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Abstract

Purpose—We previously showed that high-density lipoprotein (HDL) radiosensitizes 

inflammatory breast cancer (IBC) cells in vitro and is associated with better local control after 

radiotherapy in IBC patients. The microRNA miR-33 family negatively regulates ABCA1. We 

hypothesized that variation in miR-33a expression in IBC cancer cells vs non-IBC cells correlates 

with radiation sensitivity following exposure to HDL in vitro.

Materials and Methods—miR-33a expression was analyzed by reverse transcriptase–

polymerase chain reaction in four cell lines representing common clinical breast cancer subtypes. 

Overexpression and knockdown of miR-33a was demonstrated via transfection of miR-33a mimic, 

or anti-miR-33a constructs in high and low expressing miR-33a cell lines. Clonogenic survival in 
vitro in these cells was quantified at baseline and following HDL treatment. MiR-33a expression 

on distant relapse-free survival (DRFS) of 210 cases downloaded from the Oxford breast cancer 

dataset was determined.

Results—Expression levels of miR-33a was lower in IBC cell lines and IBC tumor samples 

compared with non-IBC cell lines and normal breast tissue. Cholesterol concentrations in the cell 

membrane was higher in IBC cells compared with non-IBC cells. Clonogenic survival following 

24 hours of HDL treatment was decreased in response to irradiation in the low miR-33a–

expressing cell lines, SUM 149 and KPL4, but survival following HDL treatment decreased in the 

high miR-33a–expressing cell lines, MDA-MB-231 and SUM 159. In the high miR-33a–
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expressing cell lines, anti-miR-33a transfection decreased radiation resistance in clonogenic 

assays. Conversely, in the low miR-33a–expressing cell lines, miR-33a mimic reversed the HDL-

induced radiosensitization. Breast cancer patients in the top quartile based on miR-33a expression 

had markedly lower rates of DRFS than the bottom quartile (p= 0.0228, log-rank test). For breast 

cancer patients treated with radiation, high miR-33a expression predicted for worse overall 

survival (p=0.06).

Conclusions—Our results reveal miR-33a negatively regulates HDL-induced radiation 

sensitivity in breast cancer.
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Introduction

We previously demonstrated inflammatory breast cancer (IBC) patients taking a statin (a 

drug that lowers serum cholesterol level) had lower local recurrence rates following 

radiation therapy than patients not taking a statin, and preclinical studies showed that statins 

radiosensitized both IBC and non-IBC cells [1]. A follow-up study from the same patient 

cohort demonstrated IBC patients with a higher than normal level of high-density lipoprotein 

(HDL, which transports cholesterol from peripheral tissues to the liver), had higher local 

control after radiation than patients with a lower than normal HDL level. On multivariate 

analysis HDL and vLDL were significant predictors for local control, while statin use was 

no longer significant once lipoproteins were included in the model. In vitro studies showed 

that treatment of IBC cell lines with HDL led to increased radiation sensitivity [2]. This 

work suggested that the influence of statins was through the effect on lipoproteins over 

intracellular signaling or off-target effects.

Preclinical studies have supported the role of cholesterol regulation in breast cancer 

progression, mostly in estrogen receptor–positive (ER+) subtypes [3–5]. The mechanism by 

which cholesterol promotes radiation resistance is at this time not clearly understood. 

Broadly speaking HDL is expected to mediate reverse cholesterol transport removing both 

intracellular and membrane cholesterol. The main mediators of cholesterol efflux from 

intracellular to extracellular HDL as well as extraction of cholesterol from lipid rich 

membrane regions are the adenosine triphosphate–binding cassette (ABC) transporters 

ABCA1 and ABCG1 [6].

MicroRNAs (miRNAs) are noncoding small RNAs that repress translation and cleave 

mRNA by binding to the 3′-untranslated region of their target gene [7]. MiR-33 is known to 

inhibit the expression of cholesterol transport genes, including ABCA1 and ABCG1 [8]. 

Given the dependence of HDL on these membrane proteins to extract cholesterol from cells, 

we hypothesized that expression of miR-33 inhibits HDL-induced breast cancer 

radiosensitivity by inhibiting ABCA1 and preventing HDL mediated cholesterol extraction. 

We tested our hypothesis by manipulating the expression of miR-33 in high and low 

miR-33–expressing breast cancer cell lines and testing radiation sensitivity in these lines in 
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the presence or absence of HDL. Our results indicate that miR-33a decreases HDL-induced 

radiosensitivity in vitro.

Materials and Methods

Cell culture and drugs

SUM149 and SUM159 cells were obtained from Asterand (Detroit, MI). Both types of cells 

were cultured in Ham F12 medium supplemented with 10% fetal bovine serum (FBS). 

KPL4 IBC cells were maintained in DMEM/F-12 medium supplemented with 10% FBS. For 

all experiments including lipoproteins, serum was not added to the medium to prevent 

contamination/confounding of the results by the cholesterol and lipoprotein contained in 

FBS.

RNA isolation and miRNA PCR

Total RNA was isolated from the cell lines by using Trizol reagent (Invitrogen, Grand Island, 

NY) according to manufacturer’s protocol. To isolate the miRNAs, RNA isolated from cell 

lines was reverse-transcribed to cDNA using the TaqMan MicroRNA Reverse Transcription 

kit (Applied Biosystems, Foster City, CA) following the manufacturer’s instructions and 

subjected to polymerase chain reaction (PCR) in a Thermal Cycler (BioRad, Hercules, CA) 

at 16°C for 30 minutes, 42°C for 30 minutes, and 85°C for 5 minutes. The expression levels 

of mature miR-33a was measured by quantitative reverse-transcription PCR (qRT-PCR) 

using TaqMan MicroRNA assays (Applied Biosystems) according to the manufacturer’s 

instructions. The reaction was performed in a 7300 real-time PCR system (Applied 

Biosystems) at 95°C for 10 minutes and 40 cycles at 95°C for 15 seconds and 60°C for 60 

seconds. U6 was used as a reference.

Immunoblotting

For immunoblotting, cells were subjected to lysis in 1× RIPA lysis buffer containing 1 μM 

phenylmethylsulfonyl fluoride, and 40 μg of protein was subjected to electrophoresis on 

sodium dodecyl sulfate–polyacrylamide gels with a concentration gradient of 4% to 20% 

(Invitrogen). Membranes were incubated with primary antibodies anti-ABCA1 (Novus 

Biologicals, Littleton, CO). Actin antibody was used as a loading control.

miR-33a, anti-miR-33a, and si-ABCA1 transfection

SUM149 and KPL4 were transfected with 40 nM miRIDIAN miR-33a mimic (miR-33a) 

and SUM159 and MDA-MB-231 cells with 60 nM miRIDIAN miRNA inhibitor (anti-

miR-33a) (Dharmacon, Lafayette, CO), utilizing Oligofectamine (Invitrogen), for 72 hours. 

All control samples were treated with an equal concentration of a non-targeting control 

mimic sequence or negative control inhibitor sequence to detect non–sequence-specific 

effects. miR-33a overexpression and knockdown were verified by using qRT-PCR as 

described above. siRNA targeting ABCA1 and nontargeting siRNA were purchased from 

ThermoFisher (Cat# AM16708). SUM149 and KPL4 cells were transfected with the siRNAs 

using TransIT-TKO Transfection Reagent (Mirus) according to the manufacturer’s protocol. 

72 hours after transfection, cells were washed collected for analysis of ABCA1 levels by 

western blotting and assayed for clonogenic survival.
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Clonogenic survival assays

Clonogenic viability of the breast cancer cells was tested in triplicate in standard monolayer 

conditions. Following 72 hours of miR-33a, anti-miR-33a, or si-ABCA1 transfection, cells 

were washed with phosphate-buffered saline solution (PBS) and supplemented with serum-

free medium with or without 10 μg/mL of HDL for a total of 24 hours. After treatment with 

HDL, cells were irradiated and then incubated for 14 days. Cells were then subjected to 

crystal violet staining (10%) to mark colonies with 50 cells or more (≥300-μm diameter). 

Survival curves were obtained for all groups, and curves were fitted on the basis of the 

linear-quadratic model. Cells were irradiated by using a 137Cs source (Shepherd Irradiator, 

J.L. Shepherd and Associates, San Fernando, CA).

Patient outcomes

The Oxford breast cancer dataset [10] was downloaded from the U.S. National Center for 

Biotechnology Information (NCBI) GEO website (GSE22216). Expression values for 

miR-33a (Probe set id = ILMN_3167691) and clinical characteristics for 210 cases were 

extracted. These data were subjected to a Cox regression model for distant recurrence-free 

survival duration (DRFS) with inclusion of the following covariates: patient age, tumor size 

and grade, nodal involvement, ER expression, and quartile of miR-33 expression.

Microarray analysis

Fifty-three patients treated between 1997 and 2011 at XXX with available fresh frozen 

breast tissue were identified from the XXX IBC registry and institutional tissue bank, and 

used in the microarray study. The miRNA and mRNA microarray analysis were performed 

with miRNA 3.0 Array and U133 Plus 2.0 Array Human Genome Genechip (Affymetrix) 

systems according to the manufacturer’s instructions by the Sequencing and Non-coding 

RNA Program core at XXX. MiRNA microarrays were normalized and quantified using the 

Robust Multiarray Analysis (RMA) algorithm that borrows strength across arrays. 

Normalized and quantified intensities were log (base 2) transformed.

Statistical analysis

For in vitro studies, statistical significance of differences between groups was determined by 

using the Student t-test and calculated by Origin software (OriginLab, Northampton, MA).

Results

miR-33a expression is lower in IBC cells and tissues compared with non-IBC cells and 
tissues

We first set out to determine the expression levels of miR-33a in both IBC and non-IBC 

breast cancer cell lines. The non-IBC triple negative breast cancer cell lines, SUM 159 and 

MDA-MB-231, had 132 and 672 fold higher expression of miR-33a by RT-PCR, 

respectively, compared with the IBC cell lines SUM 149 and KPL4 (Fig 1A). As ABCA1 is 

a known target of miR-33 [9], we next tested the expression levels of this protein in these 

cells through western blotting. Expression of ABCA1 protein was inversely correlated with 

miR-33a RNA expression in both the IBC and non-IBC cells (Fig. 1B). Using a miRNA 
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microarray of miR-33a in human breast tissue samples, miR-33a expression was lower in 

IBC compared with locally advanced breast cancers (LABC) (p=0.44) and normal breast 

tissue (p=0.063) (Fig 1C). We next performed lipidomics on the low miR-33a/high ABCA1 

SUM 149 cell line and the high miR-33a/low ABCA1 SUM 159 cell line. At baseline, SUM 

149 contains more cholesterol in the cellular membrane compared with SUM 159. After 24 

hours of treatment with HDL, the percentage of cholesterol is reduced in SUM 149, but is 

increased in the SUM 159 cells (Fig 1D). These results further show IBC and non-IBC cells 

have differences in cellular cholesterol regulation.

Targeting miR-33a and ABCA1 expression and HDL-induced radiation response

To investigate the role of miR-33a in radiation sensitivity of breast cancer cells in response 

to HDL, we knocked down miR-33a in SUM159 and MDA-231, two breast cancer cell lines 

that express miR-33a endogenously (Fig. 1A). Antagonism of endogenous miR-33a 

decreased miR-33a miRNA levels and increased ABCA1 protein expression in both cell 

types (Fig. 2A, B). Cells treated with non-target controls showed increased resistance to 

radiation with treatment of HDL compared with PBS. The transfection of miR-33a inhibitors 

resulted in radiosensitization of MDA-MB-231 and SUM 159 cells when treated with HDL 

(Fig. 2C, D).

Next, transfection of SUM149 and KPL4 (low miR-33a–expressing cells) with miR-33a 

mimic increased miR-33a miRNA expression but decreased ABCA1 protein expression 

(Fig. 3A, B). Cells treated with non-target controls showed decreased resistance to radiation 

with treatment of HDL compared with PBS. Overexpression of miR-33a resulted in the 

inhibition of HDL-induced radiosensitization seen previously. Transfection of SUM149 cells 

with miR-33a mimic increased radiation resistance in the clonogenic survival following 

HDL treatment (Fig. 3C), and a similar result was observed in KPL4 cells (Fig. 3D). These 

results demonstrated that miR-33a negatively regulates the radiation response to HDL in the 

breast cancer cells examined.

To examine whether the target of miR-33a, ABCA1, is responsible for the effects previously 

observed, we knocked down ABCA1 in SUM 149 and KPL4 cells. SiRNA targeting of 

ABCA1 successfully knocked down the protein expression in both SUM 149 and KPL4 

(Fig. 4A, B). As observed previously with miR-33 mimics, the knockdown of ABCA1 

resulted in increased radiation resistance when treated with HDL in both cell lines. In the 

non-targeted siRNA transfected cells, treatment with HDL resulted in radiosensitization (Fig 

4C, D). These results show that inhibition of ABCA1 is the mechanism through which 

miR-33a decreases HDL-induced radiosensitization.

miR-33a expression in breast cancer patients predicts for survival outcomes

To explore the clinical significance of miR-33 expression, we examined a previously 

published dataset from the NCBI GEO [10]. Radiotherapy was delivered in 84% of cases. 

The 210 cases analyzed were separated into four quartiles based on miR-33a expression 

(Fig. 5A). We tested for differences (log-rank test) in distant recurrence free survival (DRFS) 

by miR-33a expression quartile and found a significant difference in DRFS between the 

highest and lowest quartiles (p=0.0228) (Fig. 5B). Cox regression model was performed for 
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DRFS with inclusion of following covariates: age, size, nodes, ER status, grade, and quartile 

of miR-33. Multivariate Cox regression analysis for DRFS revealed that patients in quartile 

4 (greatest miR-33a expression) had a DRFS hazard ratio of 2.0 relative to quartile 1. This 

trend approached significance (p=0.076).

Furthermore, total RNA isolated from fresh frozen tissue of the primary tumors of 47 breast 

cancer tissue and 12 normal breast tissue samples from 53 patients was subjected to miRNA 

microarray analysis. Clinical outcome data and radiation treatment information was 

available for the breast cancer patients. MiR-33a expression in the breast cancer samples was 

compared with normal breast tissue. High miR-33a expression in patients predicted for 

shorter overall survival in breast cancer patients treated with radiation therapy (Fig. 6A) 

(p=0.065). There was no difference in overall survival in patients not treated with radiation 

between the two groups (Fig. 6B) (p=0.247).

Discussion

In this study, we report for the first time that miR-33a inhibits cholesterol transport protein 

ACBA1 in breast cancer cell lines as has been reported in normal cells such as macrophages. 

Further, we demonstrate that expression of miR-33a was inversely correlated with HDL-

induced radiation sensitivity in breast cancer cells. Our results support the importance of 

HDL mediated reverse cholesterol transport in breast cancer cell response to radiation 

therapy. Additional studies of ABCA1 as a biomarker for response to HDL directed 

radiosensitization strategies are warranted. ABCA1 deficiency in cancer cells was shown to 

increase cellular cholesterol, leading to increased cell survival [11]. In prostate cancer, 

hypermethylation of the ABCA1 promoter, which led to elevated cholesterol levels, was 

detected in high-grade prostate cancers but not in normal prostate tissues [12]. MiR-33 

silencing in vivo increased hepatic expression of ABCA1 and plasma HDL levels [13]. 

Additional studies showed that miR-33 can promote glioma-initiating cells [14] and was 

upregulated in patients with chemoresistant osteosarcoma [9, 15].

The regulation of intracellular cholesterol is complex and is influenced by genetic factors 

and by posttranscriptional mechanisms [16]. MiR-33 is expressed in various cell types and 

tissues, and is a key regulator of cholesterol homeostasis by regulating the cholesterol 

transporters that remove cholesterol stores from cells to HDL lipoproteins [9]. Transcription 

of miR-33 is stimulated under low sterol conditions and represses genes, including ABCA1 
and ABCG1, which are involved in cholesterol export [13]. Indeed, miR-33 control of both 

liver HDL biosynthesis and cellular efflux of cholesterol to nascent HDL particles has been 

shown by in vivo manipulation of miR-33 levels leading to changes in both circulating HDL 

levels and cellular cholesterol concentrations [13]. ABCA1 functions as the primary 

gatekeeper in regulating removal of excess free intracellular cholesterol from cells such as 

macrophages by effluxing cellular cholesterol to lipid-free apoA-1, resulting in the 

formation of HDL particles [17]. Some studies suggest these ABCA1 and a similar 

cholesterol efflux transporter ABCG1 are preferentially expressed in lipid rich membrane 

regions and also facilitate removal of lipid from the membrane surrounding these proteins in 

addition to channeling cholesterol form the intracellular space [17]. ABCA1 is known to be 
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associated with HDL from the observation that patients with ABCA1 mutations (i.e., Tangier 

disease) have a deficiency in plasma HDL [18].

Another important observation was that HDL induced radioprotection in high miR-33a 

expressing cell lines, but radiosensitization in low miR-33a cell lines. This was also 

confirmed in the low miR-33a expressing cells that were transfected with miR-33a mimics 

or siRNA targeting ABCA1. The possible reasoning is complex. First, the miRNA 

microarray on breast cancer tissues and PCR for miR-33a on cells lines showed IBC express 

less miR-33a than both normal tissue and other advanced breast tumors. Secondly, we sent 

IBC and non IBC cells, treated and untreated with HDL, to a lipidomics core that specializes 

in measuring lipid content of cell membranes. The IBC cell line had at baseline higher 

percentage of cholesterol in the plasma membrane compared with the non-IBC cells. The 

IBC cells, low miR-33a expressing, decreased the percentage content of cholesterol in the 

cellular membrane following HDL treatment. In contrast, the non IBC cell line, high 

miR-33a, increased the percentage of cholesterol in the cellular membrane following the 

HDL treatment (Fig 1D). Third, we know from other studies that IBC cells have a unique 

regulation of cellular cholesterol compared to non IBC cells. IBC cells have the ability to 

maintain intracellular cholesterol in lipid depleted environments [19]. Fourth, our group and 

others have shown that increased membrane cholesterol concentrations enhance downstream 

signaling pathways that increase DNA repair and increase radiation resistance [2]. We 

believe that cells that have high miR-33a expression downregulate the ABCA1 transporter 

and therefore in the presence of HDL the cholesterol is inserted into the membrane instead 

of effluxed out of the cell to be picked up by HDL. This can lead to increased radiation 

resistance. This is further supported by our clonogenic assays of miR-33a mimics and 

ABCA1 knockdown IBC cells that had the highest radiation resistance with HDL treatment.

In conclusion, our results reveal that miR-33 decreases HDL-induced radiosensitivity in 

vitro, and cholesterol transport might be a novel way to target the disease of IBC.
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Previous studies showed the mediator of cholesterol transport, high-density lipoprotein 

(HDL), increased radiation sensitivity in vitro of breast cancer cells and high HDL levels 

predicted for protective outcomes in breast cancer patients. This study investigates a 

mediator in cholesterol export, miR-33a, and its influence on breast cancer response to 

high-density lipoprotein (HDL)-induced radiosensitization. We showed that miR-33a 

regulates HDL-induced radiation sensitivity in breast cancer and high miR-33a 

expression predicted for worse distant relapse-free survival.
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Figure 1. 
Expression of miR-33a and the protein product of its target gene ABCA1 in breast cancer 

cells. (A) miR-33a expression was higher in non-IBC cell lines (SUM159 and MDA-231) 

than in IBC cell lines (KPL4 and SUM149). (B) Expression of ABCA1 was higher in KPL4 

and SUM149 cells than in SUM159 and MDA-231 cells. (C) miRNA microarray from 

human tissue showing miR-33a expression in IBC vs LABC vs normal breast. (D) 

Cholesterol in the cell membrane as a percentage of total lipid content in SUM 149 and 

SUM 159 cells before and after 24 hours of HDL treatment (10 μg/mL). Significant 

differences are shown as follows: *, P < 0.05 for unpaired 2-tailed Student’s t-test (n = 3).
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Figure 2. 
Inhibition of miR-33a increases HDL-induced radiosensitization. (A, B) Knockdown of 

miR-33a in SUM159 and MDA-MB-231 cell lines resulted in greater ABCA1 expression 

than in cells transfected with control oligonucleotides. (C, D) Clonogenic survival assays of 

miR-33a knockdown MDA-MB-231 and SUM159 breast cancer cells irradiated at different 

doses (x axis) with or without HDL pretreatment. HDL pretreatment comprised incubation 

for 24 hours with HDL 10 μg/mL. After irradiation, colonies were allowed to form for 14 

days. The surviving fractions with PBS or HDL at each dose of radiation are shown. Data 

represented as mean +/− standard deviation. Significant differences are shown as follows: *, 

P < 0.05 for unpaired 2-tailed Student’s t-test (n = 3).
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Figure 3. 
Ectopic expression of miR-33a inhibits HDL-induced radiosensitization. (A, B) 

Overexpression of miR-33a via transfection of miR-33 mimic in SUM149 and KPL4 cells 

resulted in lower ABCA1 expression than non-target transfection. (C, D) Clonogenic 

survival assays of miR-33a–overexpressing SUM149 and KPL4 breast cancer cells 

irradiated at different doses (x axis) with or without HDL pretreatment. HDL pretreatment 

comprised incubation with HDL 10 μg/mL for 24 hours. After irradiation, colonies were 

allowed to form for 14 days. The surviving fractions at each dose of radiation are shown. 

Data represented as mean +/− standard deviation. Significant differences are shown as 

follows: *, P < 0.05 for unpaired 2-tailed Student’s t-test (n = 3).
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Figure 4. 
Knockdown of ABCA1 inhibits HDL-induced radiosensitization. (A, B) SUM 149 and 

KPL4 transfected with si-ABCA1 resulted in knockdown of ABCA1 protein expression 

measured by western blotting. (C, D) Clonogenic survival assays of ABCA1 knockdown 

SUM149 and KPL4 breast cancer cells irradiated at different doses (x axis) with PBS or 

HDL pretreatment (10 μg/mL). After irradiation, colonies were allowed to form for 14 days. 

The surviving fractions at each dose of radiation are shown. Data represented as mean +/− 

standard deviation. Significant differences are shown as follows: *, P < 0.05 for unpaired 2-

tailed Student’s t-test (n = 3).
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Figure 5. 
High serum miR-33a level is associated with worse outcome in breast cancer patients. (A) 

Expression of miR-33a in tumors from 210 patients whose data were downloaded from the 

Oxford breast cancer dataset was separated into four quartiles. (B) Kaplan-Meier curves 

representing distant recurrence–free survival (DRFS) for each miR-33a quartile.

Wolfe et al. Page 14

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
High miR-33a expression levels are associated with poor overall survival in breast cancer 

patients treated with radiation therapy. (A) Kaplan-Meier curves showing high miR-33a 

levels (green curves) were associated with shorter overall survival in breast cancers treated 

with radiation. (B) Kaplan-Meier curves for overall survival in the breast cancer patients not 

treated with radiation comparing high vs low miR-33a expression.
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