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SUMMARY

The accumulation of giant lipid droplets (LDs) increases the risk of metabolic dis-
orders including obesity and insulin resistance. The lipolysis process involves the
activation and transfer of lipase, but the molecular mechanism is not completely
understood. The translocation of ATGL, a critical lipolysis lipase, from the ER to
the LD surface is mediated by an energy catabolism complex. Oxysterol-binding
protein-like 2 (OSBPL2/ORP2) is one of the lipid transfer proteins that regulates
intracellular cholesterol homeostasis. A recent study has proven that Osbpl2�/�

pigs exhibit hypercholesterolemia and obesity phenotypeswith an increase in ad-
ipocytes. In this study, we identified that OSBPL2 links the endoplasmic reticulum
(ER) with LDs, binds to COPB1, and mediates ATGL transport. We provide impor-
tant insights into the function of OSBPL2, indicating that it is required for the
regulation of lipid droplet lipolysis.

INTRODUCTION

Lipid droplets (LDs) are dynamic organelles into which excess amounts of biochemical energy are depos-

ited in the form of triacylglycerols (TAGs), together with cholesteryl esters (CEs) (Walther and Farese, 2012).

A single, large lipid droplet often occupies almost the entire cytoplasmic compartment in white adipose

tissues (WATs) for TAG storage, whereas a series of tiny LDs exist in brown adipose tissues (BATs), from

which TAGs are mobilized and fatty acids (FAs) are released when energy is needed. The accumulation

of enlarged LDs in the liver may lead to obesity, hepatic steatosis, cardiovascular disease, and other meta-

bolic diseases (Gao et al., 2019). Obesity, known as a chronic progressive disease, as declared by theWorld

Obesity Federation and other organizations (Bray et al., 2017), is characterized by an abnormal or excessive

accumulation of fat that negatively affects the optimal state of health (Ryan and Kahan, 2018).

The triacylglycerols (TAGs) maintained in LDs are regulated by multiple enzymes, such as glycerol-3-phos-

phate-O-acyltransferase (GPAT), 1-acylglycerol-3-phosphate-O-acyltransferase (AGPAT), phosphatidic

acid phosphatase (PAP, also known as lipin), and diacylglycerol acyltransferase (DGAT) (Onal et al.,

2017; Tan et al., 2014). TAGs lipolysis is catalyzed step-by-step with patatin-like phospholipase domain-

containing 2 (PNPLA, also known as ATGL), followed by the action of hormone-sensitive lipase (HSL) and

monoacyl glycerol lipase (MGL) (Missaglia et al., 2019; Zechner et al., 2012). Multiple proteins that are pri-

marily located in the endoplasmic reticulum (ER) regulate TAG synthesis and the lipolysis of LDs and are

transferred through membrane bridges between the ER and the LDs. It has been reported that the estab-

lishment of membrane bridges between the ER and LDs is triggered by coat protein complex I (COPI)

(Thiam et al., 2013; Wilfling et al., 2013, 2014) and mediates the transport of ATGL to the LD surface (Beller

et al., 2008; Ellong et al., 2011; Lee et al., 2004; Soni et al., 2009). The lack of ATGL results in a defect in

lipolysis and leads to the accumulation of TAGs in adipose tissue (AT), heart, and muscle (Haemmerle

et al., 2006; Schoenborn et al., 2006).

Oxysterol-binding protein (OSBP) andOSBP-related proteins (ORPs) constitute a large family of lipid trans-

fer proteins (LTPs) that bind cholesterol, oxysterols, and anionic phospholipids through a conserved hydro-

phobic binding domain (Antonny et al., 2018; Jamecna et al., 2019). Additional membrane-targeting motifs

allow OSBP/ORPs to simultaneously associate with a diverse set of protein and lipid partners in organelle

membranes, thus positioning the lipid-binding domain in close apposition to donor and acceptor
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Figure 1. OSBPL2deficiency Enlarges Intracellular Lipid Droplets and Alters the Length of the ER–LD Contacts

(A) Confocal imaging of the WT cells and OSBPL2�/� cells using BODIPY 493/503 (green) and DAPI (blue) fluorescence

staining. Scale bar, 10 mm (inserts, 2.5 mm).

(B) Distribution of LDs in the HepG2 cells measured using ImageJ software.

(C) The concentration of TAG in the WT cells and OSBPL2�/� cells.

(D) The concentration of CE in the WT cells and OSBPL2�/� cells.

(E) The concentration of TC in the WT cells and OSBPL2�/� cells.

(F and G) TEM images of LDs and the ER in the WT cells andOSBPL2�/� cells. The scale bars in the original and magnified

images represent 2 mm and 500 nm, respectively.

(H) Total LD area per cell.

(I) Total length of ER–LD contacts per cell.
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membranes to facilitate transfer or signaling functions. OSBPL2, also known as ORP2, is a member of this

large family of LTPs and contains an FFAT (diphenylalanine in an acidic tract) motif for ER targeting and a

functional OSBP-related domain (ORD) for lipid binding and transfer (Wang et al., 2019b). OSBPL2 is re-

ported to be involved in the metabolism of neutral lipids (Hynynen et al., 2009; Kentala et al., 2018), but

the molecular mechanism of how OSBPL2 regulates energy metabolism has not yet been fully elucidated.

Herein, we showed that LDs were enlarged inOSBPL2�/�HepG2 cells with defective lipolysis. Furthermore,

the AT in Osbpl2b�/- zebrafish models presented with larger LDs and the resultant obesity phenotypes,

which suggested thatOSBPL2mutation altered the ER and LD connections that mediate lipid and protein

trafficking. We showed that OSBPL2/ORP2 binds to COPB1 and participated in the transfer of proteins

initially localized in the ER. Accordingly, OSBPL2 deficiency caused reduced transfer of ATGL from the

ER to LDs, which led to a decrease in lipolysis and caused obesity. Overall, our study provided important

insights into the function of OSBPL2, and the results strongly suggest that OSBPL2 could be a promising

target for the treatment of obesity in humans.

RESULTS

OSBPL2 Deficiency Is Associated with an Increase in LD Size and the Dynamic Changes in the

ER and LDs

LDs are cellular organelles that are the major sites of fat storage in tissues. Each LD is composed of hydro-

phobic neutral lipid cores containing triacylglycerols (TAGs) and cholesteryl esters, an encapsulating

monolayer membrane of phospholipids and a series of surface proteins involved in lipid synthesis, lipolysis,

and many other functions. The LD composition and size are different in diverse tissues (Zweytick et al.,

2000). TAGs are found in white adipose tissues (WAT) in the form of single giant LDs and several smaller

droplets in the liver. The increased size of LDs provides an efficient form of fat storage, in terms of sur-

face-to-volume ratio, to prevent lipotoxicity and hepatic steatosis (Fei et al., 2011).

To study the biological function ofOSBPL2 in lipidmetabolism, wegeneratedOSBPL2-deficient HepG2 cells by

using the CRISPR-Cas9 gene-editing technique through which amino acid sequence is truncated and altered

(Figures S1A and S1B). Thewestern blot analysis results showed that theOSBPL2/ORP2 bandalmost completely

disappeared in OSBPL2�/� cells compared with that of the wide-type (WT) cells (Figure S1C).

To clarify the biological effect ofOSBPL2 deletion, we treatedHepG2 cells with oleic acid (OA), a lipogenic stim-

ulus (Kaushik and Cuervo, 2015), for 16 h. Compared with those in the WT cells, more large LDs were formed in

OSBPL2�/� cells (Figures 1A and 1B). To obtain images of the LD in theWT cells andOSBPL2�/� cells, confocal

microscopy was used, and fluorescence staining of LDs was performed with BODIPY 493/503 to delineate LD

sizes and distribution patterns (Figure 1A). Using this approach, we confirmed an increase in number of large

LDs and a decrease in number of small LDs in the OSBPL2�/� cells (Figure 1A). As described (Qi et al., 2016),

we also measured the LD size with ImageJ software and analyzed the LD distribution in the WT cells and

OSBPL2�/� cells. The population of LDs with a diameter of 3–4 mm increased, whereas the population of LDs

with a diameter 1–2 mmdecreased in theOSBPL2�/� cells (Figure 1B). These results indicated thatOSBPL2 defi-

ciency caused LD accumulation with an increase in large LDs and a decrease in small LDs. In addition, the TAG,

CE, and TC were measured to find whether OSBPL2/ORP2 regulates TAG or CE synthesis. We found that the

TAG level increased in OSBPL2�/� cells compared with that in WT cells treated with OA for 16 h using a TAG

biochemical detection kit (Figure 1C), but there were no significant differences in CE levels between WT cells

and OSBPL2�/� cells (Figure 1D). The above results indicated that OSBPL2 deletion had little impact on the

CE level but TAG in LDs. Consistent with previous data (Wang et al., 2019a; Zhang et al., 2019), we also found

thatOSBPL2 deficiency increased the total cholesterol (TC) level (Figure 1E). The above indicates thatOSBPL2

deficiency may cause an increase of free cholesterol (FC) but not CE.

As is well known, LDs originate in the ER (Ben M’barek et al., 2017; Choudhary et al., 2015); when they

becomemature, LDs eventually separate from the ER through budding and enter into the cytoplasm (Gross

Figure 1. Continued

HepG2 cells were treated with or without 400 mM OA for 16 h (A). Data were collected from at least 2,000 LDs (B). The

arrows indicated the ER–LD contacts; the lengths of ER–LD contacts were measured by ImageJ software within a 30 nm

distance (F and G). Data were collected from 16 to 32 cells, with four images from each set analyzed (H and I). All the data

represent the mean G SD; t test significance (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 2. OSBPL2 Deficiency Impairs Efficient Lipolysis and Increases ROS Levels

(A) Confocal imaging with BODIPY 493/503 (green); DAPI (blue) fluorescence staining of theWT cells andOSBPL2�/� cells

during lipogenesis. Scale bar, 10 mm.

(B) The dynamic changes of LDs on lipogenesis in the HepG2 cells.
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and Silver, 2014; Jacquier et al., 2011; Ohsaki et al., 2014). Recent studies indicate that inter-organelle

membrane contact sites (MCSs) are associated with lipid metabolic reactions (Phillips and Voeltz, 2016).

Previous studies have also shown that OSBPL2/ORP2 is located on the surface of LDs and at ER–LD contact

sites (Hynynen et al., 2009; Kentala et al., 2018). To clarify the role of OSBPL2/ORP2 on the dynamic

changes observed in ER and LDs, we used transmission electron microscopy to observe LDs and the ER

in OSBPL2�/� cells and WT cells grown with or without added OA loading (Figures 1F and 1G). Generally,

the total LD area and the length of the ER-LD contacts were both increased when cells were supplemented

with OA for 16 h. Consistent with previous fluorescence staining results (Figures 1A and 1B), we also found

that the LD area in theOSBPL2�/� cells was larger than that in theWT cells upon OA treatment (Figure 1H).

However, the length of the ER-LD contacts was expanded in the WT cells, whereas no significant change

was observed in the OSBPL2�/� cells (Figure 1I), indicating that the absence of OSBPL2/ORP2 inhibited

the dynamic changes in the ER-LD contact sites. Our findings are consistent with the results reported in

Huh7 cells (Kentala et al., 2018). Increasing evidence suggests that the ER-LD contact sites and membrane

extensions mediate the transport of neutral lipids that are synthesized in the ER and the proteins residing

the ER that are needed for LD growth, lipogenesis, and lipolysis (Joshi et al., 2017; Kory et al., 2016; Walther

et al., 2017; Wilfling et al., 2013). Our results suggested that the altered ER-LD contacts in the OSBPL2�/�

cells affected lipolysis and thus caused LD accumulation.

OSBPL2/ORP2 Plays an Important Role in Lipolysis but Not in Lipogenesis

The amount of LDs is known to be determined by the balance between lipogenesis and lipolysis. LD diam-

eters increase within hours during lipogenesis progress, whereas LDs shrink as core lipids are catabolized

to liberate FAs during lipolysis (Walther and Farese, 2012). Thus, we next examined whether OSBPL2/ORP2

plays a role in LD formation or the progression of LDs breakdown. We first evaluated dynamic LD formation

over an 8-h-period of treatment with OA (Figure 2A). We found no apparent differences in the changes in

LD size distribution in the OSBPL2�/� cells, compared with the change in LD distribution in the WT cells

(Figure 2B). Next, we analyzed the key enzymes of TAG synthesis by measuring the mRNA expression level,

including that of glycerol-3-phosphate O-acyltransferase (GPAT), 1-acylglycerol-3-phosphate O-acyltrans-

ferase (AGPAT), phosphatidic acid phosphatase (PAP), and diacylglycerol acyltransferase (DGAT). The

qRT-PCR results showed that there were also no significant differences in the mRNA expression levels of

these lipogenesis-related genes (Figure S2A and Table S1).

Next, we focused on the progress of LD breakdown to determine whetherOSBPL2 deficiency impacted the

effect of lipolysis. The cells were cultured in OA-containing medium for 24 h, followed by a chase of lipids

for 48 h in fatty-acid-free medium (OPTI-MEM, 5% fatty-acid-free BSA) to induce TAG breakdown. The size

of most LDs in the WT cells decreased over time, whereas only a small fraction of supersized LDs were

changed in the OSBPL2�/� cells (Figure 2C). The peak value of the curves representing the size of most

of the LDs in fatty-acid-free medium was changed at the time of TAG breakdown (Hynynen et al., 2009),

suggesting that the mobilization of TAGs was slowed in the absence of OSBPL2 (Figure 2D). To confirm

the effect of OSBPL2/ORP2 on lipolysis, we measured the expression of lipolysis-related genes, such as

carnitine palmitoyltransferase 1 (CPT1), carnitine palmitoyltransferase 2 (CPT2), acetyl-CoA carboxylase

(ACC), PNPLA (also known as ATGL), hormone-sensitive lipase (HSL), and COPI coat complex subunit

beta 1 (COPB1), with qRT-PCR. These genes play important roles in TAGmobilization, energy metabolism,

and lipase trafficking to regulate lipolysis. As shown in Figure S2B and Table S1, OSBPL2 deficiency led to

the upregulated expression of ACC, GPD2, CPT1, and CPT2. In addition, considering that excessive TAGs

might induce intracellular reactive oxygen species (ROS) production (de Mello et al., 2018; Newsholme

et al., 2016), we detected ROS levels by flow cytometry. As expected, the ROS levels of OSBPL2�/� cells

were �80% higher than those of WT cells under basic condition and �50% higher than those of WT cells

treated with OA (Figure 2E).

Figure 2. Continued

(C) Confocal imaging with BODIPY 493/503 (green); DAPI (blue) fluorescence staining of theWT cells andOSBPL2�/� cells

during lipolysis. Scale bar, 10 mm.

(D) The dynamic changes of LDs on lipolysis in the HepG2 cells.

(E) Mitochondrial ROS levels in the WT and OSBPL2�/� HepG2 cells.

HepG2 cells were treated with OA at 400 mM for the indicated time points in (A) and (C). LDs were measured using ImageJ

software. Data were collected from at least 2,000 LDs in each treatment, and the dynamic changes in LD size were

analyzed by Gaussian distribution curves using GraphPad Prism software with data from (B) and (D). All the data represent

the mean G SD; t test significance (**p < 0.01, ***p < 0.001).
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Taken together, these data suggest that intracellular OSBPL2 deletion impacts the progress of lipolysis

rather than LD formation or morphological changes in LDs.

OSBPL2/ORP2 Is Required for the Transport of ATGL from the ER to LDs

To address how lipolysis is regulated by OSBPL2/ORP2, we focused on the rate-limiting lipases of lipolysis

more closely. In the lipolysis process, the LD volume decreased as core lipids were catabolized sequentially

by ATGL, HSL, andmonoacylglycerol lipase (Walther and Farese, 2012). Of the three lipases, ATGL is the key

lipase for the first rate-limiting step (Walther and Farese, 2012; Zechner et al., 2017). Consistentwith previous

reports (Sugihara et al., 2019), our findings verified that ATGL attached to the LDs in the HepG2 cells treated

withOA (Figure 3A). It was observed that there were no significant differences inATGL expression levels be-

tween theWTcells andOSBPL2�/� cells (Figure S2B), sowemeasuredATGL to assess whether similar results

would be obtained at protein expression level.We found no significant differences in the protein expression

level of ATGL in OSBPL2�/� cells compared with the level in the WT cells (Figure S2C).

We next focused on the location of endogenous ATGL to determine whetherOSBPL2 deletion altered the

distribution of ATGL on the LDs. Previous studies in Drosophila S2 cells and HeLa cells demonstrated that

ATGL is transferred from the ER membrane to LD surface by the COPI machinery (Soni et al., 2009; Wilfling

et al., 2014). Using z stack of confocal scanning after cells received OA supplement, we observed an abun-

dant of ATGL wrapped around LDs inWT cells, whereas few ATGL proteins were visibly attached to the LDs

in the OSBPL2�/� cells. This result in the OSBPL2�/� cells was similar to that in the WT cells treated with

brefeldin A (BFA, an inhibitor of COPI machinery), which caused a disruption of ATGL trafficking to LDs (Fig-

ures 3A–3C). We blocked the COPI machinery with BFA to verify the attachment of OSBPL2/ORP2 to the

LDs. Using the method as described (Du et al., 2020), the WT cells were transfected with RFP-tagged

OSBPL2/ORP2 and the localization of OSBPL2/ORP2 to the LDs was quantified. The results indicated

that the degree of co-localization of OSBPL2/ORP2 with LDs was unaffected, suggesting that the localiza-

tion of OSBPL2/ORP2 on the LDs is independent of the COPI machinery (Figures 3D and 3E).

Based on earlier discussion, we confirmed that the expression of ATGL was not altered both at the mRNA

and protein levels, and we also found an abnormal localization of ATGL on the LDs in theOSBPL2�/� cells,

suggesting thatOSBPL2 deficiency interfered with the distribution of ATGL, but not its abundance, on the

LDs. The results implied that OSBPL2/ORP2 is required in the transport of ATGL and is possibly an under-

lying protein involved in the COPI machinery that mediates ATGL during lipolysis.

OSBPL2/ORP2 Binds to COPB1 and Downregulates COPB1 Expression Levels

Given that OSBPL2 deficiency hindered ATGL transport, we sought to determine its intrinsic regulatory

mechanisms. We had previously identified 47 proteins by proteomic analysis of the OSBPL2/ORP2 interac-

tome and found COPA and COPB1, both COPI coat complex subunits, among the binding partners of

OSBPL2/ORP2. FLAG-taggedOSBPL2/ORP2 was previously constructed and expressed in HEK293Ta cells,

and then, the protein complexwas pulled downwith anti-FLAGmagnetic beads and analyzed bymass spec-

trometry. The proteomic analysis revealed an interaction between OSBPL2/ORP2 and candidate proteins,

which prompted us to confirm that the two proteins are associated with each other at the molecular level.

Co-immunoprecipitation (Co-IP) experiments showed a specific interaction of FLAG-tagged OSBPL2/

ORP2 with transfected COPA in HEK293Ta cells (Figure 4A), and we also found a specific interaction of

FLAG-tagged OSBPL2/ORP2 with transfected COPB1 in HEK293Ta cells (Figure 4B). Because COPB1,

but not COPA, is associated with lipid droplet accumulation (Kociucka et al., 2016; Wilfling et al., 2014),

another laboratory suggested that COPB1 might play an important role in confining COPI orientation rela-

tive to themembrane (Yu et al., 2012), and our qPCR results also indicated that knocking outOSBPL2 caused

changes in COPB1. Similarly, the physical interaction of endogenous OSBPL2/ORP2 with endogenous

COPB1 was validated in HepG2 cells (Figure 4C). More interestingly, we found that OSBPL2 deficiency

led to an increase in COPB1 expression, OSBPL2 overexpression significantly decreased the expression

level of COPB1, and OSBPL2 transfection in OSBPL2�/� cells also reduced COPB1 expression (Figures

S3A–S3C). Moreover, a similar trend was observed among OA-treated cells (Figures S3D–S3G).

Although we have demonstrated that OSBPL2/ORP2 binds to COPB1 and that OSBPL2 deletion upregu-

lates COPB1 expression levels, how OSBPL2/ORP2 regulates the expression of COPB1 and how OSBPL2/

ORP2 regulates ATGL transport remain unknown. We suggest that an underlying molecular mechanism

combines OSBPL2/ORP2 with COPB1 and ATGL to facilitate ATGL localization on LDs.

ll
OPEN ACCESS

6 iScience 23, 101252, July 24, 2020

iScience
Article



OSBPL2/ORP2 Is Required for COPB1 Localization to LD Surfaces and ATGL Transport from

the ER and Attachment to LDs

It has been reported that the transport of GPAT4, which originates in the ER, to LDs requires COPB1 (Wil-

fling et al., 2014). Similar to GPAT4, ATGL transport from the ER to LDs also depends on the COPI

Figure 3. OSBPL2 Deficiency Leads to a Handicap of ATGL Transport from the ER to LDs.

(A) Confocal imaging of the WT or OSBPL2�/� HepG2 cells using BODIPY 493/503 (green), DAPI (blue), and anti-ATGL

(red) immunostaining. Scale bar, 5 mm (inserts, 2.5 mm).

(B) A reconstructed 3D image of the WT and OSBPL2�/� HepG2 cells treated with OA using BODIPY 493/503 (green),

DAPI (blue), and anti-ATGL (red) immunostaining. Scale bar, 10 mm.

(C) Percentage of cells that showed the localization of endogenous ATGL on LDs.

(D) Confocal images showing the localizations of RFP-OSBPL2 in the WT cells treated with or without BFA using BODIPY

493/503 (green) and DAPI (blue). Scale bar, 5 mm (inserts, 2.5 mm).

(E) Percentage of cells expressing RFP-tagged OSBPL2 that showed LD localization.

HepG2 cells were treated with 400 mM OA for 16 h (A and B). The main portion is indicated in the xy image. The two

rectangular panels (top and right) are xz and yz images, respectively (B). HepG2 cells were transfected with RFP-tagged

OSBPL2 for 24 h, then treated with 400 mM OA and 10 ng/mL BFA (D). All the data represent the mean G SD; t test

significance (***p < 0.001).
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Figure 4. OSBPL2 Binds to COPB1, and OSBPL2 Deficiency Leads to Hindered COPB1 Localization to the LDs

(A) Co-IP assay verified the interaction of FLAG-tagged OSBPL2 with HA-tagged COPA in the HEK293Ta cells.

(B) Co-IP assay verified the interaction of FLAG-tagged OSBPL2 with HA-tagged COPB1 in the HEK293Ta cells.

(C) Co-IP assay verified the interaction of endogenous OSBPL2 with endogenous COPB1 in HepG2 cells.

(D) Western blot of whole-cell lysate (WCL), post nuclear supernatant (PNS), and LD proteins in the WT and OSBPL2�/�

cells.

(E) Co-IP assays verified the interaction of FLAG-tagged OSBPL2 with HA-tagged ATGL in the HEK293Ta cells.

(F) Confocal imaging of theWT cells orOSBPL2�/� cells using BODIPY 493/503 (green), DAPI (blue), and anti-COPB1 (red)

immunostaining. Scale bar, 5 mm (inserts, 2.5 mm).
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machinery; therefore, we compared the localization of COPB1 in the OSBPL2�/� cells with that in the WT

cells. The cells were treated with OA for 16 h, and the lysate was then divided into whole-cell lysate (WCL),

post nuclear (PNS), and LD fractions as described (Liu et al., 2016). Similar to the finding with ATGL, fewer

COPB1 molecules were targeted to LDs in the OSBPL2�/� cells, as determined by western blotting (Fig-

ure 4D). In addition, Co-IP was performed, and the results showed that HA-tagged ATGL was detected

in the FLAG-tagged OSBPL2/ORP2 complexes but was absent in the negative control (Figure 4E), support-

ing the supposition that ATGL specifically interacts with OSBPL2/ORP2. As shown by fluorescence micro-

scopy, we found that COPB1 wrapped around the LDs in the WT cells but not in the WT cells treated with

BFA or in the OSBPL2�/� cells (Figures 4F–4H) supplemented with OA, implying that OSBPL2/ORP2 is

required for COPB1 localization on the LDs. The data suggested that OSBPL2/ORP2 binds to COPB1

and that the complex is involved in ATGL transport. Finally, we knocked down COPB1 using siRNA to

confirm that the disrupted expression of COPB1 leads to blocked ATGL transport. As expected, confocal

scanning imaging showed that the extent of ATGL localization to the LDs was reduced when COPB1 was

knocked down (Figures S3H–S3J).

Together, the results showed that OSBPL2/ORP2 located to the LDs independent of COPI machinery, but it

was bound to both COPB1 and COPA, which are the subunits of COPI that mediate ATGL trafficking for

lipolysis. OSBPL2 deletion reduced the location of COPB1 on the LDs and caused a hindrance to ATGL

transport that was similar to that observed after COPB1 knockdown by siRNA. Furthermore, ATGL was sug-

gested to interact with OSBPL2/ORP2. Thus, we conclude that OSBPL2/ORP2 is located on LDs and binds

COPB1, which is in a complex that possibly transfers ATGL from the ER to LDs for lipolysis.

Aggravated Obesity Phenotypes and Abnormal Behavior in Osbpl2b-Deficient Zebrafish

The results from our previous study showed thatOSBPL2�/� Bamamini pigs exhibited obvious obesity and

hypercholesterolemia phenotypes (Yao et al., 2019), and the established adult osbpl2b�/� zebrafish have

also shown abnormal lipid-metabolism-related characteristics. The osbpl2b�/� zebrafish in this study were

used to test whether altered osbpl2b disturbs energy homeostasis in vivo. There are two genes (osbpl2a

and osbpl2b) in zebrafish that are homologous with humanOSBPL2, and osbpl2b was proven to be the or-

thologous gene of humanOSBPL2 (OMIM: 606731) in our previous study, sharing identity of 71.2% with hu-

man OSBPL2 amino acid sequences (Liu et al., 2016). The osbpl2b�/� zebrafish were previously generated

using the CRISPR/Cas9 gene-editing technique, through which a 5-nucleotide (GAGCT) deletion was

generated in exon 6 and resulted in a truncated protein. This mutation in osbpl2b caused hearing impair-

ment and lipid-metabolism-related characteristics (results are not shown). Adult WT zebrafish and

osbpl2b�/� zebrafish were allocated to groups and fed with the same basic chow (BC), for theWT-BC group

and MT-BC group, or the same high-fat diet (HFD), for the WT-HFD group and MT-HFD group. Deletion of

osbpl2b seemed to increase somatic growth and body weight, which were measured every month (Figures

5A and 5B). As described (Minchin et al., 2015), we next stained zebrafish with BODIPY 493/503, anesthe-

tized the fish, and observed the fat distribution in the fish bodies using a fluorescence stereo microscope.

Although there were no significant differences in the total adipose tissue (AT) area among the four groups

as shown Figure 5C, we found that the livers of the MT group were larger and contained more fat attached

on the surface, as observed when the fish were dissected (Figure 5D). Next, to determine the TAGs content

accurately, we divided the adipocytes of the zebrafish body into three regions: miscellaneous AT (misc. AT),

subcutaneous adipose tissue (SAT), and visceral adipose tissue (VAT). We then measured the LD size in ad-

ipocytes of different regions to determine whether the osbpl2b mutation altered fat distribution in zebra-

fish. Fluorescence staining with BODIPY 493/503 showed that the HFD treatment did not cause significant

differences in miscellaneous AT in the WT-HFD group and MT-HFD group but caused a substantial in-

crease in the LD area in the miscellaneous AT in the MT-BC group compared with that in the WT-BC group

(Figures 5E and 5F). Furthermore, we found that SAT was increased in the MT group compared with the

SAT level in the WT group fed either a BC or HFD (Figures 5E and 5G). Similar to SAT, VAT increased in

Figure 4. Continued

(G) A reconstructed 3D image of the WT cells andOSBPL2�/� cells treated with OA using BODIPY 493/503 (green), DAPI

(blue), and anti-COPB1 (red) immunostaining. Scale bar, 10 mm.

(H) Percentage of cells that show the localization of endogenous COPB1 on LDs.

HepG2 cells were treated with 400 mM OA for 16 h and treated with or without 10 ng/mL BFA (F). The main portion is

shown in the xy image. The two rectangular panels (top and right) are the xz and yz images, respectively (G). All the data

represent the mean G SD; t test significance (*p < 0.05, **p < 0.01).
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the MT-HFD group; however, VAT in the MT-BC group did not expand obviously (Figures 5E and 5H). More

interestingly, we observed abnormal behavior in the osbpl2b�/� zebrafish, especially the MT-HFD group,

which tended to live near the top of the water, whereas most of the WT zebrafish fed a BC or HFD lived in

the middle of the fish tank (Figures S4A, S4B, and Video S1); this observation led us to consider possible

lipid toxicity in the liver (Botha et al., 2019; Wang et al., 2015). Further data showed that osbpl2b deficiency

led to an increase in food intake (Figure S4C).

The results suggest that osbpl2b mutation could cause lipotoxicity in the liver and an obesity-like

phenotype.

Figure 5. osbpl2b Deficiency Alters Somatic Growth and Exacerbates Fat Accumulation in Adult Zebrafish

(A) Body weight curves.

(B) Mean length of the fish bodies. The data represent the mean G SD; t test significance (*p < 0.05).

(C) Fluorescence imaging of total AT using BODIPY 493/503 staining. Scale bar: 2,000 mm.

(D) A representative view images of the liver.

(E) Fluorescence imaging of Misc. AT, VAT, and SAT using BODIPY 493/503 staining. Scale bar, 50 mm.

(F–H) Distribution of LDs in Misc. AT, SAT, and VAT measured using ImageJ software.
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Figure 6. osbpl2b Deficiency Leads to Steatohepatitis and Reduces the Length of the ER–LD Contacts in the Liver

(A) Masson’s trichrome-stain zebrafish indicated the anatomical localization of SAT and liver. Muscle (m), swim bladder

(sb), VAT, SAT, and liver are indicated with arrows. Scale bar: 1,000 mm.
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Reduced ER–LD Contact Area Lengths and Decreased Localization of COPB1 on LDs in the

osbpl2b-Deficient Zebrafish

The results of our in vitro experiments suggested that OSBPL2/ORP2 is located on LDs and COPB1 is

bound in a complex that possibly transfers ATGL from the ER to LDs. We next focused on whether this mo-

lecular mechanism could mediate lipolysis in zebrafish. Fluorescence staining of fat distribution showed an

increase in VAT and SAT in the osbpl2b�/� zebrafish, and using Masson dye staining, we verified the

morphological changes induced by osbpl2b deletion. Similar to the results shown in Figures 5E–5H, we

found that SAT was increased in the osbpl2b�/- zebrafish (Figures 6A–6C). H&E staining of liver tissue re-

vealed exacerbated fat accumulation and edema with inflammation in the MT-HFD group (Figure 6D). As

we suggested thatOSBPL2 depletion hinders the ATGL localization to the LD surface, we sought to deter-

mine whether a similar effect could be observed in the osbpl2b�/� zebrafish. We observed LDs and the ER

by transmission electron microscopy to evaluate the role of osbpl2b in the dynamic changes in the ER and

LD contact in zebrafish. Similar to the results found in vitro (Figures 1F–1I), the length of the ER–LD contacts

in liver tissue increased only for the WT-HFD group and did not change significantly in the MT-HFD group

(Figures 6E and 6F). Furthermore, by detecting the extracted LD-associated proteins in the liver by western

blotting, we detected a decrease in Copb1 targeted to the LDs in theMT-HFD group compared with that in

the WT-HFD group (Figures 6G and 6H), suggesting that the mutation of osbpl2b in zebrafish led to a

decrease of Copb1 on the LDs.

These data obtained from zebrafish experiments are similar to the in vitro results and suggest a possible

molecular mechanism: OSBPL2/ORP2 binds COPB1 in a complex that transfers ATGL from the ER to

LDs for lipolysis, which explains why OSBPL2 deficiency causes fat accumulation and energy metabolic

disorder.

DISCUSSION

Our laboratory and others had previously identified thatOSBPL2 was associated with autosomal dominant

nonsyndromic hearing loss (Thoenes et al., 2015; Wu et al., 2019; Xing et al., 2015). To confirm the consis-

tent effect of OSBPL2/ORP2 in hearing loss by both genotype and phenotype, we successfully simulated

human hearing loss phenotypes in both Bamamini pig and zebrafish models. Especially in theOSBPL2-dis-

rupted pigs, we reproduced not only a deafness phenotype similar to that of humans but also a hypercho-

lesterolemia phenotype (Yao et al., 2019). In subsequent studies of OSBPL2/ORP2 functions, we found that

OSBPL2 was downregulated by 25-hydroxycholesterol (Wang et al., 2019c). In OC1 cells, the deletion of

OSBPL2 led to increased cholesterol biosynthesis and upregulated ROS production (Wang et al.,

2019a). In HeLa cells, OSBPL2 deficiency was also proven to upregulate intracellular cholesterol and cho-

lesteryl ester (Zhang et al., 2019). Recently, it was suggested that the deletion of OSBPL2 in HuH7 cells

reduce glucose absorption and glycogen synthesis and inhibited glycolysis (Kentala et al., 2018). In addi-

tion, others (Hynynen et al., 2009; Olkkonen et al., 2019) have suggested that OSBPL2/ORP2 impacts

cellular TAG and carbohydrate metabolism. These results indicate that OSBPL2/ORP2 has versatile

functionality.

Our results have shown that OSBPL2/ORP2 is involved in the establishment of the ER-LD membrane con-

tacts. One type of membrane contact sites (MCS) called an ER–LD contacts links adjacent membranes of

the ER and apposed LDs without allowing them to fuse to each other. It has been reported that multiple

proteins associated with ER–LD contacts are also involved in LD formation (Jackson, 2019). Rab18 and

NAG-RINT1-ZW10 (NRZ) located at ER–LD points of a contact are involved in LD biogenesis in adipocytes

Figure 6. Continued

(B) Image of SAT using Masson’s trichrome staining. Scale bar, 50 mm.

(C) Distribution of LDs in SAT measured using ImageJ software.

(D) H&E-stained histological sections indicating the morphology of the liver. Scale bar, 50 mm.

(E) TEM imaging of the LDs and the ER in the livers. The scale bars in the original and magnified images represent 2 mm

and 500 nm, respectively.

(F) Total length of ER–LD contacts per cell.

(G) Western blot of LD proteins in the WT-HFD and MT-HFD zebrafish.

(H) Copb1 abundance in the LD fraction, which represented the quantification of images shown in G.

The arrows indicated the ER–LD contacts, the lengths of ER–LD contacts were measured by ImageJ software within a

30 nm distance (E). Data were collected from 16 to 32 cells, with four images from each set analyzed (F). All the data

represent the mean G SD; t test significance (*p < 0.05).
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(Xu et al., 2018). With results similar to those from a previous study (Kentala et al., 2018), we found that

OSBPL2 deficiency impacts the dynamic change in the ER and LDs upon fatty acid addition. However, in

contrast with the results obtained from cells treated with OA for 3 h, we further investigated whether the

total LD area per cell was increased in the OSBPL2�/� cells when cells were treated with OA for 16 h.

The inconsistent results may be due to different treatment times and the effect of lipolysis. Our observation

was consistent with a report (Hynynen et al., 2009) showing that knocking down OSBPL2 impacts lipolysis.

The production of ROS is associated with energy metabolism. The activation or inhibition of the enzymes

implicated in ROS production can affect cell structure and function (Quijano et al., 2016). Some hormonal

and metabolic adaptations upregulate mitochondrial fatty acid oxidation (mtFAO) to restrain hepatic fat

accumulation; however, they may also result in ROS overproduction rather than a reduction in fat accumu-

lation in the liver (Begriche et al., 2013). Furthermore, deficiency in the coactivator of ATGL, comparative

gene identification-58 (CGI-58) inhibits the lipolysis effect of ATGL and activates the ROS-inflammasome

pathway (Miao et al., 2014). Thus, the enhanced ROS level with LD enlargement appearing from our

data can be viewed from another perspective to suggest that OSBPL2 deletion possibly causes abnormal

energy metabolism and leads to obesity.

Our data have identified thatOSBPL2/ORP2bindsCOPB1 in a complex thatmediates protein transport. The

vesicle coat proteins, such as coat protein I (COPI) and coat protein II (COPII), play an important role in regu-

lating vesicle formation andmediate specific transport routes.COPI vesicles are considered tobemediators

of transport back from theGolgi apparatus to the ER, whereas COPII vesicles transport cargo from the ER to

the Golgi apparatus. The formation of the COPI complex associated with the ER and LDs requires the local-

ized activation of a small GTPase at the LDs membrane. Guanine-nucleotide exchange factors catalyze and

activate small GTPase through the exchange of GDP for GTP (Bethune and Wieland, 2018). The clathrin-

coated vesicles (CCVs) containingAP-2 (an adaptor protein complex) are recruited to the plasmamembrane

(PM) by phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] and cargo proteins (Robinson, 2015). We found

that COPB1, a subunit of the COPI complex, is predicted to contain the AP-2 domain, as indicated by the

CD-search online software, suggesting that COPB1 is possibly recruited to the PMby PI(4,5)P2, and a recent

study has proven that OSBPL2 delivers cholesterol to the PM in exchange for PI(4,5)P2 (Wang et al., 2019b).

Oxysterol-binding protein (OSBP) is reported to have the ability to both tether organelles and transport

lipids between them, with an FFATmotif that interacts with the ER protein VAP-A and transfer sterol through

the lipid transfer domain (ORD) (Mesmin et al., 2013). Here, our evidence supports theposition thatOSBPL2/

ORP2 binds to COPB1 and that OSBPL2/ORP2 localization to LDs is independent of COPI machinery. These

findings suggested that OSBPL2/ORP2 linked the ER to the limiting membrane of LDs, which was followed

by the recruitment of COPB1.

We have also identifiedOSBPL2/ORP2 as a lipid transfer protein involved in the transport of ATGL and lipol-

ysis. Given that proteins targeting LDs have been classified into two paths (Kory et al., 2016), class I proteins

access LDs through ER-LD contact sites, and class II proteins bind to LDs directly from the cytosol. ATGL is

one of the class I proteins considered to be the first embedded in the ERmembrane through its hydrophobic

hairpin motif, followed by its transfer to LDs. Previous studies have demonstrated that COPI mediates the

membrane-trafficking pathway that contributes to the localization of ATGL to LDs via ER-LD membrane

bridges (Ellong et al., 2011; Soni et al., 2009). A recent study has proven that Arf1/COPI machinery controls

ER-LD connections to mediate TAG storage and catabolism (Wilfling et al., 2014). Similar to those from pre-

vious studies, our data demonstrate that OSBPL2 deletion reduces the amount of COPB1 located on LDs

and inhibits the establishment of the ER and LD membrane bridge, which in turn results in hindered

ATGL transfer for TAG catabolism. In previous reports, nonbilayer lipids, such as cholesterol, can increase

membrane tension, which was adverse to the egress of neutral lipids from the bilayer and LD budding (Gao

et al., 2019). In our study, the absence of OSBPL2/ORP2 causing cholesterol upregulation can be viewed

from another perspective to support the effect on lipolysis.

As the regional distribution andmorphology of AT are known to be predictors of metabolic disease (Ahima

and Lazar, 2013; Arner and Arner, 2013), our observations in vivo show exacerbated fat accumulation and

edema with inflammation in the osbpl2b-deficient liver and an increase in SAT and an expansion of VAT.

Generally, high-fat diet-induced fat accumulation increases VAT and is followed by fat redistribution

into subcutaneous tissue and other organs. Here, the expansion of VAT suggests that osbpl2b deficiency

aggravates the fat accumulation induced by a high-fat diet. SAT expansion was reported to predict

impaired glucose metabolism, hyperinsulinemia, and insulin resistance (Ktotkiewski et al., 1975; Lundgren
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et al., 2007; Stern et al., 1972), and other studies have suggested that increased SAT may store potentially

toxic lipids in obese individuals (Unger and Scherer, 2010). Given that zebrafish are known to be predictors

by changes in behavior or ventilatory patterns due to their sensitivity to toxic substances (Oh et al., 2018;

Wang et al., 2013), the abnormal behavior associated with osbpl2b deficiency that drove some zebrafish to

live in the top portion of the water tank was possibly due to an increase in oxygen consumption and lipid

toxicity in the liver. We had previously reported that osbpl2b is highly expressed in the central nervous sys-

tem (CNS) of zebrafish. The markedly increased feeding and the altered swimming behavior of the

osbpl2b�/- zebrafish most likely reflected functional impacts of the mutation on the CNS, the regions con-

trolling appetite and satiety, and possibly the swimming behavior.

It has been reported that knocking down mysterin, which specifically eliminates ATGL from LDs, leads to a

decrease in LDs in HeLa cells and a decrease in LDs in the head region of zebrafish (Sugihara et al., 2019). In

our study, we found that LDs are enlarged in OSBPL2�/� cells, whereas VAT and SAT increase in the

osbpl2b�/- zebrafish. We have also found that COPB1 attachment to LDs is reduced both in the

OSBPL2�/� cells and in the osbpl2b�/� zebrafish to reduce ATGL localization to the LDs. The

observation made via TEM in a previous study indicated that DFCP1 regulates the size of LDs and the for-

mation of ER-LD contacts (Li et al., 2019). In our study, we demonstrated that ER-LD contacts are altered

whenOSBPL2�/� cells are treated with OA or when osbpl2b�/� zebrafish are fed a high-fat diet. Consistent

with this in vitro data, we obtained a series of similar results in vivo, suggesting that OSBPL2 deficiency

leads to an enhanced LD phenotype and impairment to ATGL localization on LDs at the molecular level.

Overall, this work presents the underlyingmolecular mechanism by which (1) OSBPL2/ORP2 binds to COPB1 in

complex and maintains COPB1 located on LDs; (2) the OSBPL2-COPB1 complex mediates ATGL transfer from

the ER to LDs; (3) ATGL wraps around the LDs during lipolysis; and (4) loss of OSBPL2/ORP2 enlarges LDs and

changes lipid metabolism. Although this work has considerably improved our understanding of the function of

OSBPL2/ORP2, OSBPL2/ORP2 regulates lipolysis and fat accumulation in human and may be the basis of ther-

apeutic approaches that target OSBPL2 biology in the treatment of metabolic disease.

Limitations of the Study

Although OSBPL2/ORP2 has been proven to have multiple functions, including cholesterol transport, en-

ergy metabolism, and auditory function, the underlying molecular mechanism of OSBPL2/ORP2 is not fully

understood.We acknowledge that the present study has several limitations, including the determination of

the structure of the OSBPL2-COPB1 complex linking the ER and LDs. In addition, the abnormal zebrafish

behaviors, such that the osbpl2b mutation causes an increase in food intake, are not understood. Future

studies will focus on developing tools to determine the structure of the complex and to clarify the under-

lying reason for the altered zebrafish behavior.
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Fig. S1. The establishment of OSBPL2 deficiency HepG2 cell line with CRISPR-Cas9 

gene editing technique. Related to Figure 1.  

(A) Sequencing chromatograms of OSBPL2 allelic mutations in the OSBPL2-/- cells compared 

with the WT cells.  

(B) Scheme diagram of amino acid coded in the OSBPL2-/- cells and the WT cells.  

(C) Identification of OSBPL2 at the protein expression level. 



 

 

Fig. S2. OSBPL2 deficiency leads to upregulate lipolysis related genes. Related to Figure 

2-3.  

(A) Relative mRNA expression level of lipogenesis-related genes detected by qRT-PCR.  

(B) Relative mRNA expression level of lipolysis-related genes detected by qRT-PCR.  

(C) Protein expression level of ATGL detected by Western blot in the WT cells and OSBPL2-/- 

cells treated with or without OA for 16 hours (n = 3).  

All data are representative of at least three independent experiments with similar results. The 

data represent the mean ± SD; t test significance (*p < 0.05, **p < 0.01).  

 



 

Fig. S3. OSBPL2 inhibits the expression of COPB1. Related to Figure 4.  



(A) Protein expression level of COPB1 detected by Western blot in HepG2 cells transfected 

with or without OSBPL2-FLAG for 48 hours (n = 3).  

(B) Protein expression level of COPB1 were detected by Western blot in the WT cells and 

OSBPL2-/- cells (n = 3).  

(C) Protein expression level of COPB1 detected by Western blot in the OSBPL2-/- cells 

transfected with or without OSBPL2-FLAG for 48 hours (n = 3).  

(D) Protein expression level of COPB1 detected by Western blot in the HepG2 cells treated 

with or without OA for 16 hours (n = 3).  

(E) Protein expression level of COPB1 detected by Western blot in the HepG2 cells 

transfected with or without OSBPL2-FLAG for 48 hours and treated with OA for 16 hours (n = 

3).  

(F) Protein expression level of COPB1 detected by Western blot in the WT cells and OSBPL2-/- 

cells treated with OA for 16 hours (n = 3).  

(G) Protein expression level of COPB1 detected by Western blot in the OSBPL2-/- cells 

transfected with or without OSBPL2-FLAG for 48 hours and treated with OA for 16 hours (n = 

3).  

(H) Western blot analysis of COPB1 in the HepG2 cells treated with control or COPB1 specific 

siRNAs. All data are representative of at least three independent experiments with similar 

results.  

(I) Confocal imaging of the WT cells treated with COPB1 specific siRNAs for 48 hours followed 

by 16 hours OA treatment and BODIPY 493/503 (green), DAPI (blue), and anti-ATGL (red) 

immunostaining. Scale bar, 5 μm (inserts, 2.5 μm).  

(J) Percentage of cells transfected with siRNAs that showed the localization of endogenous 

ATGL on LDs. The data represent the mean ± SD; t test significance (***p < 0.001). 

 



 

Fig. S4. osbpl2b deficiency leads to abnormal behavior in Zebrafishes. Related to Figure 

5.  

(A) Relative position of the WT-HFD group zebrafish in water tanks (n=6).  

(B) Relative position of the MT-HFD group zebrafish in water tanks (n=5).  

(C) Food intake comparation of the WT-BC and the MT-BC group (n=10). The data represent 

the mean ± SD; t test significance (**p < 0.01). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Table S1. Primer sequences. Related to Figure 2 and Figure S2. 

 

Gene  primer 

ACC Forward 5′-CACTGATGACCAAGGAGGA-3′ 

 Reverse 5′-GAAGAAGGGGAGGTGGAG-3′ 

AGPAT1 Forward 5′-CAAGGGGAAGAAGCAGACA-3′ 

 Reverse 5′-GGGGAAGCCTCAACAGAA-3′ 

AGPAT2 Forward 5′-CAGGGTCCAGCCCACAA-3′ 

 Reverse 5′-TTCCAGGCCAGCAGGAG-3′ 

ATGL Forward 5′-CACCCTCTCCAACATGCTG-3′ 

 Reverse 5′-GTCTGCTCCTTCATCCACC-3′ 

COPB1 Forward 5′-CCAATATGAAATGCCTGACTCC-3′ 

 Reverse 5′-ATCTGGTCCCTGGTGAATTG-3′ 

CPT1 Forward 5′-TCCATTGACAGCCTCCA-3′ 

 Reverse 5′-AGATTTGCGGTGTTCAGG-3′ 

CPT2 Forward 5′-GACCGACACTTGTTTGCTC-3′ 

 Reverse 5′-CCCCAAGGTTCACTGCT-3′ 

DGAT1 Forward 5′-TCCGAGTGCGAACACCT-3′ 

 Reverse 5′-CTCCCCAGGACCAGCAT-3′ 

GAPDH Forward 5′-ACGGATTTGGTCGTATTGG-3′ 

 Reverse 5′-TCCCGTTCTCAGCCTTG-3′ 

GK2 Forward 5′-TCCACTCGCTTTCTGGTT-3′ 

 Reverse 5′-TTTCTCACACGTTCTCGCT-3′ 

GPAT Forward 5′-TTGTGTCCGAGTGGATTTT-3′ 

 Reverse 5′-CCTTCATCAGCAGCATCA-3′ 

GPD2 Forward 5′-CATAGAAACGACAAATCACCA-3′ 

 Reverse 5′-GCAAATAAAGCTGGCAAATAC-3′ 



HSL Forward 5′-CCCTCAGTGTGCTCTCCA-3′ 

 Reverse 5′-ACCCAGGCGGAAGTCTC-3′ 

LEPR Forward 5′-AAATAAGCCCAACAGACACC-3′ 

 Reverse 5′-CTCTCAAAACACACAAGGACA-3′ 

OSBPL2 Forward 5′-GTTTCGGCTGTGGCTTC-3′ 

 Reverse 5′-GTGGAACGCACTGATGG-3′ 

PAP1 Forward 5′-AGGAACATGCAAAGACCAA-3′ 

 Reverse 5′-GGTATCCGAACAGGGAAAG-3′ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Transparent Methods 

Zebrafish and treatments 

Zebrafish were subjected to standard husbandry procedures and used in accordance with the 

guidelines of the Institutional Animal Care and Use Committee (IACUC) of Nanjing Medical 

University. The zebrafish were maintained in buffered reverse osmosis water with a standard 

light/dark cycle of 14 hours/10 hours at 28°C. At 30 dpf, the WT and osbpl2b-/- zebrafish were 

fed with basic chow (BC) or a high-fat diet (HFD) and placed in the following groups: MT-BC, 

MT-HFD, WT-BC and WT-HFD. The BC was commercially available and purchased from Chia 

Tai Co., Ltd and the HFD was composed of basic chow supplemented with 25% lard. 

Cells, transfection, and treatments 

WT and OSPBL2-/- HepG2 cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM, Gibco, USA) supplemented with 15% foetal bovine serum (FBS, BI, USA), 100 U/ml 

penicillin, and 100 μg/ml streptomycin in a humidified atmosphere containing 5% CO2 at 37°C. 

HEK293T cells were cultured in DMEM supplemented with 10% FBS under identical 

conditions. Plasmids and siRNAs were transfected into cells using Lipofectamine 3000 

reagent (Invitrogen, USA). Oleic acid (OA, Sigma, USA) was conjugated to Bovine Serum 

Albumin (BSA, Sigma, USA) at a concentration of 200 mM before use. Cells were treated with 

OA at a final concentration of 400 μM or with a corresponding dose of BSA alone for 16 hours. 

BFA was added at a final concentration of 10 ng/ml for 16 hours. 

Plasmids and siRNAs 

ATGL and COPB1 were digested at the BamH I and Kpn I sites and subcloned into pcDNA 

3.1-3×HA vectors (MiaoLingBio, China) using the ClonExpress II one step cloning kit (Vazyme, 

China). OSBPL2-FLAG and OSBPL2-RFP were constructed in our laboratory. The siRNAs 

targeting human COPB1 were synthesized by RiboBio (Guangzhou, China). 

Total RNA isolation and quantitative real-time PCR (qRT-PCR) analysis  

Total RNA was prepared from HepG2 cells or zebrafish tissues with TRIzol reagent (Invitrogen, 

USA); 1 μg was used for complementary DNA (cDNA) synthesis with a HiScript II one step 

RT-PCR kit (Vazyme, China) and qRT-PCR was performed on a StepOne-Plus system 



(Applied Biosystems, USA) using ChamQ SYBR qPCR Master Mix (Vazyme, China). 

LD staining 

HepG2 cells were grown on coverslips overnight. After being treated with 400 μM OA for 

appropriate times, the cells were immobilized with 4% PFA for 15 min and permeabilized with 

0.1% Triton X-100 for 10 min at room temperature. The LDs were stained with BODIPY 

493/503 (1:1,000, Invitrogen, USA) for 10 min and with DAPI (1:1,000, Invitrogen, USA) for 5 

min. Images were acquired by confocal microscopy using ZEN software. Zebrafishes were 

maintained in buffered reverse osmosis (RO) water containing BODIPY 493/503 (1:1,000, 

Invitrogen, USA) for 1-2 h and then the fishes were placed in RO water for 30 min. The fishes 

were anesthetized using MS-222 (Sigma, US) and then images were acquired by fluorescence 

stereo microscope (Olympus RI2, Japan). LDs were measured as described (Minchin et al., 

2015; Qi et al., 2016). 

Immunostaining 

Cells were grown on coverslips overnight. After being treated with 400 μM OA for appropriate 

times, the cells were immobilized with 4% PFA for 15 min, permeabilized with 0.1% Triton 

X-100 for 10 min, and blocked with PBS containing 10% goat serum for 1 hour at room 

temperature. Primary antibodies were applied overnight at 4°C: Rabbit anti-ATGL (1:100, 

abcam, Cat# ab220738, Cambridge, UK), Rabbit anti-COPB1 (1:100, Abclonal, Cat# A10485; 

RRID: AB_2758034, China). Fluorescent secondary antibodies were used for 1 hour at 37°C: 

Alexa Fluor 488 donkey anti-mouse IgG (1:200, Life technologies, Cat#A21202; RRID: 

AB_141607, CA, USA), Alexa Fluor 546 donkey anti-rabbit IgG (1:200, Life technologies, 

Cat#A10040; RRID: AB_2534016, CA, USA ). Then BODIPY 493/503 was applied for 10 min 

at room temperature. DAPI diluted at 1/1,000 was applied for 5 min.  

The degree of co-localization of OSBPL2 with LD was quantified using the method as 

described (Du et al., 2020). The HepG2 cells were transfected with RFP-tagged OSBPL2 for 

24 h. After a treatment of 10 ng/ml BFA and 400 μM OA for 16 h, the cells were immobilized 

with 4% PFA for 15 min, permeabilized with 0.1% Triton X-100 for 10 min. and then labeled 

with BODIPY 493/503 for 10 min at room temperature. DAPI diluted at 1/1,000 was applied for 

5 min. Images were acquired by confocal microscopy through a 63× objective using ZEN 

software. 



Isolation and protein extraction of the LD fraction 

LDs were isolated as described (Ding et al., 2013). The cells were harvested, washed with 

ice-cold PBS and suspended in ice-cold Buffer A (20 mM tricine, 250 mM sucrose and 0.2 mM 

PMSF, pH 7.8). The resuspended cells were homogenized using a French pressure cell. The 

homogenate was collected as WCL, and then the remaining homogenate was centrifuged for 

10 min at 3,000 × g. The supernatant was collected as PNS, and then, the rest of the 

supernatant was transferred into an SW40 tube. The supernatant was covered with ice-cold 

Buffer B (20 mM HEPES, 100 mM KCl and 2 mM MgCl2, pH 7.4) on top of the PNS, and then 

centrifuged at 100,000 × g for 1 hour at 4°C. The top layer of the gradient was collected as the 

LD fraction, and then, the LD fraction was washed using ice-cold Buffer B and centrifuged for 

10 min at 20,000 × g, 4°C. The proteins and lipids of LD samples were separated with 

chloroform/acetone (1:1, vol/vol). Air-dry and dissolve the pellet with 2× SDS sample buffer. To 

ensure consistent loading quality of the samples, the protein concentration was detected using 

the BCA kit (Beyotime, China). Boil the sample for 10 min at 95°C, and then store at -20°C for 

Western blot. 

Coimmunoprecipitation (Co-IP) 

HEK293Ta cells coexpressing HA-COPB1 and FLAG-OSBPL2 were washed with ice-cold 

PBS and then lysed with RIPA lysis buffer (Beyotime, China) containing 0.2 mM PMSF for 

30 min. The lysate from cells transfected with HA-COPs was extracted and 

immunoprecipitated using Anti-FLAG® M2 magnetic beads as normal control. The cell lysate 

was centrifuged for 30 min at 13,500 rpm and 4°C. The supernatant was collected and 

incubated with Anti-FLAG® M2 magnetic beads (Sigma-Aldrich, Germany) overnight at 4°C. 

The beads were washed with RIPA lysis buffer (Beyotime, China) five times, added to 6× SDS 

loading buffer and boiled for 10 min. Then, the samples were assayed by Western blotting. 

Immunoblotting 

Samples were prepared from cells lysed with RIPA lysis buffer. For protein separation, the 

samples were separated by using 10% SDS/PAGE gel (Biorad, China) and transferred onto 

PVDF membranes for 1 h at 350 mA and 4°C. The membrane was blocked with TBS-T 

containing 5% skim milk powder for 2 hours at room temperature and then incubated overnight 

with primary antibody at 4°C : Rabbit anti-ATGL (1:1,000, abcam, Cat# ab220738, Cambridge, 



UK), Rabbit anti-HA Tag (1:1,000, abcam, Cat# ab1424, Cambridge, UK), Mouse anti-FLAG 

Tag (1:1000, Sigma-Aldrich, Cat# F1804, Germany), Rabbit anti-GAPDH (1:1,000, CST, Cat# 

5174, USA), Rabbit anti-COPB1 (1:1,000, Abclonal, Cat# A10485; RRID: AB_2758034, China), 

Rabbit anti-COPB1(for zebrafish, 1:1,000, Affinity, Cat# DF13220, China), Rabbit 

anti-OSBPL2 (1:1,000, Abclonal, Cat# A14199; RRID: AB_2761059, China); Then incubate 

the membrane with secondary antibody at room temperature for 1 hour Anti-rabbit IgG, 

HRP-linked Antibody (1:5,000, CST, Cat# 7074, USA), HRP-conjugated AffiniPure Mouse 

Anti-Rabbit IgG Light Chain (1:5,000, Abclonal, Cat# AS061, China). Detected proteins were 

visualized via the chemiluminescence method or performed with an Odyssey® CLX Imaging 

System (LI-COR, USA). 

Statistical Analyses   

The number and relative area of the LDs (and their associated proteins) were analyzed with 

Image J software. All data are presented as the mean ± SD. The statistical significance was 

evaluated using a group t-test. p < 0.05 was regarded as significant.  
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