 

shRNA and M1, n=8 M2 shRNA per group). (D) The volume of MCNeuA tumors with 

control shRNA, or LDLR targeting shRNA (M1, M2) grown in hyperlipidemic ApoE−/− 

mice (n=10 per group). (E) Densitmetry quantification of cleaved Caspase 3/beta actin 

expression in control shRNA, M1, and M2 LDLR shRNA from tumor protein lysates from 

LDLR−/− mice. (F) Densitometry quantification of cleaved Caspase 3/beta actin expression 

in control shRNA, M1, and M2 LDLR shRNA in tumor protein lysates from LDLR−/− mice. 

All graphs are the mean of each group, error bars represent SEM. * p<0.05, ** p<0.01 

between groups as indicated.
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Figure 6. 
(A) Western blot comparing LDLR protein expression in MDA-MB-231 control (Ctrl) cells, 

and cells transduced LDLR shRNA H1 and H2 sequences in serum starved medium (SSM) 

for 48 hours compared with cells grown in complete medium (CM). (B) Quantification of 

western blot of control, and M1, and M2 LDLR expression/beta actin by densitometry (n=3 

per group). (C) Live cell count of MDA-MB-231 cells after 72 hours of proliferation in 

complete medium. White bars represent 15,000 cells that were plated on day 0. Black bars 

represent the mean cell count for each group after 72 hours. (D) Live cell count of MCNeuA 

cells after 96 hours of proliferation in complete medium. White bars represent 15,000 cells 

that were plated on day 0. Black bars represent the mean cell count for each group after 96 

hours. (E) Representative images of 3D “on top” cultures of MDA-MB-231 cells and (F) of 

MCNeuA cells after 5 days. (G) MDA-MB-231 live cell counts after trypan blue exclusion 

after 96 hours of cell growth in serum deficient medium (DMEM with 0.3% charcoal 

stripped FBS). White bars represent the number of cells seeded per well in a 12 well plate 

black bars represent the number of cells present after 96 hours. (H) Representative Western 

blot analysis of cleaved Caspase 3 in MDA-MB-231 cells with control shRNA (Ctrl), and 

LDLR targeting shRNA (H1, H2) after 48 hours of serum starvation in DMEM, 0.3% 
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charcoal stripped FBS, 1% penicillin/streptomycin. (I Densitometry quantification of 

cleaved Caspase 3/beta actin in MDA-MB-231 cells and (J) MCNeuA cells from Western 

blots of protein lysates from control (Ctrl) and LDLR shRNA infected cells (H1, H2; M1, 

M2, respectively) after 48 hours of serum starvation in DMEM 0.3% charcoal stripped FBS, 

1% penicillin/streptomycin. Densitometry graphs are the mean of each group relative to the 

expression level of the control (Ctrl) group. Graphs are the mean of each group, error bars 

represent SEM. * p<0.05 between groups as indicated.
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Figure 7. 
Overall survival and recurrence free survival (RFS) Kaplan Meier plots generated using 

PROGgene V2 (A–D) and KMplot (E). LDLR expression was divided into high and low 

expression by the median of the population. Red lines represent the group with high LDLR 

expression, green (A–D) or black (E) lines represent the group with low LDLR expression. 

Hazard ratios (HR), 95% confidence intervals and p values are shown below the graphs. 

GSE numbers are the National Center for Biotechnology Information (NCBI) Gene 

Expression Omnibus (GEO) accession numbers.
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