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Abstract

Oxysterol binding protein-related protein 2 (ORP2) is a lipid binding protein that has been 

implicated in various cellular processes, including lipid sensing, cholesterol efflux, and 

endocytosis. We recently identified ORP2 as a member of a protein complex that regulates 

glucocorticoid biosynthesis. Herein, we examine the effect of silencing ORP2 on adrenocortical 

function and show that the ORP2 knockdown cells exhibit reduced amounts of multiple steroid 

metabolites, including progesterone, 11-deoxycortisol, and cortisol, but have increased 

concentrations of androgens, and estrogens. Moreover, silencing ORP2 suppresses the expression 

of most proteins required for cortisol production and reduces the expression of steroidogenic 

factor 1 (SF1). ORP2 silencing also increases cellular cholesterol, concomitant with decreased 

amounts of 22-hydroxycholesterol and 7-ketocholesterol, two molecules that have been shown to 

bind to ORP2. Further, we show that ORP2 binds to liver X receptor (LXR) and is required for 

nuclear LXR expression. LXR and ORP2 are recruited to the CYP11B1 promoter in response to 

cAMP signaling. Additionally, ORP2 is required for the expression of other LXR target genes, 

including ABCA1 and the LDL receptor (LDLR). In summary, we establish a novel role for ORP2 

in regulating steroidogenic capacity and cholesterol homeostasis in the adrenal cortex.
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1. Introduction

In mammalian cells, cholesterol homeostasis is contingent upon the distribution of 

cholesterol and its oxygenated derivatives (oxysterols) along an intracellular gradient and 

their interaction with regulatory components such as lipid binding proteins (Ridgway N, 

2010, Ridgway ND et al., 1998). The oxysterol binding protein OSBP/ORPs family of 

transport proteins has been implicated in the energy-independent transport of oxysterols and 
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cholesterol between organelles. Members of the mammalian 12-member family all contain 

cholesterol/oxysterol binding motifs that are adjacent to domains with regulatory and 

membrane targeting functions (Ngo MH et al., 2010, Olkkonen VM and Li S, 2013). The 

family can further be grouped into six subfamilies based on sequence identity, with each 

individual member having distinct functions including the regulation of lipid metabolism, 

signal transduction, vesicular transport and cytoskeletal regulation (Olkkonen and Levine, 

2004, Schultz et al., 2009). ORPs have variable N terminal regions with most members 

containing a FFAT motif (two phenylalanines in an acidic tract), pleckstrin homology (PH) 

domains and ankyrin repeats, as well as a C terminus composed of an oxysterol recognition 

domain (Fairn and McMaster, 2008, Jansen et al., 2011).

Members of the OSBP/ORP family participate in a wide variety of molecular processes 

(Olkkonen VM and Li S, 2013). For example, overexpression of OSBP in Chinese hamster 

ovary (CHO) cells increases expression of sterol regulated genes as well as de novo 

cholesterol synthesis, and suppress acyl-CoA:cholesterol acyltransferase (ACAT) activity 

when bound to 25-hydroxycholesterol via modulation of sphingolipid and cholesterol 

synthesis and trafficking (Storey, 1998). Studies by Ridgway et al. revealed that OSBP 

functions as a cytosolic protein that, when bound to 25-hydroxycholesterol, localizes to the 

Golgi apparatus, with possible regulatory functions in addition to that of oxysterol transport 

(Ridgway, 1992). Additionally, the ORP subfamily III, which includes ORP3, ORP6 and 

ORP7, have been found to be dually localized on the ER and the plasma membrane, and it 

has been suggested that they may have the function of facilitating lipid transport between the 

two compartments (M. Lehto, Tienari, J., Lehtonen, S., Lehtonen, E., Olkkonen, V., 2004, 

Pichler, 2001).

ORP2 encodes a 55 kDa protein that is expressed ubiquitously in mammalian tissues 

(Laitinen et al., 2002). It is homologous to the sterol binding domain of OSBP, yet lacks the 

N terminal extension that contains a PH domain required for Golgi localization and the 

functional effects of OSBP (Laitinen et al., 2002). Despite the absence of the PH domain, 

ORP2 has been found to be distributed between the cytosol and Golgi apparatus, and is still 

capable of Golgi association, which has been attributed to a resemblance of the Golgi 

targeting mechanism of yeast Osh4p/Kes1p described in Lehto, et al. (M. Lehto and 

Olkkonen, 2003). Studies on CHO cells have shown that ORP2 localizes to the surface of 

lipid droplets (LD), and binds several oxysterols with different affinities, with the highest 

affinity ligand to date being 22(R)-hydroxycholesterol (Hynynen et al., 2005). 

Overexpression of ORP2 in CHO cells has been associated with a decrease in cholesteryl 

esters as well as a dispersal of the droplets throughout the cytoplasm (Hynynen et al., 2005, 

Hynynen et al., 2009). Also, stably transfected CHO cell expressing ORP2 have been shown 

to display a decrease in free cholesterol within cells, as well as an enhanced cholesterol 

efflux to all acceptors and a reduction in ACAT activity (Fairn and McMaster, 2008, Kakela 

et al., 2005). ORP2 is also capable of binding 25-hydroxycholesterol via a binding pocket 

similar to that of its yeast homolog Osh4p, as well as interacting with phospholipid vesicles 

containing PIPs (Suchanek, 2007).

In the adrenal gland, steroid hormones are produced from cholesterol through a metabolic 

pathway that is dependent on the inter-organelle transfer of its oxygenated derivatives 
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between the mitochondrion and the endoplasmic reticulum (ER). We have recently identified 

a protein complex containing multiple proteins including RhoA, and the RhoA effector 

diaphanous 1 (DIAPH1), that regulates microtubule-dependent mitochondrial movement and 

cortisol production (Li D et al., 2013). Interestingly, components of this complex include 

two members of the ORP family, ORP2 and ORP10. Based on the established role of ORP2 

in cholesterol homeostasis and its identification as a component of a macromolecular protein 

complex implicated in steroid hormone metabolism, the aim of this study was to determine 

the effect of silencing ORP2 on adrenocortical steroidogenic gene expression and hormone 

production.

2. Materials and Methods

2.1. Reagents

Dibutyryl cAMP, 22(R)-hydroxycholesterol, 22(S)-hydroxycholesterol, 25-

hydroxycholesterol, progesterone, and pregnenolone were purchased from Sigma-Aldrich 

(St. Louis, MO).

2.2. Cell culture

H295R adrenocortical cells were obtained from Dr. William E. Rainey (University of 

Michigan, Ann Arbor, MI) and cultured in Dulbecco's Modified Eagle's/F12 medium 

(Hyclone, Logan, UT) supplemented with 10% Nu-Serum I (BD Biosciences, Palo Alto, 

CA), 1 % ITS Plus (BD Biosciences), antibiotics, and antimycotics. Stable ORP2 

knockdown cell lines (ORP2kd) were generated by transfecting H295R cells with shRNA 

plasmids (pGFP-V-RS HuSH vector; Origene, Rockville, MD) and clones selected by 

culturing in 10 µg/ml puromycin, and cultured in the DME/F12 medium and supplements 

described for wild type cells. Clones from cells transfected with two different shRNAs 

(clone 1: 5’-AAC ATA ATG AAG CCT ACA CCT GGA CCA AC (ORP2 shRNA#1) and 

clone 2 5’-AGT GCG TTC CAC TCG GAA GGT CTC AAC CA (ORP2 shRNA#2) were 

tested and all yielded similar results. Stable cell lines transfected with a scrambled shRNA 

or the empty vector were generated as negative controls. ORP2 overexpressing cells 

(ORP2UP) were generated by transfecting H295R cells with pCMV6-AC-GFP-ORP2 

(Origene) and stable clones selected by incubation in 100 ng/ml G418. The pCMV6-AC-

GFP empty vector was used as a negative control. CV1 cells were obtained from the 

American Type Culture Collection (Manassas, VA) and cultured in MEM (Cellgro, 

Manassas, VA) containing 10% fetal bovine serum, antibiotics, and antimycotics.

2.3. Cortisol and DHEA assays

H295R wild type, scrambled shRNA, ORP2KD (ORP2 shRNA#1 and ORP2 shRNA#2), or 

ORP2UP cells were subcultured into 6-well plates and treated with 0.4 mM Bt2cAMP 

(Sigma Aldrich, St. Louis, MO) for 48 h. Cortisol and dehydroepiandrosterone (DHEA) 

released into the media were determined in triplicate against standards prepared in 

DMEM/F12 medium using a 96-well plate enzyme linked immune DHEA and cortisol 

assays (Assay Designs, Inc., Ann Arbor, MI). Steroid hormone amount was normalized to 

the total cellular protein content, as determined using a bicinchoninic acid (BCA) assay 

(Pierce, Rockford, IL).
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2.4. Sterol and steroid Metabolite Analysis

Wild type and ORP2KD cells (ORP2 shRNA#1 and ORP2 shRNA#2) were treated with 0.4 

mM Bt2cAMP for 48 h and the media and cells collected for quantification of sterol and 

steroid metabolites by ultra performance liquid chromatography tandem mass spectrometry. 

Analysis was performed by the West Coast Metabolomics Center at the University of 

California Davis Metabolomics Facility (Supported by NIH 1U24DK097154). Briefly, Ultra 

Performance Liquid Chromatography (UPLC) tandem Mass Spectroscopy (MS-MS) was 

carried out with a Waters Acquity UPLC system connected with the Xevo TQ triple 

quadrupole mass spectrometer (Gaikwad NW, 2013). The analyses were performed using 

Electro Spray Ionization (ESI) in positive ion mode, capillary voltage of 3.0 kV, extractor 

cone voltage of 3 V and detector voltage of 500 V. Desolvation gas flow was maintained at 

600 L/h. Source temperature and desolvation temperatures were set at 150 and 350 °C, 

respectively. The collision energy was varied to optimize daughter ions. Analytical 

separations on the UPLC system were conducted using an Acquity UPLC BEH C18 1.7 µm 

column (1 × 50 mm) at a flow rate of 0.2 ml/min. The gradient started with 100% A (0.1% 

formic acid in H2O) and 0% B (0.1% formic acid in CH3CN) and changed to 20% A over 5 

min, then 0 % A over 2 min. Finally, over 1 min it was changed back to original 100% A and 

column was equilibrated at 100% A for 2 min, resulting in a total separation time of 10 min. 

The elutions from the UPLC column were introduced to the mass spectrometer and resulting 

data were analyzed and processed using MassLynx 4.1 software. Reference standards were 

used to optimize the UPLC/MS-MS conditions prior to analysis.

2.5. RNA isolation, quantitative RT-PCR, and microarray

H295R wild type, scrambled shRNA, ORP2KD(shRNA#1), and ORP2UP cells were 

subcultured into 12-well plates and treated with 0.4 mM Bt2cAMP for 18 h. Total RNA was 

isolated using RNeasy Mini Kit (Qiagen, Germantown, MD), and amplified in triplicate 

using a One-Step SYBR Green RT-PCR Kit (Quanta Biosciences, Gaithersburg, MD) and 

the primer sets listed in Table 1. Gene expression was normalized to β-actin mRNA content 

and calculated using the ΔΔ cycle threshold (ΔΔCT) method. mRNA expression of ORP2KD 

shRNA#2 is shown in Supplemental Figure 2. Microarray analysis was carried out by 

Phalanx Biotech Group, Inc. (Palo Alto, CA) using the Human Whole Genome OneArray™ 

DNA Microarray (HOA_004) on RNA isolated from wild type, scrambled shRNA, and 

ORP2 shRNA#1 cell lines. Three technical replicate hybridizations were performed per 

sample. Hybridization intensities were analyzed by normalizing to the wild type cell line and 

principal component, gene ontology, and pathway enrichment analyses carried out to 

identify subsets of genes which share a common molecular function or biological process 

that were differentially expressed.

2.6. Western blotting

H295R wild type, scrambled and ORP2KD(shRNA #1 and shRNA#2) and ORP2UP were 

subcultured onto 6-well plates treated with Bt2cAMP (0.4 mM) for 48 h, and whole cell 

lysates harvested in radioimmunoprecipitation assay (RIPA) buffer [50nM Tris, Cl (pH 7.4), 

1% Nonidet P-40, 0.25% sodium deoxycholate, 150 nM NaCl, 0.4 mM EDTA, 150 nM 

aprotinin, 1 mM leupeptin, 1 mM E-64, 500 mM 4-(2-aminoethyl) benzenesulfonylfluoride]. 
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Cells were then lysed by sonication (one 2 s burst) and incubated on ice for 30 min. Lysates 

were centrifuged at 12,000 rpm for 15 min at 4°C, and supernatant was collected. Aliquots 

of each sample containing 40 µg protein were separated on 8% SDS-PAGE gels, and 

transferred to polyvinylidine difluoride (PVDF) membranes (Millipore, Billerica, MA). 

Blots were probed with antibodies listed in Table 1, as well as alkaline phosphate-conjugated 

secondary antibody (1:5000; ECF Western Blotting Kit; GE Healthcare). Blots were imaged 

on a VersaDoc 4000 (Bio-Rad Laboratories, Hercules, CA) and densitometric analysis was 

carried out using Quantity One software (Bio-Rad Laboratories).

In some experiments H295R negative shRNA or ORP2KD cells were sub-cultured into 100-

mm dishes and cytoplasmic and nuclear fractions were purified using the NE-PER Nuclear 

and Cytoplasmic Extraction Kit (Pierce, Rockford, IL) following the manufacturer’s 

instructions. Aliquots (30 µg of protein) of cytoplasmic and nuclear fractions were separated 

by SDS-PAGE and transferred to PVDF membranes and incubated with anti-ORP2, anti-

GAPDH, or anti-lamin A/C. Blots were washed and incubated with secondary antibody and 

imaged as described above.

2.7. Immunofluorescence Staining

Immunostaining and microscopy were performed as described previously (Li et al., 2007). 

Briefly, H295R cells were plated on glass cover slips, fixed, permeabilized, blocked with 1% 

BSA for 1 h, and then incubated with anti-ORP2 (14751-1-AP, Proteintech), anti-ORP2 

(SAB2500724, Sigma), anti-ORP10 (GTX108097, GeneTex, Inc, Irvine, CA), or anti StAR 

(sc-25806, Santa Cruz Biotechnology) antibodies (diluted 1:500 in 1% BSA) overnight, 

followed by incubation with Alexa Fluor-conjugated IgG (Life Technologies, Grand Island, 

NY) for 1 h. Cover slips were stained with 4,6’-diamino-2-phenylindole dihydrochloride 

(DAPI; Life Technologies) or MitoTracker Red (Life Technologies) and then mounted onto 

slides using Fluoromount G (Southern Biotech, Birmingham, AL). Images were captured 

using a fluorescence microscope (Nikon Eclipse Ti) and processed using NIS-Elements BR 

imaging software (Nikon).

2.8. Chromatin immunoprecipitation (ChIP)

ChIP assay was performed as previously described (Dammer et al., 2007). Briefly, H295R 

cells were sub-cultured into 150-mm dishes and treated with 0.4 mM Bt2cAMP for 1 h. 

After cross-linking with 1% formaldehyde, cells were and chromatin isolated using a Magna 

ChIP A/G Chromatin Immunoprecipitation Kit (Millipore). The purified chromatin was 

immunoprecipitated overnight at 4°C on a tube rotator using 5 µg of primary antibody [anti-

acetyl (Lys9) histone H3 (07-352, Millipore), anti-SF1 (07-618, Millipore), anti-LXRB 

(HPA005468, Sigma), anti-ORP2 (14751-1-AP, Proteintech)], or anti-rabbit IgG (Millipore) 

and 30 µL protein A/G Plus agarose (Santa Cruz Biotechnology). Real Time PCR was 

carried out using the iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories Inc, 

Hercules, CA) and the following primer set: CYP11B1 (forward, 5’-CAG GAA TGA AAC 

AGG TTG GAG G -3’ and reverse, 5’-GAG ACG TGA TTA GTT GAT GGC TC-3’). PCR 

reactions were carried out per the manufacturer’s instructions and output ΔCt values were 

normalized to input values.
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2.9. Co-immunoprecipitation assay (coIP)

CV1 cells were plated onto 10 cm dishes and transfected with 10 µg pCMV6-myc/FLAG 

vector, pCMV6-myc/FLAG-LXRB, pCMV6-myc/FLAG-SF1, and pCMV6-GFP-ORP2 (all 

plasmids purchased from Origene) for 48 h. Cells were washed twice with PBS and 

harvested into RIPA buffer. Lysates were then sonicated 6 times for 5 sec followed by 

centrifugation at 12,000 rpm for 15 min at 4°C. Five % of the lysates were retained for 

analysis of the input protein expression by western blotting and the remaining lysates pre-

cleared with 20 µL BSA (20 mg/mL) and immunoprecipitated overnight at 4°C on a tube 

rotator using protein A/G Plus agarose beads (Santa Cruz Biotechnology, Inc) and anti-

FLAG (Sigma) antibody. The immobilized protein complexes were washed twice in RIPA 

buffer and twice in PBS, and then separated by SDS-PAGE. Western blots were probed with 

anti-GFP (Origene) antibody and expression was detected using an ECF Western Blotting 

Kit (GE Biosciences) and visualized using a VersaDoc 4000 imager (Bio-Rad).

2.10. Statistical Analysis

One-way ANOVA, Tukey-Kramer multiple comparison, and unpaired student t-tests were 

performed using Prism 6 (GraphPad Software Inc., San Diego, CA). Significant differences 

from a compared value were defined as p < 0.05 and denoted by asterisks (*) or carats (^).

3. Results

3.1. Silencing ORP2 diminishes cortisol secretion

Previous studies reported from our lab identified the RhoA effector, DIAPH1, as component 

of a protein complex that mediated cortisol biosynthesis (Li D et al., 2013). ACTH/cAMP 

stimulated the interaction between RhoA and DIAPH1 and also increased the rate of 

mitochondrial movement (Li D and Sewer MB, 2010). Given that these studies identified 

ORP2 as a component of this macromolecular protein complex, we sought to define the 

functional significance of ORP2 in regulating the steroidogenic pathway by generating a cell 

line where ORP2 was stably suppressed via the expression of shRNAs against the lipid 

binding protein. As shown in Figure 1 stable expression of two different ORP2 shRNAs 

resulted in a greater than 75% reduction in ORP2 protein expression (1A and 1B). 

Consistent with a decrease in ORP2 protein expression, the levels of ORP2 transcript were 

reduced by 67% and 49% in clone #1 and clone #2, respectively (Figure 1C). Microarray 

studies were performed on wild type, scrambled shRNA, and ORP2 shRNA#1 RNA to 

assess the effect of silencing the expression of ORP2 on global gene expression. These 

studies revealed that 2561 genes were differentially expressed (log2 ratio ≥ 1.0 or ≤−1.0 and 

p < 0.05). Gene ontology (GO) analysis showed significant changes in several biological 

processes, including lipid biosynthetic process, enzyme-linked receptor protein signaling, 

and transport. Notably, the most altered cluster of genes were involved in steroid metabolic 

processes (Figure 1D). Representative genes in the lipid biosynthetic process cluster that 

changed significantly include lipoprotein lipase, 7-dehydrocholesterol reductase, and 

SULT2A1 (sulfotransferase family, cytosolic 2A dehydrogenase), whereas the low density 

lipoprotein receptor (LDLR) and the scavenger receptor class B, member 1 (SCARB1) were 

genes in the transport cluster that exhibited significantly different expression in the ORP2kd 

cells.
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Next we analyzed the effects of the ORP2 knockdown on cortisol and DHEA secretion. 

Interestingly, ORP2kd cells exhibited a 90% decrease in basal cortisol secretion and a 68% 

decrease in cortisol secretion in dibutyryl cAMP (Bt2cAMP)-stimulated cells, when 

compared to the levels observed in the wild type or scrambled shRNA expressing cells (Fig. 

2A). Despite the reduction in basal cortisol secretion, there was still a 5.5-fold increase in 

cortisol secretion in the ORP2kd cells in response to Bt2cAMP, which compares to a 3.7-fold 

increase in cortisol production in wild type cells treated with Bt2cAMP. In contrast, basal 

levels of DHEA secretion was increased by 1.5-fold in the ORP2 knockdown cell line (Fig. 

2B). Given the decreased amount of cortisol in the ORP2kd cell line, we next sought to 

determine if the ORP2kd cells still maintain the capacity to produce the glucocorticoid. We 

treated wild type and ORP2kd cells with different substrates and assessed the amount of 

cortisol secreted into the media by ELISA. As shown in Figure 2C, supplementation with 

22R-hydroxycholesterol, progesterone and pregnenolone all increased the production of 

cortisol to levels comparable to the wild type cells. However, neither 22S-

hydroxycholesterol nor 25-hydroxycholesterol was able to increase cortisol secretion from 

the ORP2kd cell line.

3.2. Steroid metabolite amounts in ORP2kd cells

Based on our findings identifying a role for ACTH/cAMP-stimulated mitochondrial 

movement (Li D and Sewer MB, 2010) and a DIAPH1-containing complex (Li D et al., 

2013) in regulating adrenocortical steroidogenesis, we hypothesized that ORP2 may act to 

facilitate the movement of substrates between organelles. Moreover, since we observed 

increased DHEA secretion and reduced cortisol production, we speculated that ORP2 might 

play a role in moving the 11-deoxycortisol produced in the ER to mitochondria for 

conversion to cortisol. Though our ELISA data in Figure 2 support this hypothesis, we 

assessed the concentrations of steroid metabolites by mass spectrometry to determine if the 

ORP2kd cells were accumulating 11-deoxycortisol. Consistent with the ELISA data (Figures 

2A and 2B) cortisol levels were substantially decreased in both untreated (Figure 3A) and 

Bt2cAMP-stimulated cells (Figure 3B). In contrast to our prediction, basal levels of 

progesterone and 11-deoxycortisol were decreased in both the cells (Supplementary Figure 

1) and in the cell culture media (Figure 3). Of note, our findings in the wild type cells are 

consistent with the work of Xing et al. (Xing Y et al., 2011), who have demonstrated that 

activation of the cAMP signaling pathway results in an increase in glucocorticoid 

production, concomitant with a decrease in androgen biosynthesis. While silencing ORP2 

impaired glucocorticoid production, the knockdown cells harbored an increased capacity to 

produce androgens and estrogens, with increased DHEA, testosterone, estrone, and estradiol 

(Figure 3B). The changes in steroid metabolites secreted into the media by ORP2kd cells 

were mirrored by similar changes in the cellular amounts of the metabolites when compared 

to wild type cells (Supplemental Figure 1). Significantly, while the levels of corticosteroids 

were decreased, the ORP2kd cells were still responsive to activation of the cAMP signaling 

pathway, albeit with a reduction in the magnitude of the response.
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3.3. Down-regulation of steroidogenic genes contributes to decreased glucocorticoid 
output

The changes in hormone secretion and steroid metabolite concentrations suggest that ORP2 

may negatively regulate basal DHEA secretion and play a key role in both constitutive and 

cAMP-stimulated cortisol production; therefore, we sought to determine the effect of 

silencing OPR2 on the expression of genes required for DHEA and cortisol biosynthesis. 

Real-time RT-PCR revealed that the ORP2 knockdown (ORP2kd) cells marked changes in 

the mRNA expression of the genes that are required for cortisol biosynthesis (Figure 4A). As 

we have previously shown (Li D et al., 2007, Lucki NC et al., 2012), activation of the cAMP 

signal transduction cascade induces the expression of all steroidogenic enzymes required for 

the conversion of cholesterol to cortisol in wild type H295R cells, with CYP11A1 and 

CYP11B1 exhibiting a 4.9- and 45.7-fold increase in transcript levels, respectively (Figure 

4A). However, both the constitutive and Bt2cAMP-stimulated expression of these two 

cytochrome P450 isoforms was reduced in the ORP2kd cell line. Moreover, the mRNA 

expression of CYP21A2 was almost completely diminished in the ORP2kd cell line. In 

contrast to the negative effect of ORP2 knockdown on most steroidogenic enzymes, 

silencing ORP2 increased the constitutive expression of CYP17A1 mRNA by 2.7-fold 

(Figure 4A), which is consistent with the increase in adrenal androgen production in the 

ORP2kd cell line (Figures 2B and 3). Similarly, the mRNA expression of 3β-HSD type II 

(HSD3B2) was increased by 1.7-fold in unstimulated ORP2kd cells. Similar findings were 

observed in the ORP2KD shRNA#2 cell line (Supplementary Figure 2).

In agreement with the decrease in the mRNA expression of steroidogenic genes, western 

blotting, analysis of CYP11A1, CYP21A2, and CYP11B1/2 showed that the proteins were 

all suppressed in both basal and Bt2cAMP-stimulated ORP2kd cells when compared to wild 

type H295R cells (Figure 4B). CYP17A1 was the only steroidogenic enzyme that exhibited 

no change in protein expression in the ORP2kd cell lines (shRNA#1 and shRNA#2). 

Although we observed an increase in the basal expression of HSD3B2 transcript in ORP2kd 

cells, this was not found at the protein level, where the expression levels of the enzyme were 

reduced in both basal and Bt2cAMP-stimulated ORP2kd cells. Since the nuclear receptor 

steroidogenic factor 1 (SF1) is essential for maintaining the transcription of most genes 

required for steroid hormone biosynthesis (Schimmer BP and White PC, 2010), we 

examined the expression of SF1 in the ORP2kd cell line. Notably, the protein expression of 

SF1 was decreased by approximately 38% (Figure 4C).

3.4. ORP2 knockdown impairs efficient cholesterol mobilization

Given that the rate-limiting step in steroidogenesis is the delivery of cholesterol to the inner 

mitochondrial membrane, we next assessed the effect of ORP2 silencing on the expression 

of proteins that are involved in cholesterol uptake, transport, and desterification. Of the 

proteins involved in cholesterol transport, ORP2 silencing had the greatest stimulatory effect 

on the steroidogenic acute regulatory protein (StAR), a cholesterol binding protein that is 

required for the movement of cholesterol from the outer mitochondrial membrane to the 

inner mitochondrial membrane (Stocco, 1996). StAR mRNA expression was increased by 

2.1-fold in untreated knockdown cells and by 7.1-fold in Bt2cAMP-stimulated ORP2kd cells 

(Figure 5A). In contrast, silencing ORP2 prevented the Bt2cAMP-stimulated increase in 
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LDLR mRNA expression and reduced the basal expression of the SCARB1 to 21% of wild 

type controls. Additionally, the cAMP-stimulated protein expression of LDLR and SCARB1 

was reduced in the ORP2kd cells (Figure 5B). No significant effect was seen on the mRNA 

expression of hormone sensitive lipase (HSL). Consistent with these findings, suppression of 

ORP2 decreased the cAMP-dependent protein expression of LDLR, but had no significant 

effect on StAR or HSL (Figure 5B). The lack of an effect on StAR protein is in contrast to 

the increase in the transcript levels of the gene in the ORP2kd cells.

Despite lack of altered StAR protein expression (Figure 5B), the effect of silencing ORP2 on 

the production of cortisol suggested that ORP2 might play a role in mediating efficient 

substrate processing through the steroidogenic pathway. Consistent with this hypothesis, 

mass spectrometric quantification of cholesterol demonstrated that silencing ORP2 led to a 

2.9-fold and 1.9-fold increase in cellular free cholesterol and 25-hydroxycholesterol, 

respectively (Figure 5C). Concomitant with the increases in cholesterol and 25-

hydroxycholesterol, the amounts of 22-hydroxycholesterol and 7-ketocholesterol were 

reduced, by 36% and 98%, respectively (Figure 5C).

3.5. ORP2 is expressed in the nucleus and cytoplasm of H295R cells

The effect of silencing ORP2 on the protein expression of SF1 (Figure 4C) and the 

expression of a subset of SF1 target genes (Figure 3B) suggest that the lipid binding protein 

may act to regulate gene transcription. Further, recent findings demonstrating that ORP1S 

translocates into the nucleus to facilitate ligand delivery of sterols to the nuclear receptor 

liver X receptor (LXR) (Lee S et al., 2012), suggest that ORP2 may act in the nuclear 

compartment. Thus, we examined the expression of ORP2 in cytoplasmic and nuclear 

fractions isolated from wild type untreated H295R cells and observed that ORP2 is 

expressed in the nucleus (Figure 6A). Consistent with these western blot data, 

immunofluorescence staining shows nuclear expression of ORP2 (Figure 6B). In contrast, 

ORP10 another member of the ORP family that we identified along with ORP2 as a 

DIAPH1 binding partner (Li D et al., 2013), is exhibits cytoplasmic expression (Figure 6B).

The role of other nuclear receptors, notably LXR (Cummins CL and Mangelsdorf DJ, 2006, 

Cummins CL et al., 2007, Jefcoate CR, 2006, Nilsson M et al., 2007) in adrenocortical 

steroidogenesis, coupled with the recent findings demonstrating the ORP1S facilitates ligand 

delivery to LXR (Lee S et al., 2012), prompted us to examine the effect of silencing ORP2 

on the nuclear localization of LXR. As shown in Figure 6C, Bt2cAMP stimulated an 

increase in the nuclear expression of LXRβ in wild type cells, where both basal and 

Bt2cAMP-stimulated LXRβ nuclear expression was reduced in the ORP2kd cell line. Despite 

the reduction in nuclear LXRβ expression, the expression of the receptor was not 

significantly affected in whole cell lysates, suggesting that ORP2 may play a role in nuclear 

import of LXRβ. Consistent with a role for the lipid binding protein in mediating LXR 

function, coimmunoprecipitation assays revealed that both LXRα and LXRβ interact (Figure 

6E). This is in contrast to the lack of interaction with SF1. Next we performed chromatin 

immunoprecipitation assays were performed to determine if ORP2 is recruited to the 

CYP11B1 promoter, one of the steroidogenic genes that exhibited a substantial loss of 

cAMP-stimulated expression in ORP2kd cells (Figure 4). Consistent with the well-
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established role of SF1 in regulated CYP11B1 transcription (Morohashi K et al., 1992, 

Morohashi K et al., 1993, Wang X-L et al., 2000), Bt2cAMP increased the recruitment of the 

receptor to the promoter, concomitant with an increase in the acetylation of histone H3 

lysine 9 (Figure 6F). Interestingly, both LXRβ and ORP2 were also enriched at the 

CYP11B1 promoter in response to activation of the cAMP signaling pathway.

3.6. ORP2 is required for StAR localization and ABCA1 expression

To further probe the role of ORP2 in regulating adrenocortical steroidogenesis we generated 

an H295R cell line where the protein was overexpressed (Figure 7A). As shown in Figure 

7B, overexpression of did not result in a further increase in cAMP-stimulated CYP11B1/2 or 

StAR protein expression, but did increase the basal expression of CYP11B1/2. However, 

secretion of cortisol was higher in response to Bt2cAMP in the ORP2 overexpressing 

(ORP2up) cells compared to wild type (Figure 7C), with no significant effect on DHEA 

production (Figure 7D). Next we compared the localization of StAR (functional in 

mitochondria) in the ORP2up and ORP2kd cells and found that StAR colocalized with 

mitochondria in wild type and ORP2up cells, but did not in the ORP2kd cells (Figure 7E), 

suggesting that the ORP2 is required for efficient StAR-dependent mobilization of 

cholesterol. Finally, given the effect of ORP2 silencing on the nuclear expression of LXRβ 

(Figure 6C) we postulated that other LXR targets may be affected by reduced expression of 

the sterol binding protein. While the mRNA expression of ABCA1 and LDLR were 

increased in both wild type and ORP2 overexpressing cells, cAMP-stimulated expression of 

these plasma membrane receptors was abrogated (Figure 7F).

4. Discussion

Cortisol biosynthesis necessitates the inter-organelle transport of metabolites between 

mitochondria and the ER. We have previously shown that activation of the ACTH/cAMP 

signaling pathway rapidly increases the rate of mitochondrial movement, and that this 

movement and cortisol production is dependent on microtubules (Li D and Sewer MB, 

2010). Efficient mitochondrial movement and cortisol secretion was also dependent on 

RhoA and the RhoA effector DIAPH1. We subsequently showed that DIAPH1 interacts with 

several proteins, including kinesin, vimentin, AKAP13 (A-kinase anchoring protein 13; 

AKAP-Lbc), and ORP2 (Li D et al., 2013). Given that in vitro studies done on other 

members of the ORP family have found that OSBP and ORP9L mediate 

phosphatidylinositol 4-phosphate-dependent cholesterol transport between liposomes and 

suggest that their primary in vivo function is sterol transfer between two intracellular 

organelles, the Golgi apparatus and the ER (Ngo and Ridgway, 2009), we hypothesized that 

ORP2 could also participate in the inter-organelle transfer of steroid metabolites. This 

hypothesis is supported by ELISA data showing that cortisol, but not DHEA production, is 

suppressed in ORP2kd cells (Figure 2).

Members of the ORP protein family are emerging as regulators of lipid metabolism by 

serving as transporters between organelles, signaling mediators, and sensors of cellular lipid 

concentrations (Fairn GD and McMaster CR, 2008, Lehto M et al., 2001, Olkkonen VM and 

Levine TP, 2004, Ridgway N, 2010). By virtue of the ability of several members of this 
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protein family to bind to cholesterol and oxysterols, ORPs are implicated in cholesterol 

metabolism (Du X et al., 2011, Wang C et al., 2002). However, ORPs have also been shown 

to bind to phospholipids, notably phosphatidic acid and phosphatidylinositide phosphates 

(Stefan CJ et al., 2011, Xu Y et al., 2001). Several ORPs, including ORP2, bind to 25-

hydroxycholesterol in in vitro assays (Suchanek M et al., 2007). ORP2 also binds to 22(R)-

hydroxycholesterol, cholesterol, and 7-ketocholesterol, with 22(R)-hydroxycholesterol 

having the highest affinity for the lipid binding protein (Hynynen R et al., 2009). 

Significantly, silencing ORP2 leads to a reduction in the cellular levels of oxysterols that 

have been shown to bind to the protein, including 7-ketocholesterol and 22-

hydroxycholesterol (Figure 5C), suggesting a feedback mechanism whereby the 

concentrations of ligands are regulated in response to the expression levels of the cognate 

lipid binding protein.

The structures of several ORP homologs in the Osh family have been solved, with some 

structures revealing a role for the proteins in binding phosphatidylinositol phosphates 

(Kajwara K et al., 2014, Mesmin B et al., 2013, Moser von Filseck J et al., 2015, Moser von 

Filseck J et al., 2014, Moser von Filseck J et al., 2015, Tong J et al., 2013, Weber-Boyvat M 

et al., 2015). Notably, Osh6 and Osh7 have been shown to bind to phosphatidylserine 

(Maeda K et al., 2013). Structural studies of a yeast ORP homolog (known as Osh4 and 

Kes1) support a mechanism wherein sterols bind in a hydrophobic tunnel and phospholipids 

interact on the surface of the protein, probably to facilitate membrane docking and sterol 

exchange (Im YJ et al., 2005). Data indicate that phosphatidylinositol-4-phosphate and 

sterol bind to the same cavity, leading to a mechanism whereby Osh4 exchanges sterol for 

phosphatidylinositol-4-phosphate to enable transport between membranes (de Saint-Jean M 

et al., 2011). Significantly, while studies of the interaction between ORPs and lipids have 

focused on sterols and phospholipids, the x-ray structure of Osh4 reveals that the binding of 

sterols to the hydrophobic pocket does not require direct protein-lipid interactions, but 

instead depends on interactions between water molecules and the hydroxyl groups at carbons 

3, 7, and 25 (Im YJ et al., 2005). Moreover, recent structural studies have reported that Osh4 

binds to 16, 22-diketocholesterol (Koag MC et al., 2013). Given the absence of direct 

contact sites between Osh4 and sterols, particularly at the 3-hydoxyl group, we initially 

postulated that ORP2 binds to 11-deoxycortisol and facilitates the delivery of this substrate 

from ER to mitochondria. However, rather than an accumulation of 11-deoxycortisol in 

ORP2kd cells, mass spectrometric analysis of steroid metabolites revealed decreases in 

several metabolites upstream of 11-deoxycortisol, notably progesterone (Figures 3A and 

3B). These findings are consistent with a role for ORP2 in modulating the HSD3B2-

catalyzed conversion of pregnenolone and 17-hydroxypregnenolone to progesterone and 17-

hydroxyprogesterone, respectively. Although there is support for a role for lipid binding 

proteins in facilitating cellular processes by selectively targeting substrates to receptors and 

enzymes (Lathe R and Kotelevtsev Y, 2014), a role for ORP2 in modulating HSD3B2 

function is an area of ongoing investigation.

We also unexpectedly find that the silencing of ORP2 primarily decreases the constitutive 

expression of steroidogenic genes (Figure 4A). Most steroidogenic genes, except CYP21A2, 

are responsive to stimulation with Bt2cAMP, albeit at a lower magnitude of induction. 

However, with the exception of CYP17A1, the cAMP-dependent protein expression of the 
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steroidogenic enzymes was significantly reduced (Figure 4B). The decreased expression of 

most steroidogenic enzymes in the ORP2kd cell line could be due to a down-regulation in the 

protein expression of the nuclear receptor SF1 (Figure 4C). However, the lack of an effect of 

reduced SF1 expression on CYP17A1 and StAR, both of which are SF1 targets, suggests 

that ORP2 may act in a gene-specific manner, or that the reduction in SF1 protein expression 

may not elicit a direct effect on steroidogenic gene transcription. It is equally plausible that 

ORP2 may regulate another transcription factor that selectively induces the expression of 

CYP11A1, CYP11B1, and CYP21A2. Since LXR has been implicated in adrenocortical 

steroidogenesis (Cummins CL et al., 2007), we investigated the role of ORP2 in regulating 

the function of this nuclear receptor in the H295R cell line, and found that while the levels 

of LXRβ were unchanged in whole cell lysates (Figure 6D), the nuclear expression of LXRβ 

was reduced in cells where the expression of ORP2 was silenced (Figure 6C). We also show 

that LXRα and LXRβ interact with ORP2 (Figure 6E). These findings are in agreement with 

the findings of Lee and colleagues demonstrating that LXR binds to ORP1S (Lee S et al., 

2012). Consistent with reduced LXRβ nuclear expression, the transcript levels of known 

LXR targets are reduced in the ORP2 knockdown cell line (Figure 7F).

Given that SF1 is predominantly expressed in the nucleus, the mechanism by which ORP2-

dependent lipid sensing regulates SF1 protein expression is unclear. However, we show 

herein that ORP2 is expressed in both the nucleus and cytoplasm of H295R adrenocortical 

cells (Figure 6A). Thus, nuclear ORP2 and/or the lipid that it binds to may regulate SF1 

stability, and by extension the expression of select SF1 target genes. Interestingly, 

overexpression of a variant of ORP1, ORP1L, increases the transactivation of the nuclear 

receptor LXR (Johansson M et al., 2003). Moreover, as mentioned above, recent studies by 

Lee and colleagues, demonstrate that sterols such as 22(R)-hydroxycholesterol, promote the 

nuclear import of ORP1S, which binds to and facilitates activation of the apoE gene (Lee S 

et al., 2012). Of note, initial studies on ligand binding to SF1 identified oxysterols as 

molecules that increase the activity of the receptor (Lala DS et al., 1997). While the role of 

oxysterols as bonafide ligands for the receptor has since been disputed (Mellon SH and Bair 

SR, 1998), our findings suggest that ORP2 may play a role in oxysterol-dependent 

regulation of SF1 function, perhaps by regulating the stability of the receptor. Studies are 

underway to identify the specific lipid to which ORP2 binds in adrenocortical cells, and to 

define the role of that lipid in controlling the protein expression of SF1.

The trafficking of esterified cholesterol and subsequent storage into lipid droplets is 

mediated by the integral membrane proteins acyl-CoA:cholesterol acyltransferase (ACAT). 

Moreover, cleavage of these esters by hormone sensitive lipase (HSL) in order to form free 

cholesterol capable of transportation to the mitochondrial membrane (Chang, 2000, Ikonen, 

2008, Thiele, 2008). Previous studies have identified ORP2 as localizing on lipid droplets 

and capable of ligand binding 22(R)-hydroxycholesterol, where the overexpression of ORP2 

in A431 cells led to reduced ACAT activity and cholesterol esterification as well as an 

increase on cholesterol efflux, and the silencing of ORP2 decreased the rate of triglyceride 

hydrolysis under lipid depletion conditions (Hynynen R et al., 2009). Our studies provide 

further support for the role of ORP2 in regulating cholesterol homeostasis, where silencing 

ORP2 leads to the accumulation of cellular cholesterol (Figure 5C). Notably, vimentin 

another protein which like ORP2 associates with DIAPH1 (Li D et al., 2013), plays an 
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integral role in lipid droplet formation and the movement of cholesterol to mitochondria in 

adrenocortical cells (Shen W-J et al., 2012). The fact that ORP2kd cells produce adrenal 

androgens indicate that while cholesterol trafficking is not completely disrupted, cholesterol 

accumulation in the knockdown cell line suggests that cholesterol mobilization is not 

efficiently coupled. This hypothesis is further supported by our finding that the 

mitochondrial localization of StAR is reduced in the ORP2 knockdown cell line (Figure 7E). 

Taken together, our data lend support for roles for ORP2 in regulating LXR nuclear function 

and in the transport of cholesterol during steroid hormone biosynthesis. We conclude that 

ORP2 is critical for assuring optimal glucocorticoid output and posit that aberrant 

expression and/or function of this lipid binding protein is may contribute to disease states 

associated with adrenocortical dysfunction.
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Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Silencing ORP2 results in cellular cholesterol accumulation.

Depletion of ORP2 reduces cortisol biosynthesis, without decreasing adrenal androgen 

production.

ORP2 binds to LXR in the nucleus of adrenocortical cells.

ORP2 acts as a novel lipid sensor in the adrenal cortex.
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Figure 1. Generation of an ORP2 knockdown cell line
(A) Whole cell lysates were harvested from wild type, scrambled negative shRNA control, 

ORP2 shRNA#1 and ORP shRNA#2 cells and analyzed by SDS-PAGE and western blotting 

using antibodies against ORP2 (top) and GAPDH (bottom). Shown is a representative blot 

from experiments performed on at least 6 different occasions, each time in at least duplicate. 

(B) Densitometric analysis of protein isolated from wild type, scrambled shRNA, ORP2 

shRNA#1, and ORP2 shRNA#2, cells that were subjected to western blotting. The 

expression of ORP2 protein is normalized to GAPDH and the data graphed represent the 

mean ± SEM of five separate experiments, each performed in at least duplicate. (C) RNA 

from untreated wild type, scrambled shRNA, ORP2 shRNA#1, or ORP2 shRNA#2 was 

isolated for analysis of ORP2 expression by real time RT-PCR. Data are graphed as fold 

change in mRNA expression over wild type and normalized to the mRNA expression of β-
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actin and represent the mean ± SEM of three separate experiments, each performed in 

triplicate. (D) RNA isolated from wild type, scrambled and ORP2 shRNA#1 was subjected 

to microarray analysis. The graph data represent multilevel gene ontology (GO) analysis of 

the biological processes that were significantly changed in ORP2kd cells when compared to 

the wild type. The vertical axis represents the GO terminology and the x-axis represents the 

proportion of genes within each category that were significantly changed.
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Figure 2. Silencing ORP2 diminishes cortisol secretion
Cortisol (A) and DHEA (B) concentrations was measured in medium collected from wild 

type, scrambled shRNA, or ORP2kd H295R cells that were treated for 48 h with 0.4 mM 

Bt2cAMP by ELISA and normalized to total cellular protein content. ORP2kd hormone 

levels reflect the average of data obtained from both ORP2 shRNA#1 and ORP2 shRNA#2 

clones. Data are graphed as fold change normalized to the metabolite secreted from 

untreated wild type cells and represent the mean ± SEM of four separate experiments, each 

performed in triplicate. Asterisks (*) and carats (^) indicate a statistically significant 
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difference (p < 0.05) compared to the wild type control and wild type Bt2cAMP-treated 

cells, respectively. (C) ELISA assays were used to determine the amount of cortisol secreted 

into media that was collected from wild type or ORP2kd H295R cells that were treated for 

24 h with 10 µM of 22(R)-hydroxycholesterol (22RHC), 22(S)-hydroxycholesterol 

(22SHC), 25-hydroxycholesterol (25HC), progesterone (PROG) and pregnenolone (PREG). 

Cortisol amounts were normalized to the concentration of cellular protein and data graphed 

represent the mean ± STD of three separate experiments, each performed in triplicate. 

Asterisks denote a statistically significant difference (p < 0.05) when compared to the wild 

type control cells.
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Figure 3. Suppressing ORP2 alters cellular steroid metabolite concentrations
H295R WT and ORP2kd cells were cultured into 100 mm dishes treated for 48 h with 0.4 

mM Bt2cAMP media collected and the amounts of steroids quantified by ultra performance 

liquid chromatography tandem mass spectrometry as described in Materials and Methods. 

Data are displayed as a heat map of the steroid hormone biosynthetic pathway, with steroid 

metabolites in untreated cells shown in A and Bt2cAMP metabolites depicted in B. Fold 

change in metabolite secretion ORP2kd is normalized to the wild type and data represent the 

mean ± SD of two separate experiments (n=6 per experiment). Steroid metabolite amounts 
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are normalized to the cellular protein concentration. Enzymes catalyzing each reaction are 

denoted adjacent to the arrows. Abbreviations are as follows: cholesterol, CHOL; P5, 

pregnenolone; 17-OHP5, 17-hydroxypregnenolone; DHEA, dehydroepiandrosterone; P4, 

progesterone; 17-OHP4, 17-hydroxyprogesterone; A4, androstenedione; T, testosterone; 

DCORT, deoxycorticosterone; DCRT, 11-deoxycortisol; E1, estrone; E2, estradiol; CORT, 

corticosterone; S, 11-deoxycortisol; F, cortisol; ALDO, aldosterone.
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Figure 4. ORP2 suppression alters the expression of multiple steroidogenic genes
(A) Total RNA from H295R wild type and ORP2kd cells (shRNA #1) that were treated with 

0.4 mM Bt2cAMP for 24 h was isolated using RNeasy Mini Kit, standardized to 10 ng/µl, 

and amplified in triplicate using a One-Step SYBR Green RT-PCR Kit for CYP11A1, 

CYP11B1, CYP11B2, CYP17A1, CYP21A2, HSD3β2 and SF1. Gene expression was 

normalized to β-actin mRNA content and calculated using the ΔΔ cycle threshold (ΔΔCT) 

method. Data are graphed as fold change over untreated control and represent the mean ± 

SEM of five separate experiments, each performed in triplicate. Asterisks and carats denote 
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statistically significant differences when compared to wild type control and wild type 

Bt2cAMP-treated, respectively. (B) and (C) Wild type and ORP2kd H295R cells were treated 

with 0.4 mM Bt2cAMP for 48 h, and whole cell lysates harvested and separated by SDS-

PAGE followed by western blotting using antibodies against CYP11A1, HSD3B2 (specific 

band denoted by arrow), CYP17A1, CYP21A2 (specific band denoted by arrow), CYP11B 

and GAPDH (B) or SF1 and GAPDH (C). Shown in B and C are representative blots for 

assays that were performed at least four separate times, in at least duplicate. Data graphed in 

B represent the mean ± SEM of densitometric analysis of protein expression of shRNA#1 

normalized to GAPDH. Western blot in panel C is representative data from wild type and 

ORPkd shRNA#1 H295R cells.
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Figure 5. ORP2 silencing down-regulates genes required for cholesterol mobilization
(A) Total RNA from control and Bt2cAMP-treated H295R wild type and ORP2kd cells was 

isolated using RNeasy Mini Kit, standardized to 10 ng/µl, and amplified in triplicate using a 

One-Step SYBR Green RT-PCR Kit for HSL, LDLR, SCARB1 and StAR. Gene expression 

was normalized to β-actin mRNA content and calculated using the ΔΔ cycle threshold 

(ΔΔCT) method. Data are graphed as fold change over untreated control and represent the 

mean ± SEM of five separate experiments, each performed in triplicate. Asterisks and carats 

denote statistically significant differences when compared to wild type control and wild type 
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Bt2cAMP-treated, respectively. (B) Wild type and ORP2kd H295R cells were treated with 

Bt2cAMP (0.4 mM) for 48 h, and whole cell lysates harvested and separated by SDS-PAGE 

followed by western blotting using antibodies against StAR, LDLR, SRB1, HSL, and 

GAPDH. Shown are representative blots, where the protein expression of each gene was 

analyzed in at least duplicate. Data graphed in B represent the mean ± SEM of densitometric 

analysis of protein expression from four independent experiments. (C) Cholesterol, 25-

hydroxycholesterol, 22-hydroxycholesterol, and 7-ketocholesterol levels in wild type and 

ORP2kd cells were quantified by mass spectrometry as described in the Materials and 

Methods. Data are expressed as pmol per 5 × 106 million cells.
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Figure 6. ORP2 binds to LXR and is required for nuclear import
(A) Cytoplasmic and nuclear fractions were isolated from untreated wild type H295R cells 

and subjected to SDS-PAGE and western blotting for ORP2 (top), GAPDH (middle), and 

lamin A/C (bottom). (B) H295R cells plated onto coverslips were incubated with anti-ORP2 

antibody or anti-ORP10 and DAPI and the coverslips imaged by immunofluorescence 

microscopy. (C) Nuclear extracts isolated from wild type or ORP2kd cells that were treated 

for 2 h with 0.4 mM Bt2cAMP were subjected to SDS-PAGE and western blotting using 

antibodies against LXRβ (top panel) and β-actin (bottom panel). (D) Wild type and ORP2kd 

cells were treated with 0.4 mM Bt2cAMP for 48 h and whole cell lysates isolated for SDS-

PAGE and western blotting. Top panel LXRβ and bottom panel GAPDH. (E) Co-

immunoprecipitation assays were performed as described in the Materials and Methods 

section by transfecting CV1 cells with expression plasmids for LXRα, LXRβ, SF1, and 
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ORP2. Output blots were incubated with anti-GFP to detect GFPtagged ORP2 and input 

blots with anti-FLAG for the nuclear receptors. (F) H295R cells were treated with 0.4 mM 

Bt2cAMP for 1 h, crosslinked with formaldehyde and the isolated chromatin 

immunoprecipitated with antibodies against LXRβ, ORP2, SF1, or histone H3 acetylated 

lysine 9. IgG was used as a negative control. Data are graphed as fold enrichment and 

normalized to the delta Ct values of the input DNA.
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Figure 7. Overexpression of ORP2 increases cortisol production
(A) Whole cell lysates isolated from H295R cells that were transfected with a GFP-tagged 

ORP2 expression plasmid were subjected to SDS-PAGE and western blotting for GFP (top), 

ORP2 (middle), or GAPDH (bottom). (B) Protein isolated from untreated or Bt2cAMP-

treated (48 h, 0.4 mM) wild type, ORP2up, or ORP2kd cells was separated by SDS-PAGE 

and transferred to PVDF membranes for western blotting. Blots were incubated with 

antibodies against CYP11B1/2, StAR, LDLR, or GADPH. Shown are representative blots of 

experiments that were performed on four separate occasions, each time in duplicate. (C) and 
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(D) Media was collected from wild type, ORP2up, or ORP2kd cells that were treated with 0.4 

mM Bt2cAMP for 48 h and the levels of cortisol (C) and DHEA (D) determined by ELISA. 

Amounts of steroid metabolites were normalized to the amount of cellular protein. Graphs 

represent experiments that were performed on four separate occasions, each time in 

triplicate. (E) Wild type, ORP2up, or ORP2kd cells were plated onto coverslips and then 

incubated with anti-StAR and MitoTracker Red. Coverslips were imaged as described in the 

Materials and Methods section. (F) RNA isolated from wild type, ORP2up, or ORP2kd cells 

was subjected to quantitative RT-PCR using primers against ABCA1, LDLR, and β-actin. 

ABCA1 and LDLR mRNA expression was normalized to β-actin mRNA content and 

calculated using the ΔΔ cycle threshold (ΔΔCT) method. Data are graphed as fold change 

over untreated control and represent the mean ± SEM of three separate experiments, each 

performed in triplicate.
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Table 1

Primer sets and antibodies used for real time RT-PCR and western blotting, respectively.

RT-PCR Primers

Gene Forward (5′–3′) Reverse (5′–3′)

β-Actin ACGGCTCCGGCATGTGCAAG TGACGATGCCGTGCTGCATG

ORP2 AGAGGTGACCACCTGAGAAAGG GTTGATCCTCCAGAGCAGCTTG

CYP17A1 CTCTTGCTGCTTCACCTA TCAAGGAGATGACATTGGTT

CYP11A1 CGTGGAGTCGGTTTATGTC CTCTGGTAATACTGGTGATAGG

CYP11B1/2 ACGGCGACAACTGTATCC AGAGCGTCATCAGCAAGG

HSD3B2 CCAGTAGCATAGAGGTAGCC TCAGATTCCACCCGTTAGC

CYP21A2 TGTGGAACTGGTGGAAGC GGTGGAGCCTGTAGATGG

StAR GCTCTCTACTCGGTTCTC GCTGACTCTCCTTCTTCC

HSL CACTACAAACGCAACGAGAC CCAGAGACGATAGCACTTCC

SCARBI CCATCCTCACTTCCTCAAC CCACAGGCTCAATCTTCC

LDLR ACGGTGGAGATAGTGACAATG AGACGAGGAGCACGATGG

ABCA1 CAGGCTACTACCTGACCTTGGT CTGCTCTGAGAAACACTGTCCTC

NR5A1 GGAGTTTGTCTGCCTCAAGTTCA CGTCTTTCACCAGGATGTGGTT

Western blotting antibodies

Target protein Catalog no. and vendor Dilution

ORP2 17217-1-AP, Proteintech Inc. 1:2500

GAPDH sc-25778, Santa Cruz Biotechnology, Inc. 1:5000

CYP17A1 sc-66849, Santa Cruz Biotechnology, Inc. 1:2000

CYP11A1 sc-292456, Santa Cruz Biotechnology, Inc. 1:2500

CYP11B sc-28205, Santa Cruz Biotechnology, Inc. 1:1000

HSD3B2 ab80500, Abcam 1:1000

CYP21A2 ab80208, Abcam 1:1000

StAR sc-25806, Santa Cruz Biotechnology, Inc. 1:2000

HSL sc-25843, Santa Cruz Biotechnology, Inc. 1:1000

SR-BI sc-67098, Santa Cruz Biotechnology, Inc. 1:1000

LDLR ab30532, Abcam 1:1000

SF1 07-618, Millipore 1:5000

lamin A/C sc-376248, Santa Cruz Biotechnology, Inc. 1:5000

F1-ATPase sc-33618, Santa Cruz Biotechnology, Inc. 1:2500
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