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Abstract: Oxysterol-bindizo -otein (OSBP) mediates lipid exchange between organelles at
membrane contact sites, 1 ereby regulating lipid dynamics and homeostasis. How OSBP’s lipid
transfer function impacts health and disease remain to be elucidated. In this review, we first
summarize the structural characteristics and lipid transport functions of OSBP, and then focus on
recent progresses linking OSBP with fatty liver disease, diabetes, lysosome-related diseases,

cancer and viral infections, with the aim of discovering novel therapeutic strategies for common

human diseases.
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OSBP, a lipid-binding/transfer protein, plays an import~.a. *oie in lipogenesis, liposarcoma,
vascular endothelial dysfunction and cholesterol efflu~ (Fio A). Additionally, OSBP can be
translocated to the MCS between ER and TGN or lvscsome, regulating insulin granule secretion
(Fig. B), mTORCI activation (Fig. C) and F™ K hosphorylation (Fig. D). All of these functions
depend on the cholesterol transport akility o, OSBP. Finally, in virus-infected host cells, virus
hijacks the cholesterol transport pa.w:y of OSBP for replication (Fig. E). These findings
highlight the important physic'ngical functions of OSBP and its potential to be targeted for
disease treatment.

Highlights:
e Cholesterol is transported from ER to TGN by OSBP at the expense of TGN PI4P.
e OSBP, CERT, PKD, Sacl and PI4P form a complex regulatory system to maintain the
balance of lipid composition in Golgi apparatus.
e OSBP relies on its cholesterol transport function to be involved in lysosome-related
disorders, cancer and other diseases.

Key words: OSBP; cholesterol; PI4P; disease; virus.



1. Introduction

Lipids are key components of biological membranes that are mainly synthesized in
endoplasmic reticulum (ER). Each organelle has its own unique lipid composition to ensure that
membrane-related biochemical reactions and other organelle-specific functions, such as ion
transport and signal transduction, can respond and adapt to various challenges. Translocation and
exchange of lipids between organelles are mainly through vesicula. and non-vesicular transport
[1, 2]. Non-vesicular lipid transfer mediated by lipid-bindi.g “rausfer proteins (LTPs) usually
occurs at membrane contact sites (MCSs, a region <.paicted by 10 — 30 nm between the
membranes of two different organelles) [3, 4]. LTP< nlay an integral role in lipid metabolism and
signaling, and are capable of accurately and ~“ic.~ntly transporting lipids [5, 6].

Human oxysterol binding protein ‘OSBF, and OSBP-related proteins (ORPs) are one of the
highly conserved LTP families in eukuryotes [7] with 12 members identified so far [8]. Most
members of this family exhibit structural similarities to OSBP, featuring a pleckstrin homology
(PH) domain near the N-tz=m.>us, a two phenylalanines in an acidic tract (FFAT) motif, and an
OSBP-related ligand bina ng (ORD) domain at the C-terminus. Further, they are divided into six
sub groups based on sequence similarities and gene structure. Group I includes OSBP and ORP4,
group II includes ORP1 and ORP2 (without PH domain), group III includes ORP3, ORP6 and
ORP7, group IV includes ORP5 and ORPS8 (without FFAT motif), group V includes ORP9, and
group VI includes ORP10 and ORP11 (without FFAT motif). These 12 members of the ORP
family can produce 15 proteins from alternative splicing, including OSBP, ORP4L, ORPA4S,

OPRIL, ORPIS, ORP2, OPR3, ORP6, ORP7, ORP5, ORPS, ORPIL, OPR9S, ORP10, and



ORPI1 [9, 10]. L represents “long” isoforms containing a PH domain while S represents “short”
isoforms lacking this domain. OSBP/ORPs have the ability to bind to and transfer oxysterols,
cholesterol or phospholipids, which can have an impact on lipid metabolism, cell signaling or
vesicle trafficking [11, 12]. OSBP, being the founding member of this family, has been
extensively studied to understand its role and function. Consequently, this review primarily
focuses on OSBP, while also including the functions performed Uy other members of the ORP
family to provide a comprehensive understanding.
2. Structure and lipid transport function of OSBP

Mammalian OSBP was first purified from the ~viosol vf hamster liver in the 1980s [10, 13,
14]. The OSBP gene, responsible for encodir7 a jrotein consisting of 807 amino acids, is located
on chromosome 11 in humans and chromosc.ne19 in mice [8]. The similarity between human
and mouse OSBP genes is 94%, whi.e thc protein similarity is as high as 98% [15]. The OSBP
protein contains an N-terminal ~trincically disordered region (N-ter) which is rich in glycine and
alanine (Gly-Ala domain). Th.~ is followed by a PH domain, and an FFAT motif and an ORD
domain at the C-terminus [9, 16, 17] (Fig. 1 A). The N-ter significantly increases the mobility
rate of OSBP in the narrow MCS environment without affecting the affinity of adjacent PH
domains for PI4P and the mechanism of lipid transfer. In order to prevent misorientation and
crowding of OSBPs at MCS, the N-ter further restricts the orientation of OSBP by favoring
heterotypic rather than homotypic membrane retention [3]. The PH domain interacts with
phosphatidylinositol-4-phosphate (PI4P) to enable OSBP to target Golgi apparatus and other

organelle membranes [18-20], and can also interact with GTPase ARFI1 in the trans-Golgi



network (TGN) [21-23]. The FFAT motif can specifically interact with the major sperm protein
(MSP) domain of vesicle-associated membrane protein—associated protein A/B (VAP-A/B) on
the cytoplasmic surface of ER [9, 24, 25] (Fig. 1 A). The ligand binding region of the ORD
domain contains a highly conserved fingerprint motif EQVSHHPP, a characteristic sequence of
the OSBP/ORP family (Fig.1A) [16]. OSBP binds 25-hydroxycholesterol (250HC) with high
affinity (K4 of ~10 nM) and binds other oxysterols with lower aii:nity. An important aspect is
that OSBP has a binding affinity for cholesterol, with a discoc*auon constant (Kd) of 170 nM.
While OSBP primarily localizes to the cytosol or FI 1. undergoes translocation to Golgi
apparatus in response to cellular exposure to 250H("

OSBP facilitates the transport of chole-*~r¢' and PI4P in an exchange manner between ER
and TGN in mammalian cells [24, 25] ‘Fig. 1 ). OSBP can be translocated to the MCS between
ER and TGN, where it is attached to 1a: F x membrane via the FFAT motif-bound VAP and to the
TGN membrane via the PH d¢ man.. OSBP-ORD extracts and binds cholesterol from ER, the
main site of cholesterol sv=the 5, and rapidly transports cholesterol to Golgi apparatus[26]. PI4P
is synthesized in the TGN by the phosphatidylinositol (PI)-4 kinase Ila (PI4KIIa) and IIf
(PI4KIIIB) [27]. OSBP-ORD exchanges cholesterol with PI4P synthesized in the Golgi and
transports PI4P back to the ER, where it is hydrolyzed to PI and inorganic phosphate by the
phosphoinositide phosphatases Sacl. Thus, the PI4P gradient between Golgi apparatus and ER
drives forward transport of cholesterol against its concentration gradient. Here, OSBP utilizes the
metabolic energy released by PI4P hydrolysis to achieve the exchange of PI4P and cholesterol

[25].
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Fig.1 The schematic diagrzm «=d lipid transport model of OSBP in mammals. A, the schematic
diagram of OSBP protel. domains. Gly-Ala domain, glycine and alanine rich domain; PH,
pleckstrin homology; FFAT, a two phenylalanines in an acidic tract; ORD, OSBP-related ligand-
binding domain. B, a model for the function of OSBP at the ER-TGN MCSs. OSBP connects the
ER and TGN by binding VAP of the ER and PI4P of the Golgi apparatus, and uses its ORD to
extract cholesterol from the ER and transport it to the Golgi apparatus membrane. OSBP-ORD
extracts PI4P from the Golgi apparatus and transports it to the ER. The PI4P retrogradely

transported to the ER is hydrolyzed by Sacl to produce PI and inorganic phosphate. Chol,



cholesterol; MCS, membrane contact sites; MSP, major sperm protein domain.

Additionally, OSBP functions as a lipid sensor in regulating sphingomyelin (SM) synthesis
at the ER-TGN junction (Fig. 2). OSBP can facilitate ceramide transport from ER to Golgi by
recruiting ceramide transfer protein (CERT) to increase the synthesis of SM [28]. CERT’s
structure is similar to OSBP: a PH domain at the N-terminus, a.. FFAT motif in the middle
region, and a steroidogenic acute regulatory protein (StAw, raiated lipid transfer (START)
domain which binds or transfers lipid at the C-terminus 29, 30]. The PH domain and VAPA are
both indispensable in the process of OSBP regulating Si synthesis, which involves CERT
recruitment by OSBP. The heteromeric conlc” formed by OSBP with CERT and VAP can
increase the activity of CERT, but OSBP doc. not interact directly with CERT [28, 31]. At the
same time, ARF recruitment by the P.1 dcinain of OSBP can stimulate PI4KIIIB, which raises the
local concentration of PI4P anc reciaits CERT to the Golgi apparatus [32]. Interestingly, OSBP
Ser240 can be phosphoryl=‘~a -y protein kinase D (PKD) upon 250HC or cholesterol depletion,
and phosphorylation of C SBP attenuates its localization in the Golgi apparatus, resulting in a
reduction of CERT located in the Golgi apparatus. This further leads to the fragmentation of
Golgi apparatus [33]. Furthermore, CERT Ser132 can also be phosphorylated by PKD, impairing
its ability to transport ceramides [34]. It has since been found that SM synthesis at TGNS, which
is regulated by CERT and OSBP, is negatively regulated by sphingolipid (SL) metabolic flow.
Capasso et al. found that CERT can transmit ceramide from ER to TGN to produce SM and

DAG at low SL flow or SM synthesis [35]. With higher SL flow or increased SM synthesis, PKD



is activated by DAG, resulting in a transient increase of PI4P. OSBP phosphorylation by PKD
then leads to re-translocation of PI4P to the ER and Sacl-dependent dephosphorylation of PI4P.
When the levels of PI4P decrease, it reduces the ability of CERT to transport ceramide to TGN,
leading to a decrease in SM production. This indicates that OSBP, CERT, PKD, Sacl and PI4P
form a negative feedback loop to maintain the constant lipid composition of the Golgi apparatus.
The finding of Capasso et al. further confirm the report that phosporylation of OSBP by PKD
inhibits its localization to the TGN from the side. Hence, OSoP and CERT synergistically
regulate the metabolism of cholesterol and SM in the FI1 -Golgi apparatus. In conclusion, these

results suggest that OSBP exerts significant inflmei.ce over the lipid composition of Golgi
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Fig. 2 OSBP regulates the synthesis of SM at the ER-TGN junction. OSBP and CERT associate
with the TGN via binding of their PH domains to PI4P. The START domain of CERT promotes

the transfer of ceramide from the ER to sphingomyelin synthase SMSI located in Golgi



apparatus, resulting in SM synthesis in Golgi apparatus. The OSBP-mediated cholesterol
transport from ER to TGN reduces the PI4P pool through the coupled reverse-transport of P14
from TGN to ER. In addition, phosphorylation of OSBP and CERT by PKD decreased the
production of SM and DAG. Note that, for simplicity, CERT is represented as a monomer in the
schematic model, which is most likely to form homogeneous oligomers in the cells[36, 37] .

Chol, cholesterol; cer, ceramide; DAG: diacylglycerol.

3. OSBP and diseases

Lipids contribute to the structural integrity cf ceii membranes and regulate energy
metabolism, which is essential for whole-be<x \onction in mammals. Disorders of lipid balance
can lead to various diseases [38-40]. OSBP, .s a lipid sensing/transfer protein, is essential for
lipid transport. It has been discoverew. taa: OSBP dysfunction may be involved in many diseases,

such as fatty liver disease, diab.'es, .ysosome-related diseases, cancer and viral infections (Table

1.

Table 1. Roles of OSBP in diseases

Type of disease | Roles Target molecules | References
or signaling
pathways
Fatty liver | Overexpression of OSBP up-regulates | NA [41]
disease cholesterol ~ synthesis and inhibits




cholesterol esterification.

OSBP promotes the synthesis of TG, | The insulin | [42]
increases the accumulation of lipid | signaling cascade
droplets in the liver, and upregulates the
expression of fat synthesis-related genes.
Silencing of OSBP results in increased | ATP-binding [43, 44]
cholesterol efflux activity. casset.”

| wnsporter Al

| (ABCAT)

Diabetes Silencing of OSBP increases choleste: ~ | ABCA1 and the [43-46]
efflux activity, which in turn >o. d affect | insulin  signaling
insulin secretion and pne.eatic B cells | cascade
function.

In a diabetic ra’ ﬂ(,?sl, OSBP interacts | JAK2-STAT3 [47]
with JAK2 ai.1 pnosphorylation at Tyr-
394 r.oclts in vascular  endothelial
dysfunc tion.
Knockdown of OSBP in pancreatic | The insulin | [48]
cells affects cholesterol transport from | secretory pathway
ER to TGN, and increases lysosomal
degradation of young insulin granules
and newly synthesized proinsulin.
Niemann-Pick | OSBP in NPCl-deficient cells promotes | mechanistic [49]




disease type C | cholesterol transport to lysosomes, | Target of
( NPC ) leading to accumulation of cholesterol on | Rapamycin
the limiting membranes of lysosomes and | Complex 1
triggering autophagy defects. (mTORC1)

Breast cancer OSBP has no effect on proliferation. NA [50-53]

Human OSBP promotes cell growth and inhibits | AKT [54, 55]

liposarcoma apoptosis.

Renal cancer Favorable prognostic markers | A the Human
| Protein Atlas

Colorectal Favorable prognostic markers ~ INA the Human

cancer Protein Atlas

Hepatitis C | The OSBP-mediated che 'es.erol transport | PI4KA [56]

virus  (HCV) | system facilitates viral 2 NA replication.

infection

Poliovirus The OSBP-mceiated cholesterol transport | PI4KIII f [56]

infection system qa. ‘liuates viral RNA replication.

Enterovirus The O>3P-mediated cholesterol transport | PI4KIII 8 [57]

infection system facilitates viral RNA replication.

Rhinovirus The OSBP-mediated cholesterol transport | PI4KIII [58]

infection system facilitates viral RNA replication.

Aichi Virus | The OSBP-mediated cholesterol transport | Independent of | [59]

infection system facilitates viral RNA replication. | PI4P

Dengue  virus | It is uncertain whether the replication of | Independent of | [52, 56, 60]




infection viral RNA is dependent on OSBP. PI14P

3.1 OSBP and fatty liver

It was initially reported that overexpression of OSBP in Chinese hamster ovary (CHO)-K1
cells up-regulates cholesterol synthesis and inhibits cholesterol esterification, suggesting a
potential role of OSBP in cholesterol homeostasis [41]. According to a study by Yan et al.
(2007), overexpression of rabbit OSBP in mouse liver using ac.novirus-mediated techniques
resulted in increased synthesis of triglycerides (TG) and the 22 >'u..uiation of lipid droplets in the
liver. Interestingly, this overexpression had no effect or cnolesterol synthesis [42]. In addition,
transcriptional regulator of fatty acid synthase st.rol regulatory element-binding protein
(SREBP)-1c and its target genes: acetyl-CoA (CoA) synthase (AceCS), fatty acid synthase
(FAS), and stearoyl-CoA desaturase 1 (SCD-." are upregulated upon OSBP overexpression [42].
In line with these findings, silencing «f 0 3P in cultured mouse hepatoma cells Hepal-6 reduces
the insulin-induced expression of SREBP-1c and FAS, as well as a reduction in TG synthesis
[42]. These results indicate tuot SBP plays a novel role in the regulation of TG metabolism and
the insulin signaling casc. de.

Inactivation of the mouse ATP-binding cassette transporter A1 (ABCA1) increases lipid
storage in hepatocytes and leads to the accumulation of sterols in certain tissues [61]. However,
ABCAL does not appear to be associated with non-alcoholic fatty liver disease (NAFLD) [46].
Nonetheless, increased lipid and hepatic cholesterol deposition play a role in the progression of
steatosis to nonalcoholic steatohepatitis (NASH) [62]. Vega - Badillo et al. (2016) provided

evidence that hepatic microRNA (miR)-33a/144 and its target gene ABCA1 regulate hepatic free




cholesterol content and are associated with NASH [63]. OSBP negatively regulates ABCA1
activity in the cytoplasm by destabilizing ABCA1 through its ORD domain in CHO cells [44].
Silencing of OSBP results in elevated level of ABCAT1 protein and increased cholesterol efflux
activity [44]. Cadmium (Cd) also increases the stability of cholesterol efflux protein ABCAI1 by
inhibiting the lysosomal pathway. Conversely, it promotes the degradation of OSBP by
enhancing ubiquitination, which promotes cholesterol redistribu‘ion and ultimately affects
hepatic lipid metabolism [43]. This evidence establishes a c'ca- association between OSBP and
lipid metabolism, suggesting that OSBP may cooperate ~..'th ABCAI1 in the context of fatty liver
disease. However, further studies are required to ~lucidate the role of OSBP in liver disease,
specifically its connection to NAFLD/NASH F.-ther investigation into the precise mechanisms
by which OSBP regulates fatty acid and trigl, ceride synthesis is crucial for comprehending the
transcriptional activation of lipid syn.res s genes. Such research holds significant importance in
identifying new drug targets ‘or e prevention and treatment of liver diseases, including
hepatitis and fatty liver.

3.2 OSBP and diabc ‘es

Overloading or deficiency of cholesterol in cell membranes can lead to cellular dysfunction
and diseases [64]. Elevated cholesterol levels in pancreatic B cells lead to disruption of pancreas
islet function, reduce pancreas islet mass and decrease insulin secretion by interfering with the
normal insulin secretory pathway. Pancreatic -cell-specific cholesterol homeostasis thus plays a
key role in insulin secretion and B-cell dysfunction in diabetes [65, 66]. ORPS, as a novel

regulator of the insulin signaling system, can promote the activation of the insulin-AKT



signaling pathway, and affect reverse cholesterol transport by regulating ABCAT1 expression and
cholesterol efflux from macrophages [45, 46]. Interestingly, silencing of OSBP in CHO cells
results in high expression of ABCA1 protein and increased cholesterol efflux activity [44].
However, the overall loss of ABCA1 function is not sufficient to cause type 2 diabetes (T2D),
and it needs to cooperate with other factors to cause T2D [46]. Therefore, OSBP may regulate
ABCAI1 via unidentified mechanisms or cooperate with other “ctors to affect the insulin
signaling pathway to regulate pancreatic B-cell cholesterol bui.~ostasis, thereby participating in
the occurrence of diabetes.

Romeo et al. discovered that the expression of the actin-binding protein proflin-1 is
increased in diabetic endothelium and ink:~ition of profilin-1 prevents atherosclerosis [67].
Subsequently, they found that the JAK?/STA1 > pathway in aortic endothelial cells is activated in
the diabetic macrovasculature, whicl. ‘s iosely related to OSBP [47]. In this model, diabetes
causes a conformational chang in OSBP that allows OSBP to bind to JAK2 [47]. OSBP is
subsequently phosphorylet>d = JAK2 at Tyr394. Then, STAT3 recognizes and binds to the
YXXQ motif of OSBP wrough the Src homology 2 (SH2) domain, thus leading to STAT3
translocation to the nucleus through the non-canonical pathway. After STAT3 enters the nucleus,
it binds to the promoter of profilin-1, up-regulates profilin-1 expression, which ultimately leads
to diabetic endothelial dysfunction [47]. Phosphorylation of OSBP at Tyr-394 is required for
STAT3 activation. This study confirms the role of OSBP in diabetic complications and lays the
foundation for evaluating the effect of the OSBP/STAT3 pathway in models of diabetic vascular

injury. However, the role of OSBP in pancreatic cholesterol homeostasis and pancreatic  cell



function was not addressed in this study.

In recent years, studies have gradually increased on cholesterol dynamics regulating the
insulin secretory pathway, and it has been found that OSBP plays an important role in the
formation of insulin granules. Knockdown of OSBP in pancreatic  cells stably expressing
human proinsulin containing a superfolder green fluorescent protein insert in the C-peptide
domain (hPro-CpepSfGFP) results in reduced cholesterol biosynthe.is, cholesterol accumulation
in ER, and decreasing cholesterol levels in TGN [48]. Furtkairoie, OSBP deficiency increases
lysosomal degradation of young insulin granules and ne. " s mthesized proinsulin, which cannot
be rescued by the addition of exogenous cholestere! [£3]. ‘1 ae findings indicate that OSBP plays
a role in regulating the insulin secretory pat:-va,~ which relies on cholesterol transport from ER
to TGN. As a cholesterol transporter i~fluenc...g intracellular cholesterol levels and distribution,
OSBP is expected to have a significzat impact on pancreatic cholesterol homeostasis, 3 cell
function, insulin resistance, and liab. tes.

3.3 OSBP and lysosome-~:'a..% diseases

Lysosomes are cruciil for many cellular activities, and lysosomal dysfunction is usually
closely related to diseases [68, 69]. Niemann-Pick disease type C (NPC) is mainly caused by the
inactivation of the NPC1 and NPC2 genes [70, 71], which is characterized by lysosomal
accumulation of cholesterol and increased lysosomal dysfunction. Lysosomal cholesterol levels
are regulated by NPC1, which enables LDL-derived cholesterol to reach the limiting membrane
of lysosomes. High cholesterol levels in this membrane activate the guanine nucleotide exchange

factor of Rag GTases, which recruits mTORC to the lysosome surface and then initiates various



activities. In principle, luminal cholesterol derived from LDL cannot be transported to the
limiting membrane of lysosomes to stimulate mechanistic Target of Rapamycin Complex 1
(mTORCI1) activation when NPC1 is absent. In patients with NPC, there is a significant
accumulation of cholesterol in the lumen and limiting membranes of lysosomes [70, 71]. This
cholesterol accumulation results in the hyperactivation of mMTORCI at the lysosomes [72-74]. A
recent study has shown that OSBP can transfer cholesterol from Ea *o the limiting membrane of
lysosomes. In NPC disease, cholesterol provided by OSPr “as the effect of activating the
mTORCI1 pathway. OSBP inactivation can rescue ak.-ra.t cholesterol-dependent mTORCI
signal transduction in NPC1-deficient cells and restore autuphagy flux, leading to the clearance
of p62, an autophagy adaptor protein [49]. T-1s, DOSBP may be an effective therapeutic target for
correcting lysosome function and restoring NPC as well treatment for diseases driven by
excessive mMTORCI1 signaling. Morecv 1, we involvement of OSBP in other diseases may also be
related to its role in autophagy Co.:oborating with the above observations, these functions of
OSBP are dependent on ‘¢~ atiity to bind cholesterol and PI4P as well as its ER-lysosomal
localization, which is co. sistent with the model of OSBP transferring two lipids in opposite
directions in ER-lysosomal MCS [18].

In addition, lysosomal membrane permeabilization (LMP) is a hallmark of lysosome-
associated diseases. During the LMP, Ca®" release from damaged lysosomes promotes the
accumulation of PI4K2A on the lysosomes to produce large amounts of PI4P. Large amounts of
PI4P accumulate on the lysosomes and promotes phosphatidylserine transport to the lysosomes

for membrane repair by recruiting and stimulating ORPs family members ORP9/10/11 to



establish extensive membrane contact sites between ER and lysosomes [75]. Cholesterol can
improve membrane rigidity and stability, and OSBP, acting as a membrane tether, can transport
cholesterol to damaged lysosomes to assist membrane repair [75]. In their research, Radulovic et
al. provided evidence supporting the significance of PI4K2A-mediated phosphatidylinositol 4-
phosphate (PI4P) production in lysosome repair [76]. Additionally, they highlighted the essential
role of cholesterol transfer mediated by ORPIL in lysosome Jamage repair [76]. While
Radulovic et al. did not directly investigate the involvem.u. or OSBP-mediated cholesterol
transport in lysosome damage repair, they did obse. .= that OSBP can remove excessive
accumulation of PI4P on damaged lysosomes, theieby counteracting the damage response
mediated by PI4K2A and preserving cel':'m1 viability [76]. These complementary studies
collectively underscore the importart func.ion of OSBP in repairing lysosome damage.
Consequently, targeting the regulat.o1 of OSBP holds promise as a potential strategy for
restoring NPC protein homec:tasis, enhancing lysosomal function, and treating lysosomal-
related diseases, including >"FC
3.4 OSBP and Cancer

As the primary structural components of biological membranes and second messengers,
lipids are crucial for cell signaling and development. The OSBP/ORPs family plays a key role in
controlling cellular lipid trafficking, and abnormal expression of ORPs has been reported in
many cancers, such as ORP3 in lymphoma and colorectal cancer [77, 78], ORPS in renal cell
carcinoma [79], ORPS8 in hepatocellular carcinoma [80] and OSBP2 (also known as ORP4) in

pancreatic ductal adenocarcinoma [81]. In addition, ORP4L is expressed in T-cell acute



lymphoblastic leukemia cells including leukemia stem cells and is essential for leukemia
proliferation [82, 83].These suggest that ORPs may be important contributors to cancer
development. In the presence of cholesterol, OSBP has been shown to form a phosphatase
complex with PP2A and HePTP, two extracellular signal-regulated kinase (ERK) phosphatases,
to regulate ERK1/2 activity [84]. Following cholesterol depletion or 250HC treatment, the
phosphatase complex dissociates, resulting in increased levels oi “RK phosphorylation. Since
the ERK signaling pathway is closely related to cancer develrp..~ew [85, 86], it is speculated that
OSBP may play an important role in regulating cell sign~.ng and cancer development.

More than a decade ago, the discovery of OR¢Pphuins, a family of natural molecules,
revealed their ability to inhibit the growth ~* homan cancer cells through mechanisms distinct
from other known anti-cancer compeinds |9, 87, 88]. These findings have opened up new
possibilities for potential cancer therasies. OSBP and ORP4L were identified as the targets of
ORPphilins through affinity {witication and related techniques [50]. However, it remains
uncertain whether the imrz~t o ORPphilins on cancer is solely based on their effect on OSBP
and ORP4L. Nevertheles: the discovery of ORPphilins has provided valuable insights into the
study and understanding of OSBP's role in cancer. One member of the ORPphilins family, the
natural compound OSW-1, derived from the Ornithogalum saudersiae plant, exhibits a strong
affinity for OSBP. OSW-1 inhibits the growth of cancer cells by binding to OSBP and preventing
the transport of cholesterol to Golgi apparatus [50-52]. Intriguingly, transient treatment with
OSW-1 leads to a significant reduction in OSBP protein levels, although the mechanism

underlying this reduction remains unclear. Additionally, the OSW-1 analogue SBF-1 can reduce



the proliferation and adhesion of human liposarcoma cells by promoting the proteasomal
degradation of OSBP, thereby inhibiting AKT phosphorylation [54]. Experiments involving
ORPphilins and their analogues in cancer cells have demonstrated the association between OSBP
and cancer.

Moreover, miR-195 inhibits cell proliferation and migration and promotes apoptosis by
reducing OSBP expression in liposarcoma cells and tissues [5.7 More importantly, OSBP
overexpression reverses the effects of miR-195 on the cell grow *h, migration and apoptosis [55].
According to a recent study, OSBP translocates from G~:;1 > the PM where it co-localized with
ORPA4L via dimerizing with ORP4L. PI4P is transroried frum Golgi apparatus to PM as a result
of this alteration in OSBP distribution, ~hich promotes the synthesis of PI(4,5)P2 and
PI(3,4,5)P3. The resulting increase in PI(3,4,°)P3 levels contributes to the overactivation of the
PI3K/AKT oncogenic signaling and «r'ves T cell deterioration [89]. These results seem to imply
that OSBP, which functions as - lip.1 pump, might promote the occurrence and development of
tumor.

However, the role ¢ OSBP in cancer remains controversial. The Human Protein Atlas
(https://www.proteinatlas.org/ENSG00000110048-OSBP/pathology) indicate that low OSBP
expression is associated with poor prognosis in both renal and colorectal cancers. OSBP is a
prognostic marker for both cancers. According to these data, OSBP function is tissue-specific,
and the conflicting findings most likely reflect the complexity of OSBP function in different cell
types and physiological contexts. Therefore, understanding how OSBP is involved in cancer is

important because it could constitute an emerging class of drug targets for cancer treatment.



3.5 OSBP and virus infection

Infections caused by positive-sense single-stranded RNA virus are a widespread public
health issue of great concern. The entry of these viral genomes into cells can cause encephalitis,
hemorrhagic fever, gastroenteritis and respiratory diseases, etc. [90]. Positive-sense single-
stranded RNA viruses replicate in the cytosol of host cells, using the membrane contact sites
(MCSs) of the ER, Golgi and endosomal membranes as a replica.on platform, while utilizing
lipid droplets and lipid metabolism of host cells as replicatio creigy [91, 92]. Closely involved
in the formation of the viral replication organelle (RO) .. n.“cted cells, OSBP is considered to
be involved in the viral replication process.

Hepatitis C virus (HCV), a positive ~ence single-stranded RNA virus, can cause an
imbalance of lipid homeostasis in hos* cells o ring replication [24, 59]. The HCV nonstructural
protein NSS5A directly interacts with rI4KA in infected cells to generate PI4P, which
subsequently triggers the recrui‘*nen. of OSBP to the RO by binding to the N-terminal domain I
of NS5A. OSBP removes 214 {rom the RO by exchanging it with cholesterol, which elevates
the cholesterol levels nea. the RO [56]. In order to prevent HCV replication, ORP4 negatively
regulates the activity of NS5A in addition to OSBP [93], suggesting that members of ORP family
other than OSBP also play a role in this process. Other RNA viruses, including poliovirus [56,
94], enterovirus [95] and rhinovirus [58], also can hijack the cholesterol transport system of
OSBP, but they utilize different PI4K to generate PI4P on their RO. Unlike HCV, Aichi Virus
hijacks this pathway by recruiting OSBP prior to PI4P through protein-protein interactions [59].

While dengue virus replication is also independent of PI4K, it is uncertain whether it depends on



OSBP [52, 56, 60]. These studies suggest that OSBP-mediated cholesterol transport system is
essential for viral replication.

Small-molecule antagonists targeting OSBP have been proposed as a new strategy against
viral infection. The natural compound OSW-1 binds to the ORD of OSBP and blocks its
exchange activity, thereby inhibiting the replication of enteroviruses [52]. TTP-8307 and T-
00127-HEV2 inhibit viral replication by altering OSBP localizatio. [53, 96]. Additionally, the
antifungal drug itraconazole (ITZ) binds OSBP to inhibit it© aCuiwy to transport the cholesterol
and PI4P, thereby inhibiting the RNA genome replic~ticn of enterovirus and HCV [57].
Posaconazole also affects cholesterol homeostasis hv targeung OSBP to inhibit dengue and Zika
virus replication [60]. Notably, among these ~m'l molecules, OSW-1 is the only OSBP-targeted
compound with cell-preventive antiviral activ ty that also inhibits the growth of human cancer
cell lines [53]. Due to its intracellulsr 'ocalization and lipid transport properties, OSBP has
recently been hypothesized as o powntial target for the treatment of Coronavirus Disease 2019
(COVID-19) [97, 98]. Se a1, ‘ne role of OSBP in coronavirus infection and the efficacy of
therapeutic drugs targetin 3 OSBP in COVID-19 have not been investigated. However, genetic
screening based on genome-wide CRISPR (clustered regularly interspaced short palindromic
repeats) reveals that ORPIL, but not OSBP, is the host factor for coronavirus infection in human
Huh7 cell lines [99]. However, since the basis for this screening was cancer cells rather than
normal cells, more research is required to verify whether OSBP plays a role in the host infection
process of COVID-19.

4. Conclusion and Outlook



In conclusion the OSBP/ORPs family proteins have been established to be primarily
involved in disease through their impact on phospholipids and cholesterol metabolism, facilitated
by OSBP/ORPs interactions with other proteins. OSBP, as a member of the ORPs superfamily,
plays a crucial role in cellular lipid transport and homeostasis. While dysfunctional OSBPs have
been implicated in various diseases, the underlying mechanisms still remain largely unclear.

Unraveling the involvement of OSBP in tumorigenesis and .. significance as a target for
specific anti-tumor drugs requires further investigation. F.ilreunore, the direct relationship
between OSBP's lipid transport activity and disease ..volvement warrants further research.
Understanding the regulation of the OSBP cycle and associated mechanisms under physiological
and pathological conditions presents a majr=- ci.~llenge for future research. Detailed functional
studies of OSBP hold promise for the develop. ment of novel therapeutic approaches for various
diseases.

5. Acknowledgements

This work was supoeed by the Ministry of Science and Technology (No.
2021YFF0702100, 2021 "FA0805100, 2022YFE0132200) and the Science Fund for Young
Scientists of Shandong First Medical University (Shandong Academy of Medical Sciences) (No.
202201-047).

6. Statement of Competing Interest

All authors have declared that there was no conflict of interest.

7. Author contributions

YW and HY provided outlines and guidance; YL, YW and HY wrote and revised the



manuscript, LR and XD reviewed and edited the manuscript. All authors have read and gave
consent for the published version of the manuscript.

References

[1] G. van Meer, D.R. Voelker, G.W. Feigenson, Membrane lipids: where they are and how they
behave, Nature reviews. Molecular cell biology, 9 (2008) 112-124.

[2] S. Lev, Non-vesicular lipid transport by lipid-transfer proteins .nd beyond, Nature reviews.
Molecular cell biology, 11 (2010) 739-750.

[3] D. Jamecna, J. Polidori, B. Mesmin, M. Dezi, D. Le*, ). Bigay, B. Antonny, An Intrinsically
Disordered Region in OSBP Acts as an Entropi~ LDarrie. to Control Protein Dynamics and
Orientation at Membrane Contact Sites, Dev:'op.mental cell, 49 (2019) 220-234.e228.

[4] G. Drin, J. Moser von Filseck, A. Copi¢, 172w molecular mechanisms of inter-organelle lipid
transport, Biochemical Society transact.ons, 44 (2016) 486-492.

[5] A. Jain, J.C.M. Holthuis, M >mb.ane contact sites, ancient and central hubs of cellular lipid
logistics, Biochimica et bi<hy:ca acta. Molecular cell research, 1864 (2017) 1450-1458.

[6] K. Hanada, Lipid tran. fer proteins rectify inter-organelle flux and accurately deliver lipids at
membrane contact sites, Journal of lipid research, 59 (2018) 1341-1366.

[7] T. Tatsuta, M. Scharwey, T. Langer, Mitochondrial lipid trafficking, Trends in cell biology, 24
(2014) 44-52.

[8] A. Kloudova, F.P. Guengerich, P. Soucek, The Role of Oxysterols in Human Cancer, Trends
in endocrinology and metabolism: TEM, 28 (2017) 485-496.

[9] V.M. Olkkonen, OSBP-Related Protein Family in Lipid Transport Over Membrane Contact



Sites, Lipid insights, 8 (2015) 1-9.

[10] H. Kentala, M. Weber-Boyvat, V.M. Olkkonen, OSBP-Related Protein Family: Mediators of
Lipid Transport and Signaling at Membrane Contact Sites, International review of cell and
molecular biology, 321 (2016) 299-340.

[11] R. He, F. Liu, H. Wang, S. Huang, K. Xu, C. Zhang, Y. Liu, H. Yu, ORP9 and ORP10 form a
heterocomplex to transfer phosphatidylinositol 4-phosphate at Eix TGN contact sites, Cellular
and molecular life sciences : CMLS, 80 (2023) 77.

[12] H. Liu, S. Huang, Role of oxysterol-binding prot<.~-1.'ated proteins in malignant human
tumours, World journal of clinical cases, 8 (2020) 1-1C.

[13] X. Gu, A. Li, S. Liu, L. Lin, S. Xu, ™ z.ang, S. Li, X. Li, B. Tian, X. Zhu, X. Wang,
MicroRNA124 Regulated Neurite Elengation by Targeting OSBP, Molecular neurobiology, 53
(2016) 6388-6396.

[14] P.A. Dawson, D.R. Van -er "Vesthuyzen, J.L. Goldstein, M.S. Brown, Purification of
oxysterol binding protein 1. hamster liver cytosol, The Journal of biological chemistry, 264
(1989) 9046-9052.

[15] D. Levanon, C.L. Hsieh, U. Francke, P.A. Dawson, N.D. Ridgway, M.S. Brown, J.L.
Goldstein, cDNA cloning of human oxysterol-binding protein and localization of the gene to
human chromosome 11 and mouse chromosome 19, Genomics, 7 (1990) 65-74.

[16] P.Y. Wang, J. Weng, S. Lee, R.G. Anderson, The N terminus controls sterol binding while
the C terminus regulates the scaffolding function of OSBP, The Journal of biological chemistry,

283 (2008) 8034-8045.



[17] A. Goto, X. Liu, C.A. Robinson, N.D. Ridgway, Multisite phosphorylation of oxysterol-
binding protein regulates sterol binding and activation of sphingomyelin synthesis, Molecular
biology of the cell, 23 (2012) 3624-3635.

[18] R. Dong, Y. Saheki, S. Swarup, L. Lucast, J.W. Harper, P. De Camilli, Endosome-ER
Contacts Control Actin Nucleation and Retromer Function through VAP-Dependent Regulation
of PI4P, Cell, 166 (2016) 408-423.

[19] B. Mesmin, J. Bigay, J. Polidori, D. Jamecna, S. Lacas-(c. 7ais, B. Antonny, Sterol transfer,
PI4P consumption, and control of membrane lipid orZ:r ¢y endogenous OSBP, The EMBO
journal, 36 (2017) 3156-3174.

[20] V.M. Olkkonen, E. Ikonen, Cholesterc! trasport in the late endocytic pathway: Roles of
ORP family proteins, The Journal of steroia biochemistry and molecular biology, 216 (2022)
106040.

[21] V.M. Olkkonen, The eme::ring roles of OSBP-related proteins in cancer: Impacts through
phosphoinositide metabol:zm .=.d protein-protein interactions, Biochemical pharmacology, 196
(2022) 114455.

[22] T.P. Levine, S. Munro, Targeting of Golgi-specific pleckstrin homology domains involves
both PtdIns 4-kinase-dependent and -independent components, Current biology : CB, 12 (2002)
695-704.

[23]J. Bigay, B. Mesmin, B. Antonny, [A lipid exchange market : vectorial cholesterol transport
by the protein OSBP], Medecine sciences : M/S, 36 (2020) 130-136.

[24] A. Arora, J.H. Taskinen, V.M. Olkkonen, Coordination of inter-organelle communication



and lipid fluxes by OSBP-related proteins, Progress in lipid research, 86 (2022) 101146.

[25] B. Mesmin, J. Bigay, J. Moser von Filseck, S. Lacas-Gervais, G. Drin, B. Antonny, A four-
step cycle driven by PI(4)P hydrolysis directs sterol/PI(4)P exchange by the ER-Golgi tether
OSBP, Cell, 155 (2013) 830-843.

[26] C.E. O'Brien, S.H. Younger, L.Y. Jan, Y.N. Jan, The GARP complex prevents sterol
accumulation at the trans-Golgi network during dendrite remodelirg, The Journal of cell biology,
222 (2023).

[27] M.G. Waugh, Phosphatidylinositol 4-kinases, phos, . 1ylinositol 4-phosphate and cancer,
Cancer letters, 325 (2012) 125-131.

[28] R.J. Perry, N.D. Ridgway, Oxystero! “inling protein and vesicle-associated membrane
protein-associated protein are required for stc.ol-dependent activation of the ceramide transport
protein, Molecular biology of the cell, ' 7 12006) 2604-2616.

[29] K. Kumagai, M. Kawano-I awada, K. Hanada, Phosphoregulation of the ceramide transport
protein CERT at serine 315 1. he interaction with VAMP-associated protein (VAP) for inter-
organelle trafficking of ccramide in mammalian cells, The Journal of biological chemistry, 289
(2014) 10748-10760.

[30] K. Hanada, S. Sakai, K. Kumagai, Natural Ligand-Mimetic and Nonmimetic Inhibitors of
the Ceramide Transport Protein CERT, International journal of molecular sciences, 23 (2022).
[31] M. Subra, M. Dezi, J. Bigay, S. Lacas-Gervais, A. Di Cicco, A.R.D. Araujo, S. Abélanet, L.
Fleuriot, D. Debayle, R. Gautier, A. Patel, F. Roussi, B. Antonny, D. Lévy, B. Mesmin, VAP-A

intrinsically disordered regions enable versatile tethering at membrane contact sites,



Developmental cell, 58 (2023) 121-138.e129.

[32] S. Banerji, M. Ngo, C.F. Lane, C.A. Robinson, S. Minogue, N.D. Ridgway, Oxysterol
binding protein-dependent activation of sphingomyelin synthesis in the golgi apparatus requires
phosphatidylinositol 4-kinase Ila, Molecular biology of the cell, 21 (2010) 4141-4150.

[33] S. Nhek, M. Ngo, X. Yang, M.M. Ng, S.J. Field, J.M. Asara, N.D. Ridgway, A. Toker,
Regulation of oxysterol-binding protein Golgi localization throug. protein kinase D-mediated
phosphorylation, Molecular biology of the cell, 21 (2010) 2327-255/.

[34] Y. Amako, G.H. Syed, A. Siddiqui, Protein kinase ™ n« gatively regulates hepatitis C virus
secretion through phosphorylation of oxysterol-bindi.ig piotein and ceramide transfer protein,
The Journal of biological chemistry, 286 (20'') ,1265-11274.

[35] S. Capasso, L. Sticco, R. Rizzo, M. Pu.zzi, D. Russo, N.A. Dathan, F. Campelo, J. van
Galen, M. Holtta-Vuori, G. Turacch.c, 1. Hausser, V. Malhotra, I. Riezman, H. Riezman, E.
Ikonen, C. Luberto, S. Paraskrran.an, A. Luini, G. D'Angelo, Sphingolipid metabolic flow
controls phosphoinositide ~ri.~ver at the trans-Golgi network, The EMBO journal, 36 (2017)
1736-1754.

[36] F. Revert, F. Revert-Ros, R. Blasco, A. Artigot, E. Lopez-Pascual, R. Gozalbo-Rovira, 1.
Ventura, E. Gutiérrez-Carbonell, N. Roda, D. Ruiz-Sanchis, J. Forteza, J. Alcacer, A. Pérez-
Sastre, A. Diaz, E. Pérez-Pay4, J.F. Sanz-Cervera, J. Saus, Selective targeting of collagen IV in
the cancer cell microenvironment reduces tumor burden, Oncotarget, 9 (2018) 11020-11045.

[37] C. Gehin, M.A. Lone, W. Lee, L. Capolupo, S. Ho, A.M. Adeyemi, E.H. Gerkes, A.P.

Stegmann, E. Lopez-Martin, E. Bermejo-Sanchez, B. Martinez-Delgado, C. Zweier, C. Kraus, B.



Popp, V. Strehlow, D. Grife, I. Knerr, E.R. Jones, S. Zamuner, L.A. Abriata, V. Kunnathully, B.E.
Moeller, A. Vocat, S. Rommelaere, J.P. Bocquete, E. Ruchti, G. Limoni, M. Van Campenhoudt,
S. Bourgeat, P. Henklein, C. Gilissen, B.W. van Bon, R. Pfundt, M.H. Willemsen, J.H. Schieving,
E. Leonardi, F. Soli, A. Murgia, H. Guo, Q. Zhang, K. Xia, C.R. Fagerberg, C.P. Beier, M.J.
Larsen, . Valenzuela, P. Fernandez-Alvarez, S. Xiong, R. Smigiel, V. Lopez-Gonzélez, L.
Armengol, M. Morleo, A. Selicorni, A. Torella, M. Blyth, N.S. Coop~t, V. Wilson, R. Oegema, Y.
Herenger, A. Garde, A.L. Bruel, F. Tran Mau-Them, A.B. Macocks, J.M. Bain, M.A. Bhat, G.
Costain, P. Kannu, A. Marwaha, N.L. Champaigne, M .. t.’ez, E.B. Richardson, V.K. Gowda,
V.M. Srinivasan, Y. Gupta, T.Y. Lim, S. Sanna-CherckLi, B. Lemaitre, T. Yamaji, K. Hanada, J.E.
Burke, A.M. Jaksi¢, B.D. McCabe, P. De Lo~ Ric~. T. Hornemann, G. D'Angelo, V.A. Gennarino,
CERT1 mutations perturb human developmcat by disrupting sphingolipid homeostasis, The
Journal of clinical investigation, 133 2J25).

[38] H. Yoon, J.L. Shaw, M.C. Haizis, A. Greka, Lipid metabolism in sickness and in health:
Emerging regulators of lipz*ox ~ity, Molecular cell, 81 (2021) 3708-3730.

[39] D. Li, Y. Li, The iu‘eraction between ferroptosis and lipid metabolism in cancer, Signal
transduction and targeted therapy, 5 (2020) 108.

[40] A. Deprince, J.T. Haas, B. Staels, Dysregulated lipid metabolism links NAFLD to
cardiovascular disease, Molecular metabolism, 42 (2020) 101092.

[41] T.A. Lagace, D.M. Byers, H.-W. Cook, N.D. Ridgway, Altered regulation of cholesterol and
cholesteryl ester synthesis in Chinese-hamster ovary cells overexpressing the oxysterol-binding

protein is dependent on the pleckstrin homology domain, The Biochemical journal, 326 ( Pt 1)



(1997) 205-213.

[42] D. Yan, M. Lehto, L. Rasilainen, J. Metso, C. Ehnholm, S. Yld-Herttuala, M. Jauhiainen,
V.M. Olkkonen, Oxysterol binding protein induces upregulation of SREBP-1c¢ and enhances
hepatic lipogenesis, Arteriosclerosis, thrombosis, and vascular biology, 27 (2007) 1108-1114.
[43] Y. Wang, X. Ji, S. Dai, H. Liu, D. Yan, Y. Zhou, J. Gu, H. Shi, Cadmium induced
redistribution of cholesterol by upregulating ABCA1 and dowin ~eulating OSBP, Journal of
inorganic biochemistry, 189 (2018) 199-207.

[44] K. Bowden, N.D. Ridgway, OSBP negatively r.-'uctes ABCAL protein stability, The
Journal of biological chemistry, 283 (2008) 18210-1827.

[45] D. Yan, M.I. Méyrdnpda, J. Wong, J. P~ri.'4, M. Lehto, M. Jauhiainen, P.T. Kovanen, C.
Ehnholm, A.J. Brown, V.M. Olkkonrn, OS.P-related protein 8 (ORP8) suppresses ABCA1
expression and cholesterol efflux frcor macrophages, The Journal of biological chemistry, 283
(2008) 332-340.

[46] L. Jacobo-Albavera. M. “ominguez-Pérez, D.J. Medina-Leyte, A. Gonzalez-Garrido, T.
Villarreal-Molina, The kole of the ATP-Binding Cassette Al (ABCA1) in Human Disease,
International journal of molecular sciences, 22 (2021).

[47] G.R. Romeo, A. Kazlauskas, Oxysterol and diabetes activate STAT3 and control endothelial
expression of profilin-1 via OSBP1, The Journal of biological chemistry, 283 (2008) 9595-9605.
[48] S.S. Hussain, M.T. Harris, A.J.B. Kreutzberger, C.M. Inouye, C.A. Doyle, A.M. Castle, P.
Arvan, J.D. Castle, Control of insulin granule formation and function by the ABC transporters

ABCGI1 and ABCA1 and by oxysterol binding protein OSBP, Molecular biology of the cell, 29



(2018) 1238-1257.

[49] C.Y. Lim, O.B. Davis, H.R. Shin, J. Zhang, C.A. Berdan, X. Jiang, J.L. Counihan, D.S. Ory,
D.K. Nomura, R. Zoncu, ER-lysosome contacts enable cholesterol sensing by mTORC1 and
drive aberrant growth signalling in Niemann-Pick type C, Nature cell biology, 21 (2019) 1206-
1218.

[50] A.W. Burgett, T.B. Poulsen, K. Wangkanont, D.R. Andersoi,, . Kikuchi, K. Shimada, S.
Okubo, K.C. Fortner, Y. Mimaki, M. Kuroda, J.P. Murply, L.s. Schwalb, E.C. Petrella, L
Cornella-Taracido, M. Schirle, J.A. Tallarico, M.D. Sk.'r. Matural products reveal cancer cell
dependence on oxysterol-binding proteins, Nature cheiaical oiology, 7 (2011) 639-647.

[51] R.C. Bensen, G. Gunay, M.C. Finne=~n, [. Jhingan, H. Acar, A.W.G. Burgett, Small
Molecule Targeting of Oxysterol-Binding Pro.2in (OSBP)-Related Protein 4 and OSBP Inhibits
Ovarian Cancer Cell Proliferation in M.onwvlayer and Spheroid Cell Models, ACS pharmacology
& translational science, 4 (2021} 744 756.

[52] B.L. Roberts, Z.C. Se=ta>_e, R.C. Bensen, A.T. Le, N.R. Kothapalli, J.I. Nufiez, H. Ma, S.
Wu, S.J. Standke, Z. Yai.. g, W.J. Reddig, E.L. Blewett, A.W.G. Burgett, Transient Compound
Treatment Induces a Multigenerational Reduction of Oxysterol-Binding Protein (OSBP) Levels
and Prophylactic Antiviral Activity, ACS chemical biology, 14 (2019) 276-287.

[53] B.L. Roberts, Z.C. Severance, R.C. Bensen, A.T. Le-McClain, C.A. Malinky, E.M.
Mettenbrink, J.I. Nufiez, W.J. Reddig, E.L. Blewett, A.W.G. Burgett, Differing activities of
oxysterol-binding protein (OSBP) targeting anti-viral compounds, Antiviral research, 170 (2019)

104548.



[54] W. Chen, X. Qian, Y. Hu, W. Jin, Y. Shan, X. Fang, Y. Sun, B. Yu, Q. Luo, Q. Xu, SBF-1
preferentially inhibits growth of highly malignant human liposarcoma cells, Journal of
pharmacological sciences, 138 (2018) 271-278.

[55] Y. Cao, L. Li, L. Han, J. Zheng, C. Lv, miR-195 Serves as a Tumor Suppressor in the
Progression of Liposarcoma by Targeting OSBP, OncoTargets and therapy, 13 (2020) 6465-6474.
[56] H. Wang, J.W. Perry, A.S. Lauring, P. Neddermann, R. De Fia.cesco, A.W. Tai, Oxysterol-
binding protein is a phosphatidylinositol 4-kinase effector tequired for HCV replication
membrane integrity and cholesterol trafficking, Gastroe.:.~r¢'ogy, 146 (2014) 1373-1385.e1371-
1311.

[57] J.R. Strating, L. van der Linden, L. A" uc-cu, J. Bigay, M. Arita, L. Delang, P. Leyssen,
H.M. van der Schaar, K.H. Lanke, H.J. Thibau., R. Ulferts, G. Drin, N. Schlinck, R.W. Wubbolts,
N. Sever, S.A. Head, J.O. Liu, P.A. Bza:ny, M.A. De Matteis, M.D. Shair, V.M. Olkkonen, J.
Neyts, F.J. van Kuppeveld, 'raccnazole inhibits enterovirus replication by targeting the
oxysterol-binding protein. =1, “cports, 10 (2015) 600-615.

[58] P.S. Roulin, M. Lou-erich, F. Torta, L.B. Tanner, F.J. van Kuppeveld, M.R. Wenk, U.F.
Greber, Rhinovirus uses a phosphatidylinositol 4-phosphate/cholesterol counter-current for the
formation of replication compartments at the ER-Golgi interface, Cell host & microbe, 16 (2014)
677-690.

[59] K. Ishikawa-Sasaki, S. Nagashima, K. Taniguchi, J. Sasaki, Model of OSBP-Mediated
Cholesterol Supply to Aichi Virus RNA Replication Sites Involving Protein-Protein Interactions

among Viral Proteins, ACBD3, OSBP, VAP-A/B, and SAC1, Journal of virology, 92 (2018).



[60] F. Meutiawati, B. Bezemer, J. Strating, G.J. Overheul, E. Zusinaite, F.J.M. van Kuppeveld,
K.W.R. van Cleef, R.P. van Rij, Posaconazole inhibits dengue virus replication by targeting
oxysterol-binding protein, Antiviral research, 157 (2018) 68-79.

[61] M. Dominguez-Pérez, A. Simoni-Nieves, P. Rosales, N. Nufio-Lambarri, M. Rosas-Lemus,
V. Souza, R.U. Miranda, L. Bucio, S. Uribe Carvajal, J.U. Marquardt, D. Seo, L.E. Gomez-
Quiroz, M.C. Gutiérrez-Ruiz, Cholesterol burden in the liver inucces mitochondrial dynamic
changes and resistance to apoptosis, Journal of cellular physicioy, 234 (2019) 7213-7223.

[62] B. Wang, P. Tontonoz, Liver X receptors in lipid .‘ei.~lling and membrane homeostasis,
Nature reviews. Endocrinology, 14 (2018) 452-463

[63] J. Vega-Badillo, R. Gutiérrez-Vidal, H * i'ernandez-Pérez, H. Villamil-Ramirez, P. Leon-
Mimila, F. Sanchez-Mufioz, S. Mor4n-Ram.s, E. Larrieta-Carrasco, 1. Fernandez-Silva, N.
Méndez-Sanchez, A.R. Tovar, F. Can.pos -¢érez, T. Villarreal-Molina, R. Hernandez-Pando, C.A.
Aguilar-Salinas, S. Canizales Jun.teros, Hepatic miR-33a/miR-144 and their target gene
ABCAL are associated v:*h  *:atohepatitis in morbidly obese subjects, Liver international :
official journal of the Inte. national Association for the Study of the Liver, 36 (2016) 1383-1391.
[64] C. Perego, L. Da Dalt, A. Pirillo, A. Galli, A.L. Catapano, G.D. Norata, Cholesterol
metabolism, pancreatic B-cell function and diabetes, Biochimica et biophysica acta. Molecular
basis of disease, 1865 (2019) 2149-2156.

[65] M. Fryirs, P.J. Barter, K.A. Rye, Cholesterol metabolism and pancreatic beta-cell function,
Current opinion in lipidology, 20 (2009) 159-164.

[66] M. Ishikawa, Y. Iwasaki, S. Yatoh, T. Kato, S. Kumadaki, N. Inoue, T. Yamamoto, T.



Matsuzaka, Y. Nakagawa, N. Yahagi, K. Kobayashi, A. Takahashi, N. Yamada, H. Shimano,
Cholesterol accumulation and diabetes in pancreatic beta-cell-specific SREBP-2 transgenic mice:
a new model for lipotoxicity, Journal of lipid research, 49 (2008) 2524-2534.

[67] G.R. Romeo, K.S. Moulton, A. Kazlauskas, Attenuated expression of profilin-1 confers
protection from atherosclerosis in the LDL receptor null mouse, Circulation research, 101 (2007)
357-367.

[68] J.A. Martina, N. Raben, R. Puertollano, SnapShot: Lys,s.nar Storage Diseases, Cell, 180
(2020) 602-602.¢601.

[69] F. Gros, S. Muller, The role of lysosomes in mctaboiic and autoimmune diseases, Nature
reviews. Nephrology, 19 (2023) 366-383.

[70] S. Wheeler, D.J. Sillence, Nemann ®ick type C disease: cellular pathology and
pharmacotherapy, Journal of neurochurdsuy, 153 (2020) 674-692.

[71] A. Colombo, L. Dinkel, “.A. Miiller, L. Sebastian Monasor, M. Schifferer, L. Cantuti-
Castelvetri, J. Konig, L. Y:4a. <, T. Bremova-Ertl, A.P. Lieberman, S. Hecimovic, M. Simons,
S.F. Lichtenthaler, M. St1. pp, S.A. Schneider, S. Tahirovic, Loss of NPC1 enhances phagocytic
uptake and impairs lipid trafficking in microglia, Nature communications, 12 (2021) 1158.

[72] O.B. Davis, H.R. Shin, C.Y. Lim, E.Y. Wu, M. Kukurugya, C.F. Maher, R.M. Perera, M.P.
Ordonez, R. Zoncu, NPCI-mTORC1 Signaling Couples Cholesterol Sensing to Organelle
Homeostasis and Is a Targetable Pathway in Niemann-Pick Type C, Developmental cell, 56
(2021) 260-276.e267.

[73] J.C. Roney, S. Li, T. Farfel-Becker, N. Huang, T. Sun, Y. Xie, X.T. Cheng, M.Y. Lin, F.M.



Platt, Z.H. Sheng, Lipid-mediated motor-adaptor sequestration impairs axonal lysosome delivery
leading to autophagic stress and dystrophy in Niemann-Pick type C, Developmental cell, 56
(2021) 1452-1468.¢1458.

[74] B.M. Castellano, A.M. Thelen, O. Moldavski, M. Feltes, R.E. van der Welle, L. Mydock-
McGrane, X. Jiang, R.J. van Eijkeren, O.B. Davis, S.M. Louie, R.M. Perera, D.F. Covey, D.K.
Nomura, D.S. Ory, R. Zoncu, Lysosomal cholesterol activates 1. TORC1 via an SLC38A9-
Niemann-Pick C1 signaling complex, Science (New York, N.%.,, 555 (2017) 1306-1311.

[75] J.X. Tan, T. Finkel, A phosphoinositide signalling r..hw ~y mediates rapid lysosomal repair,
Nature, 609 (2022) 815-821.

[76] M. Radulovic, EXM. Wenzel, S. Gil-~i, ".K. Holland, A.H. Lystad, S. Phuyal, V.M.
Olkkonen, A. Brech, M. Jéitteld, K. Maeda, C. Raiborg, H. Stenmark, Cholesterol transfer via
endoplasmic reticulum contacts mediates lysosome damage repair, The EMBO journal, 41
(2022) e112677.

[77] P. Xu, J. Richter, A. P'at.., . Gértner, R. Alberts, A. Azoitei, W.A. Makori, S. Meessen, U.
Knippschild, C. Giines, L’ ownregulation of ORP3 Correlates with Reduced Survival of Colon
Cancer Patients with Advanced Nodal Metastasis and of Female Patients with Grade 3 Colon
Cancer, International journal of molecular sciences, 21 (2020).

[78] S.N. Njeru, J. Kraus, J.K. Meena, A. Lechel, S.F. Katz, M. Kumar, U. Knippschild, A.
Azoitei, F. Wezel, C. Bolenz, F. Leithduser, A. Gollowitzer, O. Omrani, C. Hoischen, A.
Koeberle, H.A. Kestler, C. Giines, K.L. Rudolph, Aneuploidy-inducing gene knockdowns

overlap with cancer mutations and identify Orp3 as a B-cell lymphoma suppressor, Oncogene, 39



(2020) 1445-1465.

[79] L. Song, L. Zhang, Y. Zhou, X. Shao, Y. Xu, D. Pei, Q. Wang, ORP5 promotes tumor
metastasis via stabilizing c-Met in renal cell carcinoma, Cell death discovery, 8 (2022) 219.

[80] W. Zhong, S. Qin, B. Zhu, M. Pu, F. Liu, L. Wang, G. Ye, Q. Yi, D. Yan, Oxysterol-binding
protein-related protein 8 (ORP8) increases sensitivity of hepatocellular carcinoma cells to Fas-
mediated apoptosis, The Journal of biological chemistry, 290 (201Z%, R876-8887.

[81] S. Huang, X. Zhang, K. Luo, L. Jiang, J. Jiang, R. Li, O>.y>"2101-Binding Protein 2 Promotes
Pancreatic Ductal Adenocarcinoma Progression Thror_h pithelial-Mesenchymal Transition,
Frontiers in oncology, 11 (2021) 762233.

[82] W. Zhong, M. Xu, C. Li, B. Zhu, X. C~> L Li, H. Chen, C. Hu, R. Li, C. Luo, G. Pan, W.
Zhang, C. Lai, T. Wang, X. Du, H. Cben, G. ."u, V.M. Olkkonen, P. Lei, J. Xu, D. Yan, ORP4L
Extracts and Presents PIP(2) from ?losma Membrane for PLCB3 Catalysis: Targeting It
Eradicates Leukemia Stem Cell> Ce.! reports, 26 (2019) 2166-2177.e2169.

[83] W. Zhong, Q. Yi, B. . U Li, T. Wang, F. Liu, B. Zhu, P.R. Hoffmann, G. Ji, P. Lei, G. Li,
J. Li, J. Li, V.M. Olkkone, D. Yan, ORP4L is essential for T-cell acute lymphoblastic leukemia
cell survival, Nature communications, 7 (2016) 12702.

[84] M. Weber-Boyvat, W. Zhong, D. Yan, V.M. Olkkonen, Oxysterol-binding proteins:
functions in cell regulation beyond lipid metabolism, Biochemical pharmacology, 86 (2013) 89-
95.

[85] A.A. Samatar, P.I. Poulikakos, Targeting RAS-ERK signalling in cancer: promises and

challenges, Nature reviews. Drug discovery, 13 (2014) 928-942.



[86] U. Degirmenci, M. Wang, J. Hu, Targeting Aberrant RAS/RAF/MEK/ERK Signaling for
Cancer Therapy, Cells, 9 (2020).

[87] M. Charman, T.R. Colbourne, A. Pietrangelo, L. Kreplak, N.D. Ridgway, Oxysterol-binding
protein (OSBP)-related protein 4 (ORP4) is essential for cell proliferation and survival, The
Journal of biological chemistry, 289 (2014) 15705-15717.

[88] K. Oh-Hashi, H. Nakamura, H. Ogawa, Y. Hirata, K. Saku-ai, Elucidation of OSW-1-
Induced Stress Responses in Neuro2a Cells, International jocorual of molecular sciences, 24
(2023).

[89] W. Zhong, W. Lin, Y. Yang, D. Chen, X. Cao M. Xu, G. Pan, H. Chen, J. Zheng, X. Feng,
L.H. Yang, C. Lai, V.M. Olkkonen, J. Xu, ¢ C.i, D. Yan, An acquired phosphatidylinositol 4-
phosphate transport initiates T-cell deteriorau.on and leukemogenesis, Nature communications,
13 (2022) 4390.

[90] S. Bhatia, N. Narayanan, £ Nagpal, D.T. Nair, Antiviral therapeutics directed against RNA
dependent RNA polymer~z=s ©om positive-sense viruses, Molecular aspects of medicine, 81
(2021) 101005.

[91] A.P.M. Cloherty, A.D. Olmstead, C.M.S. Ribeiro, F. Jean, Hijacking of Lipid Droplets by
Hepatitis C, Dengue and Zika Viruses-From Viral Protein Moonlighting to Extracellular Release,
International journal of molecular sciences, 21 (2020).

[92] C.G. Williams, A.S. Jureka, J.A. Silvas, A.M. Nicolini, S.A. Chvatal, J. Carlson-Stevermer,
J. Oki, K. Holden, C.F. Basler, Inhibitors of VPS34 and fatty-acid metabolism suppress SARS-

CoV-2 replication, Cell reports, 36 (2021) 109479.



[93] LW. Park, J. Ndjomou, Y. Wen, Z. Liu, N.D. Ridgway, C.C. Kao, J.J. He, Inhibition of HCV
replication by oxysterol-binding protein-related protein 4 (ORP4) through interaction with HCV
NS5B and alteration of lipid droplet formation, PloS one, 8 (2013) €75648.

[94] M. Arita, Essential Domains of Oxysterol-Binding Protein Required for Poliovirus
Replication, Viruses, 14 (2022).

[95] J. Kobayashi, M. Arita, S. Sakai, H. Kojima, M. Senda, T. Cenda, K. Hanada, R. Kato,
Ligand Recognition by the Lipid Transfer Domain of Humar Sbr Is Important for Enterovirus
Replication, ACS infectious diseases, 8 (2022) 1161-117Z.

[96] Z.C. Severance, J.I. Nufiez, A.T. Le-McClain, /.. Maiinky, R.C. Bensen, R.S. Fogle, G.W.
Manginelli, S.H. Sakers, E.C. Falcon, R.F. bui, K.J. Snead, C.R. Bourne, A.W.G. Burgett,
Structure-Activity Relationships of Licand b.ading to Oxysterol-Binding Protein (OSBP) and
OSBP-Related Protein 4, Journal of ni¢dicimal chemistry, 66 (2023) 3866-3875.

[97] S. Shahmohamadnejad, S.= Nasavi, S. Habtemariam, K. Sarkar, P.C. Sil, R. Dowran, S.M.
Nabavi, May we target ~>uu'--membrane vesicles and oxysterol-binding protein to combat
SARS-CoV-2 infection?, "ell biology international, 44 (2020) 1770-1772.

[98] C. Luquain-Costaz, M. Rabia, F. Hullin-Matsuda, L. Delton,
Bis(monoacylglycero)phosphate, an important actor in the host endocytic machinery hijacked by
SARS-CoV-2 and related viruses, Biochimie, 179 (2020) 247-256.

[99] J. Baggen, L. Persoons, E. Vanstreels, S. Jansen, D. Van Looveren, B. Boeckx, V. Geudens,
J. De Man, D. Jochmans, J. Wauters, E. Wauters, B.M. Vanaudenaerde, D. Lambrechts, J. Neyts,

K. Dallmeier, H.J. Thibaut, M. Jacquemyn, P. Maes, D. Daelemans, Genome-wide CRISPR



Journal Pre-proof

screening identifies TMEM106B as a proviral host factor for SARS-CoV-2, Nature genetics, 53

(2021) 435-444.



Declaration of interests

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

[] The authors declare the following financial interests/persona: -elationships which may be

considered as potential competing interests:



