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Abstract 
The overall aim of my work was to better understand the cellular biology, 

biochemistry, and molecular pharmacology of oxysterol-binding protein (OSBP) and 

OSBP-related protein 4 (ORP4). More specifically, my research uses standard cellular 

biology and protein biochemistry approaches, coupled with a chemical genetics approach, 

to probe the function, regulation, and disease contributions of OSBP and ORP4 to develop 

these proteins as viable drug targets; with particular emphasis on studying OSBP as a 

broad-spectrum antiviral target.  

OSBP and the ORPs comprise a family of lipid-binding proteins organized into 6 

subfamilies. ORP subfamily 1 consists of OSBP and its closest homolog, ORP4. OSBP 

is required for the proliferation of a wide array of human pathogenic RNA viruses, while 

ORP4 is required for the survival and proliferation of cancer cells, making OSBP and 

ORP4 attractive broad-spectrum antiviral and precision anticancer targets, respectively. 

The naturally occurring small molecule OSW-1 selectively targets OSBP and ORP4 with 

high affinity and is used as a chemical probe in this dissertation, along with various other 

small molecules, to study OSBP and ORP4. 

 Chapter 1 introduces the OSBP/ORP protein family and discusses the previously 

established biology and disease contributions of OSBP and ORP4, while also introducing  

the research approach used to study these proteins in this dissertation. 

 Chapter 2 outlines the discovery of a unique OSBP regulatory response in cells, 

triggered by the OSW-1-compound, that results in the long-term repression of cellular 

OSBP levels. In human cells, transient, non-toxic treatment of the OSW-1-compound 

resulted in ~90% multigenerational decrease in cellular OSBP levels that persists for over 

72 hours after the compound has been removed. We were able leverage the discovery of 

this response to induce prophylactic antiviral activity in cells (i.e., the cells retain antiviral 

activity in the absence of the OSW-1-compound). The long-term repression of OSBP and 

the prophylactic antiviral activity are unique to the OSW-1-compound and not generally 

OSBP-targeting small molecules. These results establish the OSW-1-compound as the 

first identified antiviral prophylactic small molecule that exerts activity through 

modulating a host protein (i.e., OSBP). We also reveal that OSBP can be targeted in 

multiple, distinct ways for antiviral development.  

 Chapter 3 investigates the mechanism of OSBP regulation responsible for long-

term OSBP repression, and other responses triggered by the OSW-1-compound. We show 

that OSBP levels are not repressed by canonical mechanisms of protein regulation. 

Instead, the OSW-1-compound triggers OSBP regulation on an RNA level, and also 

causes significant changes to an RNA regulatory pathway and antiviral host defense 

mechanism called nonsense-mediated decay (NMD). Additionally, we determined that 

OSW-1-compound treatment induces cellular autophagy through mTORc1 inhibition. 

Collectively, our results indicate the responses triggered by the OSW-1-compound create 

a multifaceted innate antiviral environment in cells. We hypothesize that this multifaceted 

response comprises an unidentified arm of innate antiviral response in cells that could 

harnessed by small molecules and exploited to create a new class of broad-spectrum 

preventative antiviral compounds.  

Chapter 4 reports the first comprehensive structure-activity relationship (SAR) 

study of oxysterol binding to human OSBP and ORP4. OSBP and ORP4 are attractive 

antiviral and precision anticancer drug targets, respectively; however, drug development 
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against these proteins is limited by the lack of defined SAR between OSBP and ORP4 

and their oxysterol ligands. The characterization of oxysterol ligand binding to OSBP and 

ORP4 performed in this chapter provides critical information necessary to guide the 

development of novel small-molecule antiviral and anticancer therapeutics. 

 Chapter 5 summarizes and outlines the implications of the findings in this 

dissertation, and introduces our current overall model of our innate antiviral response 

hypothesis.  

 In total, the work presented in Chapters 2-5 outlines the discovery and 

elucidation of novel OSBP cellular biology that can be triggered by exogenous small 

molecules and exploited as a novel OSBP-centered preventative broad-spectrum antiviral 

therapeutic approach. We also comprehensively investigate small molecule binding to 

OSBP and ORP4 and reveal that OSBP can be targeted for antiviral development in 

multiple, distinct ways. 
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Chapter 1. Introduction  

 

1.1 Overview of the OSBP/ORP family of proteins 

Oxysterol-binding protein (OSBP) and the OSBP-related proteins (ORPs) 

constitute a conserved family of lipid-binding proteins found in eukaryotes 1,2. The 

founding member of this family, OSBP, was discovered in the 1980s by its ability to bind 

25-hydroxycholesterol (25-OHC) and other oxysterols (Figure 1) 3,4. OSBP was first 

successfully cloned from cells in 1989, and by 2001, human genome sequencing revealed 

11 OSBP-related protein in humans (ORPs 1-11), organized into six subfamilies (Figure 

2) 2,5–8. The research in this dissertation primarily pertains to ORP subfamily 1 members, 

OSBP and ORP4; however, the sequence similarity and potential redundancy in function 

of the ORP protein family suggests that the findings in this dissertation may also be 

relevant to the other ORP subfamilies (Figure 2). The OSBP/ORPs have a wide range of 

reported functions in lipid trafficking and cellular regulation that are incompletely 

understood 1,2. Importantly, the OSBP/ORPs have also been implicated in various human 

disease states 9,10.  

Despite these diverse reported cellular activities, the individual OSBP/ORPs all 

share the ability to bind lipids using an ~50kDa C-terminal OSBP-related ligand-binding 

domain (ORD) (Figure 2) 1,2. ORDs present in individual OSBP/ORPs are reported to 

bind different lipids including cholesterol (1), oxysterols (2), and phospholipids (Figure 

1) 1,2. The ORDs of all OSBP/ORPs contain a conserved fingerprint region, with the 

amino acid sequence ‘EQVSHHPP’ (Figure 2) 8,11. The ability to bind lipids allow many 

OSBP/ORPs to commonly function in non-vesicular lipid transport , a poorly understood, 

yet critical process in cells 12–14. More specifically, OSBP/ORPs frequently act as lipid 
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transfer proteins (LTPs), transporting lipid monomers between targeted organelles 1,2,15.  

The hydrophobic nature of lipids does not permit their unaided movement through the 

aqueous cytosol to the various organelles that require them 12–14. The OSBP/ORPs 

engaged in the inter-organelle transport of lipids interact with organelles at locations in 

the cell that are extremely close in space (e.g. ER and Golgi membranes, 10-20 nm  apart), 

known as membrane contact sites (MCSs), which allows the protein to contact the two 

organelles simultaneously and form a protein bridge between them 12,15. Consequently, 

the OSBP/OPRs possess various protein domains that allow for the targeting of different 

organelle membranes, facilitating lipid transfer between the contacted organelles (Figure 

2) 1,2. Many OSBP/ORPs, including OSBP and ORP4, possess a PH domain, which can 

anchor the protein to membranes containing phosphatidylinositol 4-phosphate (PI4P) 

(e.g. the Golgi, lysosomes etc.) (Figure 2) 1,2. Additionally, OSBP, ORP4, and many 

other ORPs possess an FFAT domain, which interacts with the endoplasmic reticulum 

(ER)-resident protein VAP, effectively anchoring the protein to the ER (Figure 2) 1,2.  A 

combination of PH and FFAT domains therefore allow for OSBP/ORPs to simultaneously 

anchor to the ER and another organelle membrane, such as the Golgi, and traffic 

cholesterol from the ER, where it is synthesized, to the Golgi 1,2,15. Cholesterol trafficking 

from the ER to the Golgi in this manner is one of the better elucidated activities of OSBP 

in the cell (see Section 1.4: OSBP biology for more information) 15.  
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1.2 Overview of OSBP/ORP ligand binding 

Despite recent advancements, information pertaining to how these proteins 

precisely interact with sterols, oxysterols and phospholipids in the ORD is limited, and 

minimal structural data exists for this family of proteins. The majority of the scarce 

structural information is derived from crystal structures of the ORD of certain ORP 

homologs in yeast, known as Osh proteins, from S. cerevisiae (Osh3, Osh4, and Osh6), 

and K. Lactis (Osh1) (Figure 3C, D) 16–19. More recently, crystal structures were 

determined for human ORP subfamily 2 members, ORP1-ORD and ORP2-ORD, 

complexed with cholesterol and PI(4,5)P2, respectively (Figure 3A, B) 11,20. Despite large 

differences in overall sequence identity between yeast Osh and human ORP proteins, the 

core of the ORP1-ORD, where sterols (i.e., cholesterol and oxysterols) bind, is highly 

 
Figure 1: Cholesterol and 25-hydroxycholesterol structure and numbering. 

Cholesterol (1) is an abundant and essential 27-carbon biomolecule, consisting of a 

sterol core (rings A-D), and a sterol side chain. Oxidation of the sterol core or sterol 

side chain, introducing a carbonyl, hydroxyl, or epoxide functional group creates a 

cholesterol derivative with increased polarity known as an oxysterol (2). For 

example, when cholesterol is hydroxylated at C25, the resultant oxysterol is named 

25-hydroxycholesterol (2) 290. 
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conserved and exhibits a similar arrangement of ligand interacting hydrophobic residues 

in the binding tunnel between the two species 20.  

The ORD structure consists of a hydrophobic 19-strand -barrel, flanked by two 

central helices, and capped with a flexible N-terminal -helical lid (Figure 3) 2,21. 

Collectively, these structures revealed that sterols enter a linear, hydrophobic binding 

pocket in the ORD, in a conserved “head-down” sterol binding orientation, with the 3-

hydroxyl of the sterol A-ring at the bottom of the binding pocket (Figure 3) 1,2,9,16–19,20. 

The sterol core interacts with a number of hydrophobic residues as it extends up the 

interior of the hydrophobic binding tunnel, with the sterol side chain extending up toward 

the N-terminal lid, interacting with hydrophobic residues in the lid  (Figure 3) 1,2,9,16–19,20.  

Sterols and phospholipids bind competitively in the ORD, with the phospholipid 

headgroup interacting with the histidine residues in the fingerprint region at the entrance 

of the ORD binding pocket, orienting phospholipids in a conserved “tail-first” manner, 

with the phospholipid acyl chains extending into the hydrophobic binding pocket 2,22. The 

two histidine in the fingerprint region are required for phospholipid binding to the ORPs 

(Figure 2) 11,15,23,24. More details on ligand binding to the OSBP/ORP ORD can be found 

in Chapter 4. 
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The OSBP/ORPs have been shown to bind and transport a broad array of sterols 

and phospholipids, and have been observed executing various activities in the cell 2,25,26. 

Originally implicated as merely oxysterol binding proteins, the OSBP/ORPs have more 

recently emerged as critical mediators of many lipid-related biological processes, with 

important contributions to human disease biology 2,9,10.  

 

 

 

 
Figure 2: Human OSBP/ORP subfamilies and protein domains.  

The OSBP/ORPs found in humans can be organized into six subfamilies. All ORPs 

share an OSBP-related ligand-binding domain (ORD) (red) that binds sterols and 

phospholipids. Within the ORD resides a conserved fingerprint region (purple) that 

all ORPs share, with the consensus sequence ‘EQVSHHPP’. OSBP and ORP4 

comprise subfamily 1. 
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Figure 3: ORP-ORD (human) and Osh-ORD (yeast) protein crystal structures with 

cholesterol or oxysterol bound.  

A) Human ORP1-ORD -barrel (green) with cholesterol bound in the ORD sterol binding 

pocket, showing the sterol head (A-ring) oriented at the bottom of the hydrophobic tunnel, 

and the sterol side chain extending toward the top of the tunnel, interacting with the N-terminal 

lid region of the protein (blue). B) ORP1-ORD with cholesterol bound rotated 180o with -

barrel rotated to the back and the two central helices (blue) rotated to the front to better 

visualize the cholesterol ligand. C) K. Lactis (yeast) Osh1 with cholesterol bound. D) S. 

cerevisiae (yeast) Osh4 with cholesterol, 25-OHC, and 20-OHC bound. Collectively, these 

structures reveal that both cholesterol and oxysterols bind in a conserved “head-down” 

binding orientation in the ORP and Osh-ORD sterol binding pocket. Images were generated 

using UCSF Chimera. Protein colored rainbow (blue for N-terminus, red for C-terminus). 

 

 

Osh 4 ORD with cholesterol
(1ZHY)

Osh 4 ORD with 25-hydroxycholesterol
(1ZHX)

Osh 4 ORD with 20-hydroxycholesterol
(1ZHW)

N-Terminal Lid

N-Terminal Lid

N-Terminal Lid

N-Terminal Lid N-Terminal Lid

Core CoreCore

Core
Core

Osh 1 ORD with cholesterol
(5WVR)

ORP 1 ORD with cholesterol
(rotated 180°)

(5ZM5)
ORP 1 ORD with cholesterol

(5ZM5)

N-Terminal Lid

Core

A B C

D



7 

1.3 Lipids in biology  

1.3.1  Sterols 

The OSBP/ORPs cellular function centers on the capability to bind and transport 

lipids, particularly sterols and phospholipids 2,9,10. Cholesterol (Figure 1 (1)) is a 

lipophilic biomolecule that is commonly found as a structural component in various 

cellular membranes, mediating membrane fluidity and rigidity 27,28. In addition to being 

a critical structural component of cell membranes, cholesterol and cholesterol derivatives, 

called oxysterols, are the precursors of many other critical biomolecules such as bile 

acids, vitamin D, and steroid hormones 28. Oxysterols, such as 25-OHC, are cholesterol 

derivatives that are oxidized on the sterol core or sterol side chain resulting in the 

introduction of oxygen containing functional groups like hydroxyls, carbonyls, or 

epoxides (Figure 1 (2)) 29,30. This oxidation can occur enzymatically, primarily by 

cytochrome P450 enzymes, or non-enzymatically through autoxidation processes 29.  

In addition to being important biosynthetic intermediates of bile acids, steroid 

hormones and vitamin D, oxysterols have more recently been recognized as bioactive 

molecules, involved in various cellular phenomena such as liver X receptors (LXRs), 

sterol regulatory-element binding proteins (SREBPs), certain G protein-coupled 

receptors (GPCRs), and the Hedgehog signaling pathway 30. LXRs are nuclear receptors 

involved in the transcriptional regulation of lipid metabolism and are activated by 

oxysterols 31,32. Transcription factors, known as SREBPs, are the master regulators of 

cholesterol synthesis and are regulated by oxysterols 33. Additionally, oxysterols are also 

important regulators of cholesterol homeostasis on a non-transcriptional level 33. The 

Hedgehog signaling pathway is a cellular pathway activated by oxysterols that is critical 
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for embryonic development, adult stem cell maintenance, and is also involved in cancer 

biology 34.   Oxysterols are also ligands for certain GPCRs 30,35. GPCR183 binds 7-

OHC and mediates cellular immune processes 35. In summary, oxysterols are not just 

oxidized cholesterol by-products and metabolic intermediates, but rather, possess a 

pervasive role in many distinct areas of biology.   

 

1.3.2 Phospholipids 

Phospholipids are also important lipids in biology, and ligands for the 

OSBP/ORPs. Phospholipids are amphipathic molecules, and are the primary component 

of the phospholipid bilayers that compartmentalize cells and organelles; consequently, 

phospholipids are frequently found in various cellular membranes 36. Aside from their 

obvious structural role comprising all cellular membranes, phospholipids have various 

other roles in the cell, including as second messengers in cell signaling transduction 36,37.  

Phospholipid based second messengers can be activated in various ways, 

including GPCR activation 37. Activated GPCR receptors use phospholipases to cleave 

certain membrane phospholipids resulting in the generation of inositol 1,4,5-triphosphate 

(IP3) and diacylglycerol (DAG) 37,38. The cleaved IP3 functions as a second messenger, 

binding to IP3 receptors and inducing Ca2+ release from the ER to regulate various cellular 

activities (e.g. oxidative phosphorylation) 37,38.  

Phospholipids can also be utilized as fuel sources for lipid transport in the cell 39. 

Generally speaking, the OSBP/ORPs appear to bind phospholipids in the ORD for two 

reasons: facilitate phospholipid transport between membranes, and counter-transporting 

phospholipids as an energy source to transport other lipids against a concentration 
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gradient 2,15,40. Phospholipids can be utilized as an energy source to transport lipids 

against their concentration gradient similar to how ATP is utilized as an energy source 

for ion pumps to transport ions across their concentration gradient 39. Cholesterol transfer 

from the ER to the Golgi by OSBP requires the subsequent counter-transport of PI4P 

from the Golgi to the ER, where the PI4P phosphate group is cleaved by the enzyme, 

Sac1, to provide energy for the cholesterol trafficking (see Section 1.4.2: OSBP biology: 

Cholesterol Trafficking for more information on how OSBP/ORPs use phospholipids 

for lipid transport) 15,39. 

 

1.4 OSBP biology  

1.4.1 Overview of OSBP 

OSBP was originally investigated in the 1980s as the potential missing link in the 

end-product regulatory feedback mechanism of cholesterol biosynthesis in cells 4,5,41,42. 

End-product regulated cholesterol biosynthesis in cells (i.e., the rate of cholesterol 

biosynthesis is decreased in an organism if cholesterol is provided in the diet) was first 

discovered in the early 1930s 43, but the precise mechanisms mediating this regulation 

remained unclear until the 1990s 44,45. Early reports observed that various oxysterols 

potently repressed both cellular cholesterol biosynthesis and uptake 46. Additionally, 

multiple sterol-repressed genes were discovered to contain a common nucleotide 

sequence named the sterol regulatory element (SRE) 47–49. Together, these observations 

implied the existence of an endogenous oxysterol-binding protein that was capable of 

integrating oxysterol levels and cholesterol homeostasis through interaction with SREs 

42. The discovery and elucidation of OSBP was pursued as the potential SRE regulator of 

cholesterol biosynthesis in the cell 42. Despite initially encouraging results after the 
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discovery of OSBP, further investigation determined that although OSBP specifically 

binds oxysterols with high affinity, it had no apparent role in regulating cholesterol 

biosynthesis or acting through SREs. A new protein class, sterol regulatory element-

binding proteins (SREBPs), were later found responsible for the oxysterol-mediated 

regulation of cholesterol biosynthesis in 1993 44,45.  Despite this early misdirection, OSBP 

has since been implicated in a number of other critical lipid-related biological processes; 

however, many of OSBP’s cellular activities remain poorly understood. 

OSBP is an 807 amino acid, ~89 kDa protein ubiquitously expressed in all human 

tissues 50,51. OSBP has been reported to be involved in various cellular activities including 

non-vesicular lipid transport, regulation of lipid metabolism, and cell signaling 9. The 

OSBP-ORD has been reported to bind 25-OHC with a  KD of 8-32 nM and cholesterol 

with a KD of 173 nM , as well as phosphatidylinositols with undetermined binding values 

2,5,9,15,42,52–55 (Figure 4A). As previously mentioned, no structural data of OSBP currently 

exists, but mutational studies have shown that the OSBP fingerprint region in the ORD is 

required for phosphatidylinositol binding, while the ‘ELSK’ motif in the OSBP-ORD is 

required for sterol binding (Figure 2, 3) 11. In addition to an ORD, OSBP possesses an 

FFAT domain used to interact with the ER-resident protein, VAP, and an N-Terminal PH 

domain that interacts with Arf1 and PI4P, which are commonly in the Golgi membrane 

9,26,56. This domain architecture allows OSBP to function at MCSs between various 

cellular organelles (e.g. the ER and the Golgi) and transfer lipids between the contacted 

organelles 2. 
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1.4.2 Cholesterol Trafficking 

One of the better understood activities of OSBP in the cell is the ability to transfer 

cholesterol between membranes 2,15. OSBP has been shown to localize to the ER-Golgi 

interface under certain stimuli 15,51,57. Increases in cellular 25-OHC levels or decreases in 

cellular cholesterol levels, results in localization of OSBP from the cytosol to the ER-

Golgi to mediate the transport of cholesterol from the ER, where it is synthesized, to the 

Golgi 15,57. This transfer occurs at MCSs between the ER and Golgi and is accomplished 

through various localization domains 2,15. An FFAT domain interacts with the ER-

resident protein, VAPA; while the PH domain interacts with PI4P and Arf1 in the Golgi 

membrane, effectively anchoring OSBP between the two organelles 15. The cholesterol 

transfer activity also requires the subsequent counter-transport of PI4P by OSBP from the 

Golgi to the ER, where it is hydrolyzed by the ER enzyme, Sac1; sustaining the PI4P 

gradient and providing the energy necessary for OSBP to transport cholesterol from the 

ER to the Golgi against its concentration gradient 15,51. PI4P counter-transport and 

subsequent hydrolysis by Sac1 provides the fuel for the trafficking of cholesterol and is 

analogous to the use of ATP by ion pumps 39,58. The cholesterol trafficking of OSBP is 

believed to “burn” approximately 50% of cellular PI4P 39,58. The immense amount of 

PI4P required to sustain this process may be regulated in part by OSBP interaction with 

PI4KB, a kinase that catalyzes the production of PI4P 39,58. OSBP and PI4KB co-localize 

and both interact with Arf1 in the Golgi membrane, which may be a mechanism to locally 

supply OSBP with PI4P as it burns through a considerable amount of the cellular PI4P 

stores 39,58. OSBP has been shown to transport cholesterol between other organelles as 
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well, including between the ER and lysosome, using the OSBP PH domain to interact 

with PI4P in the lysosomal membrane 59.  

 

1.4.3 Lipid Metabolism 

OSBP has been reported to regulate sphingomyelin (SM) biosynthesis through 

indirect regulation of the ceramide transfer protein, CERT; therefore, OSBP effectively 

integrates sterol regulation and SM biosynthesis in the cell 60–62. The biosynthesis of SM 

occurs in the Golgi through the metabolism of ceramide, which is transported from the 

ER to the Golgi by CERT 60–62. SM biosynthesis can be stimulated in cells by increasing 

cellular 25-OHC levels, or decreasing cellular cholesterol, suggesting a connection 

between OSBP localization stimuli and stimulation of SM biosynthesis 60–62.  

The transport of ceramide by CERT was found to be dependent on both OSBP 

and VAPA 60–62. RNAi of either OSBP or VAPA, in multiple cell lines, inhibited CERT-

dependent ceramide transport to the Golgi, while overexpression of OSBP enhanced 25-

OHC stimulated SM biosynthesis 60–62. OSBP interaction with VAPA via the OSBP 

FFAT domain, and PI4P/Arf interaction via the OSBP PH domain were also shown to be 

required for CERT recruitment to the Golgi and subsequent SM biosynthesis 60–62. 

Curiously, OSBP and CERT only displayed weak interactions with each other, implying 

that OSBP-CERT interaction is not driving OSBP-dependent CERT localization to the 

Golgi 60–62. Instead, it is proposed that OSBP ER-Golgi localization, resulting in OSBP 

PH domain-Arf1 interaction at the Golgi, may stimulate the co-localized PI4KB enzyme. 

PI4KB stimulation would locally increase PI4P levels at the Golgi and subsequently 

recruit CERT, which also localizes to the Golgi through a PI4P-interacting PH domain 
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60–62. This model is supported by OSBP FFAT mutants that cannot bind VAPA, but still 

stimulate recruitment of CERT to the Golgi; however, these mutants did not restore SM 

biosynthesis 60–62. These results suggest that the OSBP PH domain interactions with the 

Golgi are stimulating CERT localization, but both OSBP ER and Golgi interaction are 

required to restore SM biosynthesis 60–62. 

 

1.4.4 Cell Signaling 

OSBP has been reported to be phosphorylated at Ser240 by Protein Kinase D 

(PKD), a Golgi-localized kinase that also activates PI4KB and inhibits CERT function 

via phosphorylation 63. PKD is localized and activated at the Golgi by interacting with 

diacylglycerol (DAG) that accumulates as a product of SM biosynthesis 63. OSBP is 

phosphorylated by PKD at the Golgi, which leads to impairment of OSBP Golgi 

localization through masking of the OSBP PH domain, potentially via phosphorylation-

induced interaction with another protein 63. OSBP phosphorylation by PKD at Ser240 

also impairs CERT Golgi localization and induces Golgi fragmentation 63. The SM 

product-mediated Golgi localization of PKD, in combination with its role in OSBP, 

PI4KB, and CERT regulation via phosphorylation, indicates that PKD phosphorylation 

is part of a SM biosynthesis regulatory feedback loop 63. Consistent with this model, 

depletion of SM or cholesterol causes the dephosphorylation of OSBP and reestablishes 

Golgi localization for cholesterol trafficking and SM biosynthesis 63,64. Further studies 

have revealed that OSBP is also phosphorylated at Ser381-391 and Ser195 and 200, and 

this phosphorylation regulates OSBP ER activity 64.  
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OSBP is also reported to be involved in various lipid-related cell signaling 

responses, functioning commonly as a sterol-dependent scaffold protein for signaling 

complexes. OSBP is reported to function as a cytoplasmic sterol sensor that regulates 

ERK 1/2 signaling 53,65. OSBP was observed in a ~440 kDa oligomeric complex with the 

serine/threonine phosphatase PP2A, the tyrosine phosphatase PTPPBS, and cholesterol 

53,65. This complex has dual phosphatase activity against phosphorylated ERK 1/2 (pERK 

1/2) and thus negatively regulates ERK 1/2 phosphorylation and activation 53,65.  The 

OSBP PH domain was required to form the oligomeric complex with cholesterol, PP2A, 

and PTPPBS 53,65. When cellular cholesterol is lowered or cellular oxysterols are 

increased, the oligomeric OSBP-dual phosphatase complex disassembles in manner 

believed to unmask the OSBP PH domain, resulting in ablation of the negative ERK 1/2 

regulation and therefore activation of ERK 1/2 signaling 65. Complex disassembly and 

PH domain unmasking results in OSBP localization to the ER-Golgi to transport and 

resupply the cell with cholesterol 53,65. A subsequent study confirmed the role of OSBP 

in ERK 1/2 regulation, showing that OSBP overexpression reduces pERK levels in 

hepatocytes 66. Although ERK 1/2 signaling can mediate a myriad of cellular responses, 

the study did not directly show the downstream effect of ERK 1/2 activation on cellular 

cholesterol; however, ERK signaling is intimately involved in cholesterol homeostasis, 

and depletion of membrane cholesterol has previously been shown to significantly 

increase pERK levels in cells 53,65,67. It is hypothesized that the OSBP-dual phosphatase 

complex functions as a cytoplasmic sterol sensor 53,65. OSBP has a higher affinity for 25-

OHC than cholesterol (Figure 4A), thus as cellular cholesterol is depleted and oxidized 

into oxysterols, these oxysterols may displace cholesterol from the OSBP-ORD 53,65. 
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Competitive displacement of cholesterol from the OSBP-ORD results in disassembly of 

the oligomeric complex, ERK 1/2 activation, and OSBP ER-Golgi localization to 

facilitate replenishment of cellular cholesterol and mediate its transport throughout the 

cell 53,65.  

The results of another study looking at the role of OSBP in hepatocytes suggests 

that OSBP may also have a role in insulin signaling 66. This study found that OSBP 

silencing in hepatocytes inhibited insulin-mediated induction of SREBP-1c. Additionally, 

overexpression of OSBP has similar effects on SREBP-1c, Insig-1 and Insig-2a responses 

as insulin 66. Due to the role of ERKs in insulin signaling, the authors hypothesize that 

OSBP’s role in ERK signaling may have implications on insulin signaling as well 66.  

OSBP is also implicated as an essential mediator of STAT3 activation 68. 7-

ketocholesterol has been shown to increase profilin-1 expression, an actin binding protein 

that has a role in endothelial dysfunction 68,69. Further studies revealed that when 

stimulated with 7-ketocholesterol, OSBP forms an oligomeric complex that regulates 

STAT3 activation and leads to profilin-1 expression 68. In unstimulated conditions, the 

OSBP PH domain is masked, however, upon binding of oxysterol in the OSBP-ORD, a 

conformational change occurs in OSBP that unmasks the PH domain and facilitates an 

interaction with JAK2 68. Upon interaction with OSBP, JAK2 subsequently 

phosphorylates the OSBP-ORD at Tyr394 68. OSBP Tyr394 phosphorylation creates a 

site for STAT3 docking to OSBP, resulting in an OSBP-JAK2-STAT3 complex 68. After 

STAT3 docks to OSBP, STAT3 is phosphorylated by JAK2, after which STAT3 localizes 

to the nucleus where it is recruited to the profilin-1 promotor to activate profilin-1 

transcription 68.  
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A recent report also found that OSBP is required for mTORc1 activation 59. The 

protein complex, mTORc1, is a main cellular signaling hub responsible for integrating 

various cellular inputs, such as nutrient levels and growth factors, to regulate downstream 

cell signaling responses 70. mTORc1 activation occurs at the lysosome, and this study 

found that cholesterol trafficked from the ER to the lysosomal membrane by OSBP was 

required for mTORc1 localization and subsequent activation 59. Consequently, the 

chemical or genetic knockdown of OSBP was found to cause mTORc1 inhibition and 

induce cellular autophagy 59. This is an important finding, as it indicates that OSBP is 

required for mTORc1 activation, effectively coupling sterol regulation to mTORc1 

signaling 59.  

 

1.5 ORP4 biology 

1.5.1 Overview of ORP4 

In 1999, ORP4 was the second oxysterol-binding protein discovered, after the 

founding member, OSBP, and prior to the identification of the rest of the ORP family 

members 8,71,72. ORP4 was discovered based on its selective expression in tumor cells and 

expression correlation with metastasis (see Section 1.6.2: ORP4 as a precision 

anticancer target for more information about the role of ORP4 in cancer biology) 72. 

ORP4 shares ~64% overall sequence identity and ~67% ORD sequence identity with 

OSBP and possesses the same protein domains as OSBP, such as the FFAT, PH, and 

ORD domains 10,56,8,71 . However, despite similar sequence identities and protein domain 

architecture, OSBP and ORP4 appear to be involved in vastly different cellular activities 

9,73.  
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In contrast to the universal expression of OSBP, ORP4 is only expressed in select 

human tissues such as the brain, retina, testis, and heart 8,71. Additionally, ORP4 possesses 

three N-terminally truncated transcript variants, ORP4L (~108 kDa), ORP4M (~85 kDa), 

and ORP4S (~50 kDa and 60 kDa) 74–76. It is important to note that although the ORP4L 

variant possesses the same domains as OSBP, ORP4M is N-terminally truncated in a 

manner that also truncates the PH domain, and therefore is not believed to target PI4P 

like ORP4L. ORP4S is further lacking in domains and possesses only an FFAT domain 

and a partially truncated ORD 74,76. Similar to OSBP, the ORP4-ORD can bind 25-OHC 

with a KD of 10-54 nM, cholesterol with a KD of 68 nM, and phosphatidylinositols with 

undetermined binding values 9,21,52,74,76 (Figure 4A). ORP4S is reported to display similar 

binding values (25-OHC KD = 23 nM and cholesterol KD = 60 nM), however, one of the 

earliest ORP4S publications reported that ORP4S does not bind 25-OHC 74,76.  Relative 

to OSBP, the function of ORP4 in cells is more unclear. The best elucidated role of ORP4 

in the cell is as a G protein-coupled receptor (GPCR) scaffold protein for cell signaling 

processes involved in cell proliferation and bioenergetics in T-cell Acute Lymphoblastic 

Leukemia (T-ALL) cell models 38,76,77. ORP4 also has a role in regulating the vimentin 

network and is required for the survival and proliferation of immortalized and cancer cell 

lines 74,76.  

 

1.5.2 Localization and vimentin regulation 

Although ORP4L possesses domains for targeting the ER and Golgi, ORP4L 

appears primarily localized to the plasma membrane (PM) in T-cell Acute Lymphoblastic 

Leukemia (T-ALL) cells and other cell models 38,76,77. More recently, and in contrast to 
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previous reports, ORP4L was also shown to localize to the ER-Golgi upon 25-OHC 

treatment (or cholesterol depletion) in HeLa cells in an OSBP, VAPA, and PI4P-

interaction dependent manner 78. ORP4L knockout studies revealed that in this context, 

ORP4L is required for TGN and Golgi organization and PI4P content 78. Previous studies 

utilized an ORP4L antibody with an internal epitope which is possibly masked upon 

Golgi localization; however the use of a new, C-terminal V5 epitope-tagged ORP4L and 

V5 monoclonal antibody revealed the nuanced localization patterns of ORP4L, clearly 

showing both Golgi/TGN and PM localization patterns 78. Although the ER-Golgi 

localization of ORP4L was dependent on sterol, OSBP, VAPA, and PI4P interaction, 

ORP4L PM localization was not, suggesting the execution of different cellular activities 

based on localization 78. ER-Golgi localized ORP4L appears to be involved in lipid 

transport and Golgi organization, while PM localized ORP4L appears to be involved in 

cell signaling processes 38,76,77,78. The OSBP-interaction dependent ER-Golgi localization 

of ORP4L implies that OSBP and ORP4L are endogenous interacting partners, and 

ORP4L is recruited to the ER-Golgi through OSBP interaction 78. Consistent with this 

model, previous reports suggest that OSBP and ORP4L may interact endogenously to 

form heterodimers that require the dimerization domain (OSBP A.A. 261-288, ORP4 

A.A. 316-343) 21. Alternatively, OSBP-dependent ORP4L ER-Golgi localization could 

be mediated in a manner similar to OSBP-dependent CERT Golgi localization, where 

OSBP localization stimulates PI4P production at the Golgi that subsequently recruits 

ORP4L 78.  

Additionally, in Chinese Hamster Ovary (CHO) and HeLa cells,  ORP4S localized 

with the structural protein vimentin, resulting in vimentin aggregation (i.e., remodeling) 
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while ORP4L did not cause aggregation or alter vimentin organization, but weakly 

associated with peripheral vimentin 21,74. Vimentin is an intermediate filament (IF), and 

critical part of the cytoskeleton, with a well-known role in sterol transport and regulation 

21,79,80. 

In contrast to OSBP, the PH domain of ORP4 does not appear to regulate Golgi 

localization, but rather regulates ORP4 vimentin network interaction 76. It is hypothesized 

that the PH domain of ORP4L may interfere with vimentin localization and aggregation, 

as ORP4L only weakly associates with peripheral vimentin 74. Consistent with this 

hypothesis, both ORP4S and ORP4M were found to localize with vimentin and cause 

aggregation, which possess no PH domain and an N-terminally truncated, predicted non-

functional PH domain, respectively 74,76. Additionally, ORP4L PH domain mutants that 

cannot bind PI4P caused vimentin localization and aggregation 74,76.  

The weak association of ORP4L with vimentin is sterol independent and is 

believed to occur as a consequence of the ORP4L leucine repeat motif; vimentin 

polymerizes using leucine repeats, suggesting vimentin may also form contacts with the 

ORP4L leucine repeat motif 21. ORP4S localizes and remodels vimentin through 

interaction with the ORD in a sterol-independent manner, which may displace ORP4L 

leucine repeat-mediated interaction with vimentin, consequently aggregating and 

collapsing the vimentin network 21. This mechanism may contribute to vimentin’s well-

known role in sterol regulation and transport, having been implicated in contributing to 

lipid trafficking between the endosome/lysosome and ER and endosome/lysosome and 

Golgi, among involvement in other sterol-related processes 21,80.  ORP4L therefore may 

use vimentin intermediate filaments as a “scaffold or track” to move between organelles 
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and facilitate lipid transfer, with ORP4S or ORP4M being able to collapse the vimentin 

filaments and regulate this transfer 21. 

 

1.5.3 Cell survival and proliferation 

The most established activity of ORP4 in cells is its role in cell proliferation and 

survival 38,76,77. Silencing of all ORP4 variants was found to significantly decrease cellular 

proliferation leading to growth arrest in HeLa and HEK293 cells, but was not cytotoxic 

76. In contrast, ORP4 silencing induced apoptosis in non-malignant, non-transformed 

IEC-18 cells 76.  Additionally, the expression of any single ORP4 variant (i.e., ORP4L, 

ORP4M, or ORPS) was able to rescue the growth arrest in HeLa and HEK293 cells, 

suggesting these variants may be redundant in terms of their role in cell proliferation 76. 

This result also indicates that the FFAT and ORD domains are required for ORP4’s role 

in cell survival and proliferation, but not the PH domain, since only ORP4L possesses a 

functional PH domain 76. The ORP4 silencing-induced apoptosis in IEC-18 cells was 

rescued after the cells were transformed with the oncogenic protein, H-Ras; presumably 

due to activation of proliferation pathways and inhibition of apoptosis, which are common 

physiological changes seen after IEC H-Ras transformation 76.  Interestingly, H-Ras 

transformation increased ORP4L and ORP4S expression as much as 7-fold, suggesting 

that ORP4 plays a role in the cellular transformation/immortalization process 76. Overall, 

these results indicate that ORP4 is involved in the proliferation and survival of rapidly 

dividing cells, particularly cancer and immortalized cells, and ORP4 may also play a role 

in the transformation process of immortalized cell lines and oncogenesis 76. 
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Mechanistic insight was provided for the role of ORP4 in cell survival and 

proliferation when it was discovered that ORP4 functions as an essential GPCR scaffold 

protein that drives cellular bioenergetics in T-cell Acute Lymphoblastic Leukemia (T-

ALL) cell models 38,77,81. ORP4L was found to interact with GPCR components, 

phospholipase C PLC CD3and Gq/11 at the PM in T-ALL cells 59. This GPCR 

complex requires ORP4L to recruit and scaffold the individual components to mediate 

cell signaling 59. The Yan group from Jinan University in Guangzhou, China were the 

first to make this discovery and subsequently published multiple papers on the topic, 

collectively building a detailed model of ORP4 function in T-ALL cells 38,77,81.  

They found that upon stimulus, ORP4L recruits this PLC CD3and Gq/11 

GPCR signaling complex at the PM, effectively coupling the T-cell surface glycoprotein 

CD3to the GTPase Gq/11, and the phospholipase PLC38,77,81,82ORP4L then 

extracts PIP2 from the PM and presents it to PLCallowing for PLCto cleave the 

PIP2 into DAG and IP3 
38,77,81. IP3 then binds to IP3 receptor type 1 (ITPR1) on the ER, a 

process tightly regulated by ORP4L through the ORP4L-ER-targeting FFAT domain, and 

ORP4L interaction with the ITPR1 C-terminal tail. These interactions facilitate IP3 

binding to ITPR1 which stimulates Ca2+ release from the ER 38,77,81. The resultant release 

of the second messenger, Ca2+, drives downstream Ca2+-dependent bioenergetic events 

such as Ca2+-dependent dephosphorylation of pyruvate dehydrogenase (PDH) to increase 

PDH activity and drive oxidative phosphorylation 38,77,81.  

ORP4L was also shown to have a role in Ca2+  regulation and signaling in cervical 

cancer cells, although the exact mechanism of regulation was not elucidated, preliminary 

results suggest this process is mechanistically similar to T-ALL cells 83. Overall, it 
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appears that ORP4L regulates many steps of GPCR induced Ca2+ release to sustain 

bioenergetics in T-ALL cells, and most likely other cells as well, providing context for 

its role in cell proliferation and survival. This mechanistic model is believed to contribute 

to the role of ORP4 as a precision anticancer target (see Section 1.6.2: ORP4 as an 

anticancer target for more information). 

 

1.6 OSBP and ORP4 in human disease biology 

Due to the pervasive role of the OSBP/ORPs in lipid-related biology, several 

OSBP/ORPs have been implicated in contributing to a number of human disease states 

2,9,10. OSBP is a druggable broad-spectrum antiviral target required for the proliferation 

of a wide array of human RNA viral pathogens including: hepatitis C virus (HCV), 

encephalomyocarditis virus (EMCV), the entire Enterovirus genus, Flaviviruses such as 

dengue virus (DENV), and Zika virus (ZIKV), and possibly Coronaviruses  84–89,90. Many 

of these viruses are established public health menaces, and none have any current 

treatments 84–89,90. Additionally, ORP4L is a precision anticancer target selectively 

overexpressed in many cancers, both solid tumors and leukemias 72,77,91. ORP4 appears 

to have a critical role in cancer cell proliferation, survival, and oncogenesis, through its 

role as a regulator of cellular Ca2+ homeostasis 38,76,77. 

 

1.6.1 OSBP as a broad-spectrum antiviral target 

OSBP is reported to play a role as a host factor during viral infections through its 

cholesterol trafficking ability and regulation of lipid metabolism in the cell 2,9. To date, 

all viruses found to require OSBP for replication and/or other stages of the viral life cycle 

are positive-sense single-stranded RNA ((+)ssRNA) viruses. Although much progress has 
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been made in the last decade in our understanding of OSBP as a host factor for these 

viruses, further research is required to better understand the precise contributions of 

OSBP to RNA viral infection and develop it as a viable antiviral target. In the current 

model, OSBP is exploited by virally infected cells to transport cholesterol to the viral 

replication compartment (VRC); the VRC is a remodeled host membrane used as the site 

of viral replication 84,92.  Consequently, OSBP silencing or pharmacological inhibition 

significantly inhibits viral replication and other lipid-related processes required for 

various stages of the viral life cycle, making OSBP an attractive antiviral target for 

antiviral drug development 84,93.  

 

1.6.1.2 Positive-sense single-stranded RNA viruses 

Positive-sense single-stranded RNA ((+)ssRNA) viruses are the most abundant 

genetic class of virus 94. (+)ssRNA viruses are also pathogenic in humans, animals and 

plants 94. (+)ssRNA viruses have the advantage of possessing positive-sense single-

stranded RNA genomes, which are mRNA-like (i.e., mRNA is positive-sense single-

stranded RNA) 95. Therefore, even the pure RNA of (+)ssRNA viruses is infectious, as it 

can be directly translated by host ribosomes and does not need to be transcribed or 

otherwise converted prior to translation 95. This incredibly voluminous and diverse 

genetic class of virus encompasses eight viral families that infect vertebrates, including 

four enveloped virus families: Picornaviridae, Astroviridae, Caliciviridae, Hepeviridae, 

and four non-enveloped virus families: Flaviviridae, Togaviridae, Arteriviridae, and 

Coronaviridae 96.  Enveloped viruses are those that, in addition to possessing genetic 

material (e.g. ssRNA) and a viral capsid, also possess a lipid bilayer envelope 97. The 
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envelope is derived from host cell membrane budding and surrounds the virus 97,98. The 

viral envelope functions to protect the viral genetic material, promote viral entry into 

cells, and aid in host immune system evasion 97,98.   

 A hallmark of all (+)ssRNA viruses is the ability to remodel host membranes and 

alter host lipid metabolism to aid in the viral replication, maturation, and egress processes 

94,99. This host membrane remodeling results in the formation of mini-organelles, or viral 

replication compartments (VRCs) 99. VRCs are remodeled host organelle membranes, 

commonly derived from host membranes like the ER or mitochondria, that function as 

sites for viral replication complexes and viral replication 94,99,100. Picornaviridae, 

Flaviviridae and Coronaviridae family VRCs originate particularly from the host ER 

101,102. These VRCs are closely associated with lipid droplets (LDs), which aid in viral 

assembly and morphogenesis 103,104. VRCs go by a variety of names (e.g. membranous 

web, replication organelle, vesicle packets etc.) depending on the type of (+)ssRNA virus 

94,105. VRCs differ in certain characteristics between (+)ssRNA viruses 94,99. VRC 

morphology can be broadly categorized as either protrusive or invagination-type, 

characterized by whether the remodeled host membrane protrudes out into the cytoplasm, 

or invaginates in, away from the cytoplasm; additionally, VRCs can be single or doubled 

membraned 93,94,100,106. Despite morphological differences in VRCs between (+)ssRNA 

viruses, these mini-organelles serve a common function: provide a scaffold for the 

formation of viral replication complexes, insulate replication complexes from host 

defense factors, and limit diffusion to concentrate viral replication components to 

increase the efficiency of replication and aid in viral packing 94,107,108. 
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1.6.1.3 Role of OSBP in hepatitis C virus (HCV) biology 

Hepatitis C virus (HCV) is a (+)ssRNA virus of the Flaviviridae family in the 

genus Hepacivirus 109. HCV infection has no current prophylactic treatment and often 

causes chronic liver diseases such as liver cirrhosis, fibrosis, and hepatocellular 

carcinoma 110. Studies estimate that 3% of people in the world are infected with HCV, 

with as many as 3.9 million people chronically infected in the US alone 111,112. The HCV 

RNA is translated into a single polyprotein that is cleaved by proteases into three 

structural proteins (core, E1, E2) and seven nonstructural proteins (p7, NS2, NS3, NS4A, 

NS4B, NS5A, NS5B) 110. HCV infection results in the formation of an ER-derived, 

protrusion-type VRC called a “membranous web” for viral replication complex formation 

99,105,113.  

The first report that implicated OSBP in viral infection was published by the 

Siddiqui group from UC San Diego in 2009 after a proteomic analysis of HCV 

ribonucleoprotein (RNP) complex revealed that OSBP is one of a few of host proteins 

associated with the HCV RNP complex in HCV infected cells 2,114. The HCV RNP 

complex is the site of viral RNA replication, and these RNP complexes are associated 

with the VRC 114,115. This study found that OSBP is recruited to the viral RNP complex 

through interaction with the N-terminal domain 1 of the HCV NS5A protein 114. NS5A is 

a critical nonstructural HCV protein that has the ability to anchor to the ER, and has been 

shown to also interact with VAPA, the same ER-resident protein OSBP targets to anchor 

to the ER 114,116. NS5A association with the ER and VAPA have been shown to be 

essential for viral replication 114,117–119. Subsequent RNAi investigations revealed that 

OSBP knockout decreased HCV gene expression, replication, and secretion 114. Together, 
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these results implicate OSBP as a host factor involved in HCV maturation and establish 

OSBP as a putative antiviral target.  

Further research by the same group in 2011 determined that host protein kinase D 

(PKD) negatively regulates HCV secretion through phosphorylation-mediated inhibition 

of OSBP and CERT 104. CERT is another lipid transfer protein that transports ceramide 

from the ER to the Golgi for sphingomyelin (SM) biosynthesis 104. Activated PKD 

phosphorylates CERT and OSBP at Ser132 and Ser240, respectively, resulting in 

inhibition of their lipid transfer ability, and diminishment of OSBP Golgi localization 104 

(see Section 1.4.4: Cell signaling for more information on PKD regulation of OSBP and  

CERT). As previously mentioned, OSBP regulates CERT function, effectively 

integrating sterol regulation and SM biosynthesis 61 (see Section 1.4.3: Lipid 

metabolism for more information on OSBP regulation of CERT). PKD-induced 

attenuation of OSBP and CERT function therefore simultaneously impairs both cellular 

cholesterol trafficking and SM biosynthesis 61,104. Impairment of OSBP and CERT 

activity in this manner was found to inhibit secretion of HCV virions 104. Inhibitors of 

SM biosynthesis have previously been show to decrease HCV replication 120, and HCV 

virions are enriched in both cholesterol and SM, indicating a critical role for these lipids 

in the HCV life cycle 121,122. During HCV infection, an unknown cellular mechanism is 

reported to decrease PKD activity 104. The PKD inactivation stops impairment of OSBP 

and CERT function, restoring the trafficking of cholesterol and SM biosynthesis required 

for TGN-mediated HCV virus secretion 104. This study not only provides additional 

information about the role of OSBP in HCV secretion, but also highlights the necessity 
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of Golgi proteins (PKD) and lipids (cholesterol and SM) in HCV maturation and secretion 

104.  

Additional research further indicated that OSBP is essential for HCV replication,  

this time implicating OSBP as critical for the integrity of the HCV membranous web 107. 

Previously reports showed that phosphatidylinositol 4-kinases (PI4Ks), and their 

enzymatic product, PI4P, were required for HCV replication and the integrity and 

morphology of the cholesterol-enriched membranous web 123–129. Additionally, 

cholesterol depletion had been reported to have similar effects on membranous web 

integrity 130–132. However, the role of PI4Ks and PI4P in the HCV membranous web, 

including how the web becomes enriched in PI4P and cholesterol, remained unknown 107.  

A subsequent 2011 report revealed that HCV protein, NS5A, also recruits and 

activates host protein, PI4KA, to the membranous web resulting in PI4P production and 

a PI4P-enriched membranous web; silencing of PI4KA alters membranous web 

morphology and inhibits PI4P enrichment at the membranous web 125,133,134. The PI4P-

rich membranous web subsequently recruits OSBP in a PI4P-dependent manner using the 

OSBP PI4P-interacting PH domain 107. OSBP recruitment facilitates the transport of 

cholesterol by OSBP from the ER to the membranous web, while counter-transporting 

PI4P 107. This process required the OSBP ORD, FFAT, and PH domains 107. The lipid 

transport process at the HCV membranous web is comparable to the OSBP mediated 

cholesterol-PI4P exchange between the ER and the Golgi in non-infected cells (see 

Section 1.4.2: Cholesterol trafficking for more information) and illustrates that OSBP 

is a PI4K effector during HCV infection 107. Knockdown of OSBP, or deletion of the 

aforementioned OSBP domains, also would result in inhibition of cellular SM 
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biosynthesis 61,135, possibly contributing to the decrease in HCV replication as inhibitors 

of SM synthesis have previously been show to decrease HCV replication 120.  Although 

OSBP recruitment and subsequent lipid trafficking abilities were required for HCV 

replication and membranous web integrity, it is unknown exactly why HCV replication 

requires cholesterol and/or SM at the membranous web. Various theories include 

regulation of membranous web fluidity, lipid-mediated stimulation of viral enzymes, or  

recruitment of other viral or host factors to the membranous web 107,136. More recently, it 

was shown that cholesterol homeostasis has a critical role in poliovirus (PV) polyprotein 

processing, indicating that cholesterol may play a role in the cleavage of viral polyprotein 

into discrete, mature viral proteins 137,138.  

Importantly, many RNA viruses require various host PI4Ks, including PI4KA 

(HCV) and PI4KB (Picornaviruses), indicating that PI4P and effector proteins like OSBP 

may be broadly required for many RNA viruses 101,139,140. Subsequent antiviral 

experiments using the Picornavirus family member in the Enterovirus genus, poliovirus 

(PV), which requires PI4KB, but not PI4KA, showed that OSBP knockout inhibits PV 

replication as well. This supports the hypothesis that OSBP may be a broadly used PI4K 

effector required for many different RNA viruses, and establishes the PI4K-PI4P-OSBP 

axis as a widely used viral hijacking mechanism to alter host lipid homeostasis 107. In 

2013, it was determined that minor enviroxime-like compounds, which are distinguished 

from major enviroxime-like compound by their ability to inhibit HCV infection, exerted 

their biological activity through targeting OSBP, further supporting the role of OSBP in 

HCV infection 85 (see Section 1.7.2: Minor enviroxime-like compounds for more 

information). 
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In addition to the role of OSBP in HCV replication and secretion, OSBP may also 

affect HCV viral entry and secretion through an alternate mechanism. HCV has been 

connected to very low density lipoprotein (VLDL)-related uptake and egress, hijacking 

host lipoproteins for egress, and overexpressing VLDL receptors for viral entry by HCV-

mediated activation of sterol regulatory element binding proteins (SREBPs) 104,141,142. The 

overexpression of OSBP in hepatocytes has been shown to upregulate SREBP-1c, 

resulting in a significant increase in VLDL triglycerides, suggesting the role of OSBP in 

HCV infection may be more pervasive and nuanced than originally believed  66. 

Collectively, these results indicate that OSBP is required for multiple critical 

processes in the HCV life cycle (i.e., viral replication, secretion, and possibly uptake as 

well) through its role as a cholesterol transfer protein, regulator of SM biosynthesis, and 

involvement in VLDL related lipogenesis. Additionally, these results imply that OSBP 

may be an essential host factor for other RNA viruses that depend on the PI4K-PI4P-

OSBP axis for cholesterol recruitment to the VRC.  

 

1.6.1.4 Role of OSBP in Enterovirus biology 

 Since the discovery that OSBP was a required host factor for HCV infection, 

OSBP has been implicated as also being required for the replication of Enterovirus genus 

viruses 84. Enteroviruses contain ~7.5 kb (+)ssRNA genomes that are translated into a 

polyprotein that is then cleaved by proteases to give rise to structural proteins (VP1-VP4) 

and nonstructural proteins (2A-2C and 3A-3D) 84. Enteroviruses are non-enveloped 

viruses that create a protrusion-type VRC, known as a replication organelle (RO) 99,143. 

The genus Enterovirus resides within the Picornaviridae family and comprises 81 non-
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polio and 3 polio Enteroviruses consisting of diverse viruses including: rhinoviruses, 

enterovirus (species), echovirus, coxsackievirus, and poliovirus 144–146. These viruses 

cause many common human diseases, ranging from life threatening, to more benign, 

including: the common cold, hand-foot-and-mouth disease (HFMD), polio, myocarditis, 

acute respiratory infections, viral pneumonia, encephalitis, meningitis, acute flaccid 

myelitis, and many more 144–149. Enteroviruses are incredibly voluminous, with >150 

different types of human rhinovirus (HRV) alone, which are responsible for 

approximately half of all common colds and cost the economy billions each year in lost 

work and medical costs 150,151. In addition to this diversity and volume, like many RNA 

viruses, Enteroviruses have a high rate of mutation resulting in >250 distinct serotypes, 

making vaccine development against individual Enteroviruses and serotypes an 

unrealistic therapeutic approach 152,153. Because these viruses comprise everything from 

the common cold to PV, Enterovirus infections are very common and potentially severe; 

however, there are no current approved treatments or prophylactics against these viruses, 

with only PV possessing a vaccine 84,89,154.   

 The role of OSBP in Enterovirus replication was first inferred based on OSBP 

knockout studies that showed that in addition to HCV, PV replication (an Enterovirus) 

was also inhibited 107. As previously mentioned, HCV and Enteroviruses, like PV, require 

different host PI4Ks (PI4KA and PI4KB, respectively), suggesting the PI4K-PI4P-OSBP 

axis may be effectively targeted for antiviral activity against many different RNA viruses 

101,139,140. Further studies revealed that minor enviroxime-like compounds (i.e., T-00127-

HEV2 (THEV), AN-15-H5, and 25-OHC), a class of antiviral compounds found to exert 

antiviral activity through targeting OSBP, significantly inhibit PV replication, confirming 
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the role of OSBP as a host factor in RNA viruses other than HCV 85. Shortly after, the 

anti-Enteroviral compounds OSW-1, itraconazole (ITZ), and TTP-8307 (TTP) were also 

found to exert their antiviral activity through targeting OSBP 84,87,89. 

 Subsequent studies by a number of other researchers revealed that OSBP is 

required for all Enterovirus genus virus replication, but does not appear to be required for 

vesicle stomatitis virus (VSV, a (-)ssRNA virus) and human parechovirus 1 (HEeV1, a 

Picornavirus family member in the Parechovirus genus) 58,61,62,64,116. Collectively, these 

results indicate that despite being required for the replication of all Enteroviruses, OSBP 

may not be required by other Picornavirus family members and  (-)ssRNA viruses 84,89. 

The reported necessity of OSBP as a host factor for all Enterovirus replication involves 

an evolutionarily conserved mechanism for PI4K/PI4P-mediated cholesterol recruitment 

at the Enterovirus ROs, similar to HCV.  

The Enterovirus 3A protein is a critical viral replication protein that imbeds into 

host membranes and is important for RO formation 101. During infection, the viral 3A 

protein forms a complex with host factors GBF1 and Arf1 and modulates their activity to 

recruit the PI4K, PI4KB to the viral RO; PI4KB subsequently catalyzes the production of 

PI4P, resulting in a PI4P-rich viral RO 86,101. There is evidence suggesting that the viral 

2BC protein may also participate in this process 86. OSBP is then recruited to the viral 

RO through interaction with the OSBP PH domain with Arf1 and PI4P in the RO, where 

OSBP transports cholesterol from the ER to the RO while counter transporting PI4P from 

the viral RO to the ER 84,86,89,151. Therefore, Enteroviruses also utilize the PI4K-PI4P-

OSBP axis to hijack the cholesterol trafficking ability of OSBP to fortify the viral RO 

with cholesterol. The viral RNA polymerase (3Dpol) was shown to interact with PI4P in 
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vitro, suggesting PI4P accumulation at the viral RO may additionally support viral 

replication as a scaffold for viral replication elements 101.  

OSBP knockdown, pharmacological inhibition, or alteration of the PH, FFAT, or 

ORD domains inhibits Enterovirus replication 58,61,62,64,116. Small molecules that target 

OSBP to exert antiviral activity (i.e., OSW-1 and 25-OHC) were only effective in 

inhibiting viral replication prior to the existence of viral ROs in host cells, but were still 

effective hours after the initiation of viral infection 86,89. This indicates that OSBP is 

required for the development of the viral RO, and OSBP targeting specifically inhibits 

viral replication and not entry during Enterovirus infections, although a role for OSBP in 

viral entry cannot be ruled out in this context 86,89. Additionally, antiviral targeting of 

OSBP by OSW-1 was shown to be effective in numerous cell lines and animal species, 

highlighting the ubiquitous necessity of OSBP in Enterovirus infections 89. Enterovirus 

ROs can also usurp cholesterol from various other cellular compartments other than the 

ER, including lipid droplets and endosomes 125. Additionally, disruption of cholesterol 

homeostasis inhibits many steps of Enterovirus infection, highlighting the cholesterol 

dependence of these, and likely other viruses, establishing OSBP as an attractive target 

for novel antiviral therapies 151,155. The broad dependence of cholesterol in various steps 

of Enterovirus infection also suggests that OSBP may provide additional, more nuanced 

contributions to Enterovirus infection. 

 Interestingly, single-point mutations in the Enterovirus 3A protein (V45A, I54F, 

H57Y for Coxsackievirus B3 (CVB3), and A70T for PV) rescued replication inhibition 

in the presence of  PI4KB inhibitors (>50-fold increase in PV replication) and to a lesser 

extent OSBP inhibitors (~5-fold increase in PV replication) 85,92,137,156,157. These results 
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indicate that viable viral mutants can be generated that decouple Enterovirus dependence 

on OSBP and PI4KB. 

 Overall, the contributions of OSBP as a host factor for Enteroviruses is similar to 

its contributions for HCV, utilizing a viral protein (NS5A and 3A for HCV and 

Enteroviruses, respectively) to exploit the PI4K-PI4P-OSBP axis to recruit OSBP and 

mobilize cholesterol to VRCs.  

 

1.6.1.5 Other OSBP requiring viruses 

In addition to the entire Enterovirus genus and HCV, there is also direct evidence 

that OSBP is required for encephalomyocarditis virus (EMCV) 87,92,137 and Flavivirus 

replication 88, and indirect evidence OSBP is required for Coronaviruses as well 90.  

Similar to Enteroviruses, EMCV is a non-enveloped member of the 

Picornaviridae family that forms a protrusion-type VRC; however, EMCV is a member 

of the Cardiovirus genus 99,158,159. ECMV infection can occur in a broad array of animals, 

including humans, and infection typically occurs from ingesting ECMV-containing water 

or food. ECMV infection has been shown to cause pathologies such as myocarditis, 

diabetes, and disorders of the reproductive and nervous systems 158. There are no current 

treatments for EMCV infection 159. Similar to HCV and Enteroviruses, EMCV RNA is 

translated into a polyprotein that is subsequently cut into approximately 13 mature viral 

proteins  (L-1ABCD-2ABC-3ABCD) 158.  

In 2015, EMCV replication was reported to exploit the same replication pathway 

as HCV and therefore required OSBP for replication (see Section 1.6.1.3: Role of OSBP 

in HCV biology for more information) 137. The EMCV viral protein 3A interacts and 
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hijacks host PI4KA to the VRC, resulting in a PI4P-rich VRC 137. VRC PI4P-enrichment 

subsequently recruits OSBP to facilitate cholesterol transport to the VRC, thus exploiting 

OSBP function in the same manner as both HCV and Enteroviruses (i.e., the 

PI4K/PI4P/OSBP axis) 137. As would be expected, EMCV replication was also dependent 

on PI4KA, PI4P and OSBP 137. Additionally, TTP-8307, a small molecule which exerts 

its antiviral activity through targeting OSBP, significantly inhibits EMCV replication 

after treatment 87. Interestingly, EMCV utilizes its viral 3A protein for PI4K recruitment, 

like Enteroviruses, but the EMCV 3A protein recruits PI4KA instead of PI4KB, like 

HCV, despite EMCV being only distantly related to HCV 137.  

The evolutionary convergence of replication pathways between the distantly 

related, evolutionarily divergent, Picornaviridae member EMCV and Flaviviridae 

member HCV, suggests that there may be limited host pathways that can be effectively 

usurped to facilitate host lipid remodeling for replication during viral infection 137. This 

observation implies that OSBP may be exploited by many more viruses than originally 

believed, thus confirming OSBP as an attractive broad-spectrum antiviral target.  

In contrast to Enteroviruses, EMCV replication does not require GBF1, and the 

EMCV 3A protein does not interact with GBF1, indicating the EMCV 3A-mediated PI4K 

recruitment complex does not involve the 3A-GBF1-ARF1 complex used by 

Enteroviruses 137,160,161. It is important to note that there is very little sequence similarity 

between the EMCV 3A and Enterovirus 3A proteins, with the only commonality being a 

C-terminal hydrophobic region believed to be used for membrane targeting that is 

required for viral replication 92,137,162. Interestingly, single-point mutations of the EMCV 

3A protein (A32V and A34V) rescued viral replication after PI4KA knockdown or 
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inhibition, but the virus did not compensate by using other cellular PI4Ks and did not 

accumulate PI4P and OSBP, or cholesterol at the VRCs 92. However, the 3A mutants 

remained sensitive to OSBP knockdown or inhibition, indicating a decoupling of PI4KA 

and OSBP dependence in these EMCV 3A mutants, and highlighting the critical 

requirement of OSBP as a host factor for these viruses, even in viral mutants 92. This 

result indicates that exploiting OSBP as an antiviral target against these viruses may be a 

therapeutic strategy that would be difficult to gain viral mutational resistance against. 

Curiously, single-point mutations in Enterovirus 3A protein also causes resistance to 

PI4KB inhibitors, and to a lesser extent, OSBP inhibitors, thus also uncoupling resistance 

in the viral mutants 92,137,162 (see Section 1.6.1.4: Role of OSBP in Enterovirus biology 

for more information). 

Flaviviruses are a genus of enveloped virus that belong to the Flaviviridae family 

and include important human viral pathogens such as dengue virus (DENV), Zika virus 

(ZIKV), and West Nile virus (WNV) 163. Dengue virus gives rise to dengue fever and 

infects ~390 million people annually spanning over 100 countries 88. There are no current 

treatments for Flaviviruses, with only dengue virus possessing a developed vaccine 88,163. 

However, the dengue virus vaccine is minimally effective in children under 9, can only 

be administered to children ages 9-16 who have previously had dengue fever, and 

increases the likelihood of severe dengue fever in unexposed populations, severely 

limiting its efficacy and applicability 88,163,164. These viruses produce an invagination-type 

VRC known as “vesicle packets” that are derived from the host ER 105,99,163. Flavivirus 

RNA is translated into a single polyprotein that is cleaved into three structural proteins 
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(envelope protein, membrane precursor protein, and capsid protein), as well as seven 

nonstructural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5) 165.  

In 2018, a high throughput screen (HTS) for DENV inhibitors revealed that the 

small molecules, itraconazole (ITZ) and posaconazole (POS) inhibit replication of 

multiple DENV serotypes and ZIKV through targeting OSBP 88. Further pharmacological 

inhibition (i.e., OSW-1 treatment) and OSBP knockdown studies confirmed that OSBP 

is required for the replication of both DENV and ZIKV, but OSBP inhibition does not 

inhibit translation of the viral genome 88. However, this result is inconsistent with a 

previous report a decade earlier that showed OSBP silencing did not significantly inhibit 

DENV replication, and OSW-1 treatment displayed only minor DENV inhibition 107.   

Interestingly, DENV replication is independent of both PI4KA and PI4KB, and 

DENV infection does not recruit OSBP to the DENV VRC, indicating that OSBP may be 

contributing to Flavivirus infections in a different manner than both HCV and the 

Enteroviruses 88,107,166. However, Flaviviruses still require alteration of normal cellular 

lipid homoeostasis. Particularly, alteration of cholesterol homeostasis has been shown to 

inhibit DENV replication, suggesting DENV requires the cholesterol trafficking ability 

of OSBP for replication 88,167,168. Importantly, these results indicate that OSBP targeting 

may be a viable antiviral approach against viruses that do not exploit the PI4K-PI4P-

OSBP axis for cholesterol accumulation at the VRC.  

There is also indirect evidence that OSBP is required for the replication of feline 

coronavirus (FCoV) 90. Coronaviruses are a family of enveloped viruses with protrusion-

type VRCs that can infect a range of animals; with human coronaviruses (HCoV) like 

SARS-CoV, SARS-CoV-2 (virus causing COVID-19), and MERS-CoV, commonly 
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causing respiratory diseases and other pathologies in humans with currently no approved 

treatments 99,90,169,170. In 2019, it was reported that ITZ treatment significantly inhibits 

FCoV replication 90. Although mechanistic studies were not conducted to empirically 

determine the anti-FCoV target, the anti-Enterovirus and anti-Flavivirus activities of ITZ 

are exerted by targeting OSBP, suggesting ITZ-mediated  FCoV inhibition works through 

targeting OSBP as well 84,88. Additionally, FCoV is reported to be closely associated with 

cholesterol through the entire viral life cycle 90,171. SARS-CoV replication has previously 

been shown to be dependent on PI4KB and PI4P for replication, indicating Coronavirus 

replication may require the PI4K-PI4P-OSBP axis, like HCV, Enteroviruses, and EMCV 

172. Overall, these results indirectly point to OSBP as being a druggable Coronavirus 

antiviral target required for Coronavirus replication.  

 

1.6.1.6 OSBP as a component of cellular innate antiviral response 

As previously described, OSBP is hijacked by many different (+)ssRNA viruses 

to facilitate a myriad of essential lipid-related remodeling activities critical for multiple 

stages of the viral life cycle. Therefore, it is not surprising that cells have developed an 

innate antiviral response to counteract this hijacking 155. Innate antiviral responses are  

host cells first line of immune defense triggered upon viral entry, many of which are 

associated with interferon (IFN)-stimulated genes (ISG) 155,173. Interferon (IFN)-

inducible transmembrane proteins (IFITMs) were recently identified as being involved in 

antiviral processes against a wide array of viruses including SARS-CoV, Ebola, dengue, 

and West Nile virus, among others; however, the precise mechanism of these IFITM-

mediated antiviral responses remained enigmatic 155,174,175. 
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In 2013, an innate IFN-inducible antiviral response mechanism involving OSBP, 

VAPA, and IFN-inducible transmembrane protein 3 (IFITM3) was elucidated 155. The 

study found that IFITM3 interacts with VAPA using VAPA’s coiled coiled domain 

(CCD) and transmembrane domain (TMD), inhibiting the ability of OSBP to interact with 

VAPA and subsequently traffic cellular cholesterol 155. Interestingly, the IFITM3-VAPA 

interaction abolished OSBP-VAPA interaction, despite OSBP interacting with the VAPA 

major sperm protein domain (MSP), which does not overlap with the IFITM3-VAPA 

interaction site, suggesting IFITM3 interaction may cause structural or localization 

changes to VAPA 116,155.  

In order to enter cells, viruses commonly use multivesicular bodies (MVBs) to 

traverse endosomal compartments, which facilitates the delivery of the virus from the 

outside of the cell to the cytosol 155,176,177. Normally, esterified cholesterol is delivered to 

these endosomal compartments, hydrolyzed to liberate cholesterol, and delivered to the 

cytosol; however, impairment of the OSBP-VAPA interaction inhibits cholesterol egress 

from the endosome and MVBs and alters cellular cholesterol homeostasis 155,178. The 

accumulation of cholesterol in the endosome and MVBs as a result of IFITM3 blocking 

the OSBP-VAPA interaction inhibits fusion of the virion containing endosomal 

compartment with the MVBs, and thus inhibits the release of virion particles and 

interferes with the delivery of virus to the cell 155,176,177. This process has been referred to 

as the “greasy response”, due to the disruption of cholesterol homeostasis and 

accumulation of cholesterol that occurs in this innate antiviral response 155,179. 

As was previously mentioned the HCV viral protein, NS5A, has been shown to 

interact with both OSBP and VAPA, and this interaction is critical for viral replication 
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and egress 114,155,118. These interactions therefore may not only be essential for HCV 

biology, but also may be an evolved mechanism to evade IFITM-mediated antiviral 

activity, essentially tethering OSBP and VAPA together to promote cholesterol 

trafficking 155.  

OSBP may also be involved in the innate antiviral activity of 25-OHC 180–182. The 

enzyme that produces 25-OHC, cholesterol-25-hydroxylase (CH25H), is an IFN-

stimulated gene (ISG) and is expressed during innate antiviral response in cells 180–184. 

This results in an increase in 25-OHC levels during viral infection that inhibits the 

replication of a broad array of enveloped and non-enveloped viruses including: Ebola 

virus (EBOV), Zika virus (ZIKV), hepatitis C virus (HCV), human rhinovirus (HRhV) 

and many other viruses 180–184. Subsequent studies revealed that 27-OHC also possesses 

antiviral activity, although higher concentrations of 27-OHC are required than 25-OHC 

to induce antiviral activity 182. Importantly, both of these oxysterols are high-affinity 

ligands of OSBP  (see Chapter 4); additionally, 22-OHC was shown not to possess 

antiviral activity and does not bind OSBP (see Chapter 4), indicating a correlation 

between OSBP ligand binding and the antiviral activity of oxysterols 184,185.  

Although the antiviral mechanism behind IFN-induced 25-OHC production 

remains incompletely understood, it is hypothesized that 25-OHC binding to OSBP 

contributes to the antiviral activity of 25-OHC through multiple possible mechanisms 180–

184. One model suggests that increased 25-OHC production results in increased OSBP 

binding of 25-OHC in the cell, which inhibits OSBP binding of cholesterol and 

subsequent cholesterol trafficking to the VRC, resulting in a decrease in viral proliferation 

180.  Another model suggests that IFN-induced 25-OHC production inhibits viral entry to 
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the cell in a manner very similar to the “greasy response” observed in the IFITM3-

mediated innate antiviral response 155,182,179. This study found that 25-OHC and 27-OHC 

treatment inhibits OSBP-VAPA interaction leading to the disruption of cholesterol 

homeostasis and inhibition of viral entry; effectively recapitulating the IFITM3-mediated 

antiviral response described previously using only oxysterol ligands of OSBP 182. IFN-

induced CH25H expression and the subsequent increase in 25-OHC levels may also have 

a role in antiviral mechanisms independent of OSBP including: regulating the production 

of enzymes involved in cholesterol synthesis via oxysterol interaction with liver X and 

estrogen receptor  NF-kB-mediated increases in the abundance of inflammatory 

cytokines such as IL-6, or oxysterol membrane interaction 186. IFN-induced CH25H 

expression may also have 25-OHC-independent roles in innate antiviral response as well, 

as a CH25H mutant lacking enzymatic activity still displayed antiviral activity against 

HCV, but lost antiviral activity against murine gammaherpesvirus 68 (MHV-68); 

suggesting a complex role for CH25H and 25-OHC in innate antiviral response 187.   

These studies collectively highlight not only the pervasive, nuanced role OSBP 

may play in broad-spectrum viral infection, but also its pervasive role in distinct innate 

antiviral responses. 

 

1.6.2 ORP4 as a precision anticancer target 

OSBP and ORP4 were originally implicated as anticancer targets involved in 

cancer cell survival when it was discovered that the potent anti-proliferative class of 

natural products, called ORPphilins (see Section 1.7.1: ORPphilins for more 

information), exert anti-proliferative activity through targeting OSBP and ORP4 52. 

Subsequent studies have revealed that ORP4 is required for the proliferation and/or 
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survival of cancer cells and immortalized cells 38,76,77,81. Additionally, our group and other 

research groups have determined that chemical or genetic knockdown of OSBP in cell 

culture is not cytotoxic, nor antiproliferative 61,135,188,189,190. Together, these results 

provide strong evidence that ORP4 is the antiproliferative target of OSW-1.  

ORP4 is overexpressed in many cancers such as ovarian cancer, colorectal cancer, 

and certain leukemias (The Human Protein Atlas). For example, leukocytes from chronic 

myeloid leukemia (CML) patients contain ORP4L, whereas leukocytes from healthy 

individuals do not 72,75,91. Additionally, ORP4L is overexpressed in leukemia stem cells 

(LSCs), and chemical or genetic knockdown of ORP4L kills LSCs via autophagic cell 

death, both in cell culture and mice models, while healthy hematopoietic stems cells 

(HSCs), not expressing ORP4L, are unaffected 77. ORP4 is also recognized as a potential 

biomarker for solid tumors such as breast and lung cancer, and may be an indicator of 

poor prognosis, as ORP4 overexpression was significantly correlated with metastasis 72.  

ORP4 overexpression has been shown to increase cervical cancer cell 

proliferation (i.e., HeLa, C33A, and CaSki cells) and ORP4 overexpression in IEC-18 

cells transformed with oncogenic H-Ras promotes cell transformation into tumors 22,75,83. 

Additionally, transformation of human foreskin keratinoctyes (HFKs) with human 

papilloma virus (HPV) oncoproteins, E6 and E7, a process which immortalizes cell lines, 

increased ORP4 mRNA expression >10-fold further confirming the role of ORP4 in 

oncogenesis and immortalization of cells 72.   

Mechanistically, ORP4 appears to be contributing to cancer cell survival and 

proliferation through its role in regulating Ca2+-dependent bioenergetics as a GPCR 

scaffolding protein, and regulator of IP3 interaction with the IP3 receptor to facilitate Ca2+ 
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release from the ER 38,76,77,81. However, this model has only been shown in T-ALL cell 

models, and inferred for cervical cancer cell models, but mechanistic information in other 

cancer cell models is limited 38,77,81,83 (see Section 1.5.3: Cell survival and proliferation 

for more information on this ORP4 model). One additional report indicates that the OSW-

1-compound kills leukemia cells by disrupting Ca2+ homeostasis, but implicated sodium-

calcium exchanger 1 (NXC1) and mitochondrial calcium overload as the mechanism of 

cytotoxicity, indicating ORP4 may have additional roles in Ca2+  regulation that are not 

included in the current T-ALL model 191. However, this result may also represent an off-

target effect of the OSW-1-compound and may not be directly connected to ORP4 

function as a Ca2+ regulator. At the moment, further research is required to more 

completely determine the contributions of ORP4 to cancer biology.   

The necessity of ORP4 in cancer cells and its apparent role in oncogenesis, 

combined with ORP4 overexpression in many cancers and selective tissue expression in 

healthy individuals, provides a context to selectively target and eradicate cancer cells. 

These characteristics indicate that ORP4 is an attractive precision anticancer target.  

 

1.7 Small-molecule targeting of OSBP and ORP4 

OSBP and ORP4 have previously been reported to be targeted by various 

structurally-diverse small molecules 52,85,87. OSBP and ORP4 are targeted by a class of 

naturally occurring anti-proliferative small molecules known as ORPphilins (Figure 4B) 

52. Additionally, OSBP is also targeted by a class of antiviral compounds known as minor 

enviroxime-like compounds (Figure 4C) 85,87. Although these structurally diverse small 

molecules have been shown to exert their biological activity by targeting OSBP and/or 
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ORP4, many of the precise biological effects of these small molecules in cells remain to 

be characterized. 

 

1.7.1 ORPphilins 

Starting in the 1990s, a structurally-diverse group of naturally occurring, potent 

anti-proliferative small molecules consisting of OSW-1 (3), cephalostatin 1 (4), 

schweinfurthin A (5), and ritterazine B (6) (Figure 4B) were shown to display a similar 

pattern of sensitivity against the NCI-60 that was indicative of a shared and novel cellular 

target 52. The NCI-60 is the National Cancer Institute panel of 60 different cancer cell 

lines that can be used to test a compound’s anticancer efficacy. The pattern of sensitivity 

of a set of compounds against the various cancer cell lines can also be used to determine 

if the compounds exert anti-proliferative activity through similar mechanisms 192,193. A 

2011 report revealed that these compounds exert bioactivity through targeting OSBP and 

ORP4 and were aptly named ORPphilins 52.  

The ORPphilins all target OSBP and ORP4 through binding in the ORD sterol 

binding pocket and display inhibition binding values (Ki) in the low to high nanomolar 

range (Figure 4B) 52. The Ki binding values were determined based on the compounds 

ability to inhibit [3H]25-OHC binding to OSBP and ORP4 using a radioligand 

competitive binding assay 52 (see Chapter 4 for more information on this binding assay). 

Additionally, the ORPphilins all target both OSBP and ORP4; however, schweinfurthin 

A targets OSBP with ~30-fold higher affinity than ORP4 (i.e., OSBP Ki 68 ± 23 nM 

compared to ORP4 Ki 2600 ± 570 nM), suggesting small molecules could be developed 

with the ability to target OSBP or ORP4 specifically 52. Despite the ORPphilins all 

targeting OSBP and ORP4 through binding in the ORD sterol binding pocket, these 
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compounds appear to have different effects on OSBP/ORP4. Cephalostatin 1 and OSW-

1 treatment leads to the proteasome-dependent decrease of OSBP levels in the cell, but 

ritterazine B and schweinfurthin A do not have an effect on cellular OSBP levels 52. 

Additionally, despite sharing potent anti-proliferative capabilities and a similar pattern of 

sensitivity against the NCI-60, these compounds appear to have distinct anti-

proliferative/cytotoxic effects in cells. OSW-1 has an NCI-60 GI50 of 0.78 nM and is 30 

to 150-fold more cytotoxic against glioblastoma and leukemia cells relative to non-

transformed astrocytes and lymphocytes, indicating a selective cytotoxicity toward 

cancer cells 52,194. Cephalostatin 1 has an NCI-60 GI50 of 2.2 nM and treatment results in 

induction of apoptosis through an unusual cellular mechanism 52,195,196. Schweinfurthin A 

has an NCI-60 GI50 of 360 nM and displayed selective anti-proliferative abilities against 

cancer cells lacking NF-1 52,197. Ritterazine B possesses an NCI-60 GI50 of 3.2 nM 198.  

OSW-1 has also been reported to induce broad-spectrum anti-Enterovirus, anti-

HCV, and anti-Flavivirus activity in cells through targeting OSBP, and therefore can be 

classified as both an ORPphilin and minor enviroxime-like compound 88,89,107.  

 

1.7.2 Minor enviroxime-like compounds 

Minor enviroxime-like compounds are a class of antiviral compounds that exert 

antiviral activity through targeting OSBP (Figure 4C) 85,87. Prior to the identification of 

OSBP as the cellular target of this class of compounds in 2013, minor enviroxime-like 

compounds were categorized based on inducing similar cellular responses as the 

enviroxime-like compounds, hence the name 85. Enviroxime is an antiviral compound that 

exerts antiviral activity through targeting PI4KB 85,157. Enviroxime antiviral activity is 
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abrogated by the introduction of an A70T mutation in the PV viral 3A protein, despite 

enviroxime not directly interacting with the viral 3A protein 85,199,200. Enviroxime-like 

compounds are therefore compounds that possess minimal structural similarity to 

enviroxime, but also target PI4KB and have their antiviral activity attenuated by the same 

viral 3A A70T resistant mutant (>50-fold increase in resistance) 85.  

Minor enviroxime-like compounds are antiviral compounds that do not target 

PI4KB, and instead target OSBP, but also share resistance to the viral 3A A70T mutant 

(although to a much lesser extent than the enviroxime-like compounds, with only ~5-fold 

increase in resistance), and possess anti-HCV activity 85. Minor enviroxime-like 

compounds all cause the same phenotypic response in cells as 25-OHC, resulting in 

localization of OSBP to the ER-Golgi upon treatment. In addition to phenotype, 25-OHC 

(1) also shares the other minor enviroxime-like compound characteristics and therefore 

is considered a part of this compound class (Figure 4A) 85. Itraconazole (ITZ) (7), 

T00127-HEV2 (THEV) (8), and TTP-8307 (TTP) (9) can be classified as minor 

enviroxime-like compounds (Figure 4C) 85,87. 

The only minor enviroxime-like compound with a reported OSBP binding value  

is ITZ, the FDA approved antifungal compound, which interacts with OSBP with a KD of 

~430 nM as measured by microscale thermophoresis 84. However, the location of ITZ 

binding to OSBP remains unknown 84. This report is limited as it does not appear to use 

any known OSBP ligands with established binding values as a control (i.e., 25-OHC) to 

verify the accuracy of the obtained ITZ binding value 84. ITZ (7), THEV (8), and TTP (9) 

all inhibit the lipid transfer ability of OSBP, and knockdown of OSBP increases their 

antiviral activity, indicating OSBP is the cellular antiviral target of these compounds 
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84,85,87 (Figure 4C). Curiously, overexpression of OSBP attenuated the antiviral activity 

of THEV and ITZ, but overexpression of OSBP did not attenuate the antiviral activity of 

TTP, indicating that TTP may target other cellular components in addition to OSBP to 

induce antiviral activity in cells 84,85,87. Further research is required to determine how 

these compounds target OSBP to induce antiviral activity. 
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Figure 4: OSBP and ORP4 targeting small molecules. 

A) OSBP and ORP4 Ki values are determined through measuring the inhibition of binding of 

[3H]25-hydroxycholesterol ([3H]25-OHC) (1) to human OSBP or ORP4 protein overexpressed 

in HEK293T lysate. We have determined the KD of 25-OHC to human OSBP as 22  5 nM. 

Literature report of the KD for 25-OHC to human ORP4 is 54  23 nM 52. B) Natural product 

compound ORPphilins: OSW-1 (3), cephalostatin 1 (4) schweinfurthin A (5) and ritterazine B 

(6) were compounds identified to induce their biological activity through binding to OSBP and 

ORP4. C) Minor enviroxime-like antiviral compounds itraconazole (7), THEV (8), and TTP-

8307 (9) are compounds previously shown to target OSBP 84,85,87,89,190 (*published results from 

Roberts et al. 2019 190 ; ** published results  from Burgett et al. 2011) 52; *** published results 

from Wang et al. 2008 53; **** published results from Charman et al. 2014 76). 
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1.8 The chemical genetics approach to biology 

The scientific term “chemical genetics” describes the use of small molecules, 

often times naturally occurring, to discover novel insights into cellular biology 201,202. The 

name “chemical genetics” comes from this approach’s similarities to traditional genetic 

screens 201,202. In genetic screens, random mutations producing phenotypes allow for the 

identification of the biological role of a specific gene 201,202. Similarly, in chemical 

genetics living systems are subject to random perturbations by exogenous small 

molecules and the resultant phenotype of the perturbed system is analyzed 201,202. This 

allows researcher to trace the phenotype back to specific perturbations caused by the 

small molecule to obtain functional information about the small molecule target 201,202. 

Chemical genetics approaches have been used to make tremendous breakthroughs in 

biology and medicine including the discovery of the protein, tubulin, and tubulin 

inhibitors, as well as mTORc1, and mTORc1 inhibitors 203,204. Although chemical 

genetics has been used ad hoc for many decades, only in the last 15-20 years has this 

approach been used to systematically probe living systems and tease apart increasingly 

complex questions in cellular biology 202.   

The various exogenous small molecules previously reported to target OSBP and 

ORP4 (see Section 1.7: Small-molecule targeting of OSBP and ORP4 for more 

information) allowed us to apply a chemical genetics approach to study OSBP and ORP4. 

More specifically, we utilized the OSW-1-compound and several other small molecules 

as chemical tools to probe the cellular function(s), regulation, and disease contributions 

of OSBP and ORP4.  This chemical genetics approach has led to the discovery of new 

insights into the role of OSBP in cellular biology and viral infection as well as ORP4 in 
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cancer biology. These new insights are critical for the development of viable clinical 

antiviral and precision anticancer therapies targeting OSBP and ORP4, respectively.  

The structural complexity inherent to many natural products like the OSW-1-

compound (3) (Figure 4B), often confers high specificity interaction with a cellular target 

(i.e, OSBP or ORP4) and minimizes the promiscuous, off-target interactions of less 

complex, synthetically-derived small molecules 205,206. The ability to selectively target 

particular proteins with high specificity allows us to probe the biological function(s) of 

the individual target protein by precise perturbation of the target in an endogenous 

context, circumventing the messiness and lack of flexibility that is often associated with 

studying proteins using traditional genetics approaches 207. The power to precisely target 

and perturb specific cellular components of a living system not only provides information 

on the targeted component, but can also provide information on the relationships between 

individual components of a system that give rise to complex biology like cell signaling 

pathways. Genetic approaches of investigation, for example, deleting or overexpressing 

genes to knockout or overexpress particular proteins, involves altering the native state of 

the cell by manipulating genomics elements 207. This can lead to a myriad of non-specific 

global cellular changes, artifacts, and confounding results that make it difficult to tease 

apart the noise introduced by altering the native system, from the actual function(s) of the 

protein 207. Further, many genetic approaches lack reversibility and are not able to be 

modulated in the cell (i.e., there is no quantifiable dose-response), resulting in an 

irreversible change to the cell’s native/endogenous state 207.  

The small-molecule, or chemical genetics approach, circumvents these issues and 

allows for the reversible, dose and time-dependent study of biological systems in the 
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native state, without manipulating endogenous elements like the genome or gene products 

207. The combination of chemical genetics and traditional genetics approaches, therefore, 

provides a foundation to comprehensively study a component of a living system (i.e., 

OSBP). This dissertation uses a combination of traditional genetics, chemical genetics, 

and other approaches to better understand the cellular biology, biochemistry, and 

molecular pharmacology of ORP subfamily 1: OSBP and ORP4, with particular emphasis 

on OSBP as an antiviral target. 
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Chapter 2. Transient OSW-1-compound treatment induces a unique, 

persistent multigenerational decrease in oxysterol-binding protein 

(OSBP) levels and antiviral prophylaxis 

 

Abstract 

 OSBP and ORP4 comprise ORP subfamily 1 and are reported to be involved in 

diverse cellular activities including lipid transport, metabolism, and signaling; however, 

many of their cellular function(s) remain unclear. OSBP and ORP4 have been implicated 

in RNA viral infection and cancer cell survival and proliferation, making them attractive 

broad-spectrum antiviral and precision anticancer targets, respectively. OSBP is an 

essential host factor required by many human pathogenic RNA viruses to facilitate the 

host lipid remodeling process that is vital for many stages of the viral life cycle, including 

viral proliferation. OSW-1 is a naturally occurring small molecule known to selectively 

target OSBP and ORP4 with high affinity. We discovered a unique OSBP regulatory 

process in cells that is triggered by the OSW-1-compound, and leads to the long-term 

repression of cellular OSBP levels. In human cell lines, low dose (1 nM), transient (6h), 

non-toxic treatment of the OSW-1-compound resulted in ~90% multigenerational 

decrease in cellular OSBP levels that persists for over 72 hours after the compound has 

been removed from the cells. We were able leverage the discovery of this response to 

induce prophylactic antiviral activity in cells (i.e., the cells retain antiviral activity in the 

absence of the OSW-1-compound). Using three other previously reported OSBP-

targeting antiviral small molecules, T00127-HEV2 (THEV), TTP-8307 (TTP), and 

itraconazole (ITZ), we show that the long-term repression of OSBP and the prophylactic 

antiviral activity are unique to the OSW-1-compound, and not all OSBP-targeting 

antiviral compounds. These results establish OSW-1 as the first identified antiviral 

prophylactic small molecule that exerts activity through modulating a host protein. We 

also determined that OSW-1, THEV, TTP, and ITZ target OSBP through multiple modes 

of binding that result in distinct effects on OSBP activity in the cell, suggesting OSBP 

can be targeted for antiviral development in multiple, distinct ways. We hypothesize that 

the unique long-term repression of OSBP triggered by the OSW-1-compound, may be 

part of a larger, unidentified arm of innate antiviral response in cells that could be 

harnessed by small molecules and exploited to create a new class of broad-spectrum 

preventative antiviral treatments against many viruses that currently have no treatment.  
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The following chapter (Chapter 2) is reproduced with permission in part from (i) 
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performed the antiviral experiments in Figure 15 and 17. Ms. Hongyan Ma from the Wu 
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 2.1 Introduction 

ORP subfamily 1 consists of OSBP and the ORP family member most closely 

related to OSBP, ORP4 (~64% overall amino acid sequence identity, ~67% ORD amino 

acid sequence identity) 208 (see Section 1.1: Overview of the OSBP/ORP family of 

proteins for more information). OSBP is ubiquitously expressed in all human tissues and 

has been shown to localize to the ER-Golgi interface under certain stimuli (e.g. increases 

in cellular 25-OHC, or decreases in cellular cholesterol), anchoring at MCSs between the 

two organelles and mediating cholesterol trafficking from the ER to the Golgi 15,51 (see 

Section 1.4: OSBP biology for more information). ORP4 is expressed in select human 

tissues and appears to function, in part, as a G protein-coupled receptor (GPCR) scaffold 

protein at the plasma membrane (PM) that is involved in cellular Ca2+ regulation, 

mediating cell proliferation and bioenergetics in T-cell Acute Lymphoblastic Leukemia 

(T-ALL) cell models and likely other cells as well 38,76,77. ORP4 is also required for the 

survival and proliferation of cancer and immortalized cells 76 (see Section 1.5: ORP4 

biology for more information).  

More recently, the function of several OSBP/ORPs have been implicated in a 

number of human disease states 2,9. The role of ORP4 in cancer cell proliferation, survival 

and bioenergetics makes it a precision anticancer target involved in cancer biology, 

driving cancer cell proliferation and survival in certain leukemias and possibly other 

cancers 11-13 (see Section 1.6.2: ORP4 as a precision anticancer target for more 

information). Additionally, OSBP is a broad-spectrum antiviral target required for the 

proliferation of a wide array of (+)ssRNA human viral pathogens including the entire 

Enterovirus genus, which gives rise to diseases such as the common cold, hand, foot, and 
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mouth disease (HFMD), respiratory infections and pneumonia, acute hemorrhagic 

conjunctivitis, and the polio-like paralytic disease, acute flaccid myelitis 146,154. OSBP is 

also required for the proliferation of other significant human RNA viruses like the 

hepatitis C virus (HCV), dengue virus (DENV), Zika virus (ZIKV), 

encephalomyocarditis virus (EMCV), and likely many more RNA viruses 84–89,92. OSBP 

is exploited by virally infected cells to transport cholesterol from the host ER to the viral 

replication compartment (VRC) 84–89,92. The VRC is a remodeled host membrane, 

commonly derived from the host ER, which protects the virus from host defense elements 

and is required for viral replication; therefore, without OSBP present in the cell, the ability 

for the virus to replicate is significantly inhibited 84–89,92,93. Pervasive host lipid 

remodeling, a hallmark of all (+)ssRNA and other viruses, suggests that OSBP may also 

provide additional, more nuanced, lipid-related contributions to RNA viral infection that 

have not yet been elucidated 94 (see Section 1.6.1: OSBP as a broad-spectrum antiviral 

target for more information). 

The simplicity and rapid mutability of these viruses has limited the development 

of both antiviral treatments and vaccines, consequently, these pathogens currently lack 

effective therapeutics 209. Developing targeted antiviral therapies against OSBP would be 

an ideal antiviral approach. Targeting a host protein such as OSBP could circumvent the 

high mutability associated with targeting elements of the RNA virus itself, thus greatly 

decreasing the probability of a virus gaining mutational resistance to an antiviral 

treatment. Additionally, targeting a host protein that is an evolutionarily conserved 

requirement for many RNA viruses, not just specific, individual RNA viruses, allows for 

a broad-spectrum antiviral approach that may be effective against many different RNA 
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viruses, including newly emergent viruses (e.g. SARS-CoV-2) and future viruses that 

have not yet emerged.   

The naturally occurring anti-proliferative small molecule, OSW-1 (2) (Figure 5), 

has previously been shown to target OSBP and ORP4 in cells with high affinity and 

specificity 52 (see Section 1.7.1: ORPphilins for more information on the OSW-1-

compound). The OSW-1-compound has also previously been shown to induce apoptosis 

210,211, mitochondrial dysfunction 191, and intracellular calcium release 191, all of which 

are now associated with altering ORP4 function in cells 38,76. Further studies have shown 

that silencing of ORP4 leads to negative effects on growth and viability in cancer cells 

76,77. Additionally, our group and other researchers have determined that chemical or 

genetic knockdown of OSBP in cell culture is not cytotoxic, nor antiproliferative 

61,135,188,189,190. Therefore, the antiproliferative/cytotoxic activity that the OSW-1-

compound was originally investigated for, is likely caused by targeting ORP4 and not 

OSBP. Building off this information, we utilized the OSW-1-compound (2) and other 

small molecules (Figure 5) as tools to probe and better understand the cellular 

function(s), regulation, and disease contributions of OSBP and ORP4, necessary 

information for their development into viable antiviral and precision anticancer targets, 

respectively .  

Utilizing the OSW-1-compound as a small-molecule biological probe and 

employing a chemical genetics approach, we discovered an OSBP regulatory response in 

cells, triggered by the OSW-1-compound, that results in the long-term repression of 

cellular OSBP levels. In human cell lines, low dose (1 nM), transient treatment (6-hour) 

of the OSW-1-compound triggers an ~90% multigenerational decrease in cellular OSBP 
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levels that persists for over 72 hours after the OSW-1-compound has been removed from 

cell culture, with no change in cellular viability or proliferation rate. We were able to 

leverage the discovery of this unique cellular OSBP regulatory response to induce 

prophylactic antiviral activity in cells. Several other structurally-diverse OSBP-targeting 

antiviral small molecules including T-00127-HEV2 (THEV) 85 (3), itraconazole (ITZ) 84 

(4), and TTP-8307 (TTP) 87 (5) were also investigated (Figure 5) (see section 1.7.2: 

Minor enviroxime-like compounds for more information on these compounds). The 

OSW-1-compound is the only OSBP-targeting antiviral compound that caused reduction 

or long-term repression of OSBP levels, and the only compound capable of inducing 

antiviral prophylaxis in cells. Additionally, we determined that the OSBP-targeting 

antiviral compounds target OSBP through multiple modes of binding that result in distinct 

effects on OSBP cellular activity. These results highlight not only the unique effect of the 

OSW-1-compound on cellular OSBP levels and regulation, but also the potential for 

OSBP to be targeted for antiviral development in multiple, distinct ways.  

We report the OSW-1-compound as the first identified small-molecule antiviral 

prophylactic whose activity is mediated through modulation of a host protein (i.e., 

OSBP). Exploiting this unique, unrecognized OSBP regulatory process in the cell as a 

novel prophylactic antiviral approach could lead to a new paradigm in antiviral 

therapeutics and pioneer a new class of preventative broad-spectrum antiviral treatments 

against many significant human viral RNA pathogens with no current treatment. 
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 2.2 Methods and Materials 

2.2.1 Plasmids and Cloning 

Human OSBP cDNA was obtained in a pOTB7 vector from the Mammalian Gene 

Collection (Thermo). OSBP was PCR amplified to possess 5’ NheI and 3’ HindIII cut 

sites. The cDNA construct was then cloned into the pcDNA 3.1/myc-His (-) C 

mammalian expression vector (Sigma). OSBP was cloned in a manner where OSBP 

expresses without the myc-His tag. The ORP4L construct containing 5’ NheI and 3’ 

HindIII cut sites was PCR amplified from HCT-116 cDNA. The LacZ construct 

containing 5’ NotI and 3’ BamHI cut sites was PCR amplified from K-12 E. coli genomic 

DNA. The completed plasmids were propagated in DH5α E. coli and isolated through 

miniprep and maxiprep kits (Thermo). Gene sequences were verified through Oklahoma 

Medical Research Foundation (OMRF) 212. 

 

 
Figure 5: 25-Hydroxycholesterol and OSBP Interacting Small-Molecule 

Antiviral Compounds.  
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2.2.2 Cell Lines and Viruses 

HEK293 (ATCC CRL-3249) and HeLa (ATCC CCL-2) were cultured in DMEM 

(Thermo 11995073) supplemented with 10% Hyclone (Fisher Sci SH3006603) and 1% 

penicillin-streptomycin (Thermo 15140122). HCT-116 (ATCC CCL-247) was cultured 

in McCoy 5A media (Thermo 16600108) supplemented with 10% Hyclone and 1% 

penicillin streptomycin. HCT-116 p21-/- cells were a gift from the Vogelstein Laboratory 

(Johns Hopkins University) and cultured in McCoy 5A media (Thermo 16600108) 

supplemented with 10% Hyclone and 1% penicillin streptomycin. K562 (ATCC CCL-

243) was cultured in RPMI 1640 (Thermo 22400105) media supplemented with 10% 

Hyclone and 1% penicillin streptomycin. MCF-7 cells were a gift from R. Cichewicz 

(University of Oklahoma, Norman) and cultured in MEM (Thermo 11095114) media 

10% Hyclone, 1% penicillin streptomycin and 0.2 mg/mL insulin (Thermo A11382II). 

MRC-5 cells were a gift from E. Blewett (Oklahoma State University Center for Health 

Sciences, Tulsa) and cultured in MEM media supplemented with 10% Hyclone and 1% 

penicillin streptomycin. RD (rhabdomyosarcoma) cells (ATCC CCL-136) were cultured 

in DMEM (Fisher Sci SH30081.0) with 10% FBS (Atlanta Biological S11550) and 1% 

penicillin-streptomycin (Gibco 15140-122). Coxsackievirus A9 (strain CoxA9-01) and 

Echovirus 2 (strain Echo2-01) were obtained from the Oklahoma State Department of 

Health Laboratory. They are clinical isolates, obtained from Oklahoma residents and 

typed by the Oklahoma State Department of Health and/or the Center for Disease Control 

and Prevention. All other identifiers have been stripped off. These viruses were passaged 

twice in RD cells, aliquoted in 1.0 mL amounts and stored in complete medium at -80 ⁰C. 
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Each virus was titered on RD cells using a TCID-50 assay 213. To allow M.O.I. to be 

determined, a conversion factor of 0.7 was used to change TCID-50 to pfu/ml. 

 

2.2.3 General Cell Culture  

All mammalian cell lines were cultured at 37 ºC in 5% CO2. All handling of the 

mammalian cell culture was performed in a standard tissue culture hood using standard 

aseptic technique. Cell lines were cultured in the complete media described above. Cell 

culture stocks were aliquoted in 2 mL cryogenic vials (Corning 430659) in complete 

media with a DMSO concentration (5-11%) as specified by ATCC for each cell line and 

stored in liquid nitrogen vapor phase. Before beginning a new culture, the freezer stocks 

were thawed, diluted in 9 mL complete media and plated in Nunclon Delta 10 cm2 dishes 

(VWR 10171744). After allowing ~16 hours for the revived cells to attach, the DMSO 

containing media was replaced with DMSO-free complete media. All revived cultures 

were split at least twice prior to use in an experiment. Cell cultures were restarted 

approximately every 3-4 weeks. All cell based experimental results reported used 

multiple restarted cell culture stocks in the independent experiments that make up the 

replicate results to ensure reproducibility between cell culture stocks. For experiments, 

cell cultures were used with a confluency of ~70%. The cell cultures were not allowed to 

become superconfluent, and the cellular morphology and proliferation rate of the cell 

culture was carefully tracked to identify any abnormalities; any cell culture showing the 

slightest abnormalities were discarded and the cell line restarted from frozen stocks. For 

experiments, cells were allowed to recover from seeding a minimum of 16 hours prior to 

the start of an experiment.  
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The adherent mammalian cell lines are split every ~2-3 days with the following 

general procedure: the complete media is removed via aspiration and the cells are gently 

washed with 5 mL of 1X PBS. TrypLETM Express (Gibco 12605- 010) trypsin reagent 

(2.5 mL for 10 cm2 plate) is added and incubated for ~5-10 min at 37 ºC. After ~5-10 

minutes, 7.5 mL of the complete culture media is added to inactivate the TrypLETM 

Express reagent. Cells were counted using a TC20™ Automated Cell Counter (BioRad), 

by combining 10 µL of cell solution with 10 µL Trypan Blue stain (Thermo 15250061). 

The K562 leukemia suspension cell line was handled as described for the adherent 

cell lines, except for the splitting and seeding procedure. For K562 cells, the cells were 

spun down at 200 x g for 5 minutes and the media was aspirated from the cell culture 

carefully so as not to disturb the cell pellet, and replaced with 10 mL of complete media. 

The cell pellet was then resuspended and diluted to the desired seeding density using 

complete media.  

 

2.2.4 Cell Lysis Method 1 (AC Lysis Buffer Freeze/Thaw) 

Adherent cells were cultured in Nunclon Delta 10 cm2 dishes (VWR 10171744) 

and lysed by removing the media and washing with 1X PBS, followed by addition of 1 

mL PBS and cell scraping. Cells were collected in a 1.5 mL Eppendorf brand centrifuge 

tubes (Cat. No. 022363204) and spun down at 14,000 x g for 45 seconds. Supernatant 

was removed, and the cells were resuspended in 50 µL of AC lysis buffer (150 mM NaCl, 

1.5 mM MgCl2, 5% glycerol, 0.8% NP40, 1mM DTT, 50 mM HEPES, 25 mM NaF, 1 

mM Na3PO4) with 3X HALT/EDTA protease inhibitor (Thermo 78438) and 0.2 mM 

phenylmethylsulfonylfluoride (PMSF) (Goldbio). The cells were then frozen in liquid 
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nitrogen and thawed in a 37 °C bead bath three times with gentle vortexing between 

thaws, followed by a 14,000 x g spin for 15 minutes. Supernatant was transferred to a 

new tube and a portion was taken for protein quantification using a Bradford assay (Bio-

Rad Protein Assay Dye Reagent Concentrate #5000006, BSA-Santa Cruz sc-2323). After 

protein quantification, the lysates were diluted to the desired concentration using AC lysis 

buffer and 4X Laemmli buffer (1 M Tris pH 6.8, 8% SDS, 40% glycerol, 20% β-

mercaptoethanol, and 0.2% bromophenol blue), followed by dry bath heating at 95 °C for 

10 minutes.  

Adherent cells cultured on 6-well plates (Greiner 657160) were lysed by removing 

media, washed with 1X PBS, followed by adding 0.5 mL TrypLETM Express (Gibco 

12605-010) and incubated at 37 °C for 5 minutes. TrypLETM Express was neutralized 

using 0.5 mL of media and cells were then transferred to a 1.5 mL Eppendorf tube and 

spun down at 14,000 x g for 45 seconds. Supernatant was removed, and 1 mL of PBS was 

added to wash the cells. Cells were spun down at 14,000 x g for 45 seconds, supernatant 

was removed, and the cells were resuspended in 50 µL of AC lysis buffer. Freeze/thaw 

method was continued as described above.  

 

2.2.5 Cell Lysis Method 2 (MPER Lysis) 

Mammalian protein extraction reagent, MPER (Thermo 78501), was used as an 

alternative lysis method for 10 cm2 dishes. Media was removed from the cells, and 5 mL 

of 1X PBS was added to wash cells. 1 mL of MPER was added to the plate and was 

shaken in a room temperature (Innova 42 incubator) at 250 rpm for 5 minutes. The 

solution was collected and spun down at max speed (~4470 x g) for 1 hour. Supernatant 
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was placed in a new tube and the protein concentration and sample preparation was 

conducted as previously described.  

 

2.2.6 Western Blotting 

SDS-PAGE gels (8.5%) containing 25 µg of total protein per well were 

transferred to 0.45 µm nitrocellulose (Bio-Rad 1620115) using constant voltage (100V) 

for 1 hour at 4 °C in 1X transfer buffer with 10% ethanol. After transferring, the 

nitrocellulose membrane was blocked with 5% milk in 1X TBST at room temperature for 

30 minutes. The membranes were then washed 3 times, 5 minutes each, with 1X TBST. 

Primary incubation with antibodies was done overnight at 4 °C. After primary incubation, 

the blots were washed 5 times, 5 minutes each, with 1X TBST and then incubated in 

secondary antibody in 1% milk TBST for 30 minutes at room temperature. After 

secondary antibody incubation, the blots were washed 5 times, 5 minutes each, with 1X 

TBST and then once with 1X TBS for 10 minutes. TBS was removed, and the blots were 

incubated in ClarityTM Western ECL substrate (Bio-Rad 1705061) and imaged on the 

Bio-Rad ChemiDocTM Touch Imaging System using the chemiluminescence setting with 

2x2 binning. Ladder images were taken using the colorimetric setting. After development, 

the membranes were washed with 1X TBST two times for 5 minutes each. 1:1000 β-actin 

HRP (Santa Cruz sc-47778 HRP) in 1% milk in TBST was added as a loading control 

and incubated for 1.5 hours at room temperature. Western blot development was then 

performed as described above. Primary antibodies used were 1:500 OSBP A-5 (Santa 

Cruz sc-365771), 1:500 p21 C-19 (Santa Cruz sc-397), and 1:1000 OSBP2 B-1 (Santa 
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Cruz sc-365922). Secondary antibodies used were 1:1000-1:3000 goat anti-mouse IgG1-

HRP (Santa Cruz sc-2060), and 1:3000 goat anti-rabbit IgG-HRP (Santa Cruz sc-2004).  

 

2.2.7 Washout Experiment 

Cells were treated with 1 nM OSW-1, 1 nM Taxol, or DMSO containing media 

for 6 hours, or as indicated. Media was removed and the cells were gently washed with 5 

mL of complete media 3 times and then 10 mL of fresh compound-free media was added 

back to the cells. The cells were then allowed to recover in compound-free media for the 

indicated times (0-72 hours), and were lysed as previously described and analyzed.  

 

2.2.8 Cycloheximide Chase Experiment 

HCT-116 and HEK293 cells were seeded at 1.6x105 cell per well into 6-well 

plates (Greiner 657160) and left to rest for 20 hours. Media containing 177 µM 

cycloheximide (Sigma C7698-1G) was added to the plates and the cells were incubated 

for the times indicated before the cells were lysed via AC lysis as described previously, 

and analyzed by Western blotting. 

 

2.2.9 Cytotoxic Assay Protocol 

HCT-116 and HEK293 cells were seeded at 2,000 cells per well and HeLa cells 

were seeded at 5,000 cells per well into opaque 96-well Falcon plates (VWR 25382-208). 

Cells were allowed to rest for 20 hour before treatments. Day 0 control plate was created 

by adding 25 µL of media containing either 0.1% DMSO or 1% DMSO and 20 µL of cell 

titer blue (Promega G8081) to each of the wells containing cells and incubated at 37 °C, 
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5% CO2 for 1 hour and 30 minutes. Plates were read using a GloMax® Discover 

Microplate Reader using the Cell Titer Blue protocol. Remaining plates with cells were 

treated with various dilutions of compounds and incubated at 37 °C for 48 hours under 

5% CO2. After 48-hour incubation, 20 µL of cell titer blue was added to the each well 

and the plates were incubated and analyzed as described above. The control plate was 

subtracted from the treatment plate and the values were analyzed using GraphPad Prism 

software. Co-incubation experiments were done using the same protocol described above 

with the following changes: the OSW-1-compound was serially diluted in media 

containing 10µM of ITZ, TTP, or THEV, and this mixture was then added to the plate for 

the 48 hour treatment.  

 

2.2.10 Antiviral Experiments 

HeLa cells were grown to >75% confluency (healthy log phase cells) in complete 

media, DMEM (Hyclone SH30081.0) with 10% FBS (Atlanta Biological S11550) and 

1% penicillin-streptomycin (Gibco 15140-122). For experiments, cells were trypsinized, 

counted using a hemocytometer, and seeded into 20 wells of two 24-well trays (Falcon 

3047) with 1.0 x 105 cells per well, in 1.0 mL complete media. Each treatment is 

performed using quadruplicate wells (n=4) and each virus was on a separate plate. After 

seeding, cells were incubated 20 hours at 37 ºC, 5% CO2, at which point cells have grown 

to a near confluent monolayer.  

For the antiviral continual treatment experiments, the media was gently removed 

from each well and CoxA9-01 or Echo2-01 viruses, diluted in serum-free DMEM with a 

M.O.I. of 1.0, was added to the culture. The 1.0 x 105 cells per well was assumed to 
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double during incubation so 2.0 x 105 pfu/well of virus was used for an M.O.I. of 1.0. The 

virus and cells were incubated for 30 minutes at 37 ºC, 5% CO2. Then, the virus inoculum 

was removed, and the culture washed one time with 1.0 mL of serum-free media per well. 

1 mL of media was added to each well containing either 10,000 nM ITZ, TTP, THEV, or 

the indicated concentration of OSW-1 (for the comparative OSBP-targeting antiviral 

compounds experiment OSW-1 was dosed at 10 nM). The infected cells were then 

incubated in media with the indicated compound for 10 hours at 37 ºC, 5% CO2. After 10 

hours, the plate was stored at -80 ⁰C until the TCID-50 titration. This experiment was 

performed independently 3 times to generate the data in the figure. 

For the antiviral washout treatment experiments, cells were seeded as described 

above. After 20-hour incubation the media was gently removed from each well, and 1 mL 

of media was added containing either 10,000 nM ITZ, TTP, THEV, or the indicated 

concentration of OSW-1 (for the comparative OSBP-targeting antiviral compounds 

experiment OSW-1 was dosed at 10 nM). Cells were incubated for 6 hours, after which 

time the media was removed and cells were gently washed three times with 1.0 mL of 

FBS-free DMEM media. Media was replaced with complete compound-free media and 

cells were allowed to incubate and recover from compound treatment for 24 hours. After 

the media was removed, CoxA9-01 or Echo2-01 viruses, diluted in serum-free DMEM 

with a M.O.I. of 1.0 was added to the culture. The 1.0 x 105 cells per well was assumed 

to double and double again during incubation so 4.0 x 105 pfu/well of virus was used for 

an M.O.I. of 1.0. The virus and cells were incubated for 30 mins at 37 ºC, 5% CO2. Then, 

the virus inoculum was removed, and the culture washed one time with 1.0 mL of serum-
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free media per well. Then, 1.0 mL of complete media was added to the well, and the 

infected cells were then incubated for 10 hours at 37 ºC, 5% CO2.  

After 10-hour incubation, the plate was stored at -80 ⁰C until processing. Then, 

the plates were rapidly thawed, the cells in media were scraped from the wells into sterile 

1.5 mL centrifuge tubes and the suspension then centrifuged at 10,000 x g at 4 ⁰C to 

produce the virus containing supernatant, which is assayed for TCID-50 titration on sub-

confluent RD cells. This experiment was performed independently three times to generate 

the data in the figure. The TCID-50 titration was performed according to the protocol 

described by Reed et al.213. This experiment was performed independently 3 times to 

generate the data in the figure. 

 

2.2.11 Immunofluorescent Microscopy  

HCT-116 cells were seeded at 50,000 cells onto sterile 18 mm cover slips in 12-

well plates for treatments lasting 24 hours. The cells were incubated for 24 hours before 

treatment to ensure attachment. Once treatments were completed, media was removed 

and the cells were washed with warm 1X PBS. PBS was removed and 0.5 mL of freshly 

prepared 4% paraformaldehyde in PBS was added. Cover slips were incubated at 37 °C 

for 20 minutes and then the paraformaldehyde was removed followed by three 1X PBS 

washes. Permeabilization of the cells was done with 0.5 mL of 0.5% Triton X-100 in PBS 

at room temperature for 10 minutes. 1X PBS was used to wash the cells three times. 

ImageiT FX signal enhancer (Thermo I36933) was added onto the cover slips, and 

incubated at room temperature for 30 minutes followed by three 1X PBS washes. 

Coverslips were blocked with 0.5 mL of 1% BSA in PBS at room temperature for 30 
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minutes followed by 3 washes with 1X PBS. Primary antibody was added and the slips 

were incubated overnight at 4 °C. The primary antibody solution was removed and the 

cover slips were washed three times with 1X PBS. The secondary antibody was incubated 

in darkness at room temperature for 1 hour. The secondary antibody solution was 

removed and the slips were washed 3 times with 1% BSA-PBS, 3 times with 1X PBS, 

and then soaked the cover slip in 300 nM DAPI (Thermo D1306) solution for 10 minutes. 

The slips were mounted onto glass slides using VECTASHEILD HardSet Antifade 

mounting media (VECTOR labs H-1400). Slides were stored at -20 °C until imaging was 

conducted. Primary antibodies used were 1:100 OSBP1 1F2 (Novus NBP2-00935) and 

1:500 TGN46 (Novus NBP1-49643). Secondary antibodies used were 1:500 goat anti-

mouse IgG H&L Alexa Fluor® 488 (Abcam 6 ab150113) and donkey anti-rabbit IgG 

H&L Alexa Fluor® 594 (Abcam ab150076). Imaging was done with a Lecia SP8 using 

a 63x objective with 2x digital zoom. Images were analyzed with ImageJ software 214. 

 

2.2.12  iTRAQ Proteomic Mass Spectrometry  

HEK293 cells were seeded and treated according to the 0-72 hour recovery 

washout experimental procedure previously described (1 nM OSW-1 or DMSO, 6-hour 

treatment). After the desired post-washout time point, the cells were lysed according to 

the AC lysis protocol using modified AC lysis buffer. The modified AC lysis buffer 

contained no DTT and only 3X HALT (no EDTA or PMSF) for protease inhibitor. Free 

thiols can interfere with the cysteine blocking step prior to iTRAQ tagging and protease 

inhibitors were kept to a minimum to avoid inhibiting trypsin during the digestion 

process. Effective treatment was confirmed via Western blot using OSBP antibody and 
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β-Actin antibody as a loading control. A Multiplex Buffer Kit (Sciex 4381664) was used 

for the denaturing, reducing, and blocking steps. Trypsin with CaCl2 (Sciex 4352157) 

was used for digestion; and iTRAQ Reagent-8Plex Multiplex Kit (Sciex 4390812) was 

used for iTRAQ labeling. These kits were utilized according to the iTRAQ Reagents- 

8plex protocol. After tagging, the pH of the samples was lowered to approximately 3 

using 1N Phosphoric Acid, and ran through a cation-exchange cartridge system (Sciex 

cation exchange cartridge 4326747, cartridge holder 4326688, outlet connector 4326690, 

and needleport adapter 4326689) to remove any substances that could interfere with 

LC/MS/MS analysis. The protein eluate was quantified using a NanoDrop OneC 

(Thermo). Samples were normalized to a "mixed" sample that contained 5.5 µg of protein 

from each sample. Only shared proteins in all 3 biological replicates were used to test for 

changes in different conditions. P-values were generated using multiple t-tests in 

GraphPad Prism 7 (p-value <0.05 for significantly changed proteins). Volcano plots were 

also generated in GraphPad Prism 7 to display p-value against fold changes between the 

two treatment conditions (DMSO and OSW-1). 

 

2.2.13 LC-MS/MS Analysis of iTRAQ Labeled Peptides 

Mixed peptide samples were analyzed using the LC-MS/MS following previously 

published protocol 215,216. Peptide samples were desalted, dried in a SpeedVac, and 

resuspended in buffer A (0.1% formic acid in water). 1 µg of the digested sample was 

injected onto a custom-packed C18 RPLC column (75 µm i.d., 150 mm length, 2 µm C18 

resin, Thermo) using a Waters (Milford, MA, USA) nano-Acquity UPLC system, which 

is online coupled with a LTQ Orbitrap Velos Pro mass spectrometer (Thermo) through a 
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custom nano-ESI interface. For peptide separation, a 100-min gradient was applied from 

3% buffer A to 35% buffer B (0.1% formic acid in acetonitrile). Full MS spectra were 

acquired at a resolution of 60K (m/z range between 350 and 2000). The data-dependent 

higher-energy collisional dissociation (HCD) based MS/MS spectra were acquired at a 

resolution of 15K with a normalized collisional energy of 33% using the ten most 

abundant parent ions. Peptides were identified using MSGF+ to search LC-MS/MS 

against the annotated Uniprot human protein database 217,218. Peptide identifications were 

filtered with a MSGF cut-off score lower than the calculated FDR<1% at the unique 

peptide level against decoy database. The iTRAQ reporter ion intensities of each HCD 

scan were extracted and analyzed using the in-house developed software. 

 

2.2.14 Mass Spectrometry Label-Free 2D OSBP Quantification 

The first-dimension high-pH (pH=10) separation was performed on a Thermo 

Accela HPLC system (Thermo Scientific, Hanover Park, IL) with an ACQUITY UPLC 

BEH300 C18 column (50mm, Waters, Milford, MA, USA). The mobile phase A (MPA) 

was 20 mM ammonium formate in water and the mobile phase B (MPB) was 20 mM 

ammonium formate in acetonitrile. The mobile phases were adjusted to pH 10. A 60 

minute gradient from 3% to 70% (3% to 10% in a minute) mobile phase B was applied 

for peptide separation, and 60 fractions were collected (1 minute per fraction). Fraction 

concatenation was performed following Yang et al. 219. A total of 12 fractions were 

obtained for the second-dimension low-pH LC-MS/MS analysis. 
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2.2.15 [3H]25-OHC Competitive Binding Assay Procedure 

The [3H]25-hydroxycholesterol competitive binding assay is based on the 

procedure from Taylor and Kandutsch 220 and performed according to the method 

outlined by Burgett et al. 52. The binding data was analyzed on GraphPad Prism 7 using 

non-linear regression. Binding curve R2 values of  0.85 were the cutoff to report binding 

values. KD and Ki values and standard deviation were calculated using at least 3 

independent replicates unless otherwise specified.  

 

2.2.16 OSW-1-Compound Generation and Preparation 

The OSW-1 compound was obtained through total synthesis in the Burgett lab or 

from isolation from the natural source. OSW-1 used in the experiments was of >95% 

purity as determined through 1H-NMR and LCMS analysis. Solid OSW-1 compound was 

dissolved in analytical grade DMSO solution to produce 10 mM stocks for 

experimentation. The 10 mM OSW-1 stock solution was aliquoted into Eppendorf brand 

1.5 mL centrifuge tubes; Each individual 10mM OSW-1 aliquots were thawed no more 

than three times.  

 

2.2.17 Statistical Analysis 

All results are expressed as mean ± SD and are n ≥ 3 unless otherwise stated. All 

statistical tests were performed using GraphPad Prism 7.0. Comparison between groups 

was made by using a one-way ANOVA with a follow up Dunnett’s test. The p-values 

are reported using GraphPad Prism: *p ≤ 0.05, **p ≤ 0.01 ***p ≤ 0.001, and ****p ≤ 

0.0001. 
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2.3 Results  

2.3.1 Continual OSW-1-compound treatment results in time and proteasome-

dependent loss of OSBP and ORP4 in the cell  

The OSW-1-compound targets both OSBP and ORP4 with similar binding values 

(Ki values of 26  9 nM and 54  11 nM, respectively) as measured by [3H]25-

hydroxycholesterol competitive binding experiments 52 (see Chapter 4 for more  

 

information). Treatment of cells with low nanomolar concentrations of the OSW-1-

compound has previously been reported to lead to the time-dependent and proteasome-

dependent loss of OSBP levels in the cell 52.  However, the effects of the OSW-1-

compound on the levels of the precision anticancer target, ORP4, were unknown. 

Importantly, determining the effect of OSW-1-compound treatment on ORP4 levels will 

 
Figure 6: Cellular OSBP and ORP4 levels decrease after OSW-1-

compound treatment. 
A 1 nM, 24-hour OSW-1-compound treatment results in >90% decrease in 

cellular OSBP levels, and ~50% decrease in ORP4 levels.  
 

 



72 

be critical for optimizing OSW-1-compound treatment to circumvent the cytotoxicity and 

growth arrest associated with ORP4 loss 76. This will be a necessary requirement to 

effectively probe the cellular function(s), regulation, and disease contributions of OSBP 

for development as an antiviral target, as well as further study the OSW-1-compound as 

an antiviral therapeutic. Treatment with 1 nM of the OSW-1-compound for 24 hours in 

multiple human cell lines resulted in >90% decrease in OSBP and ~50% decrease in 

ORP4 levels (Figure 6).  

Inhibition of the proteasome using 25 nM treatment of the proteasome inhibitor, 

bortezomib, significantly rescues the loss of ORP4 after OSW-1-compound treatment, 

revealing ORP4 loss is proteasome-dependent, consistent with the previously determined 

mechanism of loss for OSBP levels (Figure 7) 52.  

 

This is the first reported analysis of cellular ORP4 levels after OSW-1-compound 

treatment, as well as the first evidence that ORP4 responds to OSW-1-compound 

 
Figure 7: OSBP and ORP4 loss is proteasome-dependent. 

A 1 nM, 24-hour continual treatment of the OSW-1-compound 

in K562 cells results in ORP4 loss that can be significantly 

abrogated by co-administration of the OSW-1-compound with 

25 nM of the proteasome inhibitor, bortezomib. This 

experiment reveals that OSW-1-compound induced ORP4 loss 

is also proteasome-dependent, similar to OSBP. 
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treatment in a similar manner as OSBP. However, OSBP levels appear much more 

sensitive to the effects of OSW-1-compound treatment than ORP4 levels after 24 hour 

treatment (Figure 6). To further probe the difference in the rate of disappearance between 

OSBP and ORP4, protein levels were monitored after 1 nM OSW-1-compound treatment 

at 2-hour intervals over the course of 24 hours (Figure 8). The results of this experiment 

confirmed that OSBP levels are substantially more affected by OSW-1-compound 

treatment than ORP4 levels, with ~90% decrease in OSBP levels after just 12 hours of 

continual treatment (Figure 8A). In contrast, ORP4 levels are not significantly affected 

until after 12 hours of continual treatment, with 24-hour continual treatment resulting in 

~50% decrease (Figure 8B). OSW-1-compound treatment in K562 cells appears to result 

in lower ORP4 levels compared to HCT-116 and HEK293 cells (Figure 8B). The 

observed difference in the rate of OSBP and ORP4 loss after OSW-1-compound 

treatment can be exploited to probe the antiviral OSBP targeting effects of the OSW-1-

compound, while circumventing the cytotoxicity and growth arrest associated with ORP4 

loss 76. 
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2.3.2 Transient exposure to non-toxic, low nanomolar concentrations of the OSW-1-

compound ( i.e., “the washout experiment”) induces a specific, persistent and 

multigenerational decrease in cellular OSBP levels 

Utilizing the observed difference in the rate of OSBP and ORP4 loss after OSW-

1-compound treatment (Figure 8), we introduced what we coined as the “washout 

experiment” (abbreviated WO) (Figure 9). The WO experiment exposes cells to low dose 

(1 nM), transient (6 hours) OSW-1-compound treatment, an exposure time and 

concentration that resulted in significant OSBP loss without affecting ORP4 levels 

(Figure 8). After 6-hour treatment, the OSW-1-compound is removed from the cell 

culture and the cells are thoroughly washed to remove any residual OSW-1-compound. 

The cells are lysed immediately after the OSW-1-compound is removed (0-hour post-

washout (pWO)), or re-incubated in new, compound-free media and allowed to recover 

for 24-72 hours after the OSW-1-compound has been removed, or “washed out” (i.e., 24-

 
Figure 8: OSBP levels are more substantially decreased than ORP4 levels 

after OSW-1-compound treatment. 

 A) A 1 nM, 24-hour continual treatment with the OSW-1-compound results in 

~90% decrease in cellular OSBP levels. B) In contrast, ORP4 levels are only 

reduced, on average, ~50% after 1 nM, 24-hour treatment with the OSW-1-

compound. 189 
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72 hours post-washout (pWO)) (Figure 9).                                   ‘

 

The goal of the WO experiment is to circumvent the cytotoxicity and growth arrest 

associated with ORP4 loss 76, as well as probe the cellular responses triggered by, but not 

continually caused by, the presence of the OSW-1-compound in cells.  

 

 

 

 

 

 

 

 

 
Figure 9: Experimental workflow for “the washout experiment”. 

The washout (WO) experiment uses low dose (1 nM), transient (6 hours) treatment 

of the OSW-1-compound, followed by OSW-1-compound washout and 0-72 hours 

post-washout (pWO) recovery in compound-free media. 

Washout Experiment Workflow

Grow human cells to desired cell density 

Aspirate media

Add cell media
with 1 nM OSW-1 for 6 h

After 6 h, remove OSW-1 
containing media.  

Wash with media 3 times 
to remove any remaining 

compound 

Add compound-free
media and incubate cells 

for 0-72 h

1 nM OSW-1

Analyze
• OSBP levels

• ORP4 levels

• Cellular viability

• Cellular proliferation
• Cellular responses triggered by OSW-1
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Figure 10: Low dose (1 nM), transient treatment (6-hour) with the OSW-1-

compound results in a persistent, multigenerational decrease in OSBP levels. 

A) Human cell lines treated with the OSW-1-compound for 6 hours, followed by 0-

72-hour pWO recovery (i.e., “the WO experiment”) reveals that OSBP levels are still 

approximately 90% or more reduced in HCT-116 and K562 cell lines 72 hours after 

the OSW-1-compound was removed from culture; while HEK293 cells are ~90% 

reduced for over 48 hours after the compound was removed from culture. This 

decrease is multigenerational as the division time of these cells lines is ~16 hours. B) 

Under the WO experimental conditions, ORP4 levels are not significantly affected; 

consequently, these treatment conditions did not decrease cellular viability, 

proliferation, or alter cellular morphology.189 
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Under these experimental conditions, cellular OSBP levels were significantly 

reduced by ~90%, with no significant change in ORP4 levels (Figure 10). Importantly, 

under washout (WO) conditions there was also no significant cytotoxicity, reduction in 

cellular proliferation, or observable change in cellular morphology at any time-point 

analyzed (data not shown) 189. This indicates not only that washout conditions circumvent 

the negative effects associated with ORP4 loss, but also that reduction of OSBP levels by  

~90% in cells for multiple days is non-toxic to the cell, a critical requirement for a host-

cell antiviral target. Bottom-up proteomic mass spectrometry (MS) also showed a 

significant loss of OSBP peptides after OSW-1-compound treatment (Figure 11), 

confirming the reduction in OSBP levels as seen by Western blot (Figure 10). The OSBP 

loss was additionally confirmed by the decrease in OSBP immunofluorescent signal after 

OSW-1-compound treatment using immunofluorescent confocal microscopy imaging 

(data not shown) 189.  

 
Figure 11: Mass spectrometry confirms OSBP loss in 

cells after OSW-1-compound treatment. 

A) and B) Bottom-up proteomic MS of OSBP peptides 

confirms OSBP loss in cells after OSW-1-compound 

treatment seen via Western blot. 189 
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A 1 nM treatment of the OSW-1-compound for 6 hours, followed by 24 hours 

pWO recovery resulted in substantial OSBP loss in all cell lines tested (Figure 12A). 

Multiple human cell lines were tested in this experiment including the non-tumorigenic 

cell line, HEK293 (Figure 10, 12), the lung fibroblast cell line, MRC-5 (Figure 12A), 

 
Figure 12: OSBP loss occurs in all cell lines tested under WO conditions 

and OSW-1-compound treatment with concentrations less than 1 nM and 

exposure times less than 1-hour result in significant OSBP loss. 

A) Highlighting the ubiquity of OSW-1-compound induced OSBP loss, 

significant OSBP loss occurs with 6-hour treatment, 24-hour pWO recovery in 

all cell lines tested. B) and C) Highlighting the potency of OSW-1-compound 

induced OSBP loss, treatment times as low as 1-hour with 24-hour pWO 

recovery result in ~75% reduction in OSBP levels. Treatment times less than 1-

hour also significantly decrease OSBP levels. D) Treatment concentrations as 

low as 0.5 nM for 6 hours, with 24-hour pWO recovery results in ~50% decrease 

in OSBP levels in the cell. 189 
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and numerous cancer cell lines (HCT-116, K562 (Figure 10, 12), MCF-7, HeLa (Figure 

12A)). A 1 nM OSW-1-compound treatment as brief as 1-hour with 24-hour pWO 

recovery reduced OSBP levels ~75% (Figure 12B). Treatment times for less than 1-hour 

with 24-hour pWO recovery also significantly reduced OSBP levels (Figure 12C). 6-

hour treatment with concentrations as minimal as 0.5 nM, with 24-hour pWO recovery 

also led to significant OSBP loss (~50% decrease) in cells (Figure 12D). These results 

highlight both the potency and ubiquity of the observed OSW-1-compound induced 

OSBP loss response in human cells (Figure 12).  

Curiously, the significant reduction in OSBP levels in the WO experiment persists 

for over 72 hours after the OSW-1-compound is removed in multiple human cell lines 

(Figure 10A). In HEK293 cells, OSBP levels begin to return 72 hours pWO; however, 

in HCT116 and K562 cells, OSBP levels remain ~90% repressed 72 hours after the OSW-

1-compound is removed from the cell culture (Figure 10A). Additionally, the loss of 

OSBP continues after the OSW-1-compound is removed, bottoming out at ~95% 

reduction 24 hours pWO (Figure 10A). The long-term repression of OSBP levels in the 

absence of the compound, coupled with the continued decrease in OSBP levels after the 

compound is removed, indicates the triggering of a cellular response by OSW-1-

compound treatment that persists long after the compound has been removed. The 

reduction of OSBP levels is specific to the OSW-1-compound, as cell treatment with the 

antimitotic compound, Taxol, did not alter OSBP levels (Figure 10A). The OSW-1-

compound induced long-term repression of OSBP levels is multigenerational, as the cells 

in this experiment have divided multiple times after the OSW-1-compound was removed 

and still contain minimal cellular OSBP. The cell lines used in this experiment divide 
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every ~16-20 hours, therefore a vast majority of the cell population present at 72 hours 

pWO were never directly exposed to the OSW-1-compound. OSW-1-compound washout 

treatment of the leukemia suspension cell line, K562, allowed for transfer of WO treated 

cells to new culture flasks. The transfer of K562 cells to new flasks eliminated the 

possibility of residual OSW-1-compound being released from the plasticware and 

inducing long-term OSBP repression. (Figure 10A).  

To determine if the sustained OSBP loss is due to persistent residual intracellular 

OSW-1-compound, both quantitative liquid chromatography mass spectrometry (LCMS) 

and single cell mass spectrometry (SCMS) were utilized. Using these analytical 

techniques in combination with a deuterated OSW-1-compound standard allows for the 

relative quantification of OSW-1-compound levels remaining in the cell after washout. 

The OSW-1-compound and potential metabolites were not detectable in either MS 

analytical approach 24 hours after the OSW-1-compound was removed from culture (i.e., 

24 hours pWO) 189. The OSW-1-compound MS detection limit in this analysis was 

determined to be ~100 pM 189.  This result indicates that persistent residual intracellular 

OSW-1-compound is not continually repressing OSBP levels, but rather the OSW-1-

compound triggers an effect in cells that regulates OSBP levels for multiple days after 

the OSW-1 compound is removed.  

We next wanted to determine if this regulation was specific to OSBP, or if this 

response occurs with ORP4 and other cellular proteins as well. To test this, cycloheximide 

chase experiments were performed to determine the half-lives of OSBP and ORP4, which 

had not previously been reported (Figure 13A). Cycloheximide treatment inhibits global 

protein translation in the cell and is therefore cytotoxic after 24 hours, limiting half-life 
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measurements exceeding 24 hours. OSBP and ORP4 were shown to have similar half-

lives of >24 hours (Figure 13A). Next, K562 cells were treated with 1 nM OSW-1-

compound for 24-hour continual treatment to significantly decrease ORP4 levels and 

monitor the return of the protein over the course of 72 hours (Figure 13B). K562 cells 

were chosen for this experiment as this cell line has the most significant decrease in ORP4 

levels upon OSW-1-compound treatment. Despite similar half-lives, interestingly, OSBP 

levels remain ~90% decreased 72 hour pWO, while ORP4 levels begin to return 

immediately after the OSW-1-compound is removed (Figure 13B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 13: OSBP and ORP4 levels are regulated differently after OSW-

1-compound treatment despite the same mechanism of loss and similar 

half-lives.  

A) Cycloheximide chase experiment to determine OSBP and ORP4 half-life 

in the cell using 177 nM cycloheximide as a translational inhibitor. p21 levels 

were used as a control for translational inhibition, with the p21 half-life 

generated from this experiment consistent with previously reported values 291. 

The results indicate that OSBP and ORP4 both have similar half-lives that are 

>24 hours. B) Monitoring the return of OSBP and ORP4 levels after OSW-

1-compound treatment over the course of 72 hours pWO. OSBP levels remain 

repressed ~90% 72 pWO, while ORP4 levels begin to return immediately 

after the OSW-1-compound is removed. 189 
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Additionally, iTRAQ quantitative proteomic mass spectrometry analysis was 

performed to quantify global protein level changes after OSW-1-compound treatment. 

We found that the OSW-1-compound does not broadly alter the cellular proteome, 

suggesting the existence of an unrecognized endogenous OSBP-specific regulation 

system that may be triggered upon the binding of certain ligands to OSBP (i.e., OSW-1) 

(Figure 14). 

 

 

 
Figure 14: iTRAQ proteomic mass spectrometry reveals OSW-1-

compound treatment does not broadly alter the cellular proteome. 

WO experimental conditions (1 nM, 6-hour treatment, 0-72-hour recovery) 

analysis by iTRAQ proteomic MS/MS reveals that the cellular proteome is not 

broadly affected by OSW-1-compound treatment (n=3). 189 
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Overall, these results suggest the existence of an active cellular process, triggered 

by OSW-1-compound treatment, that persistently and specifically reduces OSBP levels 

in the cell for multiple days after the initial stimuli is removed. Mechanistic studies 

investigating the processes underlying this regulation have determined that the long-term 

repression is not caused by canonical proteolytic mechanisms (i.e., proteasome or 

autophagy); and RNA Seq and qPCR analysis of mRNA transcript levels determined that 

OSBP mRNA transcription is not significantly changed after OSW-1-compound 

treatment, indicating long-term OSBP repression is mediated by regulation on an RNA 

level (see Chapter 3 for more information).  

The persistent, multigenerational decrease in OSBP levels in the absence of the 

OSW-1-compound, with no change in cell viability or morphology, combined with the 

necessity of OSBP for the replication a number of highly relevant human RNA viral 

pathogens 84–89,92, provided a unique opportunity to test the efficacy of the OSW-1-

compound as a novel prophylactic antiviral compound. We hypothesized that the OSBP 

regulatory response triggered by the OSW-1-compound may be part of an unidentified 

innate antiviral response in cells. Therefore, if our innate antiviral hypothesis is correct, 

the washout treatment should induce an antiviral response in cells that persists for days 

after the OSW-1-compound has been removed, conferring prophylactic antiviral activity 

in cells.  
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2.3.3 Transient treatment with the OSW-1-compound induces antiviral prophylaxis 

against clinically isolated Enteroviruses 

The OSW-1-compound has previously been show to display anti-Enterovirus 

activity in cells 89. Consistent with this report, we observed that the OSW-1-compound 

inhibited the replication of two clinically isolated Enteroviruses, Echo2 and 

Coxsackievirus A9, in a concentration dependent manner. A 10-hour continual OSW- 

1-compound treatment at the indicated concentrations (0.1-30 nM) reduced viral titers 

~10,000-fold in HeLa cells (Figure 15A). To test whether the WO experiment confers 

prophylactic antiviral activity in cells, HeLa cells were treated with the indicated 

concentration of the OSW-1-compound (0.1-30 nM) for 6 hours. After 6 hours, the cells 

were thoroughly washed to remove residual OSW-1-compound and re-incubated in 

compound-free media for 24 hours. After 24-hour recovery, the cells were then inoculated 

with the virus for 30 minutes and then incubated in compound-free media for 10 hours, 

after which viral titers were measured. Despite not being exposed to the OSW-1-

compound for 24 hours prior to viral inoculation, the WO cells reduced Echo2 viral titers 

~100-fold and Coxsackievirus A9 viral titers ~1,000-fold compared to the vehicle control 

(Figure 15B). Importantly, HeLa cells divide approximately every 16 hours 221; therefore, 

a number of the virally inoculated cells were never directly exposed to the OSW-1-

compound and still displayed significant antiviral activity, suggesting this novel approach 

could be exploited as a preventative antiviral treatment. To our knowledge, this report is 

the first identification of a small-molecule antiviral prophylactic that exerts its effect 

through modulating a host protein (i.e., OSBP). 
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Figure 15: OSW-1-compound treatment induces prophylactic antiviral 

activity against clinically isolated Enteroviruses. 

A) Viral titer levels in HeLa cells inoculated with the clinically isolated 

Enteroviruses, Coxsackie A9 and Echo 2, under normal treatment conditions. 

Cells were treated with the indicated concentration of OSW-1-compound for 

6 hours, inoculated with virus for 30 minutes (multiplicity of infection 

(M.O.I.)=1), and then re-incubated in the indicated concentration of OSW-1-

compound for 10 hours. B) Viral titer levels in HeLa cells inoculated with the 

Enteroviruses, Coxsackie A9 and Echo 2, under washout treatment 

conditions. Cells were treated with the indicated concentration of OSW-1-

compound for 6 hours, the OSW-1-compound was then removed and the cells 

recovered in compound-free media for 24 hours. After 24 hours, the cells 

were inoculated with virus for 30 minutes and incubated in compound-free 

media for 10 hours. 189 
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2.3.4 The loss and long-term repression of OSBP is unique to the OSW-1-compound 

and not other OSBP-targeting antiviral compounds 

Several other structurally-diverse small molecules with antiviral activity reported 

to target OSBP have been identified including: T-00127-HEV2 (THEV) (3) 85, 

itraconazole (ITZ) (4) 84, and TTP-8307 (TTP) (5) 87 (Figure 5).  The effect of these 

OSBP-targeting antiviral compounds on cellular OSBP levels was analyzed to determine 

if OSBP loss and long-term repression was unique to the OSW-1-compound, or if it is a 

generalized response to exogenous small-molecule targeting of OSBP. Treatment with 

10,000 nM ITZ, TTP, or THEV for 24 hours caused no decrease in cellular OSBP levels 

(Figure 16). In contrast, 1 nM, 24 hour treatment with the OSW-1-compound resulted in 

~90% decrease in cellular OSBP levels (Figure 16). These results indicate that the OSW-

1-compound is the only OSBP-targeting antiviral compound that causes OSBP loss and 

long-term repression in cells, indicating the observed response is unique to the OSW-1-

compound. Additionally, this result suggests that these structurally-diverse antiviral 

compounds may be targeting OSBP in multiple ways, resulting in distinct perturbances 

of OSBP in the cell. 
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2.3.5 The OSW-1-compound is the only OSBP-targeting antiviral compound capable 

of inducing prophylactic antiviral activity in cells 

To determine if the prophylactic antiviral activity of the OSW-1-compound is also 

unique, we analyzed the antiviral efficacy of the OSBP-targeting antiviral compounds 

(Figure 17). Continual treatment with 10,000 nM ITZ, TTP, THEV, or 10 nM OSW-1-

compound for 10 hours resulted in antiviral activity consistent with previous literature 

reports (Figure 17A) 84,61,63,65,142. Comparatively, despite the OSW-1-compound 

treatment being 1,000-fold less concentrated than the other OSBP-targeting compounds 

tested, the OSW-1-compound still displayed the highest level of antiviral activity (Figure 

17A). Importantly, the OSW-1-compound was the only OSBP-targeting antiviral 

compound that displayed prophylactic antiviral activity. HeLa cells were treated with 

10,000 nM ITZ, TTP, THEV, or 10 nM OSW-1-compound for 6 hours, followed by 

removal of the compounds and 24-hour recovery in compound-free media. After 24 

 
Figure 16: The OSW-1-compound is the only OSBP-targeting antiviral 

compound that decreases cellular OSBP levels. 

A 1 nM continual treatment for 24 hours with the OSW-1-compound decreased OSBP 

levels ~90%, while 10,000 nM continual treatment for 24 hours with THEV, TTP and 

ITZ had no effect on OSBP levels. 190 
 

OSBP Interacting Antiviral Compounds 
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hours, the cells were inoculated with the indicated virus and incubated in compound-free 

media for 10 hours, after which viral titer levels were analyzed. The OSW-1-compound 

was the only compound possessing antiviral activity 24 hours after the compound 

treatment had ceased, decreasing viral proliferation ~10,000-fold (Figure 17B). At the 

time of viral inoculation, OSBP levels in the washout cells are reduced >90% by OSW-

1-compound treatment, while the other OSBP-targeting antiviral compounds had no 

effect on cellular OSBP levels (Figure 17C). This highlights the unique effects of the 

OSW-1-compound on cellular OSBP level, regulation, and antiviral activity. 
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Figure 17: The OSW-1-compound is the only OSBP-targeting compound that 

induces prophylactic antiviral activity. 

A) Levels of viral titers in HeLa cells inoculated with the clinically isolated 

Enteroviruses, Coxsackie A9, and Echo 2. HeLa cells were inoculated with virus for 30 

minutes (M.O.I.=1) followed by treatment with either 10 nM OSW-1-compound or 

10,000 nM THEV, ITZ, or TTP for 10 hours. B) HeLa cells were treated with 10 nM 

OSW-1-compound, or 10,000 nM THEV, ITZ, or TTP for 6 hours. The compounds 

were removed and the cells were incubated in compound-free media for 24 hours 

followed by viral inoculation for 30 minutes (MOI =1). Cells were then incubated for 

10 hours in compound-free media. The OSW-1-compound is the only compound that 

possessed antiviral activity 24 hours after the compound was removed from culture. C) 

OSBP levels in HeLa cells at the time of viral inoculation under washout conditions in 

Fig. 17B. 190 
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2.3.6  The OSW-1-compound and the other OSBP-targeting antiviral compounds 

interact with OSBP through multiple modes of binding and have distinct effects on 

OSBP activity in the cell 

The difference in effect of the OSBP-targeting antiviral compounds on cellular 

OSBP levels and antiviral activity suggests that these compounds are targeting OSBP in 

multiple ways and may have distinct effects on OSBP cellular activity. The only previous 

binding measurement reported for any of the OSBP-targeting antiviral compounds was 

for ITZ. ITZ has a reported KD of 430 nM against full-length OSBP-GFP as measured 

using microscale thermophoresis, however, the binding site of ITZ on OSBP was not 

identified 84. The OSW-1-compound directly competes with oxysterol binding in the 

OSBP and ORP4 sterol binding pocket 52. The sterol binding pocket is located in the C-

terminal OSBP-related ligand-binding domain (ORD) of OSBP and ORP4 2 (see Chapter 

4 for more information on the ORP-ORD).  

To determine if the other OSBP-targeting antiviral compounds interact with 

OSBP in the same manner, an established [3H]25-hydroxycholesterol ([3H]25-OHC) 

competitive binding assay was employed. If a compound interacts with OSBP through 

the sterol binding pocket, the binding of the [3H]25-OHC radioligand reporter to the sterol 

binding pocket will be competitively inhibited as the concentration of a ligand of interest 

(e.g. OSW-1) increases. This results in a sigmoidal dose-response curve which can be 

utilized to calculate an inhibition constant (Ki). Due to the competitive nature of this 

assay, only binding to the sterol binding pocket of the ORD can be detected, and not 

interaction with the protein at other locations (for more information on the [3H]25-OHC 

competitive binding assay procedure and analysis, see Chapter 4). OSW-1, ITZ, THEV, 
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and TTP were tested for binding against human OSBP and ORP4 using the [3H]25-OHC 

competitive binding assay. These are the first binding values reported for human OSBP, 

as previous OSBP binding values used rabbit, or other animal OSBP 52. The OSW-1-

compound produced an OSBP Ki of 16  4 nM and an ORP4 Ki of 71  6 nM (Figure 18 

A, B, C). Similar to OSW-1, THEV interacts with the sterol binding pocket of OSBP and 

ORP4 with Ki binding values of 22  15 nM and 98  14 nM, respectively (Figure 18 A, 

B, C). In contrast, there was no detectable competitive [3H]25-OHC binding inhibition at 

any concentration tested for the ITZ and TTP compounds, indicating that ITZ and TTP 

interact with OSBP at a location other than the sterol binding pocket (Figure 18 A, B, 

C).  
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Figure 18: The OSBP-targeting antiviral compounds interact with OSBP 

through different modes of binding. 

A) OSBP and B) ORP4 interact with the OSW-1-compound and THEV through the 

sterol binding pocket and TTP and ITZ do not, as determined using a competitive 

[3H]25-OHC binding assay. Representative binding curves shown. C) Average Ki 

binding values from at least three independent experiments with internal technical 

triplicates within each experiment. 190 

OSBP Compound Binding

ORP4 Compound Binding

A

B

C
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To further confirm that the OSW-1-compound and THEV both interact with the 

OSBP sterol binding pocket, 1 nM of the OSW-1-compound was co-administered with 

10,000 nM THEV, TTP, or ITZ (Figure 19). Co-administration of the OSW-1-compound 

and THEV significantly rescued OSBP levels in both cell lines tested compared to OSW-

1-compound treatment alone (Figure 19A). This result indicates that THEV is able to out 

compete the OSW-1-compound for OSBP sterol pocket binding and therefore prevent 

degradation of the protein, confirming the competitive binding result. OSW-1 and TTP  

co-administration had no effect on rescuing OSBP levels (Figure 19A).  
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Interestingly, ITZ also rescued OSW-1-compound induced degradation of OSBP despite 

not competitively inhibiting [3H]25-OHC in the binding assay (Figure 18, 19). OSBP 

homology models published by Bauer et al. in 2018 used to investigate the structure-

 
Figure 19: THEV co-incubation with the OSW-1-compound rescues OSW-1-

compound induced OSBP loss and ORP4-targeting associated cytotoxicity. 

A) Co-incubation with 1 nM OSW-1-compound and 10,000 nM THEV, TTP, or ITZ 

for 24 hours reveals THEV, and to a lesser extent, ITZ, is able to abrogate the OSW-

1-compound induced loss of OSBP, indicating these compounds inhibit the ability 

of the OSW-1-compound to interact with OSBP. Representative Western blot shown 

with the average of three independent replicates.  B) Cytotoxicity assay using co-

incubation with the indicated concentration of OSW-1-compound and 10,000 nM 

THEV, TTP, or ITZ for 48 hours show OSW-1/THEV co-incubation approximately 

doubles the GI50 of OSW-1 in HeLa cells. Representative cytotoxicity curves and 

averages from three independent experiments with technical triplicates within each 

experiment. 190 
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activity relationships (SAR) between ITZ and OSBP showed two predicted docking 

orientations of ITZ; one of which is abutting the fingerprint region of OSBP, which is in 

close proximity to the sterol binding pocket of OSBP 223. Therefore, even though ITZ is 

unable to competitively inhibit [3H]25-OHC in the binding assay, it is still possible that 

the close proximity of ITZ to the sterol binding pocket may interfere with the ability of 

the much larger OSW-1-compound to access the binding pocket when co-administered.  

To validate the sterol pocket binding interaction between THEV and ORP4, 48-

hour cytotoxic assays were conducted with co-incubation of the OSW-1-compound and 

10,000 nM  of THEV, TTP, or ITZ (Figure 19B). THEV, ITZ, and TTP are not cytotoxic 

at the concentration administered in the cytotoxicity assay (data not shown) 190. THEV is 

able to rescue OSW-1-compound induced cytotoxicity, approximately doubling the GI50 

of the OSW-1-compound in HeLa cells, presumably by outcompeting the OSW-1-

compound for binding to ORP4 (Figure 19B); however, this increase is not statistically 

significant using a one-way ANOVA with a follow up Dunnett’s test . These results reveal 

OSBP is targeted by antiviral small molecules through multiple modes of binding, 

suggesting OSBP could be targeted for antiviral development in multiple ways. 

Immunofluorescent confocal microscopy showed that the different OSBP-

targeting antiviral compounds caused distinct effects on OSBP cellular activity (Figure 

20). OSBP cellular localization patterns have previously been shown to be altered by 

ligand binding, including through interaction with oxysterols like 25-OHC 15,52,50, OSW-

1 52,224, ITZ 84,63, THEV 85, and TTP 87.  Additionally, OSBP localization experiments 

have previously been performed in HCT-116 cells 52. OSBP is predominately co-

localized to the Golgi marker which is consistent with reports of OSBP localizing to the 
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ER-Golgi interface under certain stimuli 15. In our results, 10,000 nM 25-OHC treatment 

for 24 hours results in strong co-localization of OSBP (green) with the Golgi marker, 

TGN46 (red) (Figure 20A). Treatment with 1 nM OSW-1-compound results in a 

significant reduction in OSBP signal after 24 hours, as expected based on Western blot 

and proteomic mass spectrometry results, while the remaining OSBP is tightly grouped 

and the Golgi marker is diffuse (Figure 20A). 10,000 nM ITZ treatment results in a 

punctate OSBP pattern that is closely associated with the Golgi marker, while the Golgi 

marker signal appears to be more diffuse in the cytoplasm  (Figure 20A). 10,000 nM TTP 

treatment results in tight colocalization of OSBP to the Golgi marker, with a signal similar 

to the DMSO treated vehicle control (Figure 20A). 10,000 nM THEV treatment results 

in OSBP co-localization with the Golgi marker in a tight pattern, similar to the 25-OHC-

induced OSBP localization. Co-administration of 1 nM OSW-1-compound with 10,000 

nM THEV, ITZ, or TTP reveals that THEV and ITZ alter the localization pattern induced 

by the OSW-1-compound (Figure 20B). The localization pattern of OSW-1+ITZ treated 

cells is a mixture of the results of the individual treatments, but possesses a stronger OSBP 

signal, confirming the OSW-1+ITZ Western blot results that showed ITZ prevented the 

loss of OSBP induced by the OSW-1-compound (Figure 20A). Likewise, OSW-

1+THEV co-administration resulted in a mixture of the results of the individual 

treatments (Figure 20B), also resulting in a stronger OSBP signal, once again confirming 

the Western blot results (Figure 20A). OSW-1+TTP resulted in low expression OSBP, 

presumably due to the inability of TTP to rescue OSW-1-compound induced OSBP loss 

(Figure 20A), and produced a pattern not consistent with the individual treatments 

(Figure 20B). 
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2.4 Discussion 

The results of this chapter reveal the discovery that transient exposure to non-

toxic, low nanomolar concentrations of the OSW-1-compound triggers an unrecognized 

OSBP-specific regulatory response in cells. The triggering of this response by OSW-1-

 
Figure 20: The OSBP-interacting antiviral compounds have distinct effects on 

OSBP localization in cells.  
Immunofluorescent confocal microscopy in HCT-116 cells reveals OSBP (green) 

localization patterns change with respect to the Golgi marker TGN 46 (red), and 

nucleus (blue) after A) administration of 1 nM OSW-1-compound or 10,000 nM 

THEV, TTP, and ITZ, or B) a combination of the treatments. 190 
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compound treatment causes an ~90% decrease in cellular OSBP levels that persists for 

multiple days after the compound has been removed from cell culture, resulting in the 

long-term repression of OSBP levels in the cell (Figure 10). The multigenerational 

persistence of this regulatory response indicates that it can be stably passed down to 

subsequent cell generations that were never directly exposed to the OSW-1-compound.  

The OSW-1-compound washout treatment conditions do not result in a decrease 

in cellular viability, cellular proliferation, or change in morphology (data not shown) 189. 

The discovery that an ~90% reduction of cellular OSBP levels for multiple days is not 

toxic to the cell suggests OSBP could be targeted for antiviral drug development without 

causing toxicity to the host. Long-term OSBP repression was shown not to be the result 

of persistent residual intracellular OSW-1-compound (data not shown) 189, indicating that 

the OSW-1-compound triggers the long-term regulation of OSBP levels, rather than 

persistently repressing OSBP levels by its presence in cells. Our results show that ORP4 

levels also decrease after OSW-1-compound treatment in the same time and proteasome-

dependent manner as OSBP after OSW-1-compound treatment (Figure 6, 7), but OSBP 

levels are much more sensitive to OSW-1-compound treatment than ORP4 (Figure 8). 

Importantly, despite the same mechanism of loss after OSW-1-compound treatment and 

similar half-lives for both OSBP and ORP4, OSBP levels remain repressed for multiple 

days after the OSW-1-compound treatment has ceased, while ORP4 levels do not (Figure 

13). Additionally, iTRAQ proteomic mass spectrometry revealed that OSW-1-compound 

treatment does not broadly alter the cellular proteome (Figure 14). Together, these results 

indicate that OSW-1-compound treatment triggers an effect in cells that uniquely and 

specifically regulates OSBP levels for multiple days after the initial stimuli (i.e., OSW-
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1) is removed. These findings suggests the existence of an unidentified endogenous 

OSBP-specific regulatory response that may be triggered by the binding of certain ligands 

to OSBP (i.e., OSW-1).  

OSBP levels are significantly decreased 24 hours after the OSW-1-compound has 

been removed (i.e., 24 hours post-washout (pWO)) in all cell lines tested, and treatment 

concentrations of less than 1 nM and exposure to the OSW-1-compound as brief as 1-

hour significantly reduces cellular OSBP levels 24 hours pWO, highlighting the ubiquity 

and potency of this novel response (Figure 12).  

Leveraging this discovery, we show that long-term OSBP repression can be 

exploited to induce prophylactic antiviral activity in cells (Figure 15). To the best of our 

knowledge, we report the OSW-1-compound as the first identified small-molecule 

antiviral prophylactic that exerts activity through modulating a host protein (i.e., OSBP).  

We hypothesize that the observed regulatory response uniquely triggered by the 

OSW-1-compound may be part of a larger, unrecognized arm of innate antiviral response 

in cells. Due to the necessity of OSBP for the replication of a number of highly relevant 

human RNA viral pathogens 84–89,92, a cellular response mechanism for specifically 

decreasing OSBP levels in the cell for multiple days during a viral infection could create 

a cellular environment that is not toxic to the host cell itself, but not conducive to viral 

replication for multiple days; allowing for the host immune system to more efficiently 

and effectively clear the viral infection from the host (see Chapter 3 and Chapter 5 for 

more information on the innate antiviral response hypothesis). The ability to exogenously 

trigger and harness this unrecognized response with a small molecule, like the OSW-1-

compound, could introduce an entirely new paradigm in antiviral treatment. Antiviral 
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targeting of OSBP in this manner would circumvent the high probability of mutational 

resistance associated with targeting elements of the highly mutable virus itself, and could 

lead to a broad-spectrum preventative antiviral therapy. The broad necessity of OSBP 

among RNA viruses indicates this novel antiviral mechanism would not only be effective 

against many existing RNA viruses that are already established public health menaces 

with no current treatments, but also newly emergent RNA viruses (i.e., SARS-CoV-2) 

and RNA viruses that have not yet emerged. 

This chapter also shows that long-term repression of OSBP levels and 

prophylactic antiviral activity are specific to the OSW-1-compound, and not generally a 

consequence of OSBP binding of small molecules, or other OSBP-targeting antiviral 

compounds (Figure 16, 17). Additionally, we reveal that the OSBP-targeting antiviral 

compounds (Figure 5) target OSBP through multiple modes of binding (Figure 18, 19) 

and have distinct effects on OSBP cellular localization (Figure 20). These results 

highlight not only the unique effect of the OSW-1-compound on cellular OSBP levels 

and regulation, but also the ability of OSBP to be targeted by structurally-diverse antiviral 

small molecules through multiple distinct mechanisms that allow OSBP activity to be 

modulated in a variety of distinct ways for antiviral therapeutic development.  

 

2.5 Conclusions 

Overall, these results reveal important insights into OSBP cellular biology and 

OSBP-targeted antiviral drug development. This chapter not only reports the discovery 

of an unrecognized cellular regulatory process that specifically represses OSBP levels for 

multiple days, but also introduces a novel approach to induce antiviral prophylaxis in 

human cells through exploiting this unrecognized response. The prophylactic antiviral 
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activity of the OSW-1-compound suggests that this response can be harnessed using 

exogenous small molecules and exploited to develop novel broad-spectrum preventative 

antiviral treatments. We hypothesize that this regulatory response may be part of a larger, 

undiscovered arm of innate antiviral response in cells. Additionally, this chapter shows 

that OSBP is targeted by structurally-diverse antiviral small molecules through multiple 

mechanisms with distinct effects on OSBP cellular activity, indicating that OSBP could 

be targeted for antiviral development in multiple ways. These discoveries lay the 

foundation for a new paradigm in antiviral treatment that could potentially not only treat, 

but also possibly prevent RNA viral pandemics like the COVID-19 pandemic, as well as 

pandemics that have not yet occurred.  
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Chapter 3: Mechanistic studies on the cellular responses triggered by 

the OSW-1-compound  

 

Abstract 

The naturally occurring small molecule OSW-1 targets the broad-spectrum 

antiviral target oxysterol-binding protein (OSBP) with high affinity. We discovered that 

transient (6h), non-toxic (1 nM) treatment with the OSW-1-compound triggers an ~90% 

multigenerational decrease in cellular OSBP levels that persists for over 72 hours after 

the OSW-1-compound has been removed from cell culture. The OSW-1-compound 

triggered long-term repression of cellular OSBP levels induces prophylactic antiviral 

activity in cells. The long-term OSBP repression induced by the OSW-1-compound is 

specific for OSBP and does not repress other cellular proteins, including the closest 

protein relative to OSBP, ORP4. These results suggest the existence of an endogenous 

OSBP-specific regulatory response that is triggered by the binding of certain ligands to 

OSBP (i.e., OSW-1). The mechanisms underlying this response remain enigmatic. This 

chapter investigates the mechanism of OSBP regulation leading to long-term OSBP 

repression, and other responses triggered by the OSW-1-compound. We show that OSBP 

is not repressed by canonical mechanisms of protein regulation, including transcriptional 

repression and post-translational proteolysis by the proteasome or autophagy. Instead, the 

OSW-1-compound triggers OSBP regulation on an RNA level, and also causes 

significant changes to an RNA regulatory pathway and antiviral host defense mechanism 

called nonsense-mediated decay (NMD). Additionally, it was determined that OSW-1-

compound treatment induces cellular autophagy through mTORc1 inhibition. Overall, 

utilizing the OSW-1-compound as a small-molecule probe, we discovered a unique 

endogenous OSBP regulatory process that can be exploited to induce broad-spectrum 

antiviral prophylaxis in cells. The combined effects of the OSW-1-compound to: decrease 

and repress cellular OSBP levels for multiple days, inhibit mTORc1, induce cellular 

autophagy, and modulate NMD host defense processes, creates a multifaceted innate 

antiviral environment in the cell that can persist while a viral infection is cleared. 

Together, these results suggest that long-term OSBP repression, and other related 

responses triggered by the OSW-1-compound, may comprise an unrecognized innate 

antiviral response pathway in the cell that could be exploited to create a new class of 

broad-spectrum preventative antiviral treatments. 
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Allocation of Contribution 

The following chapter (Chapter 3) is reproduced with permission in part from (i) 

“Transient Compound Treatment Induces a Multigenerational Reduction of Oxysterol-

Binding Protein (OSBP) Levels and Prophylactic Antiviral Activity,” Roberts, B. L.; 

Severance, Z. C.; Bensen, R. C.; Le, A. T.; Kothapalli, N. R.; Nunez, J. I.; Ma, H.; Wu, 

S.; Standke, S. J.; Yang, Z.; Reddig, W. J.; Blewett, E. L.; Burgett, A. W. G. ACS Chem. 

Biol. 2019, 14 (2), 276–287: DOI: 10.1021/acschembio.8b00984, 

https://pubs.acs.org/doi/full/10.1021/acschembio.8b00984 189. Further permissions 

related to the material excerpted in this chapter should be directed to the American 

Chemical Society (ACS).  

I produced the results presented in this chapter with the following exceptions. Dr. 

Brett Roberts conducted the experiments in Figure 23A, C, and E. Dr. Ryan Bensen 

conducted the experiments in Figure 21 and 23A. Figure 21 was performed in 

collaboration with Dr. Shawna Standke and the Yang Research Group at the University 

of Oklahoma. Dr. Anh Le-McClain synthesized the deuterated OSW-1 standard used in 

Figure 21. Dr. Zhe Wang from the Wu Research Group at the University of Oklahoma 

performed the mass spectrometry analysis for Figure 28A. Dr. Fares Najar from the 

University of Oklahoma performed the RNA Seq bioinformatics analysis in Figure 28B. 
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3.1 Introduction 

 Oxysterol-binding protein (OSBP) is a lipid binding protein expressed 

ubiquitously in humans and other eukaryotes 2,9. OSBP is involved in diverse cellular 

activities such as lipid transport, metabolism, and signaling; however, the overall 

function(s) of OSBP in the cell remain unclear (see Section 1.4: OSBP biology for more 

information) 1,2,9. OSBP is also an evolutionarily conserved host factor required for the 

proliferation of a broad spectrum of human pathogenic RNA viruses 84–89,92. Although 

cholesterol transport to the viral replication compartment (VRC) by OSBP has been 

shown to be required for viral proliferation, OSBP may also provide other critical 

contributions to RNA viral infection that have not yet been elucidated (see Section 1.6.1: 

OSBP as a broad-spectrum antiviral target for more information) 84–89,92.  

The naturally occurring small molecule, OSW-1, selectively targets OSBP and 

ORP4 with high affinity (see Section 1.7.1: ORPphilins for more information on OSW-

1) 52. Our discovery of the long-term multigenerational repression of cellular OSBP 

levels, triggered by OSW-1-compound treatment, is a unique and novel response to 

exogenous small molecule treatment that we call the “washout effect” 189,190. We were 

able to leverage the discovery of this OSBP regulatory response to confer prophylactic 

antiviral activity in cells. This is a novel method of inducing antiviral prophylaxis that 

could potentially be exploited to develop broad-spectrum preventative RNA antiviral 

treatments (see Chapter 2 for more information).  

The initial ~90% decrease of cellular OSBP levels induced by OSW-1-compound 

treatment is proteasome-dependent 52,189; however, the mechanism of OSBP repression 

that causes this ~90% reduction to persist for multiple generations of cells for multiple 



105 

days in the absence of the compound remains unknown. We have previously shown that 

this long-term repression is unique to OSBP, and not other cellular proteins, even OSBP’s 

closest protein relative, ORP4. These results indicate that OSW-1-compound treatment 

triggers an effect in cells that uniquely and specifically regulates OSBP levels for multiple 

days after the initial stimuli is removed, suggesting the existence of an endogenous 

OSBP-specific regulatory response that is triggered by the binding of certain ligands to 

OSBP (i.e., OSW-1). We hypothesize this response may be part of an unrecognized arm 

of innate antiviral response in cells that could be harnessed by small molecules and 

exploited to create an entirely new class of preventative broad-spectrum RNA antiviral 

therapies. Elucidating the mechanism(s) underlying this regulatory response may not only 

be a route to discovering novel cellular biology, but also provide the basis for new 

medicines that exploit this response to create RNA antiviral treatments against many 

human RNA viral pathogens that currently have no treatment. Harnessing and 

understanding this response could introduce a new paradigm in antiviral therapeutics that 

could potentially not only treat, but possibly also prevent existing and new viral RNA 

pandemics, such as the COVID-19 pandemic. 

Protein expression is regulated and repressed through various cellular 

mechanisms 225–228. The regulation of protein expression in the cell is critical for cellular 

function and thus protein expression is subject to regulation at multiple layers: 

transcription, translation, and post-translation 225–228. Transcriptional regulation involves 

varying the transcription of a certain gene from DNA into mRNA 226. Transcriptional 

regulation occurs on two levels: regulation of chromatin structure, which controls the 

accessibility of transcriptional machinery to certain genes, and regulation of 
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transcriptional machinery that bind to genes (when accessible) and promote or repress 

gene transcription into mRNA 226. Translational regulation is a step down from 

transcriptional regulation and involves regulating the ability of the mRNA transcript to 

be translated into protein 227. Eukaryotic translation occurs in three stages: initiation, 

elongation, and termination, with most translational regulation occurring at the initiation 

step 227,229. Translational regulation typically involves RNA binding proteins (RBPs) that 

interact with non-exonic components of the mRNA transcript (i.e., introns, or 3’ or 5’ 

untranslated regions (UTRs)), and regulate the RNA to either promote or inhibit its 

translation 227,230,231. Therefore, the presence of mRNA in a cell does not necessarily mean 

an mRNA transcript will be translated into protein 227. Post-translational regulation 

involves either reversible post-translational modifications (e.g. phosphorylation) that can 

regulate protein function, or the irreversible post-translational selective degradation of a 

protein 228,232. In the latter case, post-translational protein regulation involves the use of 

proteolytic pathways to degrade the protein target, such as the proteasome or autophagy 

228. 

Herein, we investigate the mechanism of OSBP regulation leading to long-term 

OSBP repression in the cell, as well as identify other cellular responses caused by OSW-

1-compound treatment. Our results indicate that the OSW-1-compound triggers OSBP 

regulation on an RNA level, and also causes sweeping changes to an RNA regulatory 

pathway known as nonsense-mediated decay (NMD). NMD is not only a pervasive post-

transcriptional regulatory system used to adjust the specific expression of a protein under 

various stimuli, but also a known host antiviral defense mechanism against RNA viruses 

233–237. Additionally, it is revealed that OSW-1-compound treatment induces cellular 
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autophagy through inhibition of mTORc1. mTORc1 is also involved in host innate 

antiviral response 238–241. Collectively, our results indicate that OSW-1-compound 

treatment creates a multifaceted innate antiviral environment in the cell that may 

comprise an unrecognized cellular innate antiviral response that could be induced simply 

by modulating cellular OSBP levels.  

 

3.2 Methods and Materials 

3.2.1 Cell Lines and Viruses 

Same as Chapter 2 Methods Section 2.2.2: Cell Lines and Viruses. 

 

 

3.2.2 General Cell Culture  

Same as Chapter 2 Methods Section 2.2.3: General Cell Culture 

 

 

3.2.3 Cell Lysis Method 1 (AC Lysis Buffer Freeze/Thaw) 

Same as Chapter 2 Methods Section 2.2.4: Cell Lysis Method 1 (AC Lysis Buffer 

Freeze/Thaw) 

 

3.2.4 Cell Lysis Method 2 (MPER Lysis) 

Same as Chapter 2 Methods Section 2.2.5: Cell Lysis Method 2 (MPER Lysis) 

 

 

3.2.5 Western Blots 

Same as Chapter 2 Methods Section 2.2.6: Western Blots, with the addition of the 

following antibodies: primary antibodies, 1:100 SQSTM1 (p62) D-3 (Santa Cruz sc-

28359) and 1:1000 LC3A/B D3U4C XP® (Cell Signaling 12741). Secondary antibodies, 

1:2000 goat antirabbit IgG-HRP (Cell Signaling 7074S).  
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3.2.6 Washout Experiment 

Same as Chapter 2 Methods Section 2.2.7: Washout Experiment 

 

 

3.2.7 Cycloheximide Chase Experiment 

Same as Chapter 2 Methods Section 2.2.8: Cycloheximide Chase Experiment 

 

 

3.2.8  iTRAQ Proteomic Mass Spectrometry  

Same as Chapter 2 Methods Section 2.2.12: iTRAQ Proteomic Mass Spectrometry 

 

 

3.2.9 LC-MS/MS Analysis of iTRAQ Labeled Peptides 

Same as Chapter 2 Methods Section 2.2.13: LC-MS/MS Analysis of iTRAQ 

Labeled Peptides 

 

3.2.10 OSW-1-Compound Generation and Preparation 

Same as Chapter 2 Methods Section 2.2.16: OSW-1-Compound Generation and 

Preparation 

 

3.2.11 Synthesis of Deuterated OSW-1 Standard 

The deuterated OSW-1 analog was produced via total synthesis of OSW-1 

adapted from literature procedure 242,243. During the synthesis of the xylose component, a 

benzoate group containing the deuterated methyl substituent was introduced.  
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3.2.12 Intracellular OSW-1 Quantification using LC-MS and Single-Cell MS 

Methods 

nano-UPLC/MS: HCT-116 cells (1.5x105 ) were seeded in a 6-well plate. Upon 

60% confluency, cell lysate was created following a 1-hour treatment of 100 nM OSW-

1, with or without a 24 hour post-washout recovery (pWO). Trypsin (0.5 mL) was used 

to detach the cells, with additional McCoy’s media (0.5 mL) to stop digestion. Cell count 

was performed using a Bio-Rad TC20TM Automated Cell Counter with trypan blue 

viability staining. Cells were spun at 500 x g for 5 minutes followed by a 1 mL PBS wash. 

The cell pellet was lysed using 1 mL of 50 nM d-OSW-1 dissolved in cold acetonitrile 

and methanol (1:1) with brief vortexing on ice for 10 minutes. The cell pellet was spun 

at 15000 xg at 4°C for 15 minutes. The supernatant was transferred to a new tube and 

dried using a speed vacuum (Savant SPD11V, Thermo) at 70 °C. Prior to analysis, cells 

are resuspended in 150 µL of ACN: H2O (1:10). Analysis was performed using a Waters 

nanoAQUITY BEH C-18 column (100 µm x 100 mm, 1.7 µm) coupled with a mass 

spectrometer (Thermo LTQ Orbitrap XL, Waltham, MA) using a flow rate of 0.3 uL/min. 

Mobile phase A is ACN with 0.1% formic acid, and mobile phase B is H2O with 0.1% 

formic acid. The time/%A are as follows: 0/0, 1/50, 2/100, 3/100, and 4/0 for a total 

runtime of 5 minutes 244.  

 

3.2.13 Single-Cell MS Analysis 

 HCT-116 cells (1.5x105 ) were seeded on to a glass microchip (18 mm diameter) 

with chemically-etched microwells (55 µm diameter; 25 µm deep) placed into each well 

of a 6-well plate. Upon 60% cell confluency, cells were treated as described for nano-
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UPLC/MS. Following treatment, the microchip was washed with 5 mL of FBS-free 

McCoy’s media and placed on an X, Y, Z-translational stage for quantification. MS 

analysis was performed as previously described 245. Briefly, single probes were coupled 

to the mass spectrometer by using a flexible arm clamp to position the nano-ESI emitter 

in front of the inlet. The solvent-providing capillary was connected to the solvent through 

the conductive union. For quantification, 50 nM d-OSW-1 was added into the solvent. 

High voltage (~4.5 kV) was used for SCMS experiments in the positive ion mode with a 

mass resolution (m/∆m) of 60,000. A flow rate of ~5 nL/s was used (the actual flowrate 

is optimized for each single-probe). Data was collected using Xcaliber software and 

exported into Excel for analysis 244.  

 

 

3.2.14 Proteasome Inhibitor Experiment 

HCT-116 cells were seeded out into plates and incubated for 20 hours. For the co-

incubation experiments, the cells were treated with DMSO (Sigma 472301), 1 nM OSW-

1, 25 nM bortezomib (Sigma 5043140001), 25 nM carfilzomib (AdooQ Bioscience 

A11278), 170 nM MG-132 (Sigma 474787), or a combination of treatments for 24 hours. 

Cells were lysed and analyzed by Western blotting. For the washout experiments, the 

cells were treated with media containing DMSO or 1 nM OSW-1 for 6 hours, washed 3 

times with 5 mL of media, and then allowed to recover for 24 hours. After the 24-hour 

recovery, one set of treatments were lysed as a control to ensure OSBP loss, while the 

other cells were treated with media containing 25 nM bortezomib, 25 nM carfilzomib, 

170 nM MG-132, or DMSO for 24 hours. Cells were lysed and analyzed via Western blot 

214.  
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3.2.15 Calpain Inhibitor Experiment 

Under the washout experimental conditions, cells were treated with DMSO or 1 

nM OSW-1 for 6 hours. Cells were washed out according to the washout experimental 

method previously described (see Chapter 2 Methods Section 2.2.7: Washout 

Experiment). After 24-hour recovery, one set of DMSO and OSW-1 treated cultures 

were lysed following the 6-well lysis method (see Chapter 2 Methods Section 2.2.4: 

AC Lysis). At the same time (24 hour post-washout (pWO), ALLN (10 µM) was added 

to one set of DMSO and one set of OSW-1 treated cells. The cells continued to incubate 

until 48-hour pWO, at which point they were lysed and analyzed via Western blot 244.  

 

3.2.16 Autophagy Experiment 

HEK293 cells were seeded into 10 cm2 plates. Upon 70% confluency, cells were 

treated with DMSO as a vehicle control, 1 nM OSW-1, 25 µM chloroquine, or 100 nM 

rapamycin, or a combination of treatments for 6 hours in 10 mL DMEM media for each 

10 cm2 plate. After 6 hours, the media containing the OSW-1-compound was washed out 

with three separate 5 mL compound-free media washes (same as the washout 

experimental protocol). Cells were then treated with either drug free media, 100 nM 

rapamycin, 25 µM chloroquine, or a combination of treatments, and allowed to recover 

from OSW-1-compound treatment for 6, 15, or 24 hours. After the indicated post-washout 

time point, the cells were lysed using AC lysis buffer according to the cell lysis protocol 

described previously. Lysates were analyzed via Western blot using OSBP, SQSTM1 

(p62), and LC3-A/B antibodies, with β-actin antibody used as a loading control for 
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quantification (antibody information can be found in ‘Western blotting’ experimental 

methods).  

 

3.2.17 RT-PCR Analysis 

HCT-116 and HEK293 cells were seeded at 0.85x105 cells/mL into 10 cm2 plates 

and left to rest for 20 hours. Cells were treated in the same manner as the washout with 1 

nM Taxol, 1 nM OSW-1, and DMSO and left to recover for 0-72 hours. Once each time 

point was reached, media was removed from cell plates and 1 mL of TRIzol (Thermo 

15596026) was added to the plates and cells were scraped and collected in a 1.5 mL 

Eppendorf tube and incubated at room temperature for 5 minutes to ensure nucleoprotein 

complex dissociation. To each tube, 0.2 mL of chloroform was added and incubated for 

2.5 minutes at room temperature. The samples were then spun down at 12,000 x g for 15 

minutes at 4°C. After spinning the upper aqueous phase was transferred into a fresh 1.5 

mL Eppendorf tube. 0.5 mL of 100% isopropanol was added and the tubes were mixed 

by inversion followed by a 10 minute incubation at room temperature. Samples were then 

spun down at 12,000 x g for 10 minutes at 4°C. Supernatant was discarded and 1 mL of 

75% ethanol was added to the pellet to wash the RNA. The sample was vortexed briefly 

to dislodge pellet and then spun down at 7,500 x g for 5 minutes at 4°C. Supernatant was 

discarded and pellets were left to air dry for 5 minutes, after which 100 µL of MQ H2O 

were added to resuspend the RNA. Samples were then heated at 60 °C for 10 minutes. 

RNA concentration was taken using a nano-drop before being stored at -80 °C. cDNA 

was made by using the Maxima First Strand cDNA Synthesis Kit (Thermo K1671). 4 µg 

of RNA was added to a PCR tube containing 1 µL of dsDNase, 1 µL of 10x dsDNase 
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buffer, and MQ H2O to 10 µL. PCR tube was then incubated at 37 °C for 2 minutes, 

placed on ice, spun down briefly, and placed back on ice. 1 µL of 100 mM DTT was 

added to the tube and incubated at 55 °C for 5 minutes, placed on ice, spun down briefly, 

and placed back on ice. 1 µL of 10 mM dNTPs, 1 µL random primers, and MQ H2O to 

15 µL. Tubes were briefly mixed and incubated at 65°C for 5 minutes, put on ice, spun 

down, and put back on ice. 4 µL of 5X RT buffer and 1 µL of Maxima enzyme were 

added to the tube and then incubated at 25 °C for 20 minutes, 50 °C for 30 minutes, 

followed by an inactivation at 85°C for 5 minutes. cDNA was stored at -20 °C. cDNA 

synthesis was confirmed by PCR with intron spanning β-Actin primers. Once verification 

was confirmed, RT-PCR was set up using Fast SYBR Green (Thermo 4385612) with 

intron spanning primers (OSBP, ORP4, and β-Actin). 10 µL of Fast SYBR Green was 

mixed with 0.3 µL of 100 µmoles forward and reverse primer solution, 1 µL of cDNA, 

and MQ H2O to 20 µL. Each gene was done in triplicate for each time point. The plate 

was then run on a Roche LightCycler® 480 system using SYBR green protocol 214. 

 

3.2.18 RNA Seq Analysis 

 HEK293 cells were seeded and treated with 1 nM OSW-1 or DMSO according to 

the washout experimental procedure described previously. After 24 hours post-washout 

(pWO), the samples were lysed in TRIzol and shipped on dry ice to Omega Bioservices 

(Norcross, GA). Omega Bioservices first isolated total RNA using E.N.Z.A. Total RNA 

Isolation Kit II (Product Number R6934-01) and sample extraction QC was analyzed via 

Nanodrop and Agilent Tapestation. mRNA isolation/library prep was performed by Poly-

T oligonucleotide mediated mRNA extraction through hybridization of the mature 
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mRNA Poly-A tail using Illumina TruSeq stranded mRNA library prep kit (Product 

Number 20020595). Library QC was then be analyzed using an Agilent Tapestation. The 

RNA was sequenced using Illumina HiSeq4000/X Ten sequencing platform using a 

PE150 sequencing format. Sequencing depth was performed at 200M reads per samples, 

generating ~30GB of data per sample. The data was downloaded from the Illumina 

BaseSpace website as a fastq file. Data analysis was performed by Dr. Fares Najar at the 

University of Oklahoma Dept. Chemistry/Biochemistry, as outlined in Anders S., 

McCarthy D.J., Chen, Y et al., 2013 246.   

 

3.2.19 Cell Media Analysis for OSBP Levels 

Media was aspirated from four HEK293 cell tissue culture plates: two DMSO 

treated and two OSW-1 treated (1 nM, 24-hour continuous treatment)). The media from 

the two DMSO plates were combined and the media for the two OSW-1 treated plates 

were combined for a total of 20 mL media for each treatment condition. The media was 

then separated into two aliquots for each treatment: two 10 mL DMSO media aliquots 

and two 10 mL OSW-1 media aliquots. Media was filtered using a 0.2 µm pore filter 

(VWR 28145-501) to remove any cells that may have detached and were removed with 

the media. One aliquot for each treatment was centrifuge filter concentrated using a 10 

kDa cut off filter (Sigma Z648027) to a final volume of 500 µL. The remaining aliquot 

was concentrated using ammonium sulfate precipitation (2.91 g ammonium sulfate per 

10mL media). Samples were then diluted in Laemmli buffer and 18 µL of each sample 

was added to each well of the 8.5% SDS PAGE gel; 25 µg of protein was added for 

positive and negative controls (same control lysates as the cell pellet analysis). Western 
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blot analysis was performed as previously described (see Chapter 2 Methods Section 

2.2.6: Western Blots). 

 

3.2.20 Cell Pellet Analysis for OSBP Levels 

Cell pellets were procured from 1 nM, 24-hour OSW-1 treatment treated HEK293 

cells lysed using either the AC lysis (Lysis Method 1) or the MPER method (Lysis 

Method 2) of cell lysis described previously (see Chapter 2 Methods Section 2.2.4 and 

2.2.5 for lysis procedures). Pellets were gently washed with PBS and resuspended to 

remove any residual lysate from the exterior of the pellet. The samples were then 

repelleted using a microcentrifuge centrifuge (14,000 x g for 45 seconds). The PBS was 

removed and the cell pellets were resuspended in 29 µL of Fast Digest buffer (Thermo 

B64) and 1 µL of DNase and incubated at 65 °C for 5 minutes; twice the volume was 

used for MPER lysed pellets due to larger pellet size. 10 µL of Laemmli buffer was then 

added to the samples and samples were incubated at 95 °C for 10 minutes. 18 µL of each 

sample was loaded into an SDS PAGE gel (8.5%). Samples were loaded immediately off 

the heat block to increase solubility. 25 µg of protein was added for the positive control 

(i.e., DMSO 24-hour continual treatment) and negative control (i.e., 1 nM 24-hour OSW-

1 treatment). Western blots were performed as described previously (see Chapter 2 

Methods Section 2.2.6: Western Blots).  

 

3.2.21 Statistical Analysis 

All results are expressed as mean ± SD and are n ≥ 3 unless otherwise stated. All 

statistical tests were performed using GraphPad Prism 7.0. Comparison between groups 
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was made by using a one-way ANOVA with a follow up Dunnett’s test. The p values are 

reported using GraphPad Prism: *p ≤ 0.05, **p ≤ 0.01 ***p ≤ 0.001, and ****p ≤ 0.0001. 

 

 

3.3 Results 

3.3.1 Persistent intracellular OSW-1-compound is not responsible for long-term 

OSBP repression 

Liquid chromatography mass spectrometry (LCMS) was used to quantify the 

amount of OSW-1-compound remaining in the cell 24 hours after the OSW-1-compound 

was removed from cell culture (i.e., 24 hours post-washout (pWO)) to determine if 

persistent residual intracellular OSW-1-compound was responsible for the observed 

OSBP repression (Figure 21). Using a deuterated standard allows for the quantification 

of OSW-1-compound remaining in the cell after compound washout. We determined that 

the OSW-1-compound is no longer detectable 24 hours pWO, with the detectable limit of 

this method ~100 pM (Figure 21A). The absence of detectable intracellular OSW-1-

compound was confirmed using single-cell mass spectrometry (SCMS) (Figure 21B). 

These results confirm that the OSW-1-compound is not continually repressing OSBP 

levels through its persistent presence in the cell, but rather triggers an effect that regulates 

OSBP levels for multiple days after the initial stimuli (i.e., OSW-1) is removed.  
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Figure 21: Intracellular OSW-1-compound levels are undetectable 24 

hours post-washout (pWO). 

A) Liquid chromatography mass spectrometry (LCMS) quantification of 

intracellular OSW-1-compound levels 0 hours pWO and 24 hours pWO after 

100 nM OSW-1-compound treatment for 1-hour in HCT-116 cells using a 

deuterated OSW-1 standard for quantification. OSW-1-compound levels are 

undetectable 24 hours pWO. B) Single-cell LCMS quantification of 

intracellular OSW-1-compound levels 0 hours and 24 hours pWO confirm 

that intracellular OSW-1-compound levels are undetectable 24 hours pWO. 

Average of 3 biological replicates (n=3), detectable limit ~100 pM, NQ = not 

quantifiable. 189 
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3.3.2  Verification of long-term OSBP repression results 

 In an effort to be as thorough, systematic, and parsimonious as possible, 

alternative repression explanations were investigated such as whether the long-term 

repression of OSBP was an experimental artifact, for example, by OSBP being retained 

in the cell pellet after lysis (Figure 22A). To determine if OSBP is retained in the cell 

pellet after lysis, DMSO, Taxol, and OSW-1-compound treated HEK293 cell pellets were 

analyzed after lysis using two different lysis methods (i.e., AC lysis and MPER lysis) 

(Figure 22A). The cell pellets were loaded into the Western blot directly from the heat 

block to increase pellet solubility. No significant OSBP was found remaining in the cell 

pellet under any of the treatment or lysis conditions (Figure 22A).  

The cell culture media was also probed to determine if OSBP was being released 

into the media after OSW-1-compound treatment (Figure 22B). Cell culture media from 

DMSO and OSW-1-compound treated HEK293 cells was analyzed via Western blot after 

media concentration using either centrifuge column concentration, or ammonium sulfate 

precipitation. There is no significant OSBP present in the cell media, and no significant 

difference between DMSO or OSW-1 treated cell media (Figure 22B).  

Together, these results indicate that OSBP is not trapped in the cell pellet during 

lysis, or released into the cell culture media after OSW-1-compound treatment, 

confirming that the observed long-term OSBP repression is not an experimental artifact 

(Figure 22). 
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Figure 22: OSBP is not trapped in the cell pellet, or released into the 

cell media after OSW-1-compound treatment. 

A) HEK293 cell pellets lysed using either the AC lysis method or MPER 

lysis method, treated with DMSO, OSW-1-compound, or Taxol and 

analyzed via Western blot. There is no OSBP detected in the cell pellet 

after lysis, or difference between conditions, indicating OSBP is not 

sequestered in the cell pellet after OSW-1-compound treatment. B) DMSO 

and OSW-1-comound treated HEK293 cell culture media was concentrated 

using either centrifuge column concentration (C.C.), or ammonium sulfate 

precipitation (A.S.) and analyzed via Western blot. There is no significant 

OSBP detected in the media, and no significant difference between 

treatment groups, revealing OSBP is not released into the cell culture 

media after treatment. Positive and negative controls used were DMSO 

vehicle control samples and 1 nM, 24-hour OSW-1-compound treated 

samples, respectively 189. 
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3.3.3 Long-term OSBP repression does not occur through canonical mechanisms and 

is mediated through RNA regulation 

 To elucidate the regulatory mechanism(s) mediating the long-term repression of 

OSBP levels in the cell after OSW-1-compound washout treatment, we began 

systematically testing and eliminating some of the more likely regulation mechanisms, 

including inhibition of transcription and post-translational proteolysis by the proteasome 

or autophagy (Figure 23). Since the initial loss of OSBP in the cell is proteasome-

dependent, we examined whether the long-term repression of OSBP was a consequence 

of continual proteasome degradation (Figure 23A) 52. The proteasome was inhibited 

using three different well-studied proteasome inhibitors, bortezomib, carfilzomib, and 

MG132. The results showed that although the initial decrease in OSBP levels is 

proteasome-dependent, the subsequent long-term OSBP repression was not significantly 

rescued by any of the proteasome inhibitors, indicating that the proteasome is not 

responsible for the long-term OSBP repression triggered by the OSW-1-compound 

(Figure 23A). Additionally, calcium-dependent proteases called calpains have been 

implicated in the cellular activity of the OSW-1-compound in HL-60 cells, resulting in 

the calpain-dependent degradation of the ER chaperone protein, GRP78, after OSW-1-

compound treatment 191. Inhibition of calpains using the calpain inhibitor, ALLN, also 

did not rescue long-term OSBP repression, indicating calpain-dependent degradation is 

not responsible for the persistent OSBP reduction (Figure 23A). We next tested whether 

the other canonical proteolytic pathway in the cell, autophagy, was responsible for the 

repression (Figure 23B). Inhibition of cellular autophagy using the autophagy inhibitor, 

chloroquine (CQ), did not rescue OSW-1-compound triggered long-term OSBP 
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repression (Figure 23B). Collectively, these results indicate that OSBP repression is not 

regulated by post-translational proteolysis.  

 We next investigated whether long-term OSBP repression was regulated at a 

transcriptional level (Figure 23C, D). qPCR and RNA Seq analyses were both employed 

to quantify changes in OSBP mRNA levels after OSW-1-compound washout treatment. 

These analyses revealed that OSBP mRNA levels are not significantly changed compared 

to the vehicle control at any pWO timepoint measured (Figure 23C, D). Additionally, 

using an RNA Seq sequencing depth of 200M reads/sample allowed for detection of all 

12 OSBP/ORP transcripts and showed that no other ORP transcript significantly changed 

in expression after OSW-1-compound washout treatment (Figure 23D). The results of 

the qPCR and RNA Seq analysis reveal that OSBP mRNA is still being transcribed 

normally after OSW-1-compound washout treatment, despite an almost complete absence 

of OSBP at the protein level, indicating long-term OSBP repression is not regulated on a 

transcriptional level. 

 To determine if the observed OSBP repression was the result of rapid OSBP 

turnover in the cell, a cycloheximide chase experiment was performed to investigate the 

normal turnover rate and half-life of OSBP, both of which had not been previously 

reported (Figure 23E). Cycloheximide treatment inhibits global protein translation in the 

cell and is therefore cytotoxic after 24 hours. The results indicate that OSBP is not rapidly 

turned over in the cell and possesses a half-life of >24 hours (Figure 23E).  

The low turnover rate of OSBP under normal conditions, in combination with the 

inability of proteasome and autophagy inhibitors to rescue long-term OSBP repression 

under washout conditions, indicates that this repression is most likely not regulated at the  
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Figure 23: Long-term OSBP repression is not regulated on a transcriptional 

or post-translational level. 

A) Cells were treated with 1 nM OSW-1-compound for 6 hours, followed by 24-

hour pWO recovery, allowing OSBP levels to reduce ~90%. After 24 hours pWO, 

cell were treated with the proteasome inhibitors bortezomib (25 nM ), carfilzomib 

(25 nM), MG132 (170 nM), or the calpain inhibitor ALLN (10 µM) for 24 hours, 

after which OSBP levels were quantified via Western blot. Results show that 

proteasome and calpain inhibition do not rescue OSBP repression. B) Autophagy 

inhibition using the autophagy inhibitor chloroquine (CQ) (25 µM) also did not 

significantly increase OSBP levels pWO. C) qPCR analysis of OSBP mRNA 

levels 0-72 hr pWO and D) RNA Seq analysis of OSBP/ORP mRNA 24 hours 

pWO reveal that OSBP mRNA is still being transcribed normally relative to 

vehicle control after OSW-1-compound treatment. E) Cycloheximide-chase 

experiment to determine OSBP half-life in the cell using 177 nM cycloheximide 

as a translational inhibitor. p21 levels were used as a control for translational 

inhibition, with the p21 half-life generated from this experiment consistent with 

previously reported values 291. OSBP half-life was determined to be >24 hours. 
189  
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post-translational level. Additionally, the observation that OSBP mRNA is still being 

transcribed normally after OSW-1-compound treatment indicates that OSBP repression 

is most likely regulated on an OSBP mRNA level. 

To confirm that long-term OSBP repression is regulated on an RNA level, 

HEK293 cells were transfected with exogenous Myc-His tagged OSBP (Figure 24). 

OSBP Myc-His cDNA contains only exons and does not possess regulatory elements 

such as introns, or 3’ and 5’ UTRs; therefore, exogenous OSBP-Myc-His cannot be 

regulated by RNA binding proteins and other translational regulatory proteins that 

typically target non-exon portions of the mRNA transcript to regulate translation 230,231. 

We found that exogenous OSBP-Myc-His responds differently to OSW-1-compound 

treatment than endogenous OSBP, with only an ~50% decrease in exogenous OSBP-

Myc-His levels 24 hours pWO after 6-hour, 100 nM OSW-1-compound treatment 

(Figure 24). Similarly, 50 nM, 24-hour continual OSW-1-compound treatment decreased 

exogenous OSBP-Myc-His levels by only 50% (Figure 24). OSW-1-compound 

treatment concentrations greater than 50 nM for 24-hour continual treatment was too 

cytotoxic to obtain viable results (data not shown). Comparatively, endogenous OSBP 

levels decrease ~90% after only 1 nM OSW-1-compound treatment for 6 hours, followed 

by 24-hour pWO recovery (Figure 23A, B). These results indicate that exogenous OSBP-

Myc-His is resistant to OSW-1-compound induced long-term repression, consistent with 

the mechanism of repression being regulated at the RNA level. 
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Figure 24: Exogenous OSBP-Myc-His is not regulated in 

the same manner as endogenous OSBP. 

HEK293 cells were subject to low-dose transfection (1 µg 

OSBP-Myc-His cDNA in 10 cm2 plates) followed by OSW-1-

compound washout treatment at the indicated concentration 

(i.e., 6-hour OSW-1-compound treatment followed by 24-hour 

pWO recovery), or 24-hour continual OSW-1-compound 

treatment at the indicated concentration. OSBP levels after 

treatment were analyzed via A) an OSBP-specific antibody 

capable of detecting both endogenous and exogenous OSBP 

and B) Myc tag-specific antibody, capable of detecting only 

exogenous OSBP-Myc-His. NT=Not Transfected. Black text 

above the Western blot indicates washout conditions, while 

blue text indicate 24-hour continual treatment. Experiments 

were performed in duplicate. 

A

B

OSW-1 Washout Treatment (nM)
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3.3.4 OSW-1-compound treatment induces cellular autophagy through mTORc1 

inhibition.  

 Although autophagy is not responsible for the long-term repression of OSBP 

levels (Figure 23B, 25A), the controls used to determine that CQ treatment effectively 

inhibited cellular autophagy indicated that OSW-1-compound treatment was inducing 

cellular autophagy (Figure 25B, C). During autophagy, the protein, p62, binds 

autophagic substrates destined for degradation and returns it to the autophagosome 

through interaction with the protein, LC3B, located on the autophagosome membrane 247. 

During the autophagic process, p62 is degraded by the autolysosome along with the 

autophagic substrates, while the membrane-bound LC3B is not degraded 247. 

Consequently, a decrease in cellular p62 levels is indicative of an increase in autophagic 

flux (i.e., degradation of autophagic substrates), and an increase in LC3B levels is 

indicative of an increase in autophagosome formation. The quantification of both cellular 

p62 and LC3B levels therefore allows for the monitoring of cellular autophagy induction 

247,248. Rapamycin, a well-studied inducer of autophagy, was used as a positive control to 

induce autophagy, while CQ was used as a negative control to inhibit autophagy 247,248.  

Cellular p62 levels were found to decrease ~50% 0 hours pWO and steadily 

increase in a time-dependent manner after the removal of the OSW-1-compound (Figure 

25B). Additionally, LC3B levels in OSW-1/CQ treated cells are comparable to the 

positive control rapamycin/CQ treated cells 0 hour pWO, and by 24 hour pWO, there is 

significantly more LC3B in the OSW-1/CQ treated cells compared to the rapamycin/CQ 

treated positive control cells (Figure 25C). These results are consistent with the induction 

of cellular autophagy after OSW-1-compund treatment. Importantly, co-incubation of 
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OSW-1 and CQ greatly potentiated the cytotoxicity of OSW-1, suggesting autophagy 

may be induced as a cytoprotective mechanism against OSW-1-compound treatment 

(data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

mTORc1 is a cellular protein complex that functions as a signaling hub in cells, 

integrating various cellular inputs and directing cellular anabolic and catabolic processes 

(Figure 26A). Inhibition of mTORc1 induces catabolic processes in cells, such as 

 
Figure 25: OSW-1-compound treatment induces cellular autophagy. 

A) Autophagy inhibition via chloroquine (CQ) treatment (25 µM) does not significantly 

increase OSBP levels 24 hr pWO. Rapamycin (Rap) (100 nM) was used as a positive 

control to induce autophagy. B) OSW-1-compound treatment decreases cellular p62 

levels ~50% 0 hours pWO, indicative of an increase in autophagic flux. C) OSW-1-

compound treatment significantly increases cellular LC3B levels (bottom band). OSW-

1/CQ treated cells possess significantly more cellular LC3B than CQ treated cells alone, 

and comparable levels to the positive control Rap/CQ treated cells at 0 hour pWO. By 

24 hours pWO, OSW-1/CQ treated cells possess significantly more LC3B than even 

the positive control, indicating a significant increase in autophagosome formation after 

OSW-1-compound treatment 189. 
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autophagy 249. Small molecule schweinfurthins, which target OSBP and ORP4 similar to 

the OSW-1-compound, have previously been reported to cause mTORc1 inhibition in 

cells (see Section 1.7.1: ORPphilins for more information) 250. Therefore, OSW-1-

compound induced inhibition of mTORc1 was investigated as the mechanism leading to 

the observed autophagy induction after OSW-1-compound treatment 249. mTORc1 

activity was monitored by measuring REDD1 levels and phosphorylation of p70S6K at 

T-389 as a proxy for mTORc1 activity (Figure 26A) 251,252.  

REDD1 is an endogenous inhibitor of mTORc1 that is also regulated by mTORc1 

251. When mTORc1 is inhibited (e.g. after rapamycin treatment) REDD1 is decreased on 

both a protein and transcript level (Figure 26A) 251. Under OSW-1-compound washout 

conditions, REDD1 protein levels were found to decrease ~50% 24 hours pWO (Figure 

26B). Additionally, RNA Seq analysis showed that the REDD1 transcript was one of the 

most significantly downregulated transcripts detected under OSW-1-compound washout 

conditions 24 hours pWO (~5-fold decrease in expression, p-value: 2.13E-06, FDR: 

4.45E-03), consistent with OSW-1-compound treatment inhibiting mTORc1 (Figure 

28B).  

p70S6K is a kinase downstream of mTORc1 and is regulated by mTORc1 (Figure 

26A) 252. Phosphorylation of p70S6K at T-389 by mTORc1 is a hallmark of mTORc1 

activation and leads to an increase in global protein synthesis and autophagy inhibition 

(Figure 26A) 252.  Conversely, a decrease in p70S6K T-389 phosphorylation is correlated 

with autophagy induction, decrease in protein synthesis, and mTORc1 inhibition 252. 

Phosphorylation of p70S6K at T-389 was also found to decrease ~50% under OSW-1-
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compound washout conditions 24 hours pWO, confirming that OSW-1-compound 

treatment inhibits mTORc1 (Figure 26C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 26: OSW-1-compound treatment inhibits mTORc1. 

A) Outline of mTORc1 signaling, with emphasis on mTORc1 signaling 

connections to REDD1 and p70S6K, used for monitoring mTORc1 activity in 

the cell. Figure adapted from mTORc1 KEGG pathway map. B) Western blot 

and quantification of REDD1 levels reveal REDD1 protein levels decrease 

~50% 24 hours pWO. C) Western blot quantification of p70S6K 

phosphorylation at T-389 using a T-389 phospho-specific antibody. Insulin was 

used as a positive control to activate mTORc1 and rapamycin was used as a 

negative control to inhibit mTORc1. *p70S6K results were performed in 

duplicate. 
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Additional lines of evidence that OSW-1-compound treatment inhibits mTORc1 

can be found in our iTRAQ proteomic mass spectrometry and RNA Seq analyses of 

OSW-1-compound washout cells (Figure 27, 28). As previously mentioned, mTORc1 

inhibition causes a decrease in global protein synthesis and ribosome biogenesis (Figure 

26A) 252,253. In the iTRAQ analysis, of the 243 significantly changed proteins detected in 

the 2D iTRAQ analysis 24 hours pWO, over 30 were ribosomal subunits, all of which 

significantly decreased after treatment (Figure 27A, Figure 28A). This decrease in 

ribosome subunit production also occurred on a transcript level in the RNA Seq analysis, 

with over 15 ribosomal subunits detected also decreasing on a transcript level (Figure 

27B).  

Furthermore, both the 1D and 2D iTRAQ analyses indicated that global protein 

synthesis is decreased 24 hours pWO, as evidence by the shift left of almost all cellular 

proteins detected in the volcano plot (Figure 14, 28A). Both the decrease in ribosome 

production and the decrease in protein synthesis is consistent with OSW-1-compound 

induced mTORc1 inhibition 252,253. The decrease in protein synthesis in the iTRAQ 

analyses are resolved 72 hours pWO, which is consistent with the reemergence of OSBP 

in this cell line (HEK293) (Figure 10, 14, 28A). This result suggests that mTORc1 

inhibition occurs due to the chemical knockdown of OSBP by the OSW-1-compound. 

During this time while my research was underway, a paper came out in Nature Cell 

Biology confirming these results, also showing that OSBP is required for mTORc1 

activation, and chemical or genetic knockdown of OSBP leads to mTORc1 inhibition and 

subsequent autophagy in cells 59.  
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Figure 27: OSW-1-compound treatment decreases ribosomal subunit 

production on both a transcript and protein level. 

KEGG pathway maps of significantly changed ribosomal subunits after OSW-

1-compound treatment, all of which significantly decreased 24 hours pWO. 

Significantly changed ribosomal subunits are shown in red. A) Significantly 

decreased ribosomal subunit proteins from 2D iTRAQ analysis. B) Significantly 

decreased ribosomal subunit transcripts from RNA Seq analysis. 

iTRAQ Analysis

RNA Seq Analysis
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3.3.5 Global transcriptomic and proteomic analysis reveal significant changes to RNA 

regulation after OSW-1-compound treatment 

 RNA Seq and iTRAQ proteomic mass spectrometry analyses were utilized to 

identify global changes to the cellular transcriptome and proteome after OSW-1-

compound washout treatment that may provide clues to the mechanism of RNA 

regulation mediating OSBP repression (Figure 28).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2D mass spectrometry analysis involves using an additional chromatography 

method that further separates components in the sample prior to MS analysis, allowing 

for the detection of more peptides 216. The 2D iTRAQ proteomic mass spectrometry 

 
Figure 28: Proteomic and transcriptomic analysis after OSW-1-compound 

washout treatment.  

A) 2D iTRAQ proteomic mass spectrometry analysis of global protein changes in 

HEK293 cells after OSW-1-compound washout treatment 24 hours and 72 hours 

pWO. B) RNA seq analysis of global transcript changes in HEK293 cells after OSW-

1-compound washout treatment 24 hours pWO. Both analyses were performed using 

three independent biological replicates (n=3). 
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analysis detected and identified a total of 2045 cellular proteins. 243 of those proteins 

were significantly changed 24 hours pWO, with all but 4 proteins decreasing in 

abundance relative to the DMSO vehicle control (Figure 28A). In contrast, only 32 

proteins were found to significantly change 72 hours pWO, most of which increased in 

abundance relative to the DMSO vehicle control (Figure 28A). Note the previously 

mentioned ‘shift left’ in the volcano plot in 24-hour pWO samples is consistent with a 

slight global decrease in protein synthesis. The ‘shift left’ is resolved 72 hours pWO, 

consistent with the reemergence of OSBP levels in this cell line (HEK293). The 1D 

iTRAQ analysis (Figure 14), also displays this global ‘shift left’ 24 hours pWO. Almost 

all peptides detected in both 1D and 2D iTRAQ analyses 24 hours pWO were decreased 

relative to the DMSO vehicle control (Figure 14, 28A).  

 The RNA Seq analysis detected over 12,500 transcripts, with approximately 300 

transcripts significantly changed 24 hours pWO (Figure 28B). Approximately 230 of 

these transcripts increased in expression, while approximately 70 transcripts decreased in 

expression (Figure 28B). In contrast to the iTRAQ proteomic analysis, there is no ‘shift 

left’ in the RNA Seq volcano plot. This indicates that the almost ubiquitous moderate 

decrease in peptides detected 24 hours pWO in the iTRAQ analyses are occurring on the 

protein level, but this decrease is not reflected on the transcript level, indicating a change 

in global RNA regulation after OSW-1-compound treatment (Figure 14, 28). 

Additionally, many of the significantly decreased proteins 24 hours pWO in the iTRAQ 

analysis were associated with translational machinery (i.e., ribosomal subunits and 

translational initiation factors etc.). Together, these observations are consistent with our 

previously obtained results indicating that OSW-1-compound treatment triggers 
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regulation of OSBP  on an RNA level to mediate long-term OSBP repression (Figure 23, 

24).  

The iTRAQ and RNA Seq datasets of OSW-1-compound treated washout cells 

were analyzed using a combination of gene ontology and KEGG pathway analysis to 

more precisely identify significantly changed biological processes (Figure 29). Gene 

ontology analysis provides a list of significantly changed biological processes with 

associated p-values, which indicate the likelihood of the annotation of a particular process 

to a group of changed proteins/transcripts to occur by chance (Figure 29) 254. Gene 

ontology and KEGG analyses identified significantly changed biological processes 

consistent with our previous results: changes in translation, particularly at the initiation 

level, ribosome subunit biogenesis, and proteasome associated degradation (Figure 29). 

However, one process was the most significantly changed in both the iTRAQ and RNA 

Seq analyses, an RNA regulation pathway called nonsense-mediated decay (NMD) 

(Figure 29). NMD was originally implicated as an RNA surveillance pathway that detects 

aberrant mRNA transcripts with premature termination codons (PTCs), hence the name. 

More recently, NMD has been recognized as a pervasive post-transcriptional regulation 

pathway commonly used by cells to adjust the specific expression of a protein under 

various stimuli 233,234. Importantly, the introduction of a PTC does not have to occur 

through genetic mutation, but can be generated through alternative splicing, a process 

known as Regulated Unproductive Splicing and Translation (RUST), or alternative 

splicing NMD (AS-NMD) 233,234,255. Interestingly, NMD is also a host defense mechanism 

used against RNA viruses, which are the same viruses that OSBP targeting inhibits 235–

237.  
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Probing alternative splicing databases revealed OSBP, but not ORP4, possesses 

an NMD-responsive alternative transcript (Figure 30). This transcript is generated by 

removing exon 9, which contains half of the ORP fingerprint region, including the two 

histidine residues required for phospholipid binding (Figure 30). Removal of this exon 

also introduces a frameshift and a downstream PTC, generating the NMD-responsive 

 
Figure 29: Gene ontology analysis of iTRAQ and RNA Seq datasets. 

Gene ontology analysis of biological processes that are significantly 

changed after OSW-1-compound washout treatment 24 hours pWO in 

both iTRAQ and RNA Seq analyses with associated p-values and False 

Discovery Rate (FDR) values. Results generated from 

http://geneontology.org/ and confirmed using KEGG Pathway analysis. 

 

 

 

 

http://geneontology.org/
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OSBP transcript variant. There are no published reports about this OSBP NMD transcript, 

or how it contributes to OSBP regulation. The existence of an OSBP NMD-responsive 

transcript, but not ORP4, may explain why OSW-1-compound treatment triggers the 

long-term repression of OSBP, but not ORP4 (see Chapter 2). The significant changes 

to NMD on both a transcript and protein level (Figure 29) suggests that OSW-1-

compound treatment may activate cellular NMD processes, which may also cause the 

alternative splicing of OSBP to the NMD-responsive transcript. NMD targeting of the 

alternatively spliced OSBP NMD-responsive transcript would result in repression of 

OSBP on the protein level, which continues in the absence of the OSW-1-compound. In 

total, our results indicate long-term repression of OSBP is regulated by the RNA 

regulatory pathway, NMD; however, furthers studies are necessary to confirm this 

hypothesis.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4 Discussion 

 In this chapter, the mechanism(s) underlying the long-term repression of OSBP 

and other cellular responses triggered by the OSW-1-compound were investigated. We 

 
Figure 30: OSBP transcript variants. 

Transcript variants of OSBP reveal that OSBP possesses an NMD-responsive alternative 

transcript (highlighted in red), while ORP4 does not. Image obtained from 

http://grch37.ensembl.org/. 

. 

 

http://grch37.ensembl.org/
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found that long-term OSBP repression is not due to persistent residual OSW-1-compound 

in the cell, with intracellular OSW-1-compound levels undetectable 24 hours pWO 

(Figure 21). OSBP long-term repression was also found not to be a result of OSBP 

sequestration in cell pellets during the lysis process, and OSBP is not released into the 

cell culture media after OSW-1-compound treatment (Figure 22). Collectively, these 

results confirm that OSBP is repressed in cells in the absence of the OSW-1-compound, 

and OSW-1-compound treatment triggers a cellular mechanism that regulates OSBP 

levels for multiple day after the OSW-1-compound is no longer detectable in cells. 

 The mechanism of OSBP repression is not regulated on a post-translational level, 

as OSBP is shown not to be rapidly turned over in the cell under normal conditions, and 

inhibition of the two canonical post-translational proteolytic pathways, autophagy and the 

proteasome, did not rescue OSBP repression (Figure 23 A, B, E). Furthermore, qPCR 

and RNA Seq analysis revealed that OSBP mRNA is still being transcribed at a rate 

comparable to untreated cells after OSW-1-compound washout treatment (Figure 23 C, 

D). The continued transcription of OSBP mRNA, in combination with the failure of 

inhibitors of the major post-translational proteolytic pathways to rescue the repression, 

indicates that long-term OSBP repression is mediated on an OSBP mRNA level. 

Consistent with these results, exogenous Myc-His tagged OSBP containing only exons, 

but not regulatory elements commonly targeted by RNA binding regulatory proteins (i.e., 

introns or 3’ and 5’ UTRs), was resistant to the washout effect, implying endogenous and 

exogenous OSBP are regulated differently after OSW-1-compound washout treatment 

(Figure 24) 231. 
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 While investigating autophagy as the possible repression mechanism, OSW-1-

compound treatment was found to induce cellular autophagy, as evidenced by the 

monitoring of cellular p62 and LC3B levels, which are both well-studied indicators of 

autophagic flux and autophagosome formation, respectively (Figure 25). A previously 

published report showed that treatment with small molecule schweinfurthins, a member 

of the ORPphilin family like the OSW-1-compound (see Section 1.7.1: ORPphilins for 

more information), leads to mTORc1 inhibition in the cell 250. The connection between 

mTORc1 inhibition and autophagy induction in the cell led us to investigate whether 

OSW-1-compound treatment also inhibited mTORc1, resulting in the observed 

autophagy induction 249. Under OSW-1-compound washout conditions, both REDD1 and 

pT389-p70S6K levels were decreased ~50% 24 hours pWO, and RNA Seq analysis 

revealed REDD1 is one of the most downregulated transcripts detected 24 hours pWO, 

all consistent with mTORc1 inhibition in the cell (Figure 26) 251,252. Additionally,  

iTRAQ proteomic mass spectrometry analysis revealed a significant decrease in 

ribosomal subunit production, and a decrease in global protein synthesis 24 hours pWO, 

also consistent with mTORc1 inhibition (Figure 27, 28) 252,253. The decrease in protein 

synthesis and ribosomal subunits was resolved 72 hours pWO, correlating with the 

reemergence of OSBP levels in this cell line (HEK293),  and suggesting that specifically 

the chemical knockdown of OSBP by OSW-1 was responsible for the mTORc1 

inhibition. 

Shortly after obtaining these results, a paper was published in Nature Cell Biology 

by the Zoncu lab at UC Berkley confirming these findings 59. mTORc1 is a cellular 

protein complex that functions as one of the cell’s main sensors and effectors, integrating 
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various cellular inputs like nutrition levels and growth factors and subsequently activating 

or inhibiting downstream cellular processes in response (Figure 26A) 249. mTORc1 

activation occurs at the lysosome, and the Zoncu group found that this localization and 

subsequent activation of mTORc1 required cholesterol trafficked from the ER to the 

lysosome via OSBP 59. Therefore, OSBP levels are directly coupled to mTORc1 activity, 

and the chemical or genetic knockdown of OSBP leads to mTORc1 inhibition and 

subsequent autophagy 59. Although we were the first group to publish that OSW-1-

compound treatment induces cellular autophagy 189, the Zoncu group was the first group 

to publish the direct connection between OSBP levels and mTORc1 activity that leads to 

the autophagy induction 59.  

However, the confirmation that OSBP levels are directly coupled to mTORc1 

activity is an important finding for our innate antiviral response hypothesis (see Chapter 

2 for more information on the innate antiviral hypothesis). mTORc1 is involved in 

cellular innate antiviral response in cells and RNA viruses commonly subvert mTORc1 

through various mechanisms, resulting in constitutive activation of mTORc1 in cells 

during viral infection 238–241. In response to viral infection, host cells commonly induce 

autophagy to eliminate invading viruses, decrease protein synthesis and ribosome 

biogenesis to inhibit viral protein production, or induce apoptosis to contain the viral 

infection; all processes mediated by the inhibition of mTORc1 238,256. Viral subversion 

and constitutive activation of mTORc1 counteracts these host defenses, as mTORc1 

activation inhibits autophagy, inhibits apoptosis, and increases protein synthesis and 

ribosome biogenesis to increase viral protein production 238.  The long-term repression of 

OSBP by the OSW-1-compound would therefore not only inhibit cholesterol transfer to 
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the viral replication compartment (VRC), consequently inhibiting viral proliferation, but 

also directly inhibit mTORc1, thus countering viral subversion and constitutive activation 

of mTORc1 and inducing the antiviral effects associated with mTORc1 inhibition (i.e, 

autophagy induction, decrease in viral protein production etc.). A multifaceted antiviral 

response that can be triggered simply by regulating OSBP levels in the cell.  

 iTRAQ proteomic mass spectrometry and RNA Seq were also used to quantify 

global proteomic and transcriptomic changes after OSW-1-compound washout treatment. 

Analysis of these datasets using gene ontology and KEGG pathway analysis allowed for 

the identification of significantly changed biological processes in OSW-1-compound 

washout treated cells (Figure 29). Many of the significantly changed biological processes 

after OSW-1-compound washout treatment detected in both analyses were consistent 

with our previous results: changes in translation, particularly at the initiation level, 

ribosome subunit biogenesis, and proteasome associated degradation (Figure 29). 

However, one process was the most significantly changed in both iTRAQ and RNA Seq 

analyses, an RNA regulation pathway called nonsense-mediated decay or (NMD) (Figure 

29). NMD was originally implicated as merely an RNA surveillance mechanism for 

detecting aberrant mRNA containing premature termination codons (PTCs) 233,234. More 

recently, NMD has been recognized as a pervasive post-transcriptional regulation 

pathway commonly used by cells to adjust the specific expression of a protein under 

various stimuli 233,234.  However, the introduction of a PTC does not have to occur through 

genetic mutation, but can be brought about through alternative splicing, a process known 

as Regulated Unproductive Splicing and Translation (RUST), or alternative splicing 

NMD (AS-NMD) 233,234,255.  
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Additionally, probing alternative splicing databases revealed OSBP, but not 

ORP4, possesses an NMD-responsive alternative transcript (Figure 30). There are no 

published reports about this OSBP NMD transcript, or how it contributes to OSBP 

regulation (Figure 30).  The existence of an OSBP NMD-responsive transcript, but not 

ORP4, may explain why both proteins decrease in a time and proteasome-dependent 

manner after OSW-1-compound treatment, but only OSBP levels remain repressed after 

the compound is removed (see Chapter 2). The significant changes to the NMD pathway 

on both a transcript and protein level, suggests that OSW-1-compound treatment activates 

cellular NMD processes, which may also cause the alternative splicing of OSBP to the 

NMD-responsive transcript. NMD targeting of the OSBP NMD-responsive transcript 

would then result in repression of OSBP on the protein level that persists in the absence 

of the OSW-1-compound. In total, our results indicate long-term repression of OSBP is 

regulated by the RNA regulatory pathway, NMD; however, furthers studies are necessary 

to confirm this hypothesis.  It is worth noting that we cannot currently rule out miRNA 

regulation of the OSBP transcript, as OSBP has been reported to be targeted by the brain-

specific, miR-124, and miRNA have previously been shown to have a role in sterol 

regulation and innate antiviral response in cells 181,257. 

The connection between how OSW-1-compound treatment induces alternative 

splicing and NMD processes may lie in the OSBP repression induced mTORc1 inhibition. 

Recently, rapamycin, which as previously mentioned is an mTORc1 inhibitor, was shown 

to modulate NMD processes in cells; increasing the quantity of PTC-containing NMD  

transcripts, as well as decreasing the expression of NMD substrates 258. These results 

indicate that mTORc1 inhibition can not only induce alternative splicing to increase 
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NMD-responsive transcript expression, but also augment NMD of particular transcripts 

258. Additionally, mTORc1 has been reported to interact with splicing factors and regulate 

their activity 259,260. However, whether this is the mechanism leading to alternative 

splicing and NMD modulation in the context of our studies remains to be determined. 

Additionally, the connection between mTORc1 inhibition, alternative splicing and NMD 

augmentation remains unclear 258. 

Importantly, NMD was also recently identified as a host defense mechanism used 

against (+)ssRNA viruses, which are the same viruses that targeting OSBP inhibits 235–

237. (+)ssRNA viruses have mRNA-like genomes (i.e., mRNA is (+)ssRNA), and 

typically contain multiple open reading frames, necessary to maximize genome size and 

express as many proteins as possible in a condensed viral genome 261. These mRNA-like 

genomes with multiple open reading frames resemble endogenous NMD substrates and 

are consequently degraded by the NMD pathway, making NMD an ideal pathway for 

targeting invading viral RNA 261.  The effect of OSW-1-compound washout treatment on 

the NMD pathway in the cell may be another facet of the innate antiviral response 

hypothesis, in addition to inhibition of cholesterol transport to the VRC and mTORc1 

inhibition. 

 

3.5 Conclusions 

 Overall, utilizing the OSW-1-compound as a small-molecule probe, we 

discovered a unique cellular OSBP regulatory process, triggered by the OSW-1-

compound, that can be exploited to induce broad-spectrum antiviral prophylaxis in cells. 

The combined effects of the OSW-1-compound to trigger: a decrease and repression of 

cellular OSBP levels for multiple days, consequently inhibiting mTORc1 (decreasing 
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global protein synthesis and inducing autophagy), and modulate NMD host defense 

processes, creates a multifaceted innate antiviral environment in the cell that can persist 

while a viral infection is cleared. We hypothesize that the long-term repression of OSBP, 

and the other antiviral associated responses induced as a result of this repression, may be 

part of an unrecognized innate antiviral response pathway in the cell. The ability to trigger 

and exploit this response for antiviral prophylaxis using the OSW-1-compound, indicates 

this multifaceted innate antiviral response can be harnessed with exogenous small 

molecules. This chapter elucidates important insights into OSBP cellular biology and 

provides the basis for the creation and development of an entirely new class of broad-

spectrum RNA antiviral compounds. The broad-spectrum, preventative potential of this 

novel approach may introduce a new paradigm in RNA antiviral therapeutics that would 

greatly increase our currently limited capacity to prevent and treat RNA viral pandemics 

like COVID-19.  
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Chapter 4: Ligand binding profiling and structure-activity 

relationship (SAR) of ORP subfamily 1: OSBP and ORP4 

 

Abstract 

OSBP and the ORPs all possess an ~50 kDa C-terminal OSBP-related ligand-

binding domain (ORD). The ORD has the ability to bind both sterols (i.e., cholesterol and 

oxysterols) and phospholipids. In addition to endogenous lipids, a collection of 

structurally diverse, biologically-active modified oxysterol compounds have been shown 

to target OSBP and ORP4 through the ORD sterol binding pocket, including OSW-1, 

cephalostatin 1, ritterazine B, and T-00127-HEV2. OSBP and ORP4 have also been 

implicated in human disease biology: OSBP is essential for the proliferation of a broad 

spectrum of viral pathogens and ORP4 expression drives cancer cell proliferation and 

survival. OSBP and ORP4 are therefore potentially druggable targets to create novel 

antiviral and anticancer drugs. However, drug development against OSBP and ORP4 is 

limited by the lack of defined structure-activity relationship (SAR) between OSBP and 

ORP4 and their oxysterol ligands. There are no solved protein structures for OSBP or 

ORP4. Herein, we report the first comprehensive SAR study of oxysterol ligand binding 

to OSBP and ORP4. Using a library of various non-cholesterol oxysterols (e.g. cardiac 

glycoside and glucocorticoid drugs), cholesterol oxysterols, and oxysterol side chain 

analogs, we show that OSBP and ORP4 only interact with cholesterol oxysterols, and 

tolerate various side chain hydroxylation positions (i.e., C-20, C-24, C-25 and C-27) and 

side chain stereochemistry. The ability of OSBP and ORP4 to bind various side chain 

hydroxylated oxysterols does not apply to C-22 hydroxylation; C-22 hydroxylated 

oxysterols do not interact with OSBP or ORP4. We also show that any modification in 

the length of the isohexyl sterol side chain significantly impairs binding to OSBP and 

ORP4. This apparent side chain requirement is contradicted by the high affinity binding 

of T-00127-HEV2, a steroidal compound completely lacking a side chain. Our results 

indicate that the THEV C-3 THP group may function as an isostere for the sterol side 

chain, suggesting that OSBP and ORP4 can accommodate sterol interaction through 

multiple modes of binding. The characterization of oxysterol ligand binding to OSBP and 

ORP4 performed in this chapter provides critical information necessary to guide the 

development of novel small-molecule antiviral and anticancer therapeutics. 

   

Allocation of Contribution 

I produced the results presented in this chapter with the following exceptions. Dr. Juan 

Nuñez conducted binding experiments that contributed to the data in Tables 1, 2, and 3, 

and performed the experiments for the full binding curves for 20-OHC and SA-9 in 

Figure 34. Dr. Ryan Bensen also assisted in some of the compound serial dilutions for 

some of the binding experiments. Mr. Kevin Snead from the Bourne Research Group at 
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the University of Oklahoma conducted the homology modeling and docking experiments 

in Figure 35 and 36, and also prepared the procedure for the homology modeling and 

docking in the Methods section. The side chain analog (SA) compounds were synthesized 

by Dr. Anh Le-McClain and Dr. Cori Malinky with the assistance of Ms. Sophia Sakers, 

Ms. Hailee Rau, and Mr. Gianni Manginelli. 

 

4.1 Introduction 

OSBP and the ORPs bind lipids, particularly sterols (i.e., cholesterol and 

oxysterols) and phospholipids, using ~50 kDa C-terminal OSBP-related ligand-binding 

domain (ORD). Several structurally diverse, biologically-active small molecules have 

previously been reported to target both OSBP and ORP4 in the ORD sterol binding 

pocket, including the natural product compounds OSW-1 (3), cephalostatin 1 (4), 

schweinfurthin A (5),  and ritterazine B (6) (Figure 4B) 52. Additionally, multiple 

antiviral small molecules have been shown to target OSBP, including OSW-1 (3) (Figure 

4B), itraconazole (ITZ) (7), T-00127-HEV2 (THEV) (8), and TTP-8307 (TTP) (9) 

(Figure 4C) 84,85,87,89,190. We have previously shown that the OSBP-targeting antiviral 

small molecules (Figure 4C) interact with OSBP through multiple modes of binding that 

results in distinct effects in OSBP cellular activity 190. The evident roles of OSBP in viral 

replication and ORP4 in cancer cell survival and proliferation (see Section 1.6: OSBP 

and ORP4 in human disease biology for more information), in combination with the 

ability of biologically-active small molecules to interact with OSBP and ORP4 through 

multiple modes of binding (see Section 1.7: Small-molecule targeting of OSBP and 

ORP4 and Chapter 2 for more information), highlights the potential druggability of this 

protein family. However, the lack of defined structure-activity relationships (SAR) of 

ligand binding to OSBP and ORP4 limits potential drug development targeting these 

proteins.  
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OSBP and ORP4 ligand binding SAR is particularly important for the 

development of small molecules that selectively bind OSBP for antiviral drug targeting 

or ORP4 for precision anticancer drug targeting. No protein structure of OSBP or ORP4 

has been reported. However, there are crystal structures of the ORD of certain ORP 

homologs in yeast, known as Osh proteins,  from S. cerevisiae (Osh3, Osh4, and Osh6), 

and K. Lactis (Osh1) 16–19. More recently, crystal structures were determined for the ORD 

of ORP subfamily II members, ORP1 and ORP2, complexed with cholesterol and 

PI(4,5)P2, respectively 11,20. Collectively, these structures reveal that sterols bind in the 

ORD sterol binding pocket in a conserved “head-down” binding orientation. The C-3 

hydroxyl of the sterol A-ring (i.e., the sterol “head”) is at the bottom of the hydrophobic 

binding tunnel and the sterol side chain extends toward the top of the tunnel, interacting 

with the N-terminal lid (Figure 3). Interestingly, ligand-hydroxyl interactions with these 

proteins, both at the sterol A-ring C-3 position, as well as side chain hydroxylation in 

oxysterols, are not directly contacting the protein, but instead all occur through water-

mediated hydrogen bonds 17,20,262. The presence of only indirect water-mediated hydrogen 

bonding to the proteins indicates that oxysterol binding by OSBP and ORP4 may be 

flexible and able to accommodate the binding of various oxysterols with different 

hydroxylation positions 25 (see Section 1.2: Overview of OSBP/ORP ligand binding 

for more information).  

The high affinity binding of 25-OHC (1) to OSBP and ORP4, relative to the 

reported binding of cholesterol (2) (Figure 4A) 52,53,76, indicates hydroxylation of the 

sterol side chain may be important for developing high affinity compounds targeting 

OSBP and ORP4. Many of the biologically-active small molecules targeting OSBP and 
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ORP4, such as OSW-1 (3), cephalostatin 1 (4), ritterazine B (6), and THEV (8) are 

structurally modified oxysterol compounds that inhibit the binding of [3H]25-

hydroxycholesterol ([3H]25-OHC) to OSBP and ORP4 (Figure 4B, C). Therefore, 

understanding the SAR of oxysterol binding to OSBP and ORP4, particularly of the 

oxidized side chain component, may be important in developing improved lead 

compounds for drug development.  

Importantly, the binding of oxysterols to OSBP and ORP4 has not been 

extensively characterized, particularly using human OSBP and ORP4. Previously 

reported oxysterol binding values for OSBP utilized mouse, rabbit, or hamster, but not 

human OSBP 52,263,41,25,264,265,53,266. Only one previous report of oxysterol binding used 

human ORP4, but this report examined binding of only the structurally modified 

oxysterol compounds in Figure 4B, and not oxysterols in general 52. The limited reports 

examining oxysterol binding to the OSBP/ORP family used enriched lysate produced 

from animal tissue (e.g. hamster liver extract), and therefore might not be selective to 

individual OSBP/ORP members or even to the OSBP/ORP family 4,41.  

Despite sparse binding information within this protein family, several other ORPs 

have binding values determined for various oxysterols. ORP1L has been reported to bind 

25-OHC (KD 83 nM) and also 22(R)-OHC 26,266,267. The truncated isoform, ORP1S, has 

been shown to bind, 25-OHC (KD 84 to 167 nM), 22(R)-OHC (KD 96 nM), and 

cholesterol (KD 393 nM) 25,268. ORP transfection in COS7 cells was also reported to result 

in ORP1L photo-crosslinking to photo-cholesterol and photo-25-OHC 25. ORP2 does not 

display a high affinity for 25-OHC (KD 3.9 µM) and showed no binding of 27-OHC, but 

binds 22(R)-OHC with high affinity (KD 14 nM) and 7-KC (KD 140 nM) and was also 
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shown to bind cholesterol 26. ORP transfection in COS7 cells was reported to result in 

ORP3 photo-crosslinking to photo-cholesterol 25. Additionally, ORP3 and ORP6 were 

found to photo-crosslink photo-25-OHC, suggesting ORP3 has the ability to bind both 

cholesterol and 25-OHC, while ORP6 has the ability to bind 25-OHC 25. ORP7 showed 

only a weak, inconsistent signal when tested against photo-cholesterol and photo-25-

OHC 25. The ORD of ORP5 was reported to extract and transfer dehydroergosterol during 

liposomal exchange assays, suggesting ORP5 can also bind sterols, however no binding 

values have been determined 269. ORP8 binds 25-OHC and weakly binds 24(S)-OHC, but 

does not bind 7-KC 26,270. When transfected in COS7 cells, both ORP5 and ORP8 were 

shown to photo-crosslink photo-cholesterol and photo-25-OHC 25. Binding values for 

ORP9 or ORP10 have not been established, but both have been shown to extract 

cholesterol from liposomes 271,272. ORP9S has also been shown to extract the fluorescent 

sterols, cholestatrienol and dehydroergosterol 273. Reports indicate that ORP9L and 

ORP9S cannot bind cholesterol or 25-OHC in solution, therefore a competition assay was 

not possible and no binding values have been reported 272,273. Binding values for ORP10 

and ORP11 have not been established. When transfected in COS7 cells, ORP10 and 

ORP11 were shown to photo-crosslink photo-25-OHC, but only observed a weak, 

inconsistent signal in the presence of photo-cholesterol 25. Additionally, ORP10 has been 

reported to extract cholesterol from membranes 271. There are no current reports of ORP11 

ligand binding other than the previously mentioned photo-crosslinking experiment 25. 

This chapter provides the first comprehensive report of the SAR of oxysterol 

ligand binding to human OSBP and ORP4 (subfamily 1). Our results indicate that 

hydroxylation at multiple side chain positions (i.e., C-20, C-24, C-25, C-27), with the 
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exception of C-22, confers high affinity binding to both OSBP and ORP4. The 

stereochemistry of the side chain hydroxylation provides modest selectivity between 

OSBP and ORP4, with the stereochemical preference between epimers depending on the 

hydroxylation position. Additionally, the sterol isohexyl side chain is required for 

binding, and any modification in the length of the side chain impairs binding to both 

OSBP and ORP4. This apparent side chain binding requirement is contradicted by the 

high affinity binding of THEV (8) (Figure 4C), a steroidal compound which completely 

lacks a side chain. Our results indicate that THEV interacts with OSBP and ORP4 in a 

manner similar to oxysterols, with the THEV C-3 THP group functioning as a possible 

isostere for the sterol side chain. These results indicate OSBP and ORP4 can interact with 

oxysterols and structurally modified oxysterols through multiple modes of binding that 

could be exploited for antiviral and precision anticancer therapeutic development. 

 

4.2 Materials and Methods 

 

4.2.1 Plasmids and Cloning 

Same as Chapter 2 Methods Section 2.2.1: Plasmids and Cloning 

 

4.2.2 General Cell Culture and Cell Lines 

All cells were handled using aseptic technique and cultured at 37 °C in 5% CO2. 

HEK293T cells (ATCC CRL-3216) were grown in 10 cm2 dishes (Thermo 172931) in 

complete Dulbecco's Modified Eagle's Medium (DMEM) with 10% Hyclone (Fisher Sci 

SH3006603) and 1% penicillin-streptomycin (Thermo 15140122) at 37 °C and 5% CO2. 

Cells were passaged and seeded by aspirating media followed by washing with 5 mL of 
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1X PBS (Thermo 10010-023). The PBS was aspirated and the cells were incubated with 

2.5 mL TrypLE™ Express (Thermo 12605-010) for a ~5-10 minute incubation at 37 °C. 

After the cells have detached, the TrypLE™ Express was quenched using 7.5 mL of 

media and gently pipetted until the cell solution was homogenized. Cell counts and 

viability was determined by using a TC20TM Automated Cell Counter (Biorad) by mixing 

10 L of cell solution with 10 L of Trypan Blue stain (Thermo 15250061). Cells were 

then seeded in a 10 cm2 dish at the desired cell density. 

 

4.2.3 Transfection Procedure 

 HEK293T cells were cultured and seeded as previously described previously. 

4x106 HEK293T cells were seeded in a 10 cm2 dish. After 24 hours, 60 L of 

Lipofectamine 2000 (Thermo 11668-019) was added to 1.5 mL of pre-warmed Opti-

MEM Reduced Serum Media (Thermo 31985-070) and incubated at room temperature 

for 5 minutes. During this time, 24 g OSBP or ORP4 cDNA was added to a separate 1.5 

mL aliquot of pre-warmed Opti-MEM Reduced Serum Media. The Opti-MEM aliquot 

containing cDNA was then gently added to the Opti-MEM containing tube containing 

Lipofectamine (3 mL total per 10 cm2 dish), gently mixed, and then incubated at room 

temperature for 30 minutes. After 30 minutes, the media was aspirated from the 

HEK293T cells and the OPTI-MEM mixture was gently added to the cells and incubated 

for 4 hours at 37 °C. After 4 hours, 12 mL of antibiotic-free DMEM media was added to 

each plate for a total volume of 15 mL per plate. The cells were then incubated for 48 

hours and then lysed with MPER.  
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4.2.4 MPER Cell Lysis for Binding Assay Procedure 

Mammalian protein extraction reagent, MPER (Thermo 78501) was used for the 

lysis of transfected cells for the generation of binding lysate. The media was aspirated 

from the culture and the cells were washed once with 5 mL 1X PBS. The PBS was 

aspirated and 2 mL of MPER with 1X HALT™ Protease Inhibitor and 1X EDTA 

(Thermo 78438) was added to the plate and was shaken at room temperature (Innova 42 

incubator) at 250 rpm for 5 minutes. All remaining steps were performed at 4 °C to 

minimize protein degradation. The lysate was then transferred to pre-cooled 

ultracentrifuge tubes and spun at 100,000 xg for 1 h (Beckman Coulter Optima TLX 

Ultracentrifuge). The supernatant was collected and the concentration was determining 

via Bradford assay using a BSA standard curve (Santa Cruz sc-2323). The lysate was 

diluted to 0.2 mg/mL in Binding Buffer (50 mM HEPES pH 7.4, 50 mM KCl, 5 mM 

DTT, 1X HALT™ Protease Inhibitor, 1X EDTA) and a small aliquot of the concentrated 

lysate was kept for Western blot analysis. The diluted lysate was then divided into 

aliquots, frozen with LN2 and stored at -80 °C.  

 

4.2.5 [3H]25-OHC Competitive Binding Assay Procedure 

The [3H]25-hydroxycholesterol competitive binding assay is based on the 

procedure from Taylor and Kandutsch 220 and performed according to the method 

outlined by Burgett et al. 52. The binding data was analyzed on GraphPad Prism 7 using 

non-linear regression. Binding curves generating R2 values of 0.85 were the cutoff to 

report binding values. KD, Ki values and standard deviation values were calculated using 

at least 3 independent replicates unless otherwise stated. Compounds that did not bind 
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were tested in at least 2 independent replicates unless otherwise stated. Full binding 

curves can be found in Appendix 3. Dr. Juan Nuñez performed binding experiments that 

generated binding curves contained in Appendix 3; binding curves that did not generate 

a definitive Ki due to weak competitive [3H]25-OHC inhibition binding were reanalyzed 

resulting in more conservative apparent >Ki values 212. 

 

4.2.6 Western Blot 

OSBP or ORP4L transfected protein lysate (10 g) was loaded onto a 8.5% SDS 

PAGE gel and ran at 150V for 1 hour. The gel was then transferred to a 0.45 m 

nitrocellulose membrane (Biorad 1620115) using a Trans-blot® TurboTM Semi-Dry 

Transfer System (Biorad 170-4155) at 1.3 A, 25V for 15 minutes. The membrane was 

then blocked in 5% non-fat dry milk dissolved in 1X Tris-buffered saline with 0.2% 

Tween-20 (TBST). After 30 minutes, the membrane was washed 3 times for 5 minutes 

each with 1X TBST and then incubated in primary antibody overnight with 1% milk in 

1X TBST at 4 °C. The blot was then washed 3 times for 5 minutes each and incubated in 

secondary antibody for 30 minutes with 1% milk in 1X TBST at room temperature. The 

membrane was then washed 5 times for 3 minutes each with TBST with a final 3 minute 

wash in TBS. The TBS was removed, and the blots were incubated in ClarityTM Western 

ECL substrate (Bio-Rad 1705061) and imaged on the Bio-Rad ChemiDocTM Touch 

Imaging System using the chemiluminescence setting with 2x2 binning. Ladder images 

were taken using the colorimetric setting. After development, the membranes were 

washed with 1X TBST 3 times for 5 minutes each. 1:1000 β-actin HRP (Santa Cruz sc-

47778 HRP) with 1% milk in 1X TBST was added as a loading control and incubated for 
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1-hour at room temperature. The actin Western blot was developed as described above. 

Primary antibodies used were 1:2000 OSBP A-5 (Santa Cruz sc-365771), 1:2000 OSBP2 

B-1 (Santa Cruz sc-365922), or 1:25,000 Myc-c antibody (Novus NB600-335). 

Secondary antibodies used were 1:3000 goat anti mouse IgG1-HRP (Santa Cruz sc-2005), 

or 1:5000 dilution of a donkey anti-goat antibody (Novus NB7357). 

 

4.2.7 OSBP/ORP4 Homology Modeling and Docking Studies 

A homology model of OSBP was built using the online tool SWISS-MODEL, 

which selected the crystal structure of human ORP2 as the most similar template (PDB 

code: 5ZM8, 40% sequence similarity and 48% sequence coverage) 11,274. In order to 

remove clashes, the initial OSBP homology model was subjected to one round of energy 

minimization using the Sander program from AmberTools18 275. The minimization 

protocol included 2500 steps of steepest descent followed by 2500 steps of conjugate 

gradient minimization. The starting ORP4 homology model was obtained from Zhong et 

al. 77. The initial search box was determined by superimposing Saccharomyces cerevisiae 

OSH4 bound to 25-hydroxycholesterol (PDB code: 1ZHX) 17 onto the ORP4 and OSBP 

homology models. The homology models and ligand files were prepared for docking 

using AutoDockTools-1.5.6 276. The ligand binding pockets of ORP4 and OSBP were 

prepared by docking cholesterol into the binding pocket and performing a round of energy 

minimization with 100 steps of steepest descent followed by 10 steps of conjugate 

gradient minimization, with the ligand atom positions fixed. After minimization, the 

ligand was deleted, and the models were subjected to molecular docking with 25-OHC 

and THEV. All docking was performed using Autodock Vina 277 against a rigid receptor, 

and docking results were visualized using UCSF Chimera 278. 
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4.3 Results 

4.3.1 OSBP and ORP4 do not bind non-cholesterol oxysterols 

Ligand binding to OSBP and ORP4 was determined using a well-established 

[3H]25-hydroxycholesterol ([3H]25-OHC) competitive binding assay 

76,25,52,53,189,190,220,264,266. Compounds were assayed for the inhibition of [3H]25-OHC 

binding to cloned and overexpressed human OSBP or ORP4 in S100 HEK293T lysate. 

HEK293T lysate overexpressing the negative control, LacZ, does not show detectable 

specific [3H]25-OHC binding (data not shown) 52,212. The background HEK293T S100 

lysate is capable of solubilizing the oxysterols during the binding assays, producing 

reliable and reproducible sigmoidal dose-response curves 220. The equilibrium 

dissociation constant (KD) for human OSBP binding 25-OHC is 22  5 nM in this assay 

(Figure 4A) 212, which is consistent with previously reported values generated using 

rabbit OSBP 52. The [3H]25-OHC KD for human ORP4 is reported to be 54   23 (Figure 

4A) 52. In our assay, 25-OHC has a Ki of 26  7 for human OSBP and 55  8 nM for 

human ORP4, which is consistent with previous reports (Table 2) 52,212. 

A series of non-cholesterol oxysterol compounds were tested for binding 

interactions to OSBP and ORP4, including bile acids, plant sterols, azacholesterol, 

cardiac glycoside drugs, and glucocorticoid drugs (Figure 31). These compounds did not 

show any inhibition of [3H]25-OHC binding to OSBP or ORP4 at concentrations < 30 

M (Table 1). These results indicate that OSBP and ORP4 sterol binding pocket 
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interactions are limited to cholesterol-derived oxysterol compounds and not general 

steroid structures.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 31: Non-cholesterol oxysterol compounds do not competitively inhibit [3H]25-

OHC binding to OSBP or ORP4. 

Library of non-cholesterol oxysterols consisting of bile acids, plant sterols, azacholesterol, 

cardiac glycoside drugs, and glucocorticoid drugs do not inhibit [3H]25-OHC binding to OSBP 

or ORP4 at concentrations < 30 These results suggest that OSBP and ORP4 do not 

generally bind all molecules with a sterol core. Full binding curves for each compound can be 

found in Appendix 3. *21-acetoxypregnenolone was only tested for OSBP and ORP4 binding 

in 1 independent experiment. 
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   Table 1. Ki binding values (nM) of non-cholesterol oxysterol compounds 

 

4.3.2 OSBP and ORP4 bind a variety of cholesterol oxysterols with varying oxidation 

position and stereochemistry 

A series of cholesterol oxysterol analogs were tested for interactions to OSBP and 

ORP4 using the [3H]25-OHC competitive binding assay. 5-hydroxy-6-ketocholesterol 

(5-6KC) (21), which is produced through oxidation of the cholesterol C5-C6-alkene 

upon reaction with ozone in lung epithelial cells 279, displayed weak to no detectable 

inhibition in the [3H]25-OHC competitive binding assay (Figure 32, Table 2). 

Hydrogenation of the C5-C6 alkene of the 25-OHC sterol skeleton (resulting in trans 

stereochemistry) to produce 25-hydroxycholestanol (19) did not affect binding 

interactions (OSBP Ki = 24  16 nM; ORP4 Ki = 51  26 nM (Figure 32, Table 2)). 7-

25-dihydroxycholesterol (7-25-diOHC (20)), which differs from 25-OHC through the 

introduction of an additional hydroxylation at the C7 position, exhibited competitive 
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binding to OSBP and ORP4, but slightly attenuated compared to 25-OHC (7-25-diOHC 

OSBP Ki = 78  42 nM; ORP4 Ki = 92  55 nM (Figure 32, Table 2)). These results 

suggest that the high affinity oxysterol interaction with OSBP and ORP4 in the sterol 

binding pocket are dependent on side chain hydroxylation and not hydroxylation on the 

sterol core.  

A library of cholesterol oxysterols with varying side chain hydroxylation 

positions and stereochemistry were tested for [3H]25-OHC competitive binding to human 

OSBP and ORP4 (Figure 32, Table 2). 20(S)-OHC (29), 24(R)-OHC (24), and 24(S)-

OHC (25) displayed strong competitive inhibition against OSBP, although with Ki values 

higher than 25-OHC (Figure 32, Table 2) (i.e., 25-OHC  Ki = 26  7 nM; 20(S)-OHC Ki 

= 130  35 nM; 24(S)-OHC Ki = 330  80 nM; and 24(R)-OHC Ki = 120  60 nM). 

Interestingly, 24(R)-OHC (24) displayed a significantly lower Ki against OSBP than the 

24(S)-OHC epimer (i.e., 120  60 nM versus 330  80 nM) (Figure 32, Table 2). 

Additionally, hydroxylation at the C-27 position modestly effects 25-OHC binding to 

OSBP. The OSBP Ki for, 25(R), 27-diOHC (22) is 68  16 nM, and the OSBP Ki for the 

25(S), 27-diOHC epimer (23) is 120  35 nM (Figure 32, Table 2). The lower Ki values 

for both 24-OHC and 25, 27 diOHC (R) epimers compared to the (S) epimers, suggests a 

modest preference for (R) hydroxylation at the C-24 and C-25 positions against OSBP. 

Importantly, C-22 hydroxylation significantly abrogated OSBP interactions in the 

[3H]25-OHC competitive binding assay. 22(R)-OHC and 22(S)-OHC displayed weak 

interactions with OSBP with apparent Ki values of >10 µM for 22(S)-OHC and >20 µM 

for 22(R)-OHC (Figure 32, Table 2). 

 



157 

 

 

 

 

 

 

 

 

 

 

Compared to OSBP, ORP4 is more limited in its scope and strength of oxysterol 

interactions. 20(S)-OHC (29) interacts with ORP4 with a Ki of 320  90 nM (Figure 32, 

Table 2). In ORP4, 24(S)-OHC (25) increased the Ki approximately 7-fold (400  130 

nM) compared to 25-OHC (Table 2). For ORP4, 24(R)-OHC (24) failed to produce a 

sigmoidal curve indicative of a single binding site for the oxysterol ligand (Table 2, 

Appendix 3). Since 24(R)-OHC showed dose-dependent binding to OSBP in an identical 

assay, the failure of 24(R)-OHC to produce clear inhibition binding curves against ORP4 

is likely not due to solubility or other technical assay issue. 25(R), 27-OHC (22) also did 

not produce a sigmoidal inhibition curve for ORP4, similar to 24(R)-OHC (Table 2, 

Appendix 3). The ability of 24(R)-OHC and 25(R), 27-diOHC to inhibit [3H]25-OHC 

binding, but not produce a typical dose-dependent sigmoidal curve, like OSBP, suggests 

that ORP4 interaction with these ligands may be complex and involve more than a single 

binding site. In ORP4, 25(S), 27-OHC (23) displayed micromolar competitive inhibition 

 
Figure 32: Library of cholesterol oxysterols with varying hydroxylation positions and 

stereochemistry tested in the [3H]25-OHC competitive binding assay. 

Results reveal that oxysterols with hydroxylation at side chain positions C-20, C-24, C-25 

and C-27 confers high affinity interaction with OSBP and ORP4. C-22 hydroxylated 

oxysterols do not produce high affinity interactions with OSBP or ORP4. Full binding 

curves for each compound can be found in Appendix 3. 
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(apparent Ki >870 nM). Similar to OSBP, 22(R)-OHC showed weak interaction in the 

binding assay with ORP4 only at high micromolar concentrations, while 22(S)-OHC 

displayed a Ki value of >3 µM (Figure 32, Table 2). Together, these results indicate 

22(S)-OHC has a greater capacity to inhibit [3H]25-OHC binding to both OSBP and 

ORP4 than the (R) epimer, albeit with significantly less competitive inhibition than C-20, 

C-24, C-25, and C-27 side chain hydroxylation (Figure 32, Table 2).  

To better define the role of the C-22 hydroxylation, 20(R), 22(R)-diOHC (Oxy-

16 (28) (Fig. 3)) was tested. 20(R), 22(R)-diOHC (28), which is identical to 20(S)-OHC 

expect for hydroxylation at C-22, is a reported antagonist in the Hedgehog pathway 280. 

Since 20-OHC oxysterols interact with moderately high affinity to OSBP and ORP4, the 

dihydroxylated 20(R), 22(R)-diOHC (28) analog could define if the poor binding of 22-

OHC oxysterols is due to a lack of C-22 hydroxyl positive interactions with the OSBP 

and ORP4 binding sites, or potential negative clashes with the OSBP and ORP4 binding 

sites. 20(R), 22(R)-diOHC (28) displayed weak high micromolar binding to OSBP (Ki 

>30 µM) and ORP4 (Ki >15 µM), suggesting that the detrimental effect of C-22 

hydroxylation overrides the positive binding effects of C-20 hydroxylation, potentially 

through C-22 hydroxylation steric clashing with the sterol binding pocket.  
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                      Table 2. Ki binding values (nM) of cholesterol oxysterols. 

 

 

4.3.3 Structure-activity relationship (SAR) studies against oxysterol side chain 

analogs 

To better understand the SAR of oxysterol binding to OSBP and ORP4, a library 

of cholesterol oxysterol side chain analogs were made and tested (Figure 33). The analog 

compounds are derivatives of 20(S)-OHC with structurally modified alkyl side chains. 

20(S)-OHC was selected for derivatization based on its moderate to high competitive 

binding with both OSBP (Ki 130  35 nM) and ORP4 (320  90 nM) (Table 2) and ease 

of synthetic analog generation.  The 20(S)-OHC analogs produced varied the side chain 

lengths and branching positions (i.e., isohexyl, pentyl, isopentyl, butyl, etc.) (Figure 33). 
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The 20(S)-OHC analogs were made starting from pregnenolone (data not shown) 281,282. 

The 20(S)-OHC side chain analog compounds are denoted as ‘SA’ compounds. The 20(S) 

stereochemistry was preferentially produced over the 20(R) analog epimers. For some of 

the analogs, the 20(R) analog epimer was produced in sufficient quantities for biological 

testing (i.e, SA-2 (31), SA-5 (34), and SA-7 (36) (Figure 33). SA-2 ((R)-pregenolol (31)) 

and SA-3 ((S)-pregenolol (32)), which possess no carbon side chain off the C-20 position, 

displayed no competitive binding for either OSBP or ORP4 at any concentration below 

100 µM (Figure 33, Table 3). The ethyl side chain (S)-ethyl-pregenenolol (SA-4, (33)) 

showed only partial competitive binding at high micromolar concentrations (apparent Ki 

>30 µM) (Figure 33, Table 3). The butyl side chain present on (S)-butyl-pregenenolol 

(SA-10, 39) only weakly inhibited [3H]25-OHC binding with micromolar Ki values of 

>10 µM for OSBP and >30 µM for ORP4 (Figure 33, 34, Table 3). The pentyl side chain 

present on (S)-pentyl-pregenenolol (SA-11, 40) had the highest affinity of any 20-OHC 

analog compounds tested for both OSBP and ORP4 with Ki values of 600 ± 10 nM for 

OSBP and 780 ± 180 nM for ORP4 (Figure 33, 34, Table 3). 20-OHC oxysterols side 

chain analogs with octyl side chains were also prepared (Figure 33), which extend 

beyond the typical cholesterol isohexyl side chain. (R)-n-octyl-pregenenolol (SA-7, (36)) 

displayed only partial competitive inhibition at high micromolar concentrations (apparent 

Ki >100 µM); while (S)-n-octyl-pregenenolol (SA-8, (37)) displayed a greater ability to 

competitively inhibit [3H]25-OHC binding for both OSBP and ORP4, with a Ki of >10 

µM and >20 µM, respectively (Figure 33, Table 3). The SAR results indicate that the 

side chain is optimized at six carbons in order to produce high affinity interaction with 
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OSBP and ORP4, and any significant oxysterol binding interactions are limited to the 

isohexyl side chain (Figure 33, 34, Table 3).   

 

 

 

 

 

 

 

 

 

 

 
Figure 33: OSBP and ORP4 require the sterol isohexyl side chain for binding. 

Side chain  analogs of 20-OHC reveal that the sterol isohexyl side chain is required 

for OSBP and ORP4 binding, and any modification in the length of the side chain  

impairs competitive inhibition of [3H]25-OHC binding. Full binding curves for each 

compound can be found in Appendix 3. 
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Table 3. Ki binding values (nM) of oxysterol side chain analogs (SA) 

 
 

A series of four, five and six carbon branched side chain analogs were also 

prepared and tested (Figure 33). The isobutyl side chains present in (R)-isobutyl-

pregenenolol (SA-5, (34)) showed weak high micromolar binding for both proteins 

(apparent Ki >50 µM), while (S)-isobutyl-pregenenolol inhibited 25-OHC binding at 

lower concentrations (SA-6, (35)) (apparent OSBP Ki > 20 µM and ORP4 Ki > 30 µM) 

(Figure 33, Table 3). The increased ability of the (S) epimers of n-octyl-pregenenolol 

and isobutyl-pregenenolol relative to the (R) epimers to competitively inhibit [3H]25-

OHC binding to both OSBP and ORP4 suggest a preference for (S) hydroxylation at the 

C-20 position; although this observation is limited due to the restricted generation of C-

20(R) epimers in this analysis. Interestingly, the branched 5-carbon isopentyl side chain, 

(S)-isopentyl-pregenenolol (SA-9, (38)), showed moderate OSBP and ORP4 competitive 
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binding (OSBP Ki =1300 ± 600 nM, ORP4 Ki > 2 µM), which is far lower than the straight 

chain butyl analog, (S)-butyl-pregenenolol, (SA-10 (39)), with an OSBP Ki  >10 µM and 

ORP4 Ki >30 µM (Figure 33, 34, Table 3). The results of this SAR study indicate that 

high affinity oxysterol binding to both OSBP and ORP4 is limited to the isohexyl side 

chain (Figure 34, Table 3).  
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Figure 34: Any modification of the isohexyl sterol side chain length 

significantly impairs binding to OSBP and ORP4. 

Representative binding curves of one of the three independent replicates of 20-

OHC, SA-9, SA-10, and SA-11 binding against A) OSBP, and B) ORP4. 20-OHC 

is used as the parent molecule with a standard isohexyl side chain. Systematic side 

chain truncation one carbon at a time from isohexyl (20-OHC), to pentyl (SA-11), 

to isopentyl (SA-9) side chains results in a steady increase in Ki,  until reaching a 

butyl (SA-10) side chain, which shows almost no detectable inhibition of [3H]25-

OHC. 
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4.3.4 THEV SAR studies against OSBP and ORP4 

Despite the apparent necessity of the oxysterol side chain for high affinity 

interaction with OSBP and ORP4, our group recently reported that the modified oxysterol 

antiviral compound THEV (T-00127-HEV2) (Figure 4C, (8)), competes with [3H]25-

OHC in the competitive binding assay with a Ki of 22 ± 15 nM for  OSBP and a Ki of 98 

± 14 nM for ORP4 (Table 3) 190.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 35: OSBP-THEV homology modeling and docking. 

OSBP homology model with THEV docked in the sterol binding pocket located in the 

ORD -barrel A) External view, and B) zoomed into the sterol binding pocket with 

THEV docked in two orientations. The model suggests that THEV can fit into the sterol 

binding pocket of OSBP in both a forward and inverted manner. Inverted binding would 

be necessary for the THEV THP group to act as an isostere for the sterol side chain. 
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The low Ki values for THEV (8) clearly contradict the apparent requirement for 

the isohexyl side chain demonstrated by the 20-OHC side chain analogs (Figure 4C, 

Table 3). Importantly, the THEV compound does possess a C-3 tetrahydropyran (THP) 

moiety. We hypothesized that the THP group could approximate the cholesterol oxysterol 

side chain, but only if the THEV compound could interact with OSBP and ORP4 in an 

inverted matter, with the C-17 hydroxyl entering in the bottom of the binding pocket 

acting as the functional equivalent of the C-3 hydroxyl of sterols. Our molecular docking 

studies of the THEV compound against computational models of the OSBP and ORP4 

ORD based on homology modeling indicate that the THEV compound could bind in the 

inverted orientation with the THP group acting as an isostere for the sterol side chain 

 
Figure 36: The THEV THP group approximates the sterol side chain in the sterol 

binding pocket. 

Homology modeling with 25-OHC (top) and THEV (bottom) docked in A) OSBP 

homology model, and B) ORP4 homology model. The THEV THP group 

approximates the 25-OHC sterol side chain when docked in the OSBP and ORP4 sterol 

binding pockets, indicating the high affinity binding of THEV may occur due to the 

THP group acting as the functional equivalent of the sterol side chain. 
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(Figure 35, 36). To test this hypothesis, we synthesized a truncated THEV analog with 

the THP moiety cleaved yielding a terminal hydroxyl (SA-12, (41))(data not shown) 281. 

SA-12 did not show any interaction with either OSBP or ORP4 at any concentration tested 

(Figure 36, Table 3). Collectively, these results indicate that the THP moiety of THEV 

is essential for binding to OSBP and ORP4, and therefore OSBP and ORP4 may 

accommodate THEV binding with the A-ring THP group in place of the cholesterol side 

chain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 37: The C-3 THP group of THEV is required for binding to OSBP and 

ORP4.  
Representative binding curves of one independent replicate of THEV and SA-12 

(truncated THEV) against A) OSBP and B) ORP4. Removal of the THEV C-3 THP 

group abrogates the ability of THEV to competitively inhibit [3H]25-OHC binding. 

Reported Ki values and standard deviations are the average of three independent 

experiments. *SA-12 was only tested for ORP4 binding in 1 independent 

experiment. 
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4.4 Discussion 

Utilizing a small-molecule library of non-cholesterol oxysterols, cholesterol 

oxysterols, and oxysterol side chain analogs (i.e., SA compounds), we performed the first 

comprehensive SAR study of oxysterol binding to human OSBP and ORP4. OSBP and 

ORP4 do not appear to bind non-cholesterol oxysterols in the sterol binding pocket (i.e., 

bile acids, plant sterols, azacholesterol, cardiac glycoside drugs, and glucocorticoid 

drugs) (Figure 31, Table 1). Due to the competitive nature of this binding assay, only 

ligand binding in the sterol binding pocket that results in competitive inhibition of [3H]25-

OHC binding is detected. Therefore, we cannot rule out that these compounds may bind 

to other locations on OSBP or ORP4. In contrast, OSBP and ORP4 have the ability to 

bind a variety of cholesterol oxysterols with various side chain hydroxylation positions 

(i.e., C-20, C-24, C-25 and C-27) and stereochemistry, although ORP4 is more limited 

than OSBP in both strength and scope of oxysterol interaction (Figure 32, Table 2). Side 

chain hydroxylation at C-22 is the only position that significantly impairs binding to both 

OSBP and ORP4 (Figure 32, Table 2). 22(R)-OHC is an important steroid hormone 

intermediate and agonist of liver X receptors (LXRs), and 22(R)-OHC is bound by ORP 

subfamily 2 members, ORP1 and ORP2, with low nM affinity (see Chapter 4 

Introduction for more information) 26,283,284. Additionally, ORP1S and ORP2 have a role 

in LXR regulation and ORP2 also plays a role in steroidogenic gene expression and 

steroid hormone biosynthesis, and does not possess a high affinity for 25-OHC (KD 3.9 

µM) 26,268,285. The affinity of ORP1 and ORP2 for 22-OHC and lack of affinity for 25-

OHC, in combination with their role in LXR regulation and steroid hormone biosynthesis, 

suggests the impaired binding of oxysterols with C-22 hydroxylation against OSBP and 
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ORP4 may be a mechanism to avoid influencing LXR regulation and steroid hormone 

biosynthesis. This also indicates ORP subfamily 1 (i.e., OSBP and ORP4) and 2 (i.e., 

ORP1 and ORP2) may have complementary, but not redundant functions with respect to 

oxysterol ligand binding in the cell.  

Our results suggest that both OSBP and ORP4 better tolerate (S) side chain 

hydroxylation at the C-20 and C-22 side chain positions over the (R) configuration, but 

OSBP better tolerates (R) hydroxylation as the side chain extends ways from the sterol 

core at the C-24 and C-25 positions (Figure 32, Table 2). Alternatively, ORP4 

interactions with (R) hydroxylated ligands at the C-24 and C-25 side chain positions 

generated non-sigmoidal competitive binding curves, suggestive of a more complex 

binding interaction with these ligands (Figure 32, Table 2, Appendix). Additionally, 

hydroxylation stereochemistry confers modest selectivity between OSBP and ORP4. 

Sterol core hydroxylation does not appear to increase ligand interaction with OSBP or 

ORP4 (Figure 32, Table 2).  

Further probing of side chain binding requirements using a library of side chain 

analogs (SA) revealed that any change in the length of the sterol isohexyl side chain 

impairs binding to both OSBP and ORP4 (Figure 33,  34,  Table 3). The strict 

requirement of the sterol isohexyl side chain for binding may be a mechanism to 

distinguish between other biomolecules with similar sterol cores, but different side chain 

lengths, like bile acids and steroid hormones 28. 

In contrast, we previously showed that the OSBP-targeting antiviral compound, 

THEV (8), is a high affinity ligand for OSBP and ORP4 (Figure 4C, Table 3) 190. Our 

competitive binding results using a truncated THEV analog (41) and molecular docking 
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homology modeling indicates that THEV interacts with these proteins in an inverted 

manner, with the THEV THP moiety acting as a proxy for the sterol side chain (Figure 

35, 36, 37).  

 

4.5 Conclusions 

In total, our results indicate that OSBP and ORP4 can be targeted by a variety of 

oxysterols with differing core and side chain hydroxylation positions, as well as 

structurally modified oxysterols (i.e., THEV), with varying affinities. However, high 

affinity oxysterol interaction with OSBP and ORP4 in the sterol binding pocket will 

require the sterol isohexyl side chain, or the functional equivalent of an isohexyl side 

chain, as appears to be the case with the THP moiety on THEV.  

The ability of OSBP and ORP4 to accommodate the binding of various oxysterols 

with differing side chain hydroxylation makes sense considering all the protein to ligand 

hydroxyl group hydrogen bonding interactions in the existing crystal structures of other 

ORPs and yeast Osh proteins are shown to be mediated through indirect water-mediated 

hydrogen bonds, and not direct hydrogen bonding to the protein 25. The lack of direct 

ligand to protein hydrogen bonding likely allows the binding pocket to be flexible with 

respect to accommodating different oxysterol hydroxylation positions, and also more or 

less hydrophobic ligands (i.e., phospholipids) 25. Additionally, the inability of OSBP and 

ORP4 (ORP subfamily 1) to tolerate C-22 hydroxylation suggests that ORP subfamily 2 

members, ORP1 and ORP2, may have complementary, but not redundant functions in the 

cell relative to ORP subfamily 1. As previously mentioned, we hypothesize the strict 

requirement of the isohexyl sterol side chain may be a mechanism to distinguish between 
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other biomolecules with similar sterol cores, but different side chain lengths (i.e., bile 

acids and steroid hormones); however, the precise underlying SAR of this mechanism 

requires further investigation 28 .  

The characterization of oxysterol ligand binding to OSBP and ORP4 performed 

in this chapter provides important information necessary to guide the development of 

novel small-molecule antiviral and anticancer therapeutics that target these proteins 

through multiple modes of binding. This information is driving anticancer and antiviral 

drug development in our research group and will be critical for harnessing and developing 

the OSBP long-term repression response as a novel antiviral therapeutic approach.  
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Chapter 5: Conclusions and Future Directions 

 The work in this dissertation outlines the discovery and elucidation of novel 

OSBP cellular biology that can be triggered by exogenous small molecules and exploited 

as a novel OSBP-centered prophylactic antiviral therapeutic approach (Chapters 2 and 

3). This dissertation also reports the first comprehensive SAR study of oxysterol binding 

to human OSBP and ORP4 that is necessary for the development of our novel 

prophylactic antiviral therapeutic approach (Chapter 4).  

Our results support the existence of an endogenous OSBP regulatory response, 

triggered by OSW-1-compound treatment, that leads to the long-term repression of 

cellular OSBP levels. We show that transient, low nanomolar, non-toxic OSW-1-

compound treatment results in ~90% decrease in cellular OSBP levels that persists for 

multiple days (i.e., >72 hours in certain cell lines) after the OSW-1-compound has been 

removed (Figure 10). The multigenerational persistence of this response indicates that it 

can be stably inherited by subsequent cell generations that were never directly exposed 

to the OSW-1-compound. LCMS and single-cell MS revealed that intracellular OSW-1-

compound levels are undetectable 24 hours pWO, indicating that persistent residual 

intracellular OSW-1-compound is not responsible for the repression, but rather, 

compound treatment triggers an active cellular process responsible for the long-term 

repression of OSBP levels (Figure 21). We showed that ORP4 levels also decrease in the 

same time and proteasome-dependent manner as OSBP levels after OSW-1-compound 

treatment; however, ORP4 levels do not remain repressed after the compound is removed 

(Figure 13). We also show that OSW-1-compound treatment does not appear to repress 

other cellular proteins (Figure 14). Together, these results suggest the existence of an 
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unrecognized endogenous OSBP-specific regulatory response that may be triggered upon 

the binding of certain ligands to OSBP (i.e., OSW-1), which represses cellular OSBP 

levels in cells for multiple days after the initial stimuli is removed.  

Importantly, we were able to leverage the discovery of this unique response to 

induce prophylactic antiviral activity in cells (i.e., the cells retain significant antiviral 

activity in the absence of the compound) against multiple clinically isolated human 

pathogenic Enteroviruses (Figure 15, 17). Further investigation of three other OSBP-

targeting antiviral small molecules (THEV, TTP, ITZ (Figure 5)) revealed that the OSW-

1-compound is the only OSBP-targeting antiviral compound that results in cellular OSBP 

loss and long-term repression, and importantly, the only compound capable of inducing 

antiviral prophylaxis in cells (Figure 16, 17). To the best of our knowledge, we report 

the OSW-1-compound as the first identified small-molecule antiviral prophylactic that 

exerts activity through modulating the levels of a host protein. We were also able to show 

that OSBP is targeted by the OSBP-targeting antiviral compounds through multiple 

modes of binding that have distinct effects on OSBP activity in the cell (Figure 18, 19, 

20). These results not only reveal that the observed OSBP long-term repression and 

prophylactic antiviral response is unique to the OSW-1-compound, but also that OSBP 

may be targeted for antiviral development in multiple, distinct ways.  

Additionally, we reveal that OSW-1-compound treatment induces cellular 

autophagy through mTORc1 inhibition (Figure 25, 26, 27). These results are consistent 

with recently published findings from the Zoncu lab at UC Berkley 59. The Zoncu lab 

found that OSBP levels are directly coupled to mTORc1 activity and decreases in cellular 

OSBP levels inhibits mTORc1 and induces cellular autophagy, confirming both our 
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published and unpublished autophagy/mTORc1 results 59,189. mTORc1 is also involved 

in cellular innate antiviral response 238–241. In response to viral infection, host cells 

commonly induce autophagy to eliminate invading viruses, decrease protein synthesis 

and ribosome biogenesis to inhibit viral protein production, or induce apoptosis to contain 

the viral infection; all processes mediated by the inhibition of mTORc1 238–241,256. 

Consequently, viruses commonly subvert and constitutively activate mTORc1 to 

counteract this antiviral response 238. mTORc1 activation inhibits autophagy, inhibits 

apoptosis, and increases protein synthesis and ribosome biogenesis to aid in the viral 

infection process 238–241. The long-term repression of OSBP by the OSW-1-compound 

would therefore not only inhibit cholesterol transfer to the VRC, inhibiting viral 

proliferation (see Section 1.6.1 for more information), but also directly inhibit mTORc1; 

therefore, countering viral constitutive activation of mTORc1 and inducing mTORc1 

inhibition associated antiviral processes (i.e., autophagy, decrease in protein synthesis 

etc.) Overall, these results suggest the existence of a multifaceted antiviral response in 

cells that can be triggered simply by regulating cellular OSBP levels.  

The role of OSBP in sphingomyelin (SM) regulation in cells may also be a facet 

of this response. Decreasing cellular OSBP levels also inhibits SM biosynthesis 60–62 (see 

Section 1.4.3: Lipid metabolism for more information).  Inhibitors of SM biosynthesis 

have previously been show to decrease HCV replication 120, and HCV virions are enriched 

in both cholesterol and SM, indicating a critical role for SM in the HCV life cycle 121,122 

(see Section 1.6.1.3: Role of OSBP in HCV biology for more information on SM in viral 

infection). 
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Investigative studies probing the mechanism of OSBP regulation leading to long-

term OSBP repression revealed that this regulation is not mediated on a transcriptional or 

post-translational level, but rather appears to be regulated on an RNA level (Figure 23, 

24). Consistent with this observation, global transcriptomic and proteomic analysis 

revealed that the most significantly changed biological process after OSW-1-compound 

washout treatment in both analyses is an RNA regulatory pathway called nonsense-

mediated decay (NMD) (Figure 28, 29). NMD is not only a pervasive post-transcriptional 

regulatory pathway used to adjust the specific expression of a protein under various 

stimuli, but also a recently identified host antiviral defense mechanism against RNA 

viruses 233–237. Viral (+)ssRNA is mRNA-like and resembles endogenous NMD substrates 

(i.e., mRNA transcripts containing PTCs), allowing NMD to target the viral RNA as a 

host defense mechanism 261 (see Chapter 3 for more information on NMD). 

Additionally, we discovered that OSBP, but not ORP4, possesses an alternatively 

spliced, NMD-responsive transcript (Figure 30). There are no published reports about 

this OSBP NMD transcript, or how it contributes to OSBP regulation in the cell. Our 

results suggest that the OSW-1-compound may induce OSBP alternative splicing, 

followed by NMD targeting of the alternatively spliced NMD-responsive OSBP mRNA, 

leading to repression of OSBP on a protein level that persists in the absence of the OSW-

1-compound. The primers used for our qPCR analysis were unable to discriminate 

between the coding OSBP transcript and the OSBP NMD-responsive transcript, therefore 

we may be detecting the NMD transcript in this analysis, which would explain why there 

is no significant change in OSBP mRNA levels after OSW-1-compound treatment 

(Figure 23C). The proposed AS-NMD mechanism for OSBP repression triggered by the 



176 

OSW-1-compound would explain the lack of repression of ORP4, as ORP4 does not 

possess an alternatively spliced NMD-responsive transcript (Figure 13B). Collectively, 

our results indicate the long-term repression of OSBP is regulated on an RNA level by 

NMD; however, further studies are necessary to confirm these finding.   

The connection between how OSW-1-compound treatment leads to OSBP 

alternative splicing and subsequent NMD-mediated repression may lie in the OSBP 

knockdown induced inhibition of mTORc1. Recently, the mTORc1 inhibitor, rapamycin, 

was shown to modulate NMD processes in cells, both increasing the abundance of PTC-

containing NMD transcripts and decreasing the expression of NMD substrates 258. This 

indicates that mTORc1 inhibition can not only induce alternative splicing to increase 

NMD-responsive transcript expression, but also augment NMD targeting of particular 

transcripts 258. Additionally, mTORc1 has previously been reported to interact with 

splicing factors and regulate their activity 259,260. Therefore, it is possible that the 

inhibition of mTORc1 due to OSBP loss in the cell may induce changes to alternative 

splicing, leading to the expression of the OSBP NMD-responsive transcript; and also 

augment subsequent NMD targeting of the OSBP NMD-responsive transcript leading to 

repression of OSBP protein levels. However, the exact connection between mTORc1 

inhibition, alternative splicing and NMD augmentation remains unclear 258. 

Collectively, the combined effects of the OSW-1-compound to trigger: a decrease 

and repression of cellular OSBP levels for multiple days, consequently inhibiting 

mTORc1 (decreasing global protein synthesis and inducing cellular autophagy), and 

modulate NMD processes, appears to create an innate antiviral environment in the cell 

that can persist while a viral infection is cleared. We hypothesize that the OSBP 
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regulation triggered by the OSW-1-compound may be part of a larger, unrecognized 

innate antiviral response pathway in the cell. OSBP has previously been shown to be 

involved in an interferon-dependent innate antiviral response that involves interferon-

inducible transmembrane protein 3 (IFITM3)-mediated disruption of the OSBP and 

VAPA interaction, which disrupts cholesterol homeostasis and consequently inhibits viral 

infection 155. OSBP may also be involved in the interferon-induced innate antiviral 

activity of 25-OHC 180–182 (see Section: 1.6.1.6 for more information on OSBP in innate 

antiviral response). We hypothesize that the OSBP regulatory response triggered by the 

OSW-1-compound, and the other antiviral-associated responses induced as a result of the 

subsequent repression, may be part of an unrecognized interferon-independent arm of 

cellular innate antiviral response.  

Many viruses, such as SARS-CoV, have the ability to inhibit the cell’s interferon 

response in an attempt to dampen the host innate immune response to the virus 286–288 . In 

these cases, the common innate antiviral sensor, toll-like receptors (TLRs), which 

normally sense viral invasion and elicit an immune response through signaling for 

interferon production, would be rendered ineffective 288,289. The cell would therefore 

require a new antiviral sensor to mediate an innate antiviral response. Since a hallmark 

of all (+)ssRNA viruses (the viruses that OSBP targeting inhibits) is host membrane 

remodeling and alteration of lipid metabolism 94, the lipid sensing abilities of OSBP may 

be used as a new antiviral sensor. This could occur through either directly sensing virally 

induced changes to membrane structure and host lipid metabolism, or indirectly, by 

binding of a lipid-related small molecule that indicates the presence of viral infection (e.g. 

a chemical signal similar to the OSW-1-compound).  
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Although our overall model is still speculative and further work is required to 

validate the precise causal chain of events that unfold to elicit this response, we propose 

the following model (Figure 38). After sensing a viral infection, or exposure to the OSW-

1-compound, OSBP levels are decreased in the cell via rapid degradation by the 

proteasome. The decrease in cellular OSBP inhibits cholesterol trafficking to the viral 

replication compartment (VRC), consequently inhibiting viral proliferation. Decreasing 

OSBP levels also inhibits SM biosynthesis and subsequently, the viral processes that 

require SM. The decrease in cellular OSBP additionally inhibits mTORc1, countering 

viral subversion and constitutive activation of mTORc1, and inducing antiviral responses 

such as autophagy to degrade the invading viruses and inhibition of protein synthesis to 

decrease viral protein production. The inhibition of mTORc1 due to OSBP loss in the cell 

could then induce changes to alternative splicing and augment NMD activity, resulting in 

expression of the OSBP NMD-responsive transcript and also subsequent targeting of this 

transcript by NMD. NMD targeting of the OSBP NMD-responsive transcript would 

repress OSBP protein levels and sustain this response. Augmentation of NMD by 

mTORc1 inhibition may also result in NMD-targeting of viral RNA, further suppressing 

viral infection. 

This multifaceted innate antiviral response could therefore be initiated simply by 

decreasing, inhibiting, or regulating OSBP levels in the cell. The long-term repression of 

OSBP may be a mechanism to sustain this response to locally restrict viral proliferation 

and allow the host immune system to more effectively and efficiently clear the viral 

infection from the host.  
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Further elucidation of this response and the development of clinically-adaptable 

small molecules to harness this response, could lead to a new paradigm in broad-spectrum 

antiviral treatment. The prophylactic (i.e., preventative) potential of this antiviral 

approach, coupled with its broad-spectrum applicability and low probability of viral 

mutational resistance may allow for the treatment or prevention of many existing  RNA 

viruses with no current treatments. The evolutionarily conserved viral dependence on 

OSBP as a host factor indicates that this novel antiviral approach may be effective against 

RNA viruses that have not yet even emerged. This novel approach could be an essential 

tool in our currently severely limited RNA antiviral toolbox to fight and eliminate current 

(i.e., COVID-19) and future RNA viral pandemics.  

 
 

Figure 38: Proposed innate antiviral response model. 
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Appendix 1: Chapter 2 Supplemental 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 39: Full Western blots of Figure 6. 

 

HEK293 OSBP HEK293 Actin

250 250

100
100

50

50

HEK293 ORP4 HEK293 Actin



207 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 40: Full Western blots of Figure 7. 
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Figure 41: Full OSBP Western blots of Figure 8A. 
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Figure 42: Full ORP4 Western blots of Figure 8B. 
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Figure 43: Full Western blots of Figure 10A. 
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Figure 44: Full Western blots of Figure 10B. 
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Figure 45: Full Western blots of Figure 12A. 
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Figure 46: Full Western blots of Figure 12B. 
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Figure 47: Full Western blots of Figure 12C. 
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Figure 48: Full Western blots of Figure 12D. 
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Figure 49: Full Western blots of Figure 13A. 
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Figure 50: Full Western blots of Figure 13B.  

 

 

K562 ORP4
K562 Actin

250
250

100100

50
50

0hr 24 48 72 0 24 48 72

DMSO DMSOOSW-1 OSW-1

0hr 24 48 72 0 24 48 72



218 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 51: Full Western blot of lysate for iTRAQ proteomic mass spectrometry analysis 

in Figure 14. 
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Figure 52: Full Western blot of HeLa cell washout experiment for Figure 15. 
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Figure 53: Full Western blots of Figure 16. 
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Figure 54: Full Western blots of Figure 17C. 
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Figure 55: Full OSBP binding curves for Figure 18. 
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Figure 56: Full ORP4 binding curves for Figure 18. 
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Figure 57: Full Western blot of Figure 19A. 
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Figure 58: Full Western blots of Figure 23A.  
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Figure 59: Full Western blots of Figure 23B and Figure 25A. 
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Figure 60: Full Western blots of an RNA Seq sample for Figure 23D (top) 

and Figure 23E (bottom). 
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Figure 61: Full Western blots of Figure 24. 
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Figure 62: Full Western blots of Figure 25B (left) and Figure 25C (right). 
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Figure 63: Full Western blots of Figure 26B (top) and Figure 26C 

(bottom). 
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Figure 64: RNA Seq bioinformatics analysis outline for Figure 28B. 

The RNA Seq bioinformatics analysis was performed in collaboration with Dr. 

Fares Najar. Dr. Najar is also credited with the creation of this image. 
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Figure 65: Full Western blots of OSBP and ORP4 binding lysates. 
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Figure 66: OSBP and ORP4 binding curves for 25-OHC. 
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Figure 67: OSBP and ORP4 binding curves for UDCA. 
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Figure 68: OSBP and ORP4 binding curves for TUDCA. 
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Figure 69: OSBP and ORP4 binding curves for Serofendic Acid 
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Figure 70: OSBP and ORP4 binding curves for U-18666A. 

 

 

Ki = >100 µM

ORP4 ORP4

Ki = >50 µM



238 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 71: OSBP and ORP4 binding curves for Diosgenin. 
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Figure 72: OSBP binding curves for Digitoxigenin 
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Figure 73: OSBP and ORP4 binding curves for Paxilline. 
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Figure 74: OSBP binding curves for 22-azacholesterol. 
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Figure 75: OSBP and ORP4 binding curves for 21-acetoxypregnenolone. 
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Figure 76: OSBP and ORP4 binding curves for 25-hydroxycholestanol. 
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Figure 77: OSBP and ORP4 binding curves for 7-25-diOHC. 
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Figure 78: OSBP binding curves for 5-OHC-6-ketocholesterol. 
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Figure 79: OSBP and ORP4 binding curves for 25(R),27-diOHC 
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Figure 80: OSBP and ORP4 binding curves for 25(S), 27-diOHC. 
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Figure 81: OSBP and ORP4 binding curves for 24(R)-OHC. 
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Figure 82: OSBP and ORP4 binding curves for 24(S)-OHC. 
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Figure 83: OSBP and ORP4 binding curves for 22(R)-OHC. 
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Figure 84: OSBP and ORP4 binding curves to 22(S)-OHC.  
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Figure 85: OSBP and ORP4 binding curves for 20(R), 22(S)-OHC. 
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Figure 86: OSBP and ORP4 binding curves for 20-OHC. 
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Figure 87: OSBP and ORP4 binding curves for SA-1. 
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Figure 88: OSBP and ORP4 binding curves for SA-2. 
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Figure 89: OSBP and ORP4 binding curves for SA-3. 
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Figure 90: OSBP and ORP4 binding curves for SA-4. 
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Figure 91: OSBP and ORP4 binding curves for SA-5. 
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Figure 92: OSBP and ORP4 binding curves for SA-6. 
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Figure 93: OSBP and ORP4 binding curves for SA-7. 
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Figure 94: OSBP and ORP4 binding curves for SA-8. 
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Figure 95: OSBP and ORP4 binding curves for SA-9. 
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Figure 96: OSBP and ORP4 binding curves for SA-10. 
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Figure 97: OSBP and ORP4 binding curves for SA-11. 
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Figure 98: OSBP and ORP4 binding curves for SA-12 
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