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Abstract

STARD4, a member of the evolutionarily conserved START gene family, is a soluble sterol 

transport protein implicated in cholesterol sensing and maintenance of cellular homeostasis. 

STARD4 is widely expressed and has been shown to transfer sterol between liposomes as well as 

organelles in cells. However, STARD4 knockout mice lack an obvious phenotype, so the overall 

role of STARD4 is unclear. To model long term depletion of STARD4 in cells, we use short 

hairpin RNA technology to stably decrease STARD4 expression in human U2OS osteosarcoma 

cells (STARD4-KD). We show that STARD4-KD cells display increased total cholesterol , slower 

cholesterol trafficking between the plasma membrane and the endocytic recycling compartment, 

and increased plasma membrane fluidity. These effects could all rescued by transient expression of 

a short hairpin RNA-resistant STARD4 construct. Some of the cholesterol increase was due to 

excess storage in late endosomes or lysosomes. To understand the effects of reduced STARD4, we 

carried out transcriptional and lipidomic profiling of control and STARD4-KD cells. Reduction of 

STARD4 activates compensatory mechanisms that alter membrane composition and lipid 

homeostasis. Based on these observations, we propose that STARD4 functions as a critical sterol 

transport protein involved in sterol sensing and maintaining lipid homeostasis.

Keywords

Cholesterol; lipids; lipidomics; computational biology; membrane lipids; gene expression

Corresponding Author: Frederick R. Maxfield, Department of Biochemistry, Box 63, Weill Cornell Medical College, 1300 York 
Avenue, New York, NY 10065, frmaxfie@med.cornell.edu, Tel: 212 746 6405, Fax: 212 746 8875.
5Present address: Denali Therapeutics Inc., 201 Gateway Blvd, South San Francisco, CA 94080
#These authors contributed equally to this work.

HHS Public Access
Author manuscript
Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2021 
April 01.

Published in final edited form as:
Biochim Biophys Acta Mol Cell Biol Lipids. 2020 April ; 1865(4): 158609. doi:10.1016/j.bbalip.
2020.158609.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION:

Significant differences in sterol concentration are maintained among cellular organelles. In 

the plasma membrane of mammalian cells cholesterol is 35 mol% or more of the total lipids 

[1-3], but cholesterol accounts for only about 5 mol% of lipids in the endoplasmic reticulum 

(ER) [4-8]. The cholesterol-phospholipid ratio in the Golgi is intermediate between the 

plasma membrane and the ER [7]. In several cell types, the endocytic recycling compartment 

(ERC) has been shown to be a major pool of intracellular cholesterol [9-13]. The 

heterogeneous distribution of cholesterol among cellular membrane compartments can be 

attributed, in part, to the differences in the organelle lipid composition [1, 2, 14].

Cellular cholesterol levels are tightly regulated by coordinated homeostatic mechanisms, 

primarily involving the regulated proteolysis of the sterol responsive element-binding 

protein 2 (SREBP-2) transcription factor upon transport from the ER to the Golgi [15].

Cholesterol can move between membranes by vesicular and non-vesicular transport 

mechanisms [6, 12], and there is substantial evidence for high rates of non-vesicular sterol 

transport in cells [3, 10, 16]. Sterol transfer proteins interact with organelles to extract sterol 

and then deliver it to acceptor membranes [17]. There are several protein families that are 

classified as sterol transfer proteins, which have been shown to be capable of transferring 

sterols between membranes [10, 17-22]. One gene family of lipid transfer proteins that have 

been implicated in such trafficking is the steroidogenic acute regulatory protein (StAR)-

related lipid-transfer (START) domain family [23].

There are 15 members of the mammalian START family [24] that are divided into six 

subfamilies based on ligand specificity and domain architecture [23, 25]. Among the 

cholesterol-specific and soluble START proteins, STARD4 is a highly efficient sterol 

transport protein [10, 11, 17, 26] that is transcriptionally regulated by SREBP-2 [27]. For 

these reasons, STARD4 has been implicated as an important sterol transport protein involved 

in maintaining cholesterol homeostasis [10, 11, 17, 25]. However, studies in mice have 

shown that knockout of STARD4 does not greatly alter serum cholesterol homeostasis, but it 

does lead to changes in gene expression of some intracellular cholesterol transporters, 

potentially masking a role for STARD4 [28]. Therefore, the exact functional importance of 

STARD4 remains unclear [10, 11, 28].

The present study examines the functional role of STARD4 in maintaining cholesterol 

distribution and homeostasis in cells stably depleted of STARD4. To this end, STARD4 

levels were stably reduced in cells (STARD4-KD cells) using shRNA technology and 

rescued using shRNA-resistant STARD4 constructs. Stable reduction of STARD4 increased 

sterol levels. STARD4 depletion decreased the rate of sterol transport from the plasma 

membrane to the ERC. STARD4 reduction also increased cold Triton X-100 solubilization 

of the plasma membrane and increased plasma membrane fluidity. All of these effects could 

be rescued by expression of shRNA-resistant STARD4 constructs. We observed that some of 

the cholesterol in STARD4-KD cells was in organelles that contained recently internalized 

LDL (i.e., late endosomes or lysosomes). Changes observed in STARD4-KD cells were 

associated with large overall changes in lipid composition and in the expression of genes 
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encoding proteins involved in lipid metabolism. Among the genes affected, expression of 

NPC1 and NPC2 was reduced, and expression of STARD5 was increased. Our study 

provides evidence that STARD4 is a critical sterol transporter required for the maintenance 

of lipid homeostasis.

MATERIALS AND METHODS:

Materials

Alexa labeling kits were purchased from Invitrogen. Human transferrin (Tf) and DHE were 

purchased from Sigma. All tissue culture supplies were purchased from Invitrogen. All other 

chemicals were from Sigma. The media used are as follows: Medium 2 (150 mM NaCl, 5 

mM KCl, 1 mM CaCl2, 1 mM MgCl2 and 20 mM HEPES, pH 7.4); M2glucose (Medium 2 

containing 2 mg/ml glucose); chase medium (M2glucose containing 30ug Sandoz 58035). 

Low-density lipoprotein was collected via ultracentrifugation of fresh human plasma as 

previously described [29].

Cell culture and transfection

U2OS-SRA is a modified human osteosarcoma cell line that expresses the scavenger 

receptor A (SRA) [30]. U2OS-SRA cells were grown at 37° C in a 5% CO2 humidified 

incubator and in McCoy’s 5A medium supplemented with 10% fetal bovine serum, 1 mg/ml 

geneticin as a selection for SRA, 100 units/ml penicillin, and 100 ug/ml streptomycin. For 

stable STARD4 knockdown, U2OS-SRA cells were transfected with pGFP-V-RS shRNA 

encoding the target sequence 5’-GCAAGCACTTTAACCAACTTCTATGGTGA-3’ 

(Origene) using HiPerFect transfection reagent (Qiagen) according to manufacturer’s 

instructions. Selection of stable knockdown STARD4 U2OS-SRA cells was done with 5 

μg/ml puromycin. Cells for wide-field microscopy were plated on 35-mm plastic dishes, the 

bottoms of which were replaced with poly-D-lysine-coated coverslips.

U2OS cells were transiently transfected with pCMV-Tag2b (Stratagene, Santa Clara, CA) 

plasmid containing shRNA resistant FLAG-tagged hSTARD4 or with mCherry-FKBP-

hSTARD4 by electroporation using Amaxa Nucleofector II Device with the Amaxa Cell 

Line Nucleofector Kit V and Nucleofector Program X-001 or using FuGENE 6 transfection 

reagent (Promega, Madison, WI). STARD4 rescue experiments were performed 1 d after 

transfection.

Cell growth

U2OS-SRA and STARD4-KD cell growth was measured by plating 50,000 cells in 6 well 

cell culture plates and growth in U2OS media. Every 48 h cells were trypsinized and 

counted prior to 100% confluency.

Western blot and antibodies

Western blot experiments were performed using standard protocols. Cellular protein extracts 

were collected from shRNA STARD4 knockdown and control U2OS-SRA cells. Antibodies 

used were as follows: STARD4 (ab202060, lot number GR178227; Abcam) and Tubulin 
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(T9026; Sigma-Aldrich). The STARD4 antibody was validated against recombinant human 

STARD4.

Labeling Cells with Lipid Analogs

For DiI-C16 experiments, cells were pulsed with 10 μM dialkylindocarbocyanine DiI-C16 

and shaken gently at 37°C for 30 sec, washed with M2glucose, incubated with M2glucose 

and either imaged immediately or pre-incubated with ice-cold M2glucose for one minute 

prior to incubation in ice cold 1% TX-100 for 15 minutes. Following TX-100 incubation, 

cells were washed three times in ice cold M2glucose and imaged immediately. Cells were 

labeled with dehydroergosterol (DHE) as previously described [31], with minor alterations. 

In brief, DHE in ethanol was dried under argon and subsequently dissolved in 25 mM 

methyl-β-cyclodextrin (MCD) in medium 2, making the initial ratio of MCD to DHE 5:1 

(mol/mol). The resulting suspension was vortexed and sonicated until it clarified. It was then 

incubated in a rocking water bath overnight at 37°C and centrifuged at 15,000 × g for 10 min 

before labeling cells.

For Laurdan labeling, cells were washed with PBS and incubated with Laurdan freshly 

dissolved in phenol free Dulbecco modified Eagle medium (DMEM) with 2.5% FBS to a 

final concentration of 20 μM for 30 minutes, washed, and imaged in DMEM on a 

temperature controlled stage.

Fluorescent labeling and immunofluorescence

U2OS cells were stained in the dark with filipin at a final concentration of 50 ug/ml in PBS 

for 45 min at room temperature. Stained cells were washed three times and imaged 

immediately. Human transferrin (Sigma) was iron-loaded and purified by Sephacryl S-300 

(Pharmacia LKB) gel-filtration chromatography and conjugated to Alexa488 or Alexa546 

according to the manufacturer's instruction (Invitrogen). To label cells with Tf, cells were 

incubated with 20 μg/ ml Alexa546–transferrin for 20 min at 37 °C to reach steady state. 

LDL was conjugated to Alexa633 according to manufacturer’s instructions (Invitrogen). 

Cells were labeled with LDL by incubation with 10 μg/ ml LDL-Alexa633 for 1 hour at 

37 °C.

Fluorescence recovery after photobleaching (FRAP)

Cells were labeled for 1 minute with DHE and chased for two hours to allow for the sterol to 

equilibrate among membranes. In the last twenty minutes, the cells were labeled with 

fluorescent transferrin to identify the ERC. A prebleach image was acquired before 

bleaching. DHE in the ERC was photobleached for 30 seconds, and images were taken every 

30 seconds for 10 minutes. In separate experiments, cells were photobleached for 30 

seconds, and six images were taken over an hour to determine the extent of recovery.

Fluorescence microscopy

Wide-field fluorescence microscopy and digital image acquisition were carried out using a 

Leica DMIRB microscope equipped with an Andor iXonEM Blue EMCCD camera driven by 

MetaMorph Imaging System software (Universal Imaging/Molecular Devices, Sunnyvale, 

CA). All images were acquired using oil-immersion objectives 63×, 1.36 NA with 2 × 2 
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pixel binning. Cells being imaged were in PBS when fixed, or M2glucose when alive. DHE 

was imaged using a filter cube obtained from Chroma Technology (Bellows Falls, VT; 335-

nm [20-nm band pass] excitation filter, 365-nm-long pass dichromatic filter, and 405-nm 

[40-nm band pass] emission filter). Standard TRITC and FITC cubes were obtained from 

Chroma. Filipin staining was imaged using an A4 filter cube (Leica, Wetzlar, Germany). 

Whole cell fluorescence quantification was carried out using MetaMorph image processing 

software (Molecular Devices, Sunnyvale, CA), as described previously [32, 33]. To quantify 

filipin intensity in the plasma membrane, we measured the 20th percentile pixel intensity of 

an individual cell and multiplied that value by the total area of that cell.

Confocal fluorescence microscopy

Cells were imaged on a Zeiss LSM 880, AxioObserver microscope equipped with a Plan-

Apochromat 63× Oil 1.4 NA differential interference contrast (DIC) M27 objective in a 

humidified chamber at 37 °C. Laurdan was excited using 405 nm laser and emission was 

recorded between 440 and 470 at 5 nm steps.

Data analysis for FRAP experiments

Images of DHE FRAP experiments were analyzed using Metamorph Discovery-1 image-

analysis software [10, 32]. The cell outlines were traced out manually in DHE images. The 

ERC was also manually outlined for each cell using the Tf-labeled images. The DHE 

fluorescence intensity from the outlined ERC region (F’ERC) and the entire cell (Fcell), as 

well as the area of the ERC (AERC), were measured. Since DHE images were wide field 

images, I’ERC not only included the fluorescence in the ERC but also included the 

fluorescence contributed by the regions of the plasma membrane that were directly above 

and below the ERC. To calculate the fluorescence contributed by the plasma membrane 

(FPM in ERC) in the ERC region, a small region next to the ERC was selected manually. The 

integrated fluorescence (FPM) and the area (APM) in this region were measured.

F PM in ERC =
F PM × A ERC

A PM
Equation 1,

was used. This was based on the assumption that the DHE fluorescence present on the 

plasma membrane directly above and below the ERC was similar to that on the plasma 

membrane next to the ERC. The DHE fluorescence only contributed from the ERC (FERC) 

was calculated using

F ERC = F ERC
, ‐ F PM in ERC = F ERC

, −
F PM × A ERC

A PM
. Equation 2,

In FRAP experiments, FERC/Fcell was used to determine the fluorescence recovery ratio. 

FRAP data were fitted using Matlab to Equation 3, f(t) = 1 – e−at. All data were analyzed 

with MetaMorph image analysis software (Molecular Devices, Downingtown, PA).
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Laurdan image analysis

GP values were calculated by comparing the Laurdan intensity at 440 and 470 nm according 

to the GP equation.

GP =
I440 − I470
I440 + I470

Equation 4,

Background noise (less than 2% maximum signal) was excluded and GFP signal (less than 

1% maximum signal) was corrected for in STARD4 KD cells at 470 nm. Representative 

images were analyzed in MetaMorph image analysis software (Molecular Devices, 

Downingtown, PA), resulting in ratio images where color indicates GP and the summed 

intensity at 440 nm and 470 nm is the final image intensity.

Lipid Extraction

Lipid extracts of wild type and STARD4 knockdown U2OS-SRA cells were prepared using 

a modified Bligh/Dyer extraction procedure [34].

Analysis of Lipids Using High Performance Liquid Chromatography-Mass Spectrometry

Lipid extracts were prepared using modified Bligh/Dyer extraction procedure spiked with 

appropriate internal standards, and analyzed using a 6490 Triple Quadrupole LC/MS system 

(Agilent Technologies, Santa Clara, CA). Glycerophospholipids and sphingolipids were 

separated with normal-phase HPLC as described before [34], with a few modifications. An 

Agilent Zorbax Rx-Sil column (inner diameter 2.1 x 100 mm) was used under the following 

conditions: mobile phase A (chloroform:methanol:1 M ammonium hydroxide, 89.9:10:0.1, 

v/v) and mobile phase B (chloroform:methanol:water:ammonium hydroxide, 55:39.9:5:0.1, 

v/v); 95% A for 2 min, linear gradient to 30% A over 18 min and held for 3 min, and linear 

gradient to 95% A over 2 min and held for 6 min. Sterols and glycerolipids were separated 

with reverse-phase HPLC using an isocratic mobile phase as before [34] except with an 

Agilent Zorbax Eclipse XDB-C18 column (4.6 x 100 mm).

Quantification of lipid species was accomplished using multiple reaction monitoring (MRM) 

transitions that were developed in earlier studies [34-36] in conjunction with referencing of 

appropriate internal standards: PA 14:0/14:0, PC 14:0/14:0, PE 14:0/14:0, PG 15:0/15:0, PI 

16:0/16:0, PS 14:0/14:0, BMP 14:0/14:0, APG 14:0/14:0, LPC 17:0, LPE 14:0, LPI 13:0, 

Cer d18:1/17:0, SM d18:1/12:0, dhSM d18:0/12:0, GalCer d18:1/12:0, GluCer d18:1/12:0, 

LacCer d18:1/12:0, D7-cholesterol, CE 17:0, MG 17:0, 4ME 16:0 diether DG, D5-TG 

16:0/18:0/16:0 (Avanti Polar Lipids, Alabaster, AL).

Lipid Abbreviations

Free cholesterol, FC; cholesteryl ester, CE; monoacylglycerol, MG; diacylglycerol, DG; 

triacylglycerol, TG; ceramide, Cer; dihydroceramide, dhCer; sphingomyelin, SM; 

dihydrosphingomyelin, dhSM; galactosylceramide, GalCer; sulfatide, Sulf; 

glucosylceramide, GluCer; lactosylceramide, LacCer; monosialodihexosylganglioside, 

GM3; phosphatidic acid, PA; phosphatidylcholine, PC; ether phosphatidylcholine, PCe; 
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phosphatidylethanolamine, PE; plasmalogen phosphatidylethanolamine-, PEp; 

phosphatidylglycerol, PG; phosphatidylinositol, PI; phosphatidylserine, PS; 

lysophosphatidylcholine, LPC; ether lysophosphatidylcholine, LPCe; plasmalogen 

lysophosphatidylethanolamine, LPEp; lysophosphatidylinositol, LPI; 

bis(monoacylglycero)phosphate, BMP; Acyl phosphatidylglycerol, APG; NAPS; N-acyl 

phosphatidylserine, NAPS.

Statistical analysis of LC-MS

Lipid levels for each sample were calculated by summing up the total number of moles of all 

lipid species measured by LC-MS methodologies, and then normalizing individual lipid 

amounts to the total. The final data are presented as mean mol % with error bars showing 

mean ± S.E. For comparing the wild type and STARD4 knockdown U2OS-SRA cells, 

respectively, a two-tailed Student's T-test was used for statistical analysis. In all cases, *, p < 

0.05; **, p < 0.01; ***, p < 0.001. For all bar graphs, error bars represent the mean ± S.E.

Immunostaining

Fixed cells were blocked and permeabilized for 15 min using 0.5% BSA by 0.05% (w/v) 

saponin in PBS. Cells were then stained overnight with ANTI-FLAG M2 antibody (F1804, 

lot number 124K61062, Sigma-Aldrich) at 1:1000 dilution at 4°C and AlecaFluor633 anti-

mouse secondary antibody (Invitrogen) and 1:400 dilution for 30 min at room temperature.

Isolation of total RNA for RNA sequencing

Total RNA was isolated from wild type and STARD4 knockdown U2OS-SRA cells. The 

RNAeasy Plus Kit (Qiagen) that included a genomic DNA elimination step was used for 

RNA isolation. RNA concentration and purity were determined using Nanodrop (Thermo 

Scientific) and integrity was verified using Agilent 2100 Bioanalyzer (Agilent 

Technologies). Finally, all samples were used for library preparation and sequencing as 100 

bp paired reads in 1.5 lanes of a HiSeq2500 following the protocols of Illumina Inc. (San 

Diego, CA) in the Genomics Resources Core Facility of Weill Cornell Medicine.

Transcriptome read alignment and data analysis

Quality control was performed using FastQC. STAR_2.4.0f1 was used for sequence 

alignment against the human genome build hg19, downloaded via the UCSC genome 

browser, and SAMTOOLS v0.1.19 for sorting and indexing reads. htseq-count v0.6.1 was 

used to get the counts of reads based on the UCSC RefGene GTF file for annotation 

(downloaded December 2015). Fragments per kilobase of transcript per million reads 

(FPKMs) for STARD4 knockdown and control U2OS cells were obtained using CuffLinks 

with default parameters. The log2 FPKM fold changes were calculated for paired samples, 

where positive fold change indicates up regulation in STARD4 knockdown samples, and 

where negative fold change represents down regulation.
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Statistical analysis

All results are expressed as mean ± SE. The statistical significance of differences in mean 

values was determined by Student’s t-test for pairwise comparison or ANOVA followed by 

Bonferroni correction for more than two groups.

RESULTS:

Cellular cholesterol levels increase following stable knockdown of STARD4.

To determine the contribution of STARD4 in intracellular sterol sensing and homeostasis, 

we utilized a U2OS cell line that stably expresses scavenger receptor A (SRA), U2OS-SRA 

[30]. These cells have been used previously to study sterol transport [10] and allow 

cholesterol loading through SRA-mediated uptake of modified lipoproteins. STARD4 

protein levels were stably reduced using a pGFP-V-RS construct containing shRNA specific 

for STARD4. Following shRNA treatment, knockdown cells were selected using puromycin, 

and STARD4 levels in control U2OS-SRA and STARD4-KD cells were assessed by 

immunoblot. STARD4 protein levels were found to be reduced ~75% compared to control 

U2OS-SRA cells (Figure 1A-B). Notably, complete reduction of STARD4 in U2OS-SRA 

cells using CRISPR was lethal within 72 hours (unpublished observation), but STARD4-KD 

cells showed no change in growth rate compared to U2OS-SRA cells (Supplemental Figure 

1.)We fixed and stained the cells with the cholesterol binding probe, filipin, to estimate 

cellular free cholesterol (FC) levels. Consistent with previous work [10, 11], stable reduction 

of STARD4 resulted in an increase in filipin intensity per cell, compared to U2OS-SRA 

cells, indicating a ~40% increase in the free cholesterol content (Figure 1C-D). We 

transiently transfected STARD4 KD cells with a shRNA-resistant mCherry-STARD4 

construct 24 hours prior to fixation and staining with filipin, to exclude off-target activity of 

the shRNA that could impact filipin intensity independently of STARD4 levels. The co-

expression of mCherry allowed us to distinguish between transiently transfected cells and 

STARD4-KD cells within individual fields. The increase in filipin intensity was reversed in 

mCherry-STARD4 expressing cells (Figure 1C-D), indicating the increased filipin intensity 

observed in the STARD4-KD cells was STARD4 specific.

The images in Figure 1 indicated that the STARD4-KD cells had bright filipin labeling 

outside of the ERC and plasma membrane, which we had identified previously as the main 

pools of cholesterol in U2OS-SRA cells. To examine this more closely, we used high 

resolution confocal imaging to look for filipin labeling of the ERC, which is labeled with 

endocytosed transferrin [37], and also filipin labeling of late endosomes containing 

endocytosed LDL [38]. As shown in Figure 2, there was filipin labeling of the ERC, and it 

appeared brighter in the STARD4-KD cells. However, when normalized to total cell 

fluorescence, there was no significant increase in the filipin labeling of the ERC. In the 

confocal images, we could see that there was a significant increase in the filipin labeling of 

LDL-containing late endosomes (Figure 2 A&C). This suggests that some unesterified 

cholesterol accumulates in late endosomes in STARD4-KD cells.

To make an estimate of changes in filipin labeling in the plasma membrane, we used the 20th 

percentile of the brightness in the epifluorescence image each cell as a measure of the filipin 
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brightness in broad areas of the plasma membrane (Figure 3A). We then multiplied this 

brightness by the area of the cell to estimate total plasma membrane labeling. (We also used 

the 40th percentile of brightness with similar results.) There is a small increase in filipin 

labeling of the plasma membrane (Figures 3 A&B). However, when this plasma membrane 

labeling is divided by total cell intensity, it shows a decrease (Figure 3C). This indicates that 

the largest percentage increase in filipin labeling is in punctate organelles in the cells.

Stable reduction of STARD4 reduces sterol transport.

Previous work has indicated that a large fraction of sterol transport is mediated by non-

vesicular mechanisms [1, 6, 11]. As loss of STARD4 in cells results in altered cholesterol 

sensing [10, 11], and levels [10] (Figure 1), we investigated if stable reduction of STARD4 

altered the kinetics of sterol transport between the plasma membrane and the ERC using 

fluorescence microscopy techniques [3, 10, 11]. We utilized fluorescence recovery after 

photobleaching (FRAP) to measure sterol transport to the ERC (Figure 4A). In U2OS-SRA 

cells, dehydroergosterol (DHE) was trafficked to the ERC with a halftime (t1/2) of 12.4±1.0 

min (Figure 4B). In STARD4-KD cells, we observed reduced sterol transport to the ERC 

with t1/2 of 37.8±8.1 min (Figure 4 A-B). When STARD4-KD cells were rescued using 

mCherry-STARD4, sterol transport was restored, and cells exhibited a t1/2 of 13.5±1.3 min. 

The data shown for the STARD4 knockdown cells fit well to a single first order rate process. 

These results are consistent with previous reports finding STARD4 as an important regulator 

of intracellular cholesterol transport [10, 11]. In order to get accurate rates, we made 

frequent measurements over a 10 minute period. This could not be extended due to 

photobleaching. To verify that the recovery is close to 100% at long times, we made 

infrequent measurements over 60 minutes. We obtained similar values for t1/2, but now it can 

be seen that recovery goes to nearly 100% in both the U2OS-SRA and the STARD4-KD 

cells. The lines showing the fit to the data points are based on full recovery.

To determine whether STARD knockdown affected membrane transport of proteins, we 

measured the amount of fluorescent transferrin delivered to the ERC (Figure S2). This 

approach to steady state labeling of the ERC depends on the rates of endocytosis and 

intracellular sorting of membrane to the ERC as well as the rate of efflux from the ERC to 

the plasma membrane [37]. We found no difference in the rate of filling the ERC, indicating 

that these aspects of membrane trafficking are not affected by reduction of STARD4 levels.

Stable reduction of STARD4 increases detergent solubilization of the plasma membrane.

The increased cellular cholesterol levels (Figure 1) might be expected to increase the amount 

of ordered domains in cellular membranes. To investigate if the plasma membrane properties 

were altered following knockdown of STARD4, we examined the cold Triton X-100 

(TX-100) solubilization of the plasma membrane using DiIC16, which due to its long and 

saturated alkyl chains preferentially associates with detergent-resistant membranes [39-41] 

(Figure 5). This cold triton solubility assay has been used to document changes in bilayer 

properties associated with changes in cholesterol levels and acyl chain saturation [39, 42].

Prior to TX-100 extraction, both U2OS-SRA cells and STARD4-KD cells have uniform 

DiIC16 plasma membrane labeling (Figure 5A). Consistent with previous work [39], the 
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plasma membrane of U2OS-SRA cells have holes in the DiIC16 labeling after cold TX-100 

extraction (Figure 5A), but a large fraction of the membrane remains labeled, indicating that 

a large fraction of the plasma membrane is detergent resistant. When STARD4 is stably 

knocked down, extraction of DiIC16 is significantly increased (Figure 5B), indicating that 

more of the plasma membrane has been solubilized. To confirm this is a STARD4 specific 

effect, we transiently transfected the STARD4-KD cells with a shRNA resistant FLAG-

STARD4 construct. The previously used shRNA resistant mCherry-STARD4 construct could 

not be used due to overlap in the emission spectra of mCherry and DiIC16. We assessed the 

transfection rate to be ~80% by immunostaining using an anti-FLAG antibody (Figure S3). 

The reduced DiIC16 intensity following TX-100 extraction was reversed when STARD4-KD 

cells were transiently transfected with FLAG-STARD4 (Figure 5A-B), confirming the effect 

to be STARD4-specific. These results suggest that the plasma membrane of STARD4-KD 

cells can be more easily solubilized and therefore is more disordered than in control U2OS-

SRA cells. Thus, even with increased total cell cholesterol, the plasma membrane appears to 

be less ordered when STARD4 levels are reduced.

Stable reduction of STARD4 decreases plasma membrane order.

To validate that stable reduction of STARD4 in U2OS-SRA cells reduces membrane order, 

we utilized Laurdan, which has a lipid order dependent fluorescence emission shift and can 

be used to evaluate the plasma membrane order in living cells [43]. In more disordered 

membranes, Laurdan fluorescence emission is red shifted, while in ordered membranes, 

Laurdan florescence emission is blue shifted. The order-linked emission shift is typically 

expressed as a generalized polarization (GP) value, which can be calculated with the 

intensities at 440 nm and 470 nm according to the GP function, GP = (I440 - I470)/( I440 + 

I470).

After a 30 minute incubation with Laurdan, the dye reaches equilibrium with the various 

cellular membranes [43]. The STARD4-KD cells stably express GFP, which is weakly 

fluorescent at 470 nm, so knockdown cells were imaged with or without Laurdan so that the 

background GFP signal could be corrected. Images were taken of Laurdan labeled cells at 

440 nm and 470 nm and the GP calculated in regions of the plasma membrane. We observed 

that STARD4-KD cells displayed a lower GP value than control U2OS-SRA cells, as seen 

by a blue shift, indicating lower plasma membrane order (Figure 6A-B). This reduction in 

plasma membrane order could be restored by expression of shRNA-resistant mCherry-

STARD4 (Figure 6A-B). Taken together, the cold TX-100 extraction (Figure 5) and Laurdan 

imaging (Figure 6) indicate that cells decrease their plasma membrane order following stable 

reduction of STARD4.

Reduction of STARD4 alters the lipidome profile.

The observations that STARD4 reduction led to decreased plasma membrane order even in 

the presence of increased cholesterol led us to analyze the lipidome of STARD4-KD and 

U2OS-SRA cells (Figure 7). The distribution of the individual molecular lipid species that 

were measured can be found in Supplemental Dataset S1.
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Consistent with filipin labeling (Figure 1), STARD4 knockdown cells have an increase in FC 

compared to U2OS-SRA cells (Figure 7A). Interestingly, the concentration of 26 out of the 

30 lipid classes identified by mass spectrometry showed a statistically significant difference 

between the U2OS-SRA and STARD4 knockdown cells (Figure 7A-G). Specifically, 

reduction of STARD4 resulted in increased FC, sphingomyelin (SM), dihydrosphingomyelin 

(dhSM), lactosylceramide (LacCer), plasmalogen phosphatidylethanolamine- (PEp), 

phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatidylserine (PS), plasmalogen 

lysophosphatidyl ethanolamine- (LPEp) and bis (monoacylglycero) phosphate (BMP). 

Additionally, several lipids had a lower abundance in STARD4 knockdown cells - most 

notably cholesterol ester (CE), monoacylglycerol (MG), diacylglycerol (DG), triacylglycerol 

(TG) ceramide (Cer) and phosphatidylcholine (PC). The abundance of several lipids was 

similar in STARD4 knockdown and U2OS-SRA cells, including galactosylceramide 

(GalCer), sulfatide (Sulf), glycosactosylceramide (GluCer) and phosphatidic acid (PA). 

Comparative lipidomic analysis of STARD4 knockdown U2OS-SRA and control U2OS-

SRA cells indicates that stable reduction of STARD4 results in large alterations to the lipid 

composition of cellular membranes.

STARD4 knockdown increases phospholipid acyl chain length and unsaturation.

To further investigate the effects of STARD4 knockdown on the lipidome, we examined the 

acyl chain length (Figure 8A) and saturation level (Figure 8B) of glycerophospholipids and 

DG in U2OS-SRA and STARD4-KD cells. Analysis of the acyl chain length shows that 

stable reduction of STARD4 (red) results in a shift toward longer acyl chains compared to 

U2OS-SRA cells (blue). Specifically, U2OS-SRA cells are relatively enriched in short-

medium (32-34C) chains, while STARD4 knockdown cells are relatively enriched in 

medium-long (36-42C) chains (Figure 8A). The increase in acyl chain lengths in STARD4 

knockdown cells may contribute to disordered lipid packing leading to alterations in the 

membrane order [44].

Analysis of the acyl chain saturation of STARD4-KD (Figure 8B red) and U2OS-SRA 

(Figure 8B blue) cells also show alterations. The lipids from U2OS-SRA cells are relatively 

enriched in mono-, di- and tri-unsaturated fatty acids. In comparison, STARD4 knockdown 

cells are relatively enriched in polyunsaturated fatty acids with 4, 5 and 7 double bonds 

(Figure 8B). This increase in unsaturated fatty acids would likely alter the membrane order 

[1] and cold TX-100 solubility (Figure 5). Taken as a whole, the lipid profiling of STARD4 

knockdown and U2OS-SRA cells shows that reduction of STARD4 results in alterations to 

the membrane composition (Figures 7 and 8).

Reduction of STARD4 alters RNA profile.

As stable reduction of STARD4 resulted in altered sterol levels (Figures 1 and 7), sterol 

transport (Figure 2) and membrane properties (Figure 5 & 6), we examined if reduction of 

STARD4 also altered RNA transcript levels. We investigated transcriptional changes by 

RNA-seq on matched STARD4-KD and U2OS-SRA samples and focused on genes known 

to be involved in cholesterol homeostasis or transport as well as genes involved in lipid 

saturation (Figure 9). The analysis of the all the genes that were annotated can be found in 

Supplemental Dataset S2.
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Consistent with a previous study [10], reduction of STARD4 upregulates SREBP-2 

processing and subsequently activates transcription of genes regulated by SREBP-2. HMG-

CoA synthase 1 (HMGCS1) and HMG-CoA reductase (HMGCR) were upregulated in 

STARD4-KD cells compared to U2OS-SRA cells (Figure 9A). Interestingly, the LDL 

receptor (LDLR), which is a well-documented SREBP-2 target, was not upregulated. In 

addition to SREBP-2, the sterol responsive element-binding protein 1 (SREBP-1) was 

downregulated, while several fatty acid desaturases, including fatty acid desaturase 3 

(FADS3), fatty acid desaturase 2 (FADS2) and sphingolipid delta(4)-desaturase DES1 

(DEGS1) were notably upregulated in STARD4-KD samples (Figure 9B). Interestingly, the 

transcript levels of acyl-CoA desaturase (SCD) were not statistically altered between 

knockdown and control samples.

The transcript levels of some START domain proteins, SCP-2, and several members of the 

oxysterol-binding protein-related protein (OSBP) family of lipid transporters were 

downregulated (Figure 9C). Consistent with previous work [28], reduction of STARD4 

resulted in a decrease in the transcript levels of Niemann Pick C1 (NPC1) protein. Notably, 

the transcript levels for STARD5 are upregulated significantly following stable reduction of 

STARD4. Taken as a whole our data show that stable reduction of STARD4 in U2OS-SRA 

cells results in large alterations in expression of genes involved in lipid metabolism and 

transport.

DISCUSSION:

Although a large fraction of cholesterol transport is mediated by non-vesicular transport 

mechanisms, the role of specific sterol transfer proteins in maintaining cholesterol 

homeostasis remains poorly understood. STARD4, a soluble sterol transporter, has been 

implicated in maintaining sterol homeostasis and is transcriptionally regulated by SREBP-2 

[10, 11, 27, 45]. In this study, we studied the effects of stable STARD4 knockdown to 

investigate the role of STARD4 in cholesterol sensing and lipid homeostasis. We show that 

stable reduction of STARD4 causes an increase in cellular cholesterol level and slowed 

sterol transport between the ERC and the plasma membrane. Additionally, reduction of 

STARD4 results in reduced plasma membrane order, alterations to the cellular lipidome and 

transcription profile. Thus, STARD4 is a critical component in the regulatory machinery that 

senses and maintains sterol levels and lipid homeostasis.

It has been challenging to demonstrate that a specific sterol transfer protein plays a major 

role in maintaining cholesterol distribution and homeostasis [1, 2]. One of the difficulties in 

this endeavor is that there are several sterol binding proteins that could transport cholesterol 

between organelles, and many of these proteins may have overlapping functions [6, 46]. 

Additionally, there is evidence that knockout of lipid transporters may result in selective up 

regulation of other lipid transporters as a compensatory mechanism. This is most evident in 

cells that have been knocked out for SCP-2/SCP-X where loss of these proteins induces an 

up regulation of STARD4 and PCTP/STARD2 [47]. In mammalian cells, STARD4 has been 

implicated as an important sterol transporter [1, 10, 11, 27], but the development and 

survival of a StarD4−/− mouse indicates that the gene is not essential [28]. While reduction 

of STARD4 in either cell culture models [10, 11] or mice [28] resulted in some alterations, it 
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is possible that loss of STARD4 results in activation of compensatory mechanisms, which 

can vary among tissues [48], to ensure viability [47]. It is paradoxical that complete loss of 

STARD4 in U2OS-SRA cells is lethal after a few days, but a homozygous Stard4−/− mouse 

can live and breed [28]. We do not understand the reason for this other than to guess that 

adaptations early in development allow the knockout mice to survive. A more complete 

analysis of lipidomics and gene expression in the knockout mice may be informative.

Analysis of the RNA profiles of STARD4 knockdown and U2OS-SRA cells showed that the 

reduction in sterol transport rate was unlikely to be mediated exclusively by altered 

expression of other soluble sterol transport proteins. There were increases in RNA 

expression of some sterol transport proteins, most notably STARD5 (Figure 9C). We note 

that ~25-30% of the endogenous STARD4 protein remains in STARD4-KD cells. Other 

sterol transport proteins including members of the START, ORP/OSBP family as well as 

SCP-2 had decreased RNA transcript levels following stable reduction of STARD4.

We further investigated the link between changes in sterol transport and lipid alterations by 

examining the genes involved in lipid homeostasis and the cellular lipidome (Figure 7 & 8). 

Cholesterol levels in the ER are maintained in a narrow range [5]. These levels are 

determined by a balance between sterol synthesis and delivery to the ER, which increase 

sterol levels, and sterol efflux or esterification, which decrease sterol in the ER. As STARD4 

delivers sterol to the ER [1, 10, 11, 17], reduction of STARD4 would reduce delivery of 

cholesterol to the ER, altering cellular cholesterol homeostasis. Therefore, it was not 

surprising that stable reduction of STARD4 caused an upregulation of SREBP-2 [10] and 

genes involved in cholesterol biosynthesis and uptake. Consistent with this, cholesterol 

levels were increased in STARD4 knockdown cells. It is also worth noting that both the 

alpha and beta isoforms of the liver x-receptor, NR1H3 and NR1H2 respectively, had 

reduced transcript levels in the STARD4 knockdown cells. This suggests that multiple 

pathways maintaining cholesterol homeostasis are altered when STARD4 levels are reduced.

One of the most important changes may be the reduction in NPC1 and NPC2 mRNA 

expression. NPC1 and NPC2 are required for efflux of cholesterol out of late endosomes and 

lysosomes, and we observed that there was a large increase in the unesterified cholesterol in 

these organelles in STARD4-KD cells. Thus, even though there was some increase in the 

filipin labeling of the plasma membrane, the increase in total cell cholesterol was greater 

than the plasma membrane increase due to the increased cholesterol in intracellular 

organelles.

In addition to changes in cholesterol metabolism, there were global changes in the lipidome 

of the STARD4-KD cells. Several other lipids, including sphingomyelin and 

phosphatidylserine, were highly enriched in STARD4-KD cells. This increase in 

sphingomyelin is somewhat surprising as it is known to be enriched on the exofacial leaflet 

of the plasma membrane [49] and associated with high lipid order [50], but the plasma 

membrane of STARD4-KD cells were more sensitive to cold TX-100 extraction and had 

reduced general polarization indicating a more disordered membrane. It is likely that the 

increase in lipid unsaturation is responsible for the decreased overall lipid order in the 

plasma membrane. It is possible that the increase in acyl chain length is also related to the 
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increase in unsaturation since polyunsaturated acyl chains tend to be longer than saturated 

lipids.

Further research will be required to understand how reduced STARD4 levels lead to 

transcriptional changes that are associated with these changes in lipid profiles. In addition to 

altering SREBP-2 transcription levels and regulation, stable reduction of STARD4 also 

resulted in lower transcript levels for SREBP-1. Interestingly, we found that some lipid 

desaturases were upregulated following STARD4 knockdown. The increased expression of 

these desaturases could account, in part, for the increase in polyunsaturation of lipid acyl 

chains. The rise in unsaturated lipids would decrease membrane order [51], and further 

studies will be required to understand how primary changes in cholesterol transport lead to 

such pleiotropic effects on lipid metabolism. One possibility is that changes in cholesterol 

levels lead to changes in lipid-lipid interactions and bilayer properties, which in turn lead to 

further homeostatic adaptations.

In summary, the stable reduction of STARD4 results in increased cellular cholesterol levels 

and slower sterol transport between the plasma membrane and the ERC in STARD4-KD 

cells compared to control U2OS-SRA cells. In addition to these effects, we observed 

alterations to the transcriptional and lipidomic profiles, which alters the biophysical 

properties of cell membranes. Reduction of STARD4 not only alters the regulation of the 

cholesterol homeostatic machinery but also modulates pathways involved in maintaining 

lipid homeostasis. Therefore, STARD4 expression must be finely tuned. Our data shows that 

dysregulation of STARD4 expression results in desensitization of the ER homeostatic 

machinery and changes to the lipidome and transcriptome of the cell. Thus, we propose that 

STARD4 is a critical component in the regulatory machinery that senses and maintains sterol 

levels and participates in maintaining lipid homeostasis.
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Abbreviations:

DHE Dehydroergosterol

ER endoplasmic reticulum

ERC endocytic recycling compartment

FRAP fluorescence recovery after photobleaching
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MCD Methyl-β-cyclodextrin

SCAP SREBP-cleavage-activating protein

SRA scavenger receptor A

SREBP-1 sterol responsive element-binding protein 1

SREBP-2 sterol responsive element-binding protein 2

StAR steroidogenic acute regulatory protein

START StAR-related lipid-transfer

Tf transferrin

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine

POPE 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine

POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine

PI phosphatidylinositol

dansyl-PE dansyl-phosphatidylethanolamine

TX Triton X
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Figure 1. Stable knockdown of STARD4 increases filipin staining and can be reversed by 
transient expression of shRNA-resistant mCherry-STARD4.
(A) U2OS-SRA cells were transfected with pGFP-V-RS shRNA expressing a shRNA 

sequence against STARD4. Generation of stable STARD4 knockdown in U2OS-SRA cells 

(STARD4-KD) was achieved by selection with 5 μg/mL puromycin. The immunoblot shows 

the efficiency of STARD4 silencing. (B) STARD4 protein levels relative to tubulin levels in 

U2OS-SRA and STARD4-KD cells were quantified from 3 independent immunoblot 

experiments. (C) Epifluorescence microscopy images of U2OS-SRA, STARD4-KD, or 

STARD4-KD cells transfected with shRNA-resistant mCherry-STARD4 construct to rescue 

STARD4 expression (STARD4-KD rescued), which were fixed and stained with filipin. (D) 

Microscopy images were used to quantify cellular filipin fluorescence from >200 cells per 

group. **** p < 0.0001. Error bars sem.
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Figure 2. STARD4-KD cells show cholesterol accumulation in endosomes.
U2OS-SRA and STARD4-KD cells were incubated with LDL-A633 (10 μg/mL) for 1 hour 

prior to fixation and with Tf-A546 (20 μg/ml) 25 minutes prior to fixation. Fixed U2OS-

SRA and STARD4-KD cells were stained with filipin (50 μg/ml) for 45 minutes and imaged 

immediately after by confocal microscopy. (A) Maximum projections of confocal stacks 

illustrate the differences in filipin stain with colocalization of filipin puncta and LDL-A633. 

Yellow arrows indicate areas of overlap between filipin and LDL. Blue arrows indicate areas 

of overlap between filipin and transferrin. (B) Tf-A546 stained ERC showed no difference in 

filipin distribution in >70 cells per group. Error bars, sem. (C) LDL-containing intracellular 

compartments showed an increased filipin distribution in >100 cells per group *** p < 

0.001. Error bars sem.
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Figure 3. STARD4-KD total plasma membrane intensity increases.
(A) Epifluorescence microscopy images of U2OS-SRA or STARD4 KD cells fixed and 

stained with filipin. The right panels show the whole cells filled with the brightness of the 

20th percentile pixel in each cell. (B) Calculated plasma membrane intensity of STARD4-

KD cells is larger than U2OS-SRA cells measured in >30 cells per group * p < 0.05. Error 

bars, sem. (C) The increase in STARD4-KD plasma membrane cholesterol is less than the 

increase in the whole cells in >30 cells per group ** p < 0.01. Error bars, sem.
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Figure 4. Sterol transport to the ERC is reduced following stable knockdown of STARD4.
For FRAP experiments, control U2OS-SRA cells , STARD4 knockdown, and STARD4-KD 

cells transfected with shRNA-resistant mCherry-STARD4 were labeled with DHE for 120 

minutes. In the last 20 minutes, cells were incubated with 20 μg/ml transferrin-Alexa-546 at 

37°C to identify the ERC. Cells were maintained at 37°C. (A) Images of transferrin-

Alexa-546 and DHE were taken before photobleaching. DHE in the ERC was photo-

bleached (yellow arrow), and images were taken every 30 seconds. (B) Fluorescence images 

were used to quantify FRAP for U2OS-SRA, STARD4-KD and STARD4-KD rescued cells. 

Each data point is derived from an average of at least 13 cells. Error bars sem. Data are fit to 

single exponential that approaches one hundred percent recovery. (C) Extended FRAP 

experiments. Each data point is derived from an average of at least 4 cells. Error bars, sem.
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Figure 5. Stable knockdown of STARD4 increases plasma membrane solubilization by cold 
TX-100 and can be reversed by transient expression of shRNA-resistant FLAG-STARD4.
(A) Epifluorescence microscopy images of U2OS-SRA, STARD4-KD and STARD4-KD 

rescued cells (transiently transfected with shRNA resistant pCMV-Tag2b-STARD4 plasmid). 

Cells were incubated with DiI-C16 alone or incubated with DiI-C16 and then extracted using 

TX-100 prior to imaging. Brightfield images are also shown for cells after TX-100 

extraction. (B) Microscopy images were used to quantify residual DiI-C16 fluorescence after 

TX-100 extraction from >200 cells per group. **** p < 0.0001. Error bars sem.
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Figure 6. Stable knockdown of STARD4 increases plasma membrane fluidity and can be 
reversed by transient expression of shRNA-resistant mCherry-STARD4.
(A) Epifluorescence microscopy images of U2OS-SRA, STARD4-KD and STARD4-KD 

rescued cells (transiently transfected with shRNA resistant mCherry-STARD4 construct). 

Cells were incubated with Laurdan at a final concentration of 25μM for 30 minutes, and 

images obtained, from which generalized polarization (GP) images were generated. (B) 

Microscopy images were used to quantify GP (normalized to control) at the plasma 

membrane from >100 cells per group. **** p < 0.0001. Error bars sem.
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Figure 7: Alteration in lipid composition of U2OS-SRA following stable knockdown of STARD4.
Lipid profile of wild type (blue) and STARD4 knockdown (red) U2OS-SRA cells. (A) Free 

cholesterol, cholesterol ester, phosphatidylcholine, and ether phosphatidylcholine. (B) 

Phosphatidylethanolamine, phosphatidylethanolamine-plasmalogen, monoacylglycerol, 

diacylglycerol, triacylglycerol, and sphingomyelin. (C) Ceramide, phosphatidylserine, 

lysophosphatidylinositol, and phosphatidylinositol. (D) Lysophosphatidyl ethanolamine, 

glucosylceramide, galactosylceramide and phosphatidic acid. (E) 

bis(monoacylglycero)phosphate, dihydrosphingomyelin, lysophosphatidylcholine, and 

dihydroceramide. (F) Monosialodihexosylganglioside, phosphatidylglycerol, acyl 

phosphatidylglycerol and N-acyl phosphatidylserine. (G) Sulfatide, lactosylceramide, ether 

lysophosphatidylcholine and plasmalogen lysophosphatidylethanolamine. Lipid subclasses 

are expressed as mol % of total lipids measured from 6 samples per condition. Error bars 

sem. * p < 0.05; **, p < 0.01; ***, p < 0.001. The absolute level of individual lipid species is 

presented in supplemental Dataset S1.
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Figure 8: Acyl chain length and unsaturation level increase in STARD4 knockdown U2OS-SRA 
cells.
Acyl chain length and saturation profile of wild type (blue) and STARD4 knockdown (red) 

U2OS-SRA cells. (A) Chain length and (B) saturation level of glycerophospholipids and 

diacylglycerol in wild type and STARD4 knockdown U2OS-SRA cells. 

Glycerophospholipid and diacylglycerol chain length is the sum of the lipid acyl chains. 

Glycerophospholipid and diacylglycerol chain length and saturation level are expressed as 

mean mol % of total phospholipids and diacylglycerol measured from 6 samples per 

condition. Error bars sem. * p < 0.05; **, p < 0.01.
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Figure 9: Altered RNA profile of stable STARD4 knockdown U2OS-SRA cells.
Differential gene expression of (A) cholesterol homeostatic machinery, (B) fatty acid 

desaturases and (C) sterol transporters in wild type and STARD4 knockdown U2OS-SRA 

cells. As a standard, STARD4 gene expression is included in each group. Average log2 fold 

changes of genes. 3 samples were analyzed per condition. Error bars sem. * p < 0.05; **, p < 

0.01; ***, p < 0.001. The absolute level of individual genes is presented in supplemental 

Dataset S2.
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