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Introduction: Aberrant acquisition of lipoprotein cholesterol remains a hallmark feature of breast cancer biology. Low- and high- 
density lipoprotein receptors (LDLR and scavenger receptor class B type 1 (SR-B1)) are often upregulated to facilitate the tumor cells' 
high demand for cholesterol. To date, few attempts have been made to therapeutically exploit the high activity of lipoprotein receptors 
in breast cancer cells.
Methods: In the present study, we examined the utility of engineered low-density lipoprotein nanoparticles to deliver the natural 
anticancer omega-3 fatty acid docosahexaenoic acid (LDL-DHA) across a panel of breast cancer cells.
Results: Our data showed that LDL-DHA nanoparticles were avidly taken up (KD 28 µg/mL to 1.9 µg/mL) and cytotoxic to all breast 
cancer subtypes (LD50 52.2 µM to 4.7µM), with triple negative breast cancer cells showing some of the highest uptake and sensitivity 
to LDL-DHA. Follow-up receptor knockout studies in MDA-MB-231 cells revealed that LDL nanoparticle uptake is mediated by both 
LDLR and SR-B1. These receptors were shown to operate concurrently as well as in a compensatory manner to ensure ample uptake 
of LDL is maintained. Double knockout of LDLR and SR-B1 significantly impeded LDL nanoparticle uptake (<50%) and protected 
against LDL-DHA cytotoxicity (viability >70%).
Conclusion: In summary, our studies have shown that malignant cell dependence upon cholesterol acquisition can be exploited for 
lipoprotein–based drug delivery to breast cancer cells. Furthermore, the capacity of LDL nanoparticles to target both LDLR and SR-B1 
ensures this as an efficient drug delivery platform against breast cancer cells.
Keywords: breast cancer, low density lipoprotein, docosahexaenoic acid, nanoparticle, multi-receptor

Introduction
Aberrant lipid metabolism is widely recognized as a critical process in breast cancer development and progression.1–3 

Dysregulated cholesterol homeostasis is one of the most widely documented perturbations of lipid metabolism in oncology, 
encompassing reports from both basic and clinical findings.4,5 The dual nature of cholesterol to serve as both a driver6 and 
nutrient7 in cancer complicates the interpretation of epidemiological findings, such that a consistent association between 
serum cholesterol and breast cancer risk is difficult to conclude. The potential role of cholesterol as a driver of breast 
malignancy arises from its capacity to crosstalk with estrogen signaling pathways.6 Cholesterol and its derivatives also play 
a role in breast cancer cell signaling by activating the estrogen receptor, estrogen-related receptors, hedgehog signaling, and 
G-protein-coupled receptors.8–11 It would follow that having an abundance of cholesterol or its derivatives would be 
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particularly beneficial for ER+ breast cancer, as the estrogen receptor is the main oncogenic driver in these tumors.12 

HER2+ and TNBC also benefit from the presence of cholesterol as many oncogenic drivers localize to lipid rafts, which are 
membrane domains composed of high concentrations of cholesterol and sphingolipids.13–16 Induction of HER2 signaling is 
greatly enhanced when localized in these cholesterol-enriched rafts.17 In the case of triple negative breast cancer, drivers 
such as EGFR, Pi3k, and AKT associate with lipid rafts to facilitate their oncogenic signaling.14,18–21 While not innately 
oncogenic, lipid rafts do seem to play an essential role in oncogenic transformation, facilitating the clustering of various 
oncogenic proteins and drivers, thereby enabling coordinated oncogenic signaling.22,23

Cholesterol also serves as a principal nutrient in cancer, enabling a host of biological functions.17,19,24 Cancer cells 
can acquire cholesterol through two pathways: sequestering exogenous cholesterol and de novo biosynthesis. In breast 
cancer, tumors that have higher expression of HMG-CoA reductase tend to be less aggressive.25,26 Conversely, tumors 
that rely on acquiring cholesterol from their environment often disrupt circulating serum cholesterol homeostasis.27–29 So 
much so that reports of hypocholesterolemia have been reported among patients with advanced malignancies.30,31 These 
findings infer that as tumors grow, their need for cholesterol increases exponentially to sustain their growth.31,32 It 
follows that low levels of serum cholesterol can be normalized with effective anti-tumor therapy, as demonstrated in 
breast cancer and other tumor types.33

Low-density and high-density lipoproteins (LDL and HDL) are primary transporters of cholesterol in mammalian 
systems.34 As such, they are actively sequestered by malignant cells through the overexpression of LDL and HDL 
receptors to acquire cholesterol.35,36 In fact, breast tumors that express higher levels of LDLR are more aggressive, and 
these patients experience shorter recurrence-free survival.4,37 Similar relationships have been seen with the HDL 
receptor, as in vitro treatment of breast cancer cells with HDL has been shown to induce tumor cell proliferation.38 In 
patients, tumors that express high levels of the HDL receptor, the Scavenger receptor class B type 1 (SR-B1), have more 
aggressive tumors and poorer prognosis.39,40 Thus, tumors that rely on exogenous cholesterol demonstrate more 
aggressive biology, while those that rely solely on internal cholesterol synthesis trend towards less aggression. The 
current investigation aims to leverage the aforementioned perturbations in tumor lipid metabolism in a novel therapeutic 
approach against breast cancer. Our laboratory has engineered a novel biologic platform consisting of serum low-density 
lipoprotein (LDL) and the natural omega-3 polyunsaturated (PUFA) docosahexaenoic acid (DHA). We have previously 
demonstrated that this particle is able to elicit selective anticancer effects in hepatocellular carcinoma cell lines and 
preclinical models.41,42 Omega-3 PUFAs are known to have significant anti-proliferative and apoptotic effects on breast 
cancer cells.43,44 These natural fatty acids are cited to exert these effects through activation of multiple pro-apoptotic 
pathways that include but are not limited to: the regulation of Bac and Bcl-2 proteins; mitochondrial release of 
cytochrome c and the activation of caspases; cleavage of PARP; and PPAR-γ mediated upregulation of syndecan-1.45– 

47 By exploiting the intrinsic sensitivity of breast cancer cells to omega-3 PUFAs and their dependence on cholesterol 
uptake, the LDL-DHA-based nanoparticle should enable a highly effective anticancer strategy against breast cancer cells.

Materials and Methods
Cell Lines and Cell Culture
Ten breast cancer cell lines were used, representative of the various subtypes of breast cancer. This panel included: MCF7 
and T47D (Luminal A); ZR-75-1 and BT-474 (Luminal B); SKBR3 (HER 2 Enriched); MDA-MB-468 and HCC1937 
(Basal Like); MDA-MD-231 and Hs578T (Claudin-Low); and SUM-149PT (Inflammatory breast cancer). Cells were 
cultured as follows: MCF7 and Hs578T lines were cultured in Dulbecco’s Modified Eagle Medium, DMEM (Sigma 
#D6429) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. MDA-MB-231s, including knock
out derivatives, MDA-MB-468, ZR-75-1, T47D, and HCC1937 cell lines were cultured in RPMI 1640 (Sigma #R8758) 
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. SKBR3 and BT474 cells were cultured in 
RPMI 1640 supplemented with 10% FBS, 15mM HEPES, and 1% Penicillin Streptomycin. SUM149PT cells were 
cultured in F12 Nutrient Mixture (Ham) (Gibco #11765-054) supplemented with 10% FBS and 1% penicillin and 
streptomycin. Chinese hamster ovary (CHO) cells: CHO-K1 (subclone derived from the parental line), LDLA7 (LDL 
receptor-negative) and LDLA mSR-B1 (murine SR-B1 transfected into ldlA cells) were cultured in DMEM-F12 media 
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(Hyclone #SH30023.02) supplemented with 5% FBS and 1% Penicillin/Streptomycin. Once at confluency, cells were 
subcultured by washing with PBS (Sigma #D8367) and treatment with Trypsin-EDTA 0.25% (Sigma #T4049) and 
inactivation of trypsin by overdose of complete media. Cell lines had institutional review board approval by the 
University of Texas Southwestern Institutional Animal Care and Use Committee (IACUC)).

Low-Density Lipoprotein (LDL), High-Density Lipoprotein (HDL) Isolation and 
Nanoparticle Formulation
Human LDL was isolated from apheresis plasma of patients with familial hypercholesterolemia using sequential density 
gradient ultracentrifugation as described previously by Lund-Katz et al.48 HDL was isolated from normal human plasma 
also by sequential density gradient ultracentrifugation49 and further purified by apoB depletion.50 The collected HDL was 
then used for inhibition studies.

LDL-DHA and LDL-DiI-OA particles were created as previously described by Mulik et al.51 Briefly, LDL freeze- 
dried in the presence of starch was subject to several rounds of organic extraction to remove nonpolar lipids from LDL. 
Thereafter, DHA or DiI and OA (dissolved in heptane) were added to the LDL residue and incubated at 4°C for 90 min. 
Heptane was then removed by nitrogen gas, and the sample was re-suspended in 10 mM tricine buffer. Finally, the 
sample was clarified by low-speed centrifugation and stored under N2 atmosphere at 4°C.

Fluorescent DiI labelled LDL and HDL were prepared by incubating the lipophilic carbocyanine dye with LDL or 
HDL at a molar ratio of 82:1. The reaction was carried out at 37°C for 18 h, followed by removal of excess label using 
ultracentrifugation (49,000 rpm for 20 h at 4°C).52

Characterization
Physicochemical characterization (structure and composition) of the LDL nanoparticles was performed as described 
previously53 to assess particle size and polydispersity (dynamic light scattering), surface charge (zetapotential), and 
composition (protein assay and liquid chromatography mass spectrometry) to ensure consistency of batch to batch 
preparations.

CryoTEM Imaging
Three to four microliters of the LDL nanoparticle solution were added to Lacey carbon grids (300-mesh; Ted Pella, Inc.) 
that were negatively glow-discharged for 80 seconds at 30 mA. Excess sample was removed by blotting once for 
3 seconds with Vitrobot filter paper (Ted Pella, Inc) and then the grid was plunge-frozen in liquid ethane cooled by liquid 
nitrogen using a Vitrobot plunge-freezer (ThermoFisher Scientific).

The vitrified LDL nanoparticle samples were imaged using a Talos Arctica 200 kV transmission electron microscope 
(ThermoFisher Scientific) equipped with a Gatan K3 camera (Gatan, Inc). The SerialEM software was used to collect 
images under low-dose conditions at 36,000x or 45,000x magnification corresponding to a pixel size of 1.14 Å/pixel or 
0.88 Å/pixel, respectively. For each image, 50 frames were recorded over 2.5 second exposure time at a dose rate of 35 
electrons/pixel/s. The movie frames were aligned using MotionCor2.54 MotionCor2: anisotropic correction of beam- 
induced motion for improved cryo-electron microscopy.55 After alignment, images were further processed for contrast 
using EMAN2 and scale bars were added using FIJI.56

Western Blotting
Cells were lysed using cell lysis buffer (Cell Signaling #9803) supplemented with cOmplete Mini, EDT-Free protease 
inhibitor cocktail (Roche #11836170001). Lysed cells were then centrifuged at 21000 RCF for 10 minutes. Protein 
concentration was measured by BCA Assay (Thermo Scientific #23227). Samples were prepared with even protein 
concentration and 6X Laemmli SDS sample buffer (Alfa Aesar #J61337-AC). Samples were resolved on 4–20% Gel 
(Biorad #4561096). Transfer was done using a preassembled kit with a PVDF membrane (Biorad #1704157). Portions of 
the membrane to be immunoblotted for LDLR were blocked with 5% nonfat skim milk. All other parts of the membrane 
were blocked using 1X Casein Blocking Buffer (Sigma #B6429) in TBS with 0.01% Tween 20. Primary Antibody 
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Incubations were done overnight at 4°C with gentle shaking. The LDLR antibody was a gift from Joachim Herz and was 
used at a 1:1000 dilution. Anti-SR-B1 antibody was from Novus (#NB400-104). Actin Antibody was from Santa Cruz 
(#sc-8432).

LDL-DHA Dose Response
All cell lines were plated in a 96 well plate at a density to reach 80–90% confluence after one day. The next day cells 
were serum-starved with RPMI 1640 and incubated overnight. The following day, cells were treated with a dose range of 
5–100 uM LDL-DHA. Cell viability was determined 72 hours later by incubating cells for 1 hour with CCK8 reagent 
(Dojindo #CK04-20) diluted 10-fold in RPMI 1640. Absorbance was measured at 450 nm on a ThermoMax plate reader 
(Molecular Devices). Survival was calculated as total survival normalized to untreated control cells.

LDL-DiI and LDL-DiI-OA Uptake and Inhibition
All cell lines were treated as follows. First, cells were plated in a six-well plate at 5×105 cells per well and left to attach 
overnight. All cells were then starved of serum in RPMI 1640. Cells were then incubated with LDL-DiI or LDL-DiI-OA 
for 6 hours. After nanoparticle incubation, cells were washed with PBS, then harvested with trypsin-EDTA and 
inactivated with complete media. Cells were then pelleted by centrifugation at 200 RCF, and trypsin-media mixture 
was removed by careful aspiration. Cells were then resuspended in PBS and taken to the UTSW flow cytometry core, and 
fluorescence was measured on a FACSCalibur machine (BD Bioscience) with excitation 488nm and emission at 585 nm. 
Data analysis was performed with FlowJo 10 (BD Bioscience) and GraphPad Prizm 7 (GraphPad Software).

Uptake inhibition proceeded much the same, except that after serum starvation, cells were incubated for one hour with 
20 ug of SR-B1 antibody (Novus #NB400-113) or 200 ug LDL, 200 ug HDL, and an excess of 200 ug LDL and 200 ug 
HDL. Cell harvesting and data collection proceeded in the same manner.

Knockouts of LDLR and SR-B1
MDA-MB-231 cells were transfected with jetPRIME (Polyplus Transfection #114-01) to insert either of the following 
plasmids (LDLR knockout #sc-400645-KO-2 or SR-B1 knockout #sc-400990). Twenty-four hours after transfection, 
cells were washed with PBS, treated with trypsin-EDTA and trypsin was inactivated with complete media. Cells were 
then centrifuged at 200 RCF, and the media was carefully aspirated. Cells were then resuspended in complete media and 
were taken to the UTSW flow core to be sorted under aseptic conditions based on GFP expression on a FACSAria III 
(BD Bioscience) into a 96 well plate with 1 cell per well. Cells were amplified and screened for LDLR or SR-B1 
expression. For the shRNA Knockdown of SR-B1 LDLR CRISPR knockout MDA-MB-231 cells were infected with 
a virus obtained from Peter Michaely at UT Southwestern. Virus was co-infected with 5 ug/mL polybrene (Millipore 
#TR-1003-G). Virus infection was allowed to occur for 48 hours thereafter, cells were passaged and selected with 5ug/ 
mL puromycin (Alfa Aesar #AAJ67236XF) for 1 week. After the selection, cells were expanded, and expression of 
LDLR and SR-B1 was measured by Western blot as described.

Confocal Fluorescent Microscopy
Cells were seeded on 35mM confocal dishes (MatTek Corporation #NC9268399) and allowed to recover overnight. The 
following day, cells were serum-starved using RPMI1640 with no supplements. On the third day, cells were treated with 
equal amounts (based on DiI content) of LDL-DiI, LDL-DiI-OA, or HDL-DiI for 3 hours. Two hours after lipoprotein- 
DiI treatment, cells were incubated with 1.33 μM LysoSensor green (ThermoFisher #L7535). Cells were then washed 
with PBS, and fresh starvation media were added. Cells were then imaged by Z-Stack using a Zeiss LSM 780 Inverted 
microscope. All images were taken using the 63X objective lens. Image processing was then done using FIJI.

qRT-PCR Expression of Cholesterol Pathway Genes
MDA-MB-231 wild-type and knockout cells were plated in a 10 cm dish and left in normal media, or serum starved as 
indicated. Cells were washed once with PBS, then harvested with 1 mL Trizol. RNA extraction was performed according 
to the manufacturer's instructions. Equal amounts of RNA from individual cells were treated with DNase I (DNA-free, 
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Ambion/Life Technologies, Grand Island, NY). First-strand cDNA was synthesized from 10 µg of DNase I-treated total 
RNA with random hexamer primers using TaqMan Reverse Transcription Reagents (Applied Biosystems/Roche, 
Branchburg, NJ). Specific primers for each gene were designed using Primer Express software (Life Technologies) or 
the Primer Bank of Harvard University. The real-time RT-PCR reaction was set up in a final volume of 20 µL containing 
20 ng of reverse-transcribed total RNA, 167 nM of the forward and reverse primers, and 10 µL of 2X SYBR Green PCR 
Master Mix (Life Technologies). PCR reactions were done in triplicate using ViiA7 Applied Biosystems. The relative 
amount of all mRNAs was calculated using the comparative threshold cycle (CT) method. GAPDH mRNA was used as 
the invariant control. Sequences for primers used for qRT-PCR are listed in Supplementary Information.

Lipid Peroxidation and Annexin V/Propidium Iodide FACS
Cells were seeded to reach 80–90% confluence after 24 hours in a 6 well plate and allowed to attach. The following day, 
cells were serum-starved with RPMI 1640 and incubated overnight. At this point, cells were treated with various doses of 
DHA, and cells destined for lipid peroxidation assay were also treated with Bodipy-lipid. Cells treated for lipid 
peroxidation were harvested with trypsin and then taken to the UTSW flow cytometry core and fluorescence was 
measured on a FACSCalibur machine (BD Bioscience). Processing was then done with Flowjo, and the mean fluores
cence intensity for FL1 and FL2 was calculated, then the ratio of FL1/FL2 was taken for each sample. The ratio for each 
sample was then divided by the ratio of a control sample that was untreated with LDL-DHA to obtain the increase or 
decrease in lipid peroxidation for each sample.

Cells destined for the apoptosis assay were harvested with trypsin, then spun at 300 RCF for 5 minutes and processed 
according to the manufacturer's instructions for the TACS Annexin V-FITC apoptosis detection kit (R&D Systems 
#4830-250-K). Cells were then measured on FACSCalibur, with processing then done in FlowJo to determine the 
apoptotic or necrotic state of the cell.

Caspase Activity Assay
Cells were seeded in 96 well plates and grown to 85% confluency, followed by serum starvation overnight. Cells were 
then treated with LDL-DHA or Ionosporine or Staurosporine for 8 hours at 37°C. Caspase activation and viability were 
determined using ApoLive-Glo™ Multiplex Assay (Promega Cat# G6410). The caspase activity signal was divided by 
the viability signal to normalize for caspase activity from live cells.

qRT-PCR Expression of Antioxidant Genes
Select BRCA cell lines (MDA-MB-231, HCC1937 and MCF7) were grown in 6-well plates up to 90% confluency, 
followed by overnight serum starvation. Collected cells were then processed as described for examination of the 
cholesterol pathway genes. Sequences for primers used for qRT-PCR are listed in Supplementary Information.

Statistical Evaluation
The results were expressed as mean ± standard error. Analysis of variance (ANOVA) with Tukey’s multiple comparison 
post hoc testing was used for the evaluation of differences between groups. Differences with a P value less than 0.05 
were deemed significant.

Results
Lipoprotein-Based Nanoparticles
The engineered LDL, nanoparticles loaded with unesterified DHA were produced by the reconstitution method. The 
nanoparticles' physicochemical characteristics (Table 1) were in keeping with previous preparations. Size measurements 
(via dynamic light scattering) showed that on average, the diameter of the LDL-DHA nanoparticles was 21.2 ± 4.2 nm, 
and an electronegative zeta potential reading (−24.5 ± 6.9 mV) was reported. Plasma LDL, which serves as a control 
nanoparticle, was similar in size to LDL-DHA (20.0 ± 1.1 nm), but displayed a more neutral zeta potential (~-9.0±1.8 
mV). Flurophore-labelled LDL nanoparticles were also prepared by incubation (LDL-DiI) and reconstitution (LDL-DiI- 
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OA) methods. Fluorescent LDL-DiI and LDL-DiI-OA, which served to track the activities of native LDL and LDL- 
DHA, contained 40682 ± 6316 and 42496 ± 6946 ng/mL of DiI, respectively. Physicochemical characteristics that 
include nanoparticle diameter (20.3 ± 2.9 and 20.2 ± 3.4 nm) and zeta potential (−8.5 ± 0.3 and −29.3 ±7.9 mV) were 
also, respectively, documented for the LDL-DiI and LDL-DiI-OA nanoparticles. Finally, fluorescent DiI labelled HDL 
was also prepared by the incubation method. These particles were 9.5 ± 0.4 nm in diameter and displayed a near-neutral 
zeta potential (−0.80 ± 5.2 mV). DiI loading on the HDL was on average 1555 ng/mL.

LDL-DHA Nanoparticles Kill All Subtypes of Breast Cancer
To evaluate the anticancer cytotoxicity of LDL-DHA nanoparticles, we performed an MTS cell viability assay across our 
panel of breast cancer cells. Figure 1 shows the dose response at 72 hours to LDL-DHA for MCF7 (1A), T47D (1B), ZR- 
75-1 (1C), BT-474 (1D), SKBR3 (1E), MDA-MB-468 (1F), HCC1937 (1G), MDA-MB-231 (1H), Hs578T (1I) and 
SUM-149PT (1J). The calculated median lethal dose (LD50) of LDL-DHA was as follows: MCF7, 39.05 µM; T47D, 
44.34 µM; ZR-75-1, 30.46 µM; BT-474, 52.23 µM; SKBR3, 29.78 µM; MDA-MB-468, 14.9 µM; HCC1937, 14.61 µM; 
MDA-MB-23, 14.9 µM; Hs578T, 6.05 µM; SUM-149PT, 4.70 µM) (see Supplementary Table 1). A marked difference in 
sensitivity between hormone responsive cell lines (Figure 1A–E) and triple negative (Figure 1F–J) was noted.

Lipoprotein Receptors Facilitate LDL-DHA Uptake
To examine the contributions of receptor-mediated uptake to the LDL-DHA cytotoxicity, we embarked on mechanistic 
uptake studies in MDA-MB-231 cells, one of the most commonly studied breast cancer cell lines. Anticipating that LDLR 
would be the predominant transporter of LDL nanoparticles into the cell, we generated LDLR CRISPR knockout MDA-MB 
-231 cell line (MDA-MB-231 LDLR-/-) (Figure 2A). Uptake studies with LDL-DiI particles in the MDA-MB-231 LDLR-/- 
cells followed, showing complete blockade of LDL-DiI (Figure 2B). Next, we moved to examine the LDL-DHA dose 
response of the MDA-MB-231 LDLR-/- cells and were surprised at the lack of rescue from LDL-DHA cytotoxicity 
(Figure 2C). The discordant finding between inhibited uptake of LDL-DiI and the persisting cytotoxicity of LDL-DHA in 
the MDA-MB-231 LDLR-/- cells led us to consider the differences between these nanoparticles. The electronegative 
surface charge and bilayered phospholipid organization of LDL-DHA are not reflected in the LDL-DiI particle which has 
a neutral surface charge and has a phospholipid monolayer/cholesterol core structure (Table 1) (Supplementary Figure 1).51 

As such, LDL-DiI-OA, which bears similar physicochemical properties and structural organization as LDL-DHA 
(Supplementary Figure 1) was employed for evaluation of uptake studies with MDA-MB-231 LDLR-/-.

Following incubation with the LDL-DiI-OA particle, the MDA-MB-231 LDLR-/- cells were able to readily take up 
this particle to a similar level as wild-type MDA-MB-231 cells (Figure 2D). This result suggested that the LDL-DiI-OA 
(and LDL-DHA) nanoparticles could be internalized into cells other than the LDLR pathway. An alternate lipoprotein- 
cholesterol sequestering receptor pathway is the high-density lipoprotein (HDL) receptor, scavenger receptor class B type 
1 (SR-B1). Previous studies support this notion in suggesting that LDL and LDL-modified particles can bind/interact 
with the multi-ligand receptor SR-B1.57,58 Interestingly, Western blot analysis of the MDA-MB-231 cells revealed an 
upregulation of SR-B1 expression in the MDA-MB-231 LDLR-/- cells relative to wild-type cells. To further investigate 
this interaction, we acquired the Chinese hamster ovarian cell lines, CHO-K1, ldlA7 and ldlA7[mSR-B1]. The CHO-K1 

Table 1 Lipoprotein Nanoparticles. Characterization Table Containing Physicochemical 
Properties and Lipid or Dye Loading of Plasma LDL, LDL-DiI, LDL-DHA, LDL-DiI-OA and HDL- 
DiI Nanoparticles

Parameter Plasma LDL LDL-DiI LDL-DHA LDL-DiI-OA HDL-DiI

Diameter (nm) 20.00 ± 1.08 20.32 ± 2.95 21.20 ± 4.22 20.2 ± 3.420 9.45 ± 0.41

Zeta Potential (mV) −9.01 ± 1.82 −8.54 ± 1.08 −24.50 ± 6.99 −29.3 ± 1.08 −0.8 ± 5.21
DiI Dye (ng/mL) ND 40682 ± 6316 ND 42496 ± 6946 1555 ± 241

DHA content (mM) * ND 7.01 ± 3.05 ND *

Notes: * DHA typically makes up only 1% and 2% of the total fatty acid composition of LDL and HDL, respectively. 
Abbreviation: ND, not determined.
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cells express wild-type LDLR and SR-B1, ldlA7 has mutant inactive LDLR and wild-type SR-B1, and ldlA7[mSR-B1] 
has mutant inactive LDLR and overexpression of murine SR-B1 (Figure 2E). Upon treating these cells with LDL-DiI-OA 
, we found that the DiI signal associated with the ldlA7[mSR-B1] cells significantly increased in a dose-dependent 
manner (Figure 2E). In contrast, the DiI signal associated with CHO-K1 and ldlA7 cells was much lower in magnitude 

A B C

D E F

G H I

J

Figure 1 Cytotoxicity of LDL-DHA in breast cancer cells. Cells were treated with LDL-DHA nanoparticles under serum starve conditions for 72 hours with a dose range of 
0–100uM for hormone responsive cell lines (Luminal A (Blue) Luminal B (Red) HER2 Enriched (Purple)) and 0–40 or 80uM for triple negative cell lines (Basal Like (Orange) 
Claudin Low (Black) and Inflammatory (Green)). Dose response is shown for each cell line in (A) MCF7, (B) T47D, (C) ZR-75-1, (D) BT-474, (E) SKBR3 (F) MDA-MB-468 
(G) HCC1937 (H) MDA-MB-231 (I) Hs578T and (J) SUM-149PT.
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Figure 2 Single knockouts of LDLR and SR-B1 are unable to protect from LDL-DHA treatment. (A) Western blot showing LDLR expression in wild type, LDLR and SR-B1 
knockout MDA-MB-231s under normal growth conditions. Actin was used as a loading control. (B) LDL-DiI association in wild type MDA-MB-231 and LDLR knockout 
MDA-MB-231s. Association was done under serum starve conditions with a 6-hour treatment of LDL-DiI, cells were then harvested, and uptake was measured by FACS. (C) 
Dose response to LDL-DHA nanoparticles in wild type and knockout MDA-MB-231s. Cells were treated with increasing doses of LDL-DHA (10–100μM) for 72 hours under 
serum starve conditions. (D) LDL-DiI-OA uptake in wild type and LDLR deficient MDA-MB-231 cell lines. Cells were treated with increasing doses of LDL-DiI-OA for 
6 hours under serum starve conditions. Fluorescence intensity of DiI was then measured by FACS. (E) LDLR and SR-B1 expression by Western blot in CHO-K1, LDLA7 and 
LDLA7-mSRB1 cells. LDL-DiI-OA uptake in CHO-K1, LDLA7 and LDLA7-mSRB1 cells. Cells were serum starved overnight followed by treatment with LDL-DiI-OA for 
2 hours at 37C. The cells were then collected and mean fluorescence intensity quantified using FACS. For excess HDL group, the cells were pre-treated for 30 min with 40- 
fold excess HDL. The ldlmSR-B1[S] (specific value, Orange trace) represents the difference between ldlmSR-B1[T], total (green trace) and ldlmSR-B1[NS], nonspecific 
(purple trace) (40-fold excess unlabeled HDL). (F) SR-B1 expression by Western blot in wild type, LDLR and SR-B1 knockout MDA-MB-231s under normal growth 
conditions. Actin is used as a loading control. (G) LDL-DiI-OA Uptake in SR-B1 knockout and wild type MDA-MB-231 cells. This was done under serum starve conditions 
followed by 6-hour treatment with increasing doses of LDL-DiI-OA followed by FACS. (H) Dose Response to LDL-DHA in SR-B1 knockout and wild type MDA-MB-231s 
under serum starve conditions with a dose range of 10–100μM for 72 hours. Data is expressed as mean ± SEM. Western Blot Molecular weights: LDLR (Upper 140 kD, 
Lower 92 kD); SR-B1 (82kD); and actin (42 kD).
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and displayed more saturable kinetics (Figure 2E). Given that LDLR is defective in ldlA7 and ldlA7[SR-B1], these 
results indicate that SR-B1 is capable of binding and transporting LDL-DiI-OA nanoparticles.

We next generated SR-B1 CRISPR knockout MDA-MB-231 cells (MDA-MB-231 SR-B1-/-), which retained LDLR 
expression at similar levels to wild-type cells (Figure 2A and F), and proceeded to evaluate the uptake of LDL-DiI-OA 
nanoparticles. Surprisingly, the uptake of LDL-DiI-OA in the MDA-MB-231 SR-B1-/- cells exceeded that seen in the 
wild-type MDA-MB-231 cells (Figure 2G). The LDL-DHA dose response curves were equivalent between MDA-MB 
-231 SR-B1-/- and their wild type counterparts (Figure 2H). We also created a knockdown for CD36 (another member of 
the scavenger receptor family) and found that it had a small effect on uptake and slight protection from LDL-DHA 
cytotoxicity (Supplementary Figure 2). Collectively, these findings suggest that while LDL-DHA nanoparticles can enter 
the cell by SR-B1, LDLR interactions/endocytosis are preferred.

LDL-DiI-OA Uptake Across Breast Cancer Cell Panel
Upon establishing that LDL-DHA enters cells primarily through LDLR and SR-B1, we turned back to our panel of breast 
cancer cells to evaluate LDL-DiI-OA uptake. Figure 3 shows the uptake of LDL-DiI-OA nanoparticles for MCF7 (3A), 
T47D (3B), ZR-75-1 (3C), BT-474 (3D), SKBR3 (3E), MDA-MB-468 (3F), HCC1937 (3G), MDA-MB-231 (3H), Hs578T 
(3I) and SUM-149PT (3J). Calculated Kd and Bmax values for each cell line are shown in Supplementary Table 2. The data 
from these experiments represent the total association of LDL-DiI-OA with the breast cancer cell, thus reflecting processes 
of binding, internalization, and degradation over the multiple courses of receptor recycling to the cell surface. Thus, we 
interpret Bmax as the maximum amount of internalization and receptor binding these cells have, and it is a reflection of how 
much LDL-DHA would be delivered to the cell at a comparable dose. Kd reflects the dose at which the processes of 
receptor binding, internalization, and any receptor recycling are half-saturated. Bmax values were higher for triple-negative 
cell lines, indicating higher uptake and internalization of LDL-DiI-OA in these cells. Kd Values were far more hetero
geneous, as this reflects many different processes that are involved.

To decipher the contributions of LDLR and SR-B1 on the binding and uptake of LDL nanoparticles in each 
breast cancer cell, we performed assays to determine the capacity of LDL or HDL to block LDL-DiI-OA 
association. This was done by treating cells with LDL-DiI-OA at 10 ug protein per mL and then treating with a 20- 
fold protein excess of LDL, HDL, or a combination of 20-fold excess of LDL and 20-fold excess of HDL. Figure 4 
shows the response to excess LDL and HDL for MCF7 (4A), T47D (4B), ZR-75-1 (4C), BT-474 (4D), SKBR3 (4E), 
MDA-MB-468 (4F), HCC1937 (4G), MDA-MB-231 (4H), Hs578T (4I), SUM-149PT (4J) MDA-MB-231 LDLR -/- 
(4K) and MDA-MB-231 SR-B1-/- (4L). Excess LDL was able to effectively inhibit the association of LDL-DiI-OA 
across all breast cancer subtypes. Meanwhile, excess HDL showed equivalent levels of inhibition among most of the 
Luminal A and B subtypes (MCF7, ZR-75-1 and BT-474) and Basal-like cell line Hs578T. Moderate levels of 
excess HDL inhibition were detected in SKBR3, MDA-MB-468 and MDA-MB-231. The capacity for excess HDL 
to inhibit LDL-DiI-OA association was least for T47D, HCC1937 and SUM-149T. Finally, the association of LDL- 
DiI-OA among the knock-out MDA-MB-231 LDLR-/- and SR-B1-/- was predominantly inhibited by excess HDL 
and LDL, respectively.

We then looked at receptor expression in all of these cell lines (Figure 5). Relatively high levels of LDLR expression 
were seen in the luminal A (MCF7 and T47D); hormone-sensitive SKBR3; and the basal, MDA-MB-468, HCC1937, and 
MDA-MB-231. SR-B1 expression was high among Luminal A (MCF7 and T47D), Luminal B (ZR-75-1), Hormone- 
sensitive SK-BR3, and the Basal-like cell-line Hs578T. We noticed here a reciprocal relationship where cells that have 
high expression of LDLR have lower expression of SR-B1. Triple negative cell lines for the most part favor high LDLR 
expression and hormone responsive lines presenting accompanying high SR-B1 expression.

Confocal Microscopy Highlights Differences in LDLR and SR-B1 Dependent Uptake
LDLR and SR-B1 have distinct interactions with lipoproteins which involve receptor-mediated endocytosis and select 
lipid transfer, respectively.59,60 Both of these internalization processes can be visualized with cellular imaging methods. 
Confocal microscopy was employed with wild-type MDA-MB-231 cells to document the uptake of LDL-DiI (LDLR- 
mediated endocytosis), HDL-DiI (SR-B1-mediated lipid transfer) and LDL-DiI-OA (combined endocytosis and select 
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Figure 3 LDL-DiI-OA uptake across breast cancer cell panel. LDL-DiI-OA uptake. Cells were treated with increasing doses of LDL-DiI-OA for 6 hours under serum starve 
conditions. Fluorescence intensity of DiI was then measured by FACS. LDL-DiI-OA is representative of LDL-DHA uptake. Response is shown for each cell line in (A) MCF7, 
(B) T47D, (C) ZR-75-1, (D) BT-474, (E) SKBR3 (F) MDA-MB-468 (G) HCC1937 (H) MDA-MB-231 (I) Hs578T and (J) SUM-149PT.
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lipid transfer) (Figure 6). The cell-permeable dye LysoSensor was used to stains the lysosomes and co-register the DiI for 
receptor-mediated endocytosis.

Our MDA-MB-231 knock-out cells were also investigated with confocal microscopy to demonstrate distinct uptake 
patterns related to receptor-mediated endocytosis in SR-B1-/- and selective lipid transfer in LDLR-/- (Figure 6). 
Microscopy studies with LDL-DiI-OA were also extended to SKBr3 and ZR-75-1 cells, which showed the fluorescence 
signal to be LDLR dominant in SK-BR3, while ZR-75-1 showed a more SR-B1 dominant pattern (Figure 6).

Figure 4 Inhibition of LDL-DiI-OA with excess LDL and HDL show the balance between LDL and SR-B1. The panel of Breast cancer cells were pre-treated under serum 
starve conditions with either 200ug LDL 200ug HDL or 200ug LDL+ 200ug HDL, after 1Hr cells were treated with 10ug of LDL-DiI-OA for 6 hours. Fluorescence intensity 
of DiI was then measured by FACS. Control treatment was done concurrently to normalize data to percentage by dividing total inhibited uptake by control uptake then 
subtracted from 100% to show total inhibition by treatment condition, each panel show the inhibition plot for each cell with each cell line in the following panels (A) MCF7, 
(B) T47D, (C) ZR-75-1, (D) BT-474, (E) SKBR3 (F) MDA-MB-468 (G) HCC1937 (H) MDA-MB-231 (I) Hs578T (J) SUM-149PT (K) MDA-MB-231 LDL-/- and (L) MDA-MB 
-231 SR-B1-/-. Data is expressed as mean ± SEM. *, P<0.05; **, P<0.01; ***, P<0.001 and ****, P<0.0001.
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Dual Blockade of LDLR and SR-B1 Diminishes LDL Nanoparticle Uptake and 
Cytotoxicity
Concurrent inhibition of LDLR and SR-B1 was achieved by pharmacologic and genetic methods. In the former, 
association experiments were carried out with wild-type MDA-MB-231 and MDA-MB-231 LDLR-/- cells, where LDL- 
DiI-OA was incubated in the presence or absence of an antibody directed to the extracellular domain of SR-B1 
(Figure 7A). The LDLR-/- alone showed a 40–50% reduction in LDL-DiI-OA association/uptake compared to wild- 
type cells. The addition of the SR-B1 antibody to the LDLR-/- cells resulted in a further 50% reduction in LDL-DiI-OA 
association/uptake. SR-B1 antibody antagonism had little to no effect on the uptake/association of LDL-DiI-OA in wild- 
type MDA-MB-231 cells.

Next, we utilize suramin, a high-affinity polysulfonated naphthylurea known to bind to LDL particles and block 
receptor interactions. We found that suramin was able to ablate association/uptake in all cell lines to near zero 
(Supplementary Figure 3).

To establish a dual LDLR and SR-B1 knockout line, our MDA-MB-231 LDLR-/- line was treated with a shRNA for 
SR-B1 to create our MDA-MB-231 LDLR-/- shSR-B1 line (Figure 7B). Association curves showed wild-type MDA-MB 
-231 cells to have the highest association, followed by MDA-MB-231 LDLR-/- cells showing an approximate 25% 
reduction from wild type, and finally, the MDA-MB-231 LDLR-/-shSR-B1 cells showed the least uptake/association. At 
the highest LDL-DiI-OA concentration (45 µg/mL) the uptake/association in the MDA-MB-231 LDLR-/- shSR-B1 was 
less than 50% of that seen in wild-type cells (Figure 7C). Confocal imaging of LDL-DiI-OA association in MDA-MB 
-231 LDLR-/-shSR-B1 showed minimal fluorescent uptake (Figure 7D).

Cell viability experiments were then performed with LDL-DHA in a pulse-chase format with wild-type, LDLR-/-, 
shSR-B1, and LDLR-/- shSR-B1 MDA-MB-231 cells with 25uM LDL-DHA for 1, 3, 6, and 24 hours. The LDL-DHA- 
containing media were replaced with fresh media at these time points, then viability was measured at 24-hours post- 
treatment (Figure 7E). From the 1-hour exposure, the LDL-DHA reduced the viability of the wild-type MDA-MB-231 
cells to 25%, however each of the single and double knock out cells were able to preserve viability in excess of 70%. 
From the 3, 6 and 24 hour exposures step-wise increasing protection was seen with LDLR-/-, shSR-B1 and LDLR-/- 
shSR-B1 genetic constructs. At 6 and 24 hour exposures LDL-DHA cytotoxicity achieved almost complete kill of wild- 
type MDA-MB-231 cells, meanwhile, the MDA-MB-231 LDLR-/- shSR-B1 cells were able to stave off this assault, 
maintaining cell viability near 50%. These findings indicate that LDLR and SR-B1 play a predominant role in facilitating 
the uptake and subsequently eliciting cytotoxicity of LDL-DHA nanoparticles in breast cancer cells.

Figure 5 Protein expression of LDLR and SR-B1. (A) Western blot of LDLR and SR-B1 receptor expression in panel of breast cancer cells under normal growth conditions. 
Actin was used as a loading control. (B) Quantification of LDLR to Actin ratio and (C) SR-B1 to Actin ratio. Western Blot Molecular weights: LDLR (Upper 140 kD, Lower 
92 kD); SR-B1 (82kD); and actin (42 kD).
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Figure 6 Confocal microscopy of LDL-DiI, HDL-DiI, and LDL-DiI-OA uptake. LDL-DiI and HDL-DiI in MDA-MB-231s is shown to highlight LDLR-mediated endocytosis 
(LDL-DiI) and SR-B1-mediated selective lipid uptake (HDL-DiI). LDL-DiI-OA is shown in Wild Type, LDLR-/-, and shSR-B1 MDA-MB-231 cells, showing how each uptake 
pathway is perturbed by these knockouts. LDL-DiI-OA treatment in SKBr3 and ZR-75-1 cells shows respective LDLR-dominant and SR-B1 dominant uptake patterns. Cell 
type and treatment are listed on the left.
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Figure 7 Use of double knockout of LDLR and SR-B1 shows some rescue to LDL-DHA treatment. (A) Use of an SR-B1 antibody to inhibit LDL-DiI-OA Uptake in wild-type 
LDLR Knockout MDA-MB-231s. Cells were treated under serum-starved conditions, then were given a 1-hour pretreatment of an SR-B1 antibody or mock antibody 
treatment. Continued cotreatment with LDL-DiI-OA was then performed for 6 hours. Cells were then harvested, and DiI fluorescence was measured by FACS. Data is 
expressed as mean ± SEM. Statistical analysis was done by a paired Student's T-test with pairs comprising of same cell experimental replicates. (B) Protein expression of 
LDLR and SR-B1 in Wild Type, LDLR-/-, shSR-B1, and LDLR-/- shSR-B1 MDA-MB-231 cells. (C) LDL-DiI-OA uptake in MDA-MB-231, LDLR-/- and LDLR-/- shSR-B1. (D) 
Confocal image of MDA-MB-231 LDLR-/- -shSR-B1 cells 2 hours following incubation with LDL-DiI-OA. (E) Dose response to a 1-, 3-, 6-, and 24-hour pulse of LDL-DHA. 
After each pulse (with the exception of 24 hours) the media was changed, and the cell viability was read out at 24 hours. Data is expressed as mean ± SEM. Ψ, P= 0.06, *, 
P<0.05; **, P<0.01; ***, P<0.001 and ****, P<0.0001. Western Blot Molecular weights: LDLR (Upper 140 kD, Lower 92 kD); SR-B1 (82kD); and actin (42 kD).
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Role of Potential Other Receptors
The regulation of cholesterol homeostasis was investigated in MDA-MB-231 cells and their knockout variants by qPCR. 
Twelve regulatory genes encompassing: master transcription factors (SBREP-1a and SRBEP-1c); cholesterol biosynth
esis genes (Fpp Synthase, HMG COA Reductase, HMG COA Synthase, INsig-1 and Squalene synthase); and cholesterol 
transport/internalization (ALK-1, CD36, LDLR and LOX-1) Supplementary Figures 4 and 5. We observed that overnight 
fasting (performed before LDL nanoparticle treatments) resulted in increased LDLR expression, an increase in the 
cholesterol biosynthesis genes and an increase in SREBP-1c. We were also able to further validate the expression of our 
knockouts of LDLR and SR-B1. Single LDLR knock out and dual LDLR and SR-B1 knockouts induced an increase in 
ALK-1, CD36, cholesterol biosynthesis, and SREBP-1c genes. It should be noted that in wild-type MDA-MB-231, the 
expression of the alternate transport/internalization genes CD36, LOX-1, and ALK-1 are expressed at a significantly (> 
100-fold less) lower level when compared to the expression of LDLR.

Antagonizing Cholesterol Biosynthesis Enhances LDL-DHA Cytotoxicity
Given the obligatory need for breast cancer cells to increase their cholesterol pools either through cholesterol biosynthesis 
or uptake, we explored whether blocking cholesterol biosynthesis would enhance LDL-DHA nanoparticle acquisition and 
cytotoxicity. For these experiments, MCF7 and MDA-MB-231 cells were treated with a combination of simvastatin (an 
HMG-CoA reductase inhibitor) and LDL-DHA, and cytotoxicity was assessed 24 hours later (Figure 8). This combination 
treatment demonstrated an additive effect between LDL-DHA and Simvastatin in both MCF7 and MDB-MB-231 cells.

Lipid Peroxidation Response Varies Across Breast Cancer Cells Following LDL-DHA 
Treatment
Lipid peroxidation is a common sequelae following LDL-DHA uptake in cancer cells. Examination across select cells of 
our breast cancer panel (MCF7, ZR-75-1, SKBr3, HCC1937, MDA-MB-231, and SUM-149PT) revealed varied 
responses (Figure 9). The levels of lipid peroxidation actually decreased in MCF7 cells with increasing concentrations 
of LDL-DHA treatment (Figure 9A). In the MDA-MB-231 cells, lipid peroxidation levels remained unchanged across the 
treatment doses of LDL-DHA (Figure 9E). For the other cell lines we tested, lipid peroxidation levels approached 2-fold 
for ZR-75-1, 3-fold for SUM-149PT, 4-fold for SKBR3, and nearly 15-fold for HCC1937. Combined, these findings 
suggest altered lipid metabolism across our breast cancer panel.

To elucidate the mechanisms governing the different lipid peroxidation responses to LDL-DHA treatment, PCR 
analysis was performed on a panel of antioxidant genes (Supplementary Figure 6). For this study, representative 
responses of enhanced, unchanged, and decreased lipid peroxidation were evaluated in HCC1937, MDA-MB-231, and 
MCF7, respectively. The dose-dependent diminution of lipid peroxidation activity in MCF7 was consistent with the 
relatively high expression of glutathione synthesis (glutamate-cysteine ligase (GCLC)) and reducing capacity (glu
tathione peroxidase 4 (GPX4)), peroxiredoxins (PRDX1 and 6), and superoxide dismutase (SOD1 and SOD2). MDA- 
MB-231 cells expressed moderate levels of all antioxidants and the greatest levels of the cystine/glutamate transporter 
(SLC7A11), which facilitates in subduing any increases in lipid peroxidation following LDL-DHA treatment. 
Conversely, HCC1937 expressed minimal levels of all the antioxidant genes (GCLC, GPX4, PRDX6, SLC7A11, 
SOD1, and SOD2), thus leaving it susceptible to LDL-DHA-induced lipid peroxidation.

LDL-DHA Mediates Apoptosis Cell Death in Breast Cancer Cells
Cell death measurements were performed by Annexin V/propidium iodide staining on a select group of cells from our 
breast cancer panel. With the exception of SKBR3, all other cells showed evidence of both apoptosis and necrosis 
processes occurring after LDL-DHA treatment (Figure 9G–L). In this assay, SKBR3 displayed a predominance of 
necrotic cell death. Secondary measures of apoptosis were followed up employing a luminescence-based specific caspase 
activity assay (Supplementary Figure 7). The cell lines HCC1937, MDA-MB-231, MCF7, Sum-149PT, and ZR-75-1 all 
demonstrated a significant induction of caspase activity with LDL-DHA treatment. Interestingly, SKBR3 also showed 
increased activity.
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Discussion
Breast cancer cells exhibit a voracious appetite for lipids, in particular cholesterol. In general, cells meet this need 
through biosynthetic and uptake processes. It has been observed that tumors with higher expression of HMG-CoA 
reductase tend to be less aggressive (smaller tumor size, low histological grade, low Ki67 index, high p27 expression), 
displaying prognostically favorable tumor parameters compared to tumors with low HMG-CoA reductase.25 Conversely, 
tumors that rely on sequestering cholesterol from their environment (ie, tumors with high expression of LDLR) tend to 
have accelerated tumor growth and be associated with the triple negative phenotype.37,61 Furthermore, patients with these 
tumors tend to have shorter recurrence-free survival and poorer prognosis overall. This has led various groups to consider 
leveraging the natural ability of LDL to target breast and other tumor types.62–64 Indeed, several groups have functio
nalized the LDL platform with numerous diagnostic and therapeutic agents. While this strategy can provide tumor 

Figure 8 Co-treatment of LDL-DHA and simvastatin in MCF7 (A) and MDA-MB-231 (B). MCF7 and MDA-MB-231 cells were pre-treated under serum starve conditions 
with indicated doses of simvastatin for 1hour followed by 24 hour co-treatment with LDL-DHA. Viability was read out at 25 hours post simvastatin treatment. Data is 
expressed as mean ± SEM. *, P<0.05; **, P<0.01 compared to equivalent simvastatin counterpart without LDL-DHA treatment.
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Figure 9 Lipid peroxidation and Annexin V/PI apoptosis assay analysis shows induction of lipid peroxidation in breast cancer cells. (A–F) Lipid Peroxidation by FACS using 
Bodipy C11 in (A) MCF7, (B) ZR-75-1, (C) SKBR3, (D) HCC1937, (E) MDA-MB-231, (F) SUM-149PT. (G–L) Induction of apoptosis shown as change in percentage 
representation for each category from untreated controls in (G) MCF7, (H) ZR-75-1, (I) SKBR3, (J) HCC1937, (K) MDA-MB-231s, (L) SUM-149PT. Data is expressed as 
mean ± SEM. *, P<0.05; **, P<0.01; ***, P<0.001 compared to non-treated control.
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targeting, however, caution must be taken as most, if not all, cells express LDLR. As such, utilization of the LDL-based 
drug delivery approach would require the use of cancer-selective cytotoxic agents. While many investigators have 
formulated conventional chemotherapeutic drugs into the LDL platform, few have advanced beyond in vitro cell 
experiments or limited small animal studies. Caveats that hinder this approach include restricted drug payloads and 
compromised carrier-drug stability. Low drug encapsulation (in the order of 10s to 100s drug molecules per LDL) and 
rapid drug-plasma protein associations markedly detract from the LDL drug delivery concept.65

Docosahexaenoic acid, a natural long-chain polyunsaturated fatty acid, has been implicated in reduced cancer risk for 
a number of tumor types. Favorable outcomes have been reported in large prospective cohort studies of breast cancer 
patients, where individuals with the highest intake of omega-3 PUFAs experienced a reduction in breast cancer risk 
compared to those with low intake of marine PUFAs.66 Intake of DHA/EPA is also associated with improvements in 
survivorship after breast cancer diagnosis, reductions in breast cancer recurrence (25%), and improved overall mortality 
have been reported.67 More recently, studies by Bobin-Dubigeon et al highlighted that the association of circulating EPA/ 
DHA with apoB-containing lipoproteins correlated with reduced tumor proliferation among patients with hormone 
receptor-negative breast cancer.68 These seminal findings further validate the anticancer strategy our group has estab
lished in re-engineering plasma LDL to transport DHA. The engineered LDL-DHA construct retains nanoscale dimen
sions (~22 nm in diameter) while incorporating 1500–2000 molecules of DHA.53 The molecular organization of LDL- 
DHA, unlike plasma LDL, entails a phospholipid bilayer, net electronegative surface charge, and thermodynamic and 
kinetic stabilities that surpass those of native LDL.51 The conformation of the apoB-100 protein is retained in this 
structure, allowing the particle to readily interact with LDLR.53 Halo-particle uptake and subsequent trafficking through 
endo-lysosomal pathways have also been documented for this particle.69 Indeed, many other groups have attempted to 
target the overexpression of LDLR in their efforts to deliver anticancer agents to tumors.70 The purview of relying on 
LDLR overexpression is somewhat limiting, given that tumors may express equivalent or even lower levels of LDLR 
compared to surrounding steroidogenic tissues.

Findings in the present study indicate that LDL-DHA nanoparticles surpass native LDL in its capacity to interact with 
cell surface receptors beyond LDLR, namely SR-B1, better known as the HDL receptor. Evidence for this binding is 
supported by the uptake studies of LDL nanoparticles in LDLR knock-out MDA-MB-231 and ldlA7[mSR-B1] cells. 
Unlike LDLR, SR-B1 mediates the selective uptake of lipids from lipoproteins, where lipids are transferred to the cell 
without internalization of the intact lipoprotein.71 The LDL nanoparticles demonstrated significantly greater binding and 
lipid transfer via SR-B1 than could be seen with native LDL. The enhanced interactions between LDL nanoparticles and 
SR-B1 may be explained by the net electronegative surface charge of LDL nanoparticles, as SR-B1 is a multi-ligand 
receptor known to have a high affinity for anionic phospholipids.72 Confocal imaging demonstrated a clear pattern of SR- 
B1-mediated lipid uptake as LDL-DiI-OA fluorescence was observed throughout the cell membrane with little lysosomal 
co-localization. Our studies also demonstrated the compensatory cellular mechanisms for cholesterol uptake; in response 
to LDLR knock out, SR-B1 expression was upregulated. Other groups have also noted compensatory responses among 
lipoprotein receptors.73 Given cancer cells' obligatory need for cholesterol, mechanisms are activated to ensure ample 
levels of intracellular cholesterol are available. Given this line of reasoning, the combination of LDL-DHA with a statin 
(Simvastatin) may prove to be an attractive therapeutic approach. Indeed, an increase in tumor cell cytotoxicity was seen 
with this combination in wild-type MDA-MB-231 and MCF7; additive interactive killing was achieved, indicating the 
importance of the cholesterol uptake pathways. Our group next performed a double knock out of LDLR and SR-B1, 
which significantly hindered the cells’ ability to take up LDL nanoparticles and impeded LDL-DHA-mediated killing of 
MDA-MB-231 cells; however, residual levels of LDL nanoparticle uptake and cytotoxicity were still active. This likely 
can be explained by LDLR/SR-B1 independent pathways, which may include: CD36,74 lectin-type oxidized LDL 
receptor 1 (LOX-1),75 activin-like kinase 1 (ALK1) receptor76, and glycosaminoglycans (GAGs).77 Each of these 
receptors has previously been shown to bind and take up native or modified LDL with varying affinities. Given that 
the conformation of apoB100 is retained in the LDL nanoparticles,53 it is assumed that these nanoparticles may be able to 
interact with these receptors. To date, little is known about how LDL-DiI-OA/LDL-DHA nanoparticles interact with 
these cholesterol-importing receptors; however, this will be the subject of future studies.
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The current study also investigated the anticancer utility of LDL-DHA nanoparticles across the panel of breast cancer 
cells. All breast cancer subtypes were documented to express both LDLR and SR-B1; in addition each cell was able to 
avidly take up LDL nanoparticles. The hormone-responsive and inflammatory tumor lines displayed a lower overall 
capacity for LDL nanoparticle uptake compared to the Her2+ and basal-like/Claudin-low lines, which were ~2-3-fold 
greater. With regards to cytotoxicity, the luminal and the Her2+ breast cancer lines displayed LD50s ~30-52 µM, 
conversely, the basal-like/Claudin-low and inflammatory lines demonstrated increased sensitivity to LDL-DHA with 
LD50s ~5-15 µM. While the tumor cell’s capacity for LDL nanoparticle association is clearly an important contributor to 
LDL-DHA sensitivity (ie, high rates of LDL-DHA sensitivity are associated with high capacity for LDL nanoparticle 
uptake among basal-like/Claudin-low lines compared to hormone-responsive luminal lines), it is not the only determi
nant, as several cases did not follow this general trend. The Sum-149PT cells had low LDL nanoparticle binding/uptake, 
but displayed very high sensitivity to LDL-DHA; conversely, Her2+ SKBR3 showed high association for LDL 
nanoparticles, but only displayed moderate sensitivity to LDL-DHA. Additional cell-intrinsic factors are likely modulat
ing the processing and metabolism of the acquired DHA. Given that DHA typically undergoes lipid peroxidation in 
malignant cells69 the expression of antioxidant genes was explored in select breast cancer cells (MCF7, MDA-MB-231 
and HCC1937). Lipid peroxidation actually decreased and remained unchanged for MCF7 and MDA-MB-231 cells, 
respectively, following LDL-DHA treatment. Both cell lines expressed ample amounts of free and lipid radical reducing 
antioxidants (SLC7A11, GCLC, GPX4, PRDX6, SOD1/2). Conversely, these antioxidants were minimally expressed in 
HCC1937 cells, thus sensitizing them to lipid peroxidation and DHA-mediated cell killing. Regardless of the induction of 
lipid peroxidation, we observed that nearly all breast cancer cells in our panel succumbed to apoptotic cell death after 
LDL-DHA treatment. The literature is replete with studies reporting DHA-mediated killing of breast cancer cells by 
apoptosis. DHA exerts its anti-proliferative and pro-apoptotic effects by altering various molecular pathways in breast 
cancer cells. One key mechanism is mediated through DHA’s activation of PPARγ, which upregulates the plasma 
membrane presentation of the heparan sulfate proteoglycan, syndecan-1, a documented inducer of apoptosis.46 At the 
metabolic level the oxidized derivative of DHA, 4-oxo-DHA, has been shown to be more potent at driving anti- 
proliferative pro-apoptotic effects against breast cancer cells than the parent molecule DHA.78 Moreover, the 4-oxo- 
DHA metabolite displayed preferential cytotoxicity against basal breast cancer cell lines over luminal cell lines.78 Similar 
differential sensitivities of breast cancer cells to LDL-DHA are reported in the present work. Further mechanistic studies 
by Chen et al went on to show that the actions of 4-oxo-DHA potently stimulate PPARɣ and 15-hydroxyprostaglandin 
dehydrogenase (15-PGDH) but suppress NF-κB, PI3K, and mTOR signaling.79 These mechanisms are believed to drive 
the antitumor effects of DHA. Additional pro-apoptotic effects of DHA involve further modulation of survival mechan
isms. The conventional mitogen-activated protein kinases (MAPKs) are also subject to DHA induction, where ERK/JNK/ 
p38 expression is upregulated to provoke mitochondrial ROS and lipid peroxidation, triggering apoptosis.80 In the ER, 
DHA has also been shown to decrease genes associated with cholesterol biosynthesis and increase genes in ER stress, 
which is known to drive apoptotic cell death.81 Agnostic to DHAs specific path of apoptosis induction is the ultimate 
activation of extrinsic (increased death receptors TRAIL, DR4, and FAS) and intrinsic (depolarization of the mitochon
drial membranes, decreased expression of Bcl-2, increased expression of Bax, activation of caspases notably −3, −7, and 
−9, and PARP cleavage) cell death pathways leading to apoptosis.

The cytotoxicity findings for LDL-DHA on SKBR3 were confounding as pronounced necrosis and minimal annexin 
V was reported for one assay, while significant activation of caspase activity was documented with another assay. It can 
be concluded that both cell death pathways are activated in this cell line in response to LDL-DHA. Elucidation of this 
mechanism remains a line for future investigation.

The present findings demonstrate the ability of LDL-DHA nanoparticles to effectively interact with cell surface 
LDLR and SR-B1 on breast cancer cells and subsequently deliver DHA into these cells. The internalized DHA was then 
shown to elicit cytotoxic effects on the breast cancer cells through the induction of apoptosis and necrosis pathways. The 
potential clinical relevance of this nanomedicine can be inferred from robust patient data regarding lipoprotein receptors 
in the setting of breast cancer. The early works of Rudling et al and others have documented that levels of LDLR in 
patient breast tumors inversely correlated with overall survival time.4,82 More recently, SR-B1 has also been recognized 
to be upregulated in patient breast tumor tissue and is associated with malignant behaviors and poor survival.39,40 These 

Breast Cancer: Targets and Therapy 2025:17                                                                                   https://doi.org/10.2147/BCTT.S554396                                                                                                                                                                                                                                                                                                                                                                                                   1177

Bower et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



studies collectively indicate that the more aggressive cases of breast cancer are associated with high LDLR and SR-B1 
activity. Furthermore, complementary preclinical and epidemiological studies indicate that natural omega-3 fatty acids, 
such as DHA, elicit marked tumoricidal and anticancer effects on mammary malignancies.66,83–85 Moreover, recent 
studies by Bobin-Dubigeon et al reported that plasma EPA/DHA associated with ApoB-containing lipoproteins correlated 
with reduced tumor proliferation in hormone receptor negative breast cancer patients.68 It stands to reason, therefore, that 
the LDL-DHA nanotechnology may show considerable promise as a new therapeutic strategy against breast cancer. This 
is particularly pertinent as effective treatment options for aggressive breast tumors are limited.86

One should be aware that there are some caveats associated with the LDL-DHA nanomedicine approach. Namely, the 
high affinity of the LDL carrier for hepatic sequestration, which would limit the availability of the LDL nanoparticle at 
the target tumor site. This could be resolved with transarterial locoregional administration of LDL-DHA to the breast or 
metastatic site.87,88 This would enable the first pass effects of the LDL nanoparticle to the tumor site to enable maximum 
tumor uptake with minimal systemic exposure. Secondary systemic exposure of LDL-DHA nanoparticles, however, is 
not a major concern, as our group has demonstrated these nanoparticles to be safe and well-tolerated by normal 
tissues.42,89,90 In vivo studies to assess the therapeutic efficacy of LDL-DHA in local and metastatic breast cancer are 
actively being pursued in our group.

Other limitations of the current study include the small sample size of breast cancer cells for each molecular subtype. 
Future studies should involve a more extensive survey of cell lines for each molecular subtype. Evaluation of primary 
breast cancer cells or breast cancer organoids would also provide more clinically relevant assessments. In addition, 
a more thorough mechanistic elucidation of LDL-DHA breast cancer cytotoxicity is warranted. This could provide 
additional insights for potential drug combination treatment strategies.

Conclusion
In conclusion, we have shown that LDL-DHA nanoparticles avidly interact with both LDLR and SR-B1. This dual 
receptor targeting capability expands the receptor targeting purview of this LDL-based nanoparticle beyond LDLR. 
Given the essential role of cholesterol in mammalian cells, with malignant cells showing even higher cholesterol 
demands, LDLR and/or SR-B1 will be expressed at the cell surface of all cells, enabling LDL nanoparticle delivery. 
In light of this, the LDL-DHA nanoplatform could be viewed as a universal delivery system to mammalian cells. More 
specifically, in the present study, LDLR and SR-B1 expression were demonstrated across a panel of 10 breast cancer cells 
representative of all molecular subtypes. Regardless of receptor preference, dose-dependent LDL-DHA nanoparticle 
uptake was observed, and cytotoxicity was documented across all cells. Findings from our LDL-DHA nanoparticle 
construct are consistent with other reports in the field, highlighting that DHA administration is preferentially cytotoxic to 
basal/triple negative breast cancer cells over the luminal subtypes. Future studies will aim to validate the dual receptor 
targeting capabilities of LDL-DHA nanoparticles in in vivo rodent models of breast cancer. Additional studies should 
also demonstrate the preservation of this interaction across different tumor types, ie, document high uptake of LDL-DHA 
nanoparticles through LDLR and SR-B1 in different cancers. Finally, the ability of LDL-DHA nanoparticles to interact 
with other lipoprotein receptors (eg, ALK1, LOX, CD36, etc.) should be interrogated.
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