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Abstract

In cell models, changes in the ‘accessible’ pool of plasma membrane (PM) cholesterol are linked 

with the regulation of endoplasmic reticulum sterol synthesis and metabolism by the Aster family 

of nonvesicular transporters; however, the relevance of such nonvesicular transport mechanisms 

for lipid homeostasis in vivo has not been defined. Here we reveal two physiological contexts 

that generate accessible PM cholesterol and engage the Aster pathway in the liver: fasting and 

reverse cholesterol transport. During fasting, adipose-tissue-derived fatty acids activate hepatocyte 

sphingomyelinase to liberate sequestered PM cholesterol. Aster-dependent cholesterol transport 

during fasting facilitates cholesteryl ester formation, cholesterol movement into bile and very 

low-density lipoprotein production. During reverse cholesterol transport, high-density lipoprotein 

delivers excess cholesterol to the hepatocyte PM through scavenger receptor class B member 

1. Loss of hepatic Asters impairs cholesterol movement into feces, raises plasma cholesterol 

levels and causes cholesterol accumulation in peripheral tissues. These results reveal fundamental 

mechanisms by which Aster cholesterol flux contributes to hepatic and systemic lipid homeostasis.

The PM contains up to 90% of the total cellular cholesterol1. Das and colleagues have 

stratified PM cholesterol into three discrete pools: an accessible pool that is available for 

transport to the endoplasmic reticulum (ER) to signal cellular cholesterol sufficiency; a 

sphingomyelin (SM)-sequestered pool that can be rendered accessible by SM hydrolysis; 

and an essential pool that is sequestered by phospholipids and proteins and cannot be 

liberated without reducing cell viability2. Much of the cellular machinery important for 

responding to changes in PM cholesterol resides in the ER, including the SCAP complex for 

sterol regulatory-element binding protein (SREBP) processing and enzymes for cholesterol 

modification (acyl-coA cholesterol acyltransferase and cholesterol hydroxylases)3-5. It 

therefore makes intuitive sense that rapid communication of changes in accessible PM 

cholesterol to the ER would be critical for membrane homeostasis. Indeed, adding 

cholesterol to the PM in cultured cells suppresses SREBP cleavage within 1 h (ref. 3). The 

mechanisms underlying rapid sterol movement between the PM and ER have only recently 

begun to be understood.

The Aster family of proteins (Aster-A, Aster-B and Aster-C; encoded by Gramd1a, 

Gramd1b and Gramd1c) mediate nonvesicular transport of cholesterol from the PM to the 

ER6. Asters are single-pass ER membrane proteins that localize to contact sites between 

the ER and the PM in cells loaded with high-density lipoprotein (HDL) or cholesterol–

cyclodextrin complexes. Notably, it is the accessible PM cholesterol fraction that seems 

to be recognized specifically by Asters in mouse, hamster and human cell lines6-9. The 

accessible pool of cholesterol in the PM is detectable when the cholesterol concentration 

exceeds ~35 mol% of total PM lipids, approximately the same concentration that triggers 
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the recruitment of Aster proteins to the PM. Loss of Aster function in cells expands 

the accessible PM cholesterol pool at the expense of the ER, triggering activation of the 

SREBP-2 pathway6-8,10.

Mice lacking Aster-B have low cholesterol ester (CE) stores in the adrenal cortex and 

reduced corticosteroid production due to impaired movement of HDL-derived cholesterol 

from the PM to the ER6; however, the importance of nonvesicular transport pathways 

in other contexts is unknown. In particular, the functional relevance of Aster-mediated 

cholesterol transport in the liver—an organ central to systemic metabolism—remains to be 

established. Furthermore, the physiological factors that generate accessible cholesterol in the 

PM and promote its removal by Asters have not been elucidated11. We hypothesized that 

fasting and reverse cholesterol transport (RCT) might be physiological contexts that require 

Aster-mediated cholesterol transport from PM to the ER in hepatocytes.

Hepatic cholesterol biosynthesis is suppressed by fasting in mammals12,13. Nevertheless, 

CEs accumulate in the liver during fasting to sustain very low-density lipoprotein (VLDL) 

output and bile acids continue to be produced from cholesterol in preparation for the next 

meal; however, the source of cholesterol for VLDL output and bile acid synthesis during 

nutrient deprivation is unclear. RCT involves the movement of cholesterol from peripheral 

tissues to hepatocytes via HDL for excretion into feces14. Liver HDL cholesterol uptake 

is mediated by scavenger receptor class B member 1 (SR-BI)15. Activation of the nuclear 

hormone receptor FXR promotes RCT by inducing SR-BI16; however, the pathways that 

move HDL cholesterol from the PM to the ER of hepatocytes downstream of SR-BI are 

unknown.

Here we show that nonvesicular sterol transport by Aster proteins plays key roles in 

both hepatocellular cholesterol redistribution during fasting and RCT. We demonstrate that 

hepatocyte CE production during fasting is sustained through liberation of PM cholesterol 

by sphingomyelinase (SMase) and subsequent Aster-dependent cholesterol transport to the 

ER. Expression of Aster-C, the dominant family member in hepatocytes, is coordinately 

regulated along with SR-BI by FXR. Loss of Aster expression in the liver impairs HDL 

cholesterol movement into feces, raises HDL cholesterol levels in the plasma and causes 

cholesterol accumulation in peripheral tissues. Our findings show that Aster proteins in the 

liver are required to maintain cholesterol homeostasis and underscore the importance of 

nonvesicular sterol transport in hepatic lipid metabolism.

Results

Asters transport accessible PM cholesterol in hepatocytes

Transcripts encoding Aster-A and Aster-C are highly expressed in the liver of mice fed 

a standard chow diet, whereas transcripts encoding Aster-B are less abundant (Extended 

Data Fig. 1a). To visualize the localization of endogenous Aster-C in hepatocytes, we 

inserted a 3×HA tag into the Gramd1c locus of mice by CRISPR-Cas9 editing (Extended 

Data Fig. 1b). Immunofluorescence microscopy with an HA antibody revealed that Aster-C 

was distributed throughout the ER of hepatocytes at baseline and was recruited to the PM 

by cholesterol loading (Fig. 1a). The observation that PM cholesterol levels regulate the 
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movement of Aster-C in hepatocytes prompted us to further explore Aster function in that 

cell type.

To study Aster function in the liver, we generated mice with hepatocyte-specific deletion 

of either Aster-A (L-A knockout (KO)), Aster-C (L-C KO) or both (L-A/C KO) (Extended 

Data Fig. 1c,d). Aster-A expression was ~70% lower in the livers of L-A KO and L-A/C 

KO mice (Extended Data Fig. 1e,g). The residual Aster-A expression was likely due to the 

presence of Aster-A in natural killer cells, B cells and endothelial cells, based on publicly 

available single-cell sequencing datasets17. Aster-C expression was undetectable in the livers 

of L-C KO and L-A/C KO mice (Extended Data Fig. 1f,g). Aster-A and -C expression 

was unchanged in the testes of L-A/C KO mice, consistent with liver-specific gene ablation 

(Extended Data Fig. 1h). The liver messenger RNA levels of SREBP-2 target genes were 

modestly elevated in the Aster-A and Aster-C single KO mice (Extended Data Fig. 1e,f); 

however, L-A/C KO mice exhibited a striking induction of SREBP-2 target genes, indicating 

that Asters-A and Asters-C compensate for each other in the liver when one is inactivated 

(Extended Data Fig. 1g). We therefore focused subsequent experiments on L-A/C KO 

mice due to the lack of Aster-B and the apparent redundancy of Aster-A and Aster-C in 

hepatocytes.

In cultured cells, a failure to transport cholesterol efficiently from the PM to the ER expands 

the accessible cholesterol pool8-10. We assessed the accessible cholesterol pool in primary 

hepatocytes with ALOD4, a probe that binds accessible cholesterol18. Confocal microscopy 

revealed more ALOD4 staining on the PM of L-A/C KO than in control hepatocytes 

(Fig. 1b). Western blotting and flow cytometry for ALOD4 binding further confirmed that 

loss of Aster function expands the accessible cholesterol pool in hepatocytes (Fig. 1c,d). 

Quantification of fluorescence intensity from ~30,000 cells confirmed enhanced ALOD4 

binding in the absence of Aster (Fig. 1e; P < 0.0001). Thus, Aster-mediated cholesterol 

removal from the PM of hepatocytes determines the size of the accessible PM cholesterol 

pool.

Asters facilitate hepatocyte PM to ER cholesterol transport

To study changes in liver cholesterol distribution during fasting, we compared wild-type 

(WT) mice that had undergone prolonged fasting (16 h) to those that had undergone a 

short (4 h) fast. Prolonged fasting promoted liver triglyceride (TG) and CE accumulation 

compared to a short fast (Extended Data Fig. 2a-c). Pathway analysis after liver RNA 

sequencing (RNA-seq) showed that PPARα signaling was the most robustly induced 

pathway after a 16-h fast (Extended Data Fig. 2d), whereas the SREBP-2 pathway was 

the most repressed (Extended Data Fig. 2e). qPCR analysis confirmed suppression of 

SREBP-2 target genes during prolonged fasting (Extended Data Fig. 2f), despite liver 

CE accumulation (Extended Data Fig. 2c). Notably, purification of PMs from WT mice 

(Extended Data Fig. 2g) showed that PM free cholesterol was reduced after a 16-h fast, 

coinciding with liver CE accumulation and suppression of the SREBP-2 pathway (Extended 

Data Fig. 2h,i).

Floxed control mice had lower PM free cholesterol after a 16-h fast compared to a 4-h 

fast and this depletion was blocked in L-A/C KO mice (Fig. 2a and Extended Data Fig. 
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2j), strongly implying that Asters mediate the movement of hepatocyte cholesterol from 

the PM to the ER in response to fasting. Furthermore, liver CE accumulation in control 

mice was greater after a 16-h fast than after a 4-h fast (Fig. 2b). Fasting-induced liver CE 

accumulation was lower in L-A/C KO mice (Fig. 2b). Of note, the most abundant CE species 

(18:2 CE) was significantly lower in L-A/C KO mice (Fig. 2c). At the same time, L-A/C 

KO mice had higher mRNA and protein levels for SREBP-2 target genes after a 16-h fast 

(Fig. 2d,e). These findings suggested that induction of the SREBP-2 pathway was likely 

compensating for impaired PM–ER cholesterol transport in L-A/C KO mice during fasting.

To bypass potential compensatory effects of enhanced cholesterol synthesis, we treated 

control and L-A/C KO mice with statins (that block endogenous cholesterol synthesis 

by inhibiting HMGCR). The mRNA expression of SREBP-2 pathway targets was higher 

in livers of L-A/C KO mice fed a statin diet than in mice fed a chow diet (Fig. 2f). 

Additionally, nuclear fractions from livers of L-A/C KO fed a statin diet had higher levels 

of mature SREBP-2 than in controls, despite comparable levels of the membrane-bound 

precursor (Fig. 2g). Total CE levels and levels of most major CE species, were dramatically 

lower in the livers of L-A/C KO mice fed the statin diet after a 16-h fast (Fig. 2h,i). We 

conclude from these studies that loss of Aster-A and Aster-C in hepatocytes impairs the 

formation fasting-induced CE stores, which is preferentially derived from PM cholesterol. 

In the absence of Asters, hepatocytes compensate by upregulating de novo cholesterol 

synthesis.

Adipose-derived fatty acids free sequestered PM cholesterol

We next sought to determine how fasting promotes Aster-mediated cholesterol removal 

from the PM. Lipidomic analysis of PMs isolated from mouse liver showed that prolonged 

fasting reduced SM abundance (Fig. 3a and Extended Data Fig. 3a). Fasting promotes 

intracellular TG hydrolysis in adipose tissue to supply the liver with fatty acids. We found 

that BSA-conjugated oleic acid (OA) or arachidonic acid, but not palmitic acid, treatment 

promoted the breakdown of [3H]choline-labeled SM in cultured hepatocytes (Fig. 3b), 

consistent with earlier work19. We therefore hypothesized that fatty acids released from 

adipose tissue during fasting might promote the hydrolysis of SM in hepatocyte PMs to 

render the SM-sequestered cholesterol pool ‘accessible’ for Aster-mediated transport to the 

ER.

We first tested whether free fatty acids could generate accessible cholesterol in PM of 

primary hepatocytes, as assessed by ALOD4 binding. At baseline, L-A/C KO primary 

hepatocytes had more accessible PM cholesterol than control primary hepatocytes, 

consistent with our previous experiments (Fig. 3c; lanes 1 and 2). Treatment of hepatocytes 

with mβCD-cholesterol served as a positive control for elevated accessible cholesterol and 

increased ALOD4 binding (Fig. 3c lanes 3 and 4). Oleic acid treatment increased accessible 

cholesterol in both control and L-A/C KO primary hepatocytes (Fig. 3c; lanes 5 and 6). 

Treatment with an inhibitor of neutral SMases (GW4869) blocked the increase in accessible 

cholesterol induced by OA (Fig. 3c; lanes 7 and 8, and Extended Data Fig. 3b). L-A/C 

KO primary hepatocytes had higher ALOD4 binding than in controls under all conditions, 

consistent with an impaired ability to remove accessible cholesterol from the PM (Fig. 
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3c). OA treatment also suppressed SREBP-2 target genes in control primary hepatocytes, 

consistent with increased cholesterol transport to ER; this suppression was blunted in L-A/C 

KO hepatocytes (Extended Data Fig. 3c).

We next treated both control and L-A/C KO mice with Atglistatin (an inhibitor of adipose 

TG lipase) and then fasted the mice for 16 h to promote hepatic PM–ER cholesterol 

movement. Expression of SREBP-2 pathway target genes was enhanced by Atglistatin, 

suggesting that inhibition of fatty acid flux from adipose tissue retards cholesterol movement 

to the ER of hepatocytes (Fig. 3d). This increased expression of SREBP-2 pathway targets 

by Atglistatin was blunted in the livers of L-A/C KO mice (Fig. 3d). Total liver CEs were 

lower in Atglistatin-treated control mice than in vehicle-treated control mice (Fig. 3e). 

Vehicle-treated L-A/C KO mice had lower CEs after fasting compared to floxed control 

mice (Fig. 3e). Atglistatin treatment did not further decrease liver CEs in the L-A/C KO 

mice compared to Atglistatin-treated control mice (Fig. 3e). These data show that the 

magnitude of the decrease in CE accumulation in response to Atglistatin treatment is smaller 

in L-A/C KO mice compared to floxed controls.

In addition to promoting fatty acid release from adipose tissue, fasting increases glucagon 

and ketones and decreases insulin and glucose in circulation. We therefore assessed the 

effects of glucagon, ketones (acetoacetate and hydroxybutyrate), insulin and glucose on PM 

accessible cholesterol levels, as assessed by ALOD4 binding, in primary hepatocytes. In 

contrast to fatty acids, glucagon or ketone body treatment of primary hepatocytes slightly 

decreased PM accessible cholesterol (Extended Data Fig. 3d). Furthermore, ALOD4 binding 

to primary hepatocytes was unchanged by insulin and glucose (Extended Data Fig. 3e). 

These results show that, of the fasting-induced molecules tested, fatty acids are unique in 

their ability to acutely generate accessible cholesterol in PM.

To further examine the role of adipose-derived fatty acids in hepatic cholesterol movement 

in vivo, we exposed mice to a 5-h cold challenge, which acutely stimulates adipose-tissue 

lipolysis20. We found the CE accumulation in the livers of L-A/C KO mice was lower 

(Fig. 3f) and SREBP-2 pathway activity was higher (Fig. 3g), compared to floxed mice 

in response to cold. These results provide further evidence of an important role for adipose-

derived fatty acids in hepatocyte PM cholesterol movement. Collectively, these data indicate 

that adipose-tissue-derived fatty acids increase the accessible cholesterol pool in hepatocyte 

PMs and that this effect is mediated by neutral SMase release of sphingomyelin-sequestered 

cholesterol.

Fasting induces Smpd3 to regulate cholesterol metabolism

There are four SMase enzymes (encoded by Smpd1–4) in liver17. Smpd1 encodes a 

lysosomal acidic SMase, while Smpd2–4 encode neutral SMases21. The mRNA and protein 

levels of Smpd3 were increased in the livers after a 16-h fast (Fig. 4a,b), consistent 

with physiological regulation of SMase expression. We expressed Smpd3 in hepatocytes 

of WT mice with an intravenous injection of an AAV8-3xHA-Smpd3 vector driven by 

the liver-specific thyroxine binding globulin (TBG) promotor (Fig. 4c). Smpd3 expression 

decreased hepatic SM levels, increased liver CE and suppressed SREBP-2 pathway target 
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gene expression (Fig. 4d-f). Thus, fasting induces liver Smpd3 expression and the increased 

SM activity promotes cholesterol movement to the ER.

Nonvesicular sterol transfer supports fasting VLDL secretion

To determine the impact of PM–ER cholesterol transport during fasting on VLDL secretion, 

we injected mice with the lipase inhibitor, Poloxamer-407 after a 16-h fast and measured the 

appearance of TG in plasma. L-A/C KO mice had impaired liver VLDL-TG secretion after 

a prolonged fast (Fig. 4g,h), suggesting that impaired PM–ER cholesterol movement blunts 

hepatic lipid output during fasting. Plasma apolipoprotein B100 also tended to be lower in 

the plasma of L-A/C KO after a 16-h fast (without a change in Apo-B48), consistent with 

reduced VLDL output. Conversely, plasma ApoA-I levels were higher in L-A/C KO mice 

(Fig. 4i). Reducing free fatty acid delivery to the liver by Atglistatin treatment of WT mice 

also impaired fasting-induced VLDL secretion (Fig. 4j). These data raise the possibility that 

Asters move cholesterol to the ER of hepatocytes to support CE formation and VLDL output 

during fasting.

Aster-C is a direct target gene of FXR in mouse liver

Earlier studies showed that the gene encoding Aster-B is regulated by the nuclear receptor 

LXR in macrophages6. We observed that Aster-C and SR-BI were induced at the mRNA and 

protein levels in the liver of 3×HA-Aster-C knock-in mice in response to the FXR agonist 

GSK2324 (Fig. 5a,b). This response was abolished in FXR KO mice (Fig. 5c). The FXR 

agonist GW4046 also increased Aster-C expression in a dose-dependent manner in primary 

mouse hepatocytes (Fig. 5d,e). Furthermore, chromatin immunoprecipitation-sequencing 

(ChIP-seq) data supported FXR binding to the promoter region of Aster-C in the liver 

but not intestine (Fig. 5f)22. These data identified the gene encoding Aster-C as a direct 

transcriptional target of FXR in liver and suggested that Aster-C may operate downstream of 

SR-BI to move HDL cholesterol to the ER.

Asters transfer lipoprotein cholesterol to the ER in livers

RCT involves the movement of HDL cholesterol from peripheral tissues to hepatocytes 

via the HDL receptor, SR-BI. HDL predominantly carries cholesterol in the form of CEs; 

however, HDL loading of cells for 1 h increased PM accessible cholesterol, as indicated 

by higher ALOD4 staining (Extended Data Fig. 4a). This increase in ALOD4 binding 

was abolished by knocking down Scarb1 (Extended Data Fig. 4a). As ALOD4 recognizes 

unesterified accessible cholesterol and not CEs, these results demonstrate that SR-BI loads 

cholesterol from HDL into the PM where it becomes part of the accessible cholesterol pool, 

presumably by a currently unidentified cholesterol esterase.

To determine whether hepatic Asters participate in RCT, we conducted tracer studies with 

HDL containing [14C]cholesterol23. Control and L-A/C KO mice were fasted for 16 h and 

then given an intravenous (i.v.) injection of the HDL (Fig. 6a). The rate of HDL clearance 

from the circulation was similar in the different groups of mice (Fig. 6b). Total 14C counts 

and 14C-labeled free cholesterol were modestly lower in livers of L-A/C KO mice than 

in controls (Fig. 6c and Extended Data Fig. 4b); however, 14C-labeled CE accumulation 

was dramatically lower (Fig. 6d). L-A/C KO livers had a higher proportion of 14C in free 
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cholesterol and a lower proportion of 14C in CE compared to controls, consistent with 

impaired cholesterol movement from PM to ER (Fig. 6e). Furthermore, the expression 

of SREBP-2 pathway target genes was higher in livers of L-A/C KO mice 1 h after 

administration of the radiolabeled HDL (Extended Data Fig. 4c). These data indicate that 

Aster proteins function downstream of SR-BI to transport HDL-derived cholesterol from the 

hepatocyte PM to the ER.

Low-density lipoprotein (LDL) is internalized by clathrin-mediated endocytosis following 

binding to LDL receptors on the hepatocyte cell surface—a pathway distinct from SR-BI-

mediated HDL uptake24. From the surface of the late endosome/lysosome, most of the LDL 

cholesterol is transported to the PM before moving to the ER2,25. Aster proteins have been 

shown to contribute to post-lysosomal movement of LDL cholesterol in cultured cells8,9, 

but whether this pathway operates in vivo is unknown11. To address this, we isolated LDL 

from donor mice, labeled it with [14C]cholesterol and administered it i.v. to recipient mice. 

The rate of [14C]LDL clearance was similar in control and L-A/C KO mice (Fig. 6f). 

Total liver 14C counts were modestly lower in L-A/C KO mice compared to controls and 

free [14C]cholesterol tended to be lower (Fig. 6g and Extended Data Fig. 4d); however, 
14C-labeled CE accumulation was substantially lower in livers of L-A/C KO mice (Fig. 6h). 

Consistent with impaired LDL cholesterol movement to the ER, SREBP-2 pathway target 

genes were higher in livers of L-A/C KO mice 1 h after administration of the radiolabeled 

LDL (Extended Data Fig. 4e). The proportion of 14C in free cholesterol was higher in L-A/C 

KO livers, whereas the proportion of 14C in CE was lower (Fig. 6i). Thus, Aster proteins 

mediate PM–ER movement of both HDL- and LDL-derived cholesterol in the liver.

Hepatic Aster deficiency impairs RCT

Once internalized into hepatocytes, HDL-derived cholesterol is secreted into bile in the 

form of free cholesterol and bile acids as part of RCT26. To assess the contribution 

of Aster-mediated cholesterol transport to bile and subsequent excretion, we injected 

[14C]cholesterol-labeled HDL into mice and collected feces over 3 d. The rate of [14C]HDL 

clearance was similar in control and L-A/C KO mice (Extended Data Fig. 4f); however, 

total 14C counts were lower in gallbladders of L-A/C KO mice than in controls (Fig. 6j). 

Also, L-A/C KO mice had lower fecal 14C counts (Fig. 6k) and lower radiolabel abundance 

in fecal bile acids and free cholesterol than in controls (Fig. 6l,m). Collectively, these data 

demonstrate that Asters mediate a key step in RCT by moving HDL cholesterol through 

hepatocytes and into the gut for excretion.

To determine whether the total mass of cholesterol leaving the body is different between L-

A/C KO mice compared to floxed controls, we fed mice a cholesterol-free diet and collected 

feces over 48 h before assessing fecal cholesterol output. Fecal cholesterol concentrations 

were similar between L-A/C KO mice and controls (Extended Data Fig. 4g), suggesting 

that higher endogenous cholesterol synthesis in the livers of the KO mice and subsequent 

secretion into bile may compensate for the impaired flux from lipoproteins into bile, as 

determined by the radiolabeled tracer studies.
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Asters are required for hepatic dietary cholesterol storage

To further explore the role of Asters in PM–ER cholesterol transport in the liver, we 

challenged mice with a western diet (WD), which suppresses endogenous cholesterol 

synthesis and results in the delivery of large amounts of cholesterol to the basolateral surface 

of hepatocytes. Body weight gain was comparable between controls and L-A/C KO mice 

over 12 weeks of WD feeding (Extended Data Fig. 4h); however, total cholesterol, CE and 

most major CE species were dramatically lower in the livers of L-A/C KO mice than in 

controls (Fig. 7a-c). Hepatic SREBP-2 target gene expression was also higher in L-A/C KO 

mice fed the WD (Fig. 7d). We also acutely deleted Asters in hepatocytes by administering 

an intravenous injection of an AAV8-TBG-Cre vector to Aster-A/C double-floxed mice. The 

SREBP-2 pathway was markedly upregulated after acute deletion of Aster-A and Aster-C 

in the liver after 4 weeks of WD feeding (Fig. 7e), consistent with the phenotype observed 

in the developmental knockout line. These data show that Asters play a key role in the 

movement of dietary cholesterol into the hepatocyte for storage as CE.

Hepatic Aster deficiency disrupts systemic sterol balance

The liver plays a central role in determining plasma lipid levels. Total plasma cholesterol 

levels were higher in L-A/C KO mice than in the controls (Fig. 8a). The higher plasma 

cholesterol levels were mainly due to increased amounts of HDL cholesterol (Fig. 8b). HDL 

is produced primarily in hepatocytes and enterocytes through lipidation of apolipoprotein 

AI (ApoA-I) by PM-localized ABCA1 (refs. 27-30). ABCA1 protein levels were higher in 

the livers of L-A/C KO mice than in control mice (Fig. 8c). Consistent with this finding, 

cholesterol efflux to ApoA-I was higher in primary hepatocytes from L-A/C KO mice than 

in primary hepatocytes from control mice (Fig. 8d). These observations suggest that, in 

the absence of the Aster nonvesicular transport pathway, HDL cholesterol accumulated in 

hepatocyte PMs is effluxed to ApoA-I rather than trafficked to the ER.

We further investigated the effects of loss of Aster function in the liver on cholesterol 

homeostasis in peripheral tissues. Rodent adrenal glands rely on HDL cholesterol for 

steroidogenesis31. Loss of hepatic Aster expression resulted in greater accumulation of 14C 

counts in adrenal glands after intravenous administration of [14C]cholesterol-labeled HDL 

for 3 d (Fig. 8e). The adrenal glands of L-A/C KO mice were paler by visual inspection, 

indicating an enrichment of neutral lipids (Fig. 8f). Indeed, BODIPY staining revealed 

a marked increase in neutral lipid stores in the adrenal cortex of L-A/C KO mice (Fig. 

8g). Moreover, SREBP-2 pathway genes were suppressed in the adrenals of L-A/C KO 

mice, whereas LXR target genes (Abca1 and Abcg1) were increased (Fig. 8h). SREBP-2 

suppression and LXR induction was also observed in brown adipose tissue, suggesting 

increased cholesterol delivery to multiple peripheral tissues in the absence of hepatic Aster 

expression (Fig. 8i). Whole-body cholesterol content was similar between L-A/C KO and 

F/F mice (Extended Data Fig. 4i). These data suggest that impaired flux from lipoproteins 

into bile in L-A/C KO mice is balanced by higher plasma cholesterol levels (due to 

enhanced PM cholesterol efflux to HDL), higher cholesterol in peripheral tissues and higher 

endogenous cholesterol synthesis in the liver to result in unchanged whole-body cholesterol 

content compared to F/F mice. Therefore, impaired Aster-mediated PM–ER cholesterol 

transport in the liver alters systemic cholesterol distribution (Extended Data Fig. 5).
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Discussion

The three Aster family members (Aster-A, Aster-B and Aster-C) are expressed in a tissue-

specific manner. Loss of Aster-B impairs CE formation and steroid hormone synthesis in the 

adrenal gland6, but the role of these proteins in systemic lipid metabolism is unknown. The 

concept of accessible PM cholesterol is important for contextualizing the function of Asters 

in hepatic physiology. Accessible cholesterol is rapidly transported to the ER and maintains 

an equilibrium with the ER cholesterol pool2, but the role that accessible cholesterol plays in 

physiology—and the endogenous signals that promote release of sequestered cholesterol 

in vivo—have not been defined. Here we show that Aster proteins move accessible 

cholesterol to the ER in two physiological contexts—fasting and RCT (Extended Data Fig. 

5). We showed that fatty acids activate SMase to liberate sequestered cholesterol in the 

hepatocyte PM during fasting and that Aster proteins move the augmented pool of accessible 

cholesterol to the ER to support CE production. Asters are also an important component 

of the RCT pathway owing to their function in moving HDL-derived cholesterol within 

hepatocytes. Loss of Aster function decreases the appearance of HDL-derived cholesterol in 

the feces, raises plasma cholesterol levels and causes peripheral cholesterol accumulation.

The role that adipose TG lipolysis plays in liver TG accumulation and the secretion of 

VLDL TGs during fasting is well established, but little is known about how adipose 

tissue nutrient stores affect liver cholesterol homeostasis. Our experiments define a pathway 

whereby fatty acids from adipose tissue increase Aster-mediated cholesterol movement in 

the liver by promoting hydrolysis of SM in liver PM. Impaired fatty acid flux from adipose 

tissue or loss of Aster function in the liver reduces VLDL output and bile acid synthesis. Our 

work reveals how hepatic intracellular cholesterol movement is regulated by signals derived 

from adipose tissue to control systemic cholesterol homeostasis.

Our data also show that liver PM cholesterol pools are dynamic and responsive to nutritional 

cues and energy supply. Fasting requires mammals to utilize lipid metabolites from pre-

existing stores. It has long been appreciated that fasting promotes release of fatty acids 

from adipose tissue, TG accumulation in the liver and ultimately hepatic VLDL secretion 

to promote redistribution of lipid nutrients to peripheral tissues. CEs also accumulate in 

the liver during fasting, which is dependent on cholesterol delivery to the ER. Given that 

the energetically costly SREBP-2 cholesterol biosynthetic pathway is suppressed during 

fasting32, the source of cholesterol for fasting-induced CE synthesis has been unclear. 

We showed that fatty acids released by adipose TG lipolysis activate liver neutral SMase 

to liberate SM-sequestered cholesterol in the PM of hepatocytes, thereby augmenting 

the accessible cholesterol pool. Asters transport the accessible cholesterol to the ER. 

Therefore, the SM-sequestered cholesterol pool plays a physiological role in providing 

cholesterol to the ER of hepatocytes during periods of nutrient deprivation. Redistribution 

of cholesterol from the PM to the ER of hepatocytes promotes CE formation, VLDL 

output, bile acid synthesis and suppression of the SREBP-2 pathway during fasting. The 

concept of a SM-cholesterol/cholesterol switch represents a new regulatory mechanism 

that might be broadly relevant to other physiological or pathological conditions involving 

cholesterol transport, including metabolism, cancer and infection. It is possible that, in 

addition to fatty acids, other endogenous signals affect PM accessible cholesterol by 
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altering intracellular cholesterol transport pathways or changing phospholipid composition 

of the PM. Determining these signals may uncover further roles for accessible cholesterol 

movement in different cell types.

The RCT pathway from peripheral cells to the liver has been studied extensively. 

Similarly, the importance of transporters for moving sterols and bile acids into bile is 

well documented33,34; however, a notable gap in our understanding of RCT is the path that 

cholesterol follows between SR-BI uptake at the PM and excretion in bile. The hepatocyte 

is a polarized cell with basolateral (sinusoidal) and apical (canalicular) PM. ABCG5/8 

mediates biliary cholesterol secretion at the canalicular PM33,34. A potential hypothesis 

would be that basolateral PM cholesterol equilibrates across the entire PM surface before 

being secreted by ABCG5/8; however, we found that mice with impaired nonvesicular PM–

ER cholesterol transport have reduced movement of HDL-derived cholesterol into bile and 

accumulate cholesterol at the PM. Our results suggest that SR-BI binding of HDL generates 

accessible PM cholesterol and that a substantial portion of this cholesterol is transported by 

Asters to the ER before appearing at the apical surface of hepatocytes for efflux into the bile. 

It is noteworthy that humans carry most of their plasma cholesterol in LDL. Our experiments 

show that Asters transport LDL-derived cholesterol, in addition to HDL-derived cholesterol, 

in the liver. Therefore, while the relative proportions of LDL and HDL are different in mice 

and humans, Aster-mediated cholesterol transport downstream of both lipoprotein classes is 

likely conserved.

FXR agonists offer considerable therapeutic promise for patients with non-alcoholic fatty 

liver disease (NAFLD)/non-alcoholic steatohepatitis (NASH). Current literature suggests 

that FXR agonists act to lower intestinal lipid absorption and hepatic lipogenesis35. But, 

despite cholesterol accumulation being a key feature of the diseases, the contribution of 

intracellular cholesterol transport pathways to NAFLD/NASH is still poorly understood. Our 

finding that Aster-C is an FXR target in the liver makes it conceivable that Aster-mediated 

cholesterol movement contributes to some of the effects of FXR agonists on NAFLD/NASH. 

Further studies are required to fully examine the contribution of hepatic Asters to fatty liver 

diseases.

Systemic consequences of impaired liver PM–ER cholesterol movement after loss of Aster 

function in the liver include elevated plasma HDL cholesterol levels (due to enhanced liver 

cholesterol efflux) and increased cholesterol delivery to peripheral tissues (for example, 

adrenal gland and brown adipose tissue). Overall, these findings have uncovered key 

functions for nonvesicular sterol transport in mammalian lipid physiology.

Methods

Mice

Conditional KO alleles for Aster-A and Aster-C (Gramd1a and Gramd1c) were generated on 

a C57BL/6N background using a TALENs strategy by inserting LoxP sites into the locations 

outlined in Extended Data Fig. 1c. AsterF/F mice were crossed with albumin-Cre transgenic 

mice from The Jackson Laboratory. Cre-negative, littermate floxed controls from albumin-

Cre breeding pairs was combined and analyzed as a single control group. The 3xHA-Aster-
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C knock-in mice were generated on a C57BL/6N background by inserting a 3xHA tag 

into the first exon of Aster-C (Gramd1c) gene using a CRISPR/Cas9 strategy. crRNA 

(GCGGGAGGGTGCGGCGATGG) and tracrRNA (IDT, 1073189) were complexed with 

Cas9 protein (NEB, M0646T) and homology directed repair templates contained the 3xHA 

sequence (Supplementary Table 2) flanked by ~50-bp homology arms. Microinjections of 

CRISPR constructs was conducted as UC San Diego Diabetes Research Center Transgenic, 

CRISPR Mutagenesis and Knockout Mouse Core. Fxr-knockout mice were previously 

described36. All mice were housed in a temperature-controlled room (22 °C with humidity 

approximately 50–65%) with a 12-h light–dark cycle and under pathogen-free conditions. 

Mice were fed a chow diet (PicoLab Rodent Diet 20, 5053) or WD (Research Diets, 

D12079B) unless otherwise stated. For statin diet experiments, mice were fed a chow diet 

containing 0.008% Atorvastatin (Research Diets, D18062105i) and provided with drinking 

water containing 0.8% simvastatin sodium salt (Millipore Sigma, 5670215MG). For AAV8 

infections, AAV8-TBG-Cre (plasmid 107787) or AAV8-TBG-null (plasmid 105536) was 

purchased from Addgene. The 8–10-week-old male AsterF/F mice were injected via the tail 

vein with 5 × 1010 genome copies per mouse. AAV8-TBG-HA-Smpd3 was packaged at 

the Vector Core of University of Michigan. The 8-week-old WT mice (C57BL/6J) from 

The Jackson Laboratory were injected via the tail vein with 1 × 1011 genome copies 

per mouse. For FXR agonist experiments, mice were administered with either vehicle or 

GSK2324 via intraperitoneal injection once daily at 30 mg kg−1 body weight for 3 d. 

Mice were fasted for 4 h before being killed to collect plasma and tissues37,38. For ATGL 

inhibitor experiments, mice were administered with either vehicle or Atglistatin (Millipore 

Sigma, SML1075) via intraperitoneal injection at 200 μmol kg−1 body weight20. Animals 

were fasted for 16 h before being killed. For the acute cold exposure experiment, mice 

were fasted for 1 h at room temperature. Mice were then singly housed at approximately 

4 °C in pre-chilled cages without food or bedding for an additional 5 h before being 

killed. For assessment of fecal cholesterol output, F/F and L-A/C KO mice were fed a 

cholesterol-free diet (Research Diets, D02031501Ni) for 2 d, during which time feces was 

collected and processed for lipid analysis as outlined below. Experiments were performed in 

male and female mice. Age-matched 8–15-week-old mice were used for experiments when 

sufficiently large cohorts became available, which is why mice with different sexes were 

used in different experiments. All animal experiments were approved by the UCLA Animal 

Research Committee (protocols 1999-131 and 2003-166).

Primary hepatocytes

Primary hepatocytes were isolated from floxed control and L-A/C KO or 3xHA-Aster-C 

knock-in mice. The mice were anesthetized with 200 μl ketamine/xylazine solution by 

intraperitoneal injection before a cannula was inserted into the vena cava. The liver was 

perfused through the portal vein with 50 ml of solution A (Hanks’s solution with 1 mM 

EGTA, 20 mM HEPES and 1× pen/strep), followed by 50 ml of solution B (William 

Medium E with 1× GlutaMax, 20 mM HEPES, 1× pen/strep and 50 μg ml−1 liberase) at a 

speed of 5 ml min−1. The liver was placed in a dish, extraneous tissue was removed and 

the liver was dismantled using a forceps to release hepatocytes into the medium. Using a 

25-ml pipette, hepatocytes were filtered through a 70-μm cell strainer into a fresh 50-ml 

conical tube. Cells were centrifuged at 50 g (400 r.p.m.) at 4 °C for 3 min to gently pellet 
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cells. Cells were gently centrifuged an additional two times to wash. Cells were plated in 

warmed Washing/Plating medium (William Medium E medium with 1× GlutaMax, 20 mM 

HEPES, 1× pen/strep, 1 μM dexamethasone, 100 nM insulin and 5% FBS) at a density of 5 

× 105 cells per well in collagen-coated six-well plates. Cells were allowed to settle for 3–4 

h in Washing/Plating medium before experiments were conducted as described below. To 

determine Aster-C localization, hepatocytes from 3xHA-Aster-C knock-in mice were plated 

as described above. Hepatocytes were then either loaded with 200 μM MβCD-cholesterol in 

maintenance medium (William Medium E medium with 5% BSA, 0.1 μM dexamethasone 

and 100 nM insulin) or medium alone for 1 h before being washed three times with PBS 

and fixed with 4% PFA for 15 min. After fixation, cells were washed three times with PBS. 

Cells were incubated with anti-HA (Cell Signaling Technology, 3724S, diluted 1:1,000) 

or anti-E-cadherin (BD Biosciences, 610181, diluted 1:1,000) antibodies overnight before 

incubation with fluorescently labeled secondary antibodies (goat anti-mouse IgG H&L 

Alexa Fluor 555 Invitrogen A21424 or goat anti-rabbit IgG H&L Alexa Fluor 488 Invitrogen 

A11034; each diluted 1:1,000) for 1 h at room temperature. Cells were mounted on slides 

with ProLong Diamond Antifade Mountant with DAPI (Invitrogen, P36962). Images were 

acquired using an Inverted Leica TCS-SP8-SMD Confocal Microscope. For the GW4064 

treatment, hepatocytes were treated with or without GW4064 in maintenance medium for 

16 h for qPCR analysis. For OA experiments, primary hepatocytes that had been cultured in 

maintenance medium with Ro 48-8071 (1 μM) overnight were treated with or without OA 

(30 μM) for 6 h.

Western blot

Whole cell and tissues were lysed using RIPA buffer (Boston BioProducts, BP-115) 

supplemented with protease inhibitor (Thermo Scientific Pierce, A32965) and phosphatase 

inhibitor (Thermo Scientific Pierce, A32957) cocktail tablets. For determination of 

SREBP-2 membrane and nuclear isoforms, tissues were homogenized in lysis buffer (50 

mM Tris-HCl, pH 7.8, 1 mM EDTA and protease inhibitors) at 1,000 r.p.m. 30 times on an 

overhead stirrer (Caframo, BDC2002). Nuclei was pelleted by centrifuging at 1,000 g for 5 

min at 4 °C. Nuclear pellets were resuspended in nuclear extraction buffer (20 mM HEPES/

KOH, pH 7.6; 2.5% (v/v) glycerol; 1.5 mM MgCl2; 0.42 M NaCl; 1 mM EDTA; 1 mM 

EGTA and protease inhibitors) and the suspension was rotated at 4 °C for at least 1 h. The 

nuclear suspension was centrifuged at 12,500g at 4 °C for 15 min and the supernatant was 

designated as the nuclear extract. Membranes were pelleted by centrifuging the post-nuclear 

supernatant at 100,000 g for 1 h at 4 °C. Membrane pellets were resuspended in RIPA 

buffer using a 1-ml syringe with a 23-G needle. Membrane pellets were then centrifuged at 

12,500 g at 4 °C for 15 min and the supernatant was designated the Membrane Fraction. 

Protein concentrations were measured using the Bicinchoninic Acid Assay Protein Assay 

kit (Thermo Scientific Pierce, PI23223/4) and western blots were performed. To measure 

plasma apolipoproteins, plasma was diluted 20-fold with water and loading buffer. Equal 

amounts of protein were loaded onto NuPAGE 4–12% gels (Invitrogen, NP0321) for ApoA-I 

and 4% sodium dodecyl sulfate polyacrylamide gels for Apo-B. Western blot band density 

of target proteins was quantified with ImageJ and expressed relative to the density of loading 

controls or sample preparation controls, as indicated. Western blot quantification data can be 
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found in Extended Data Fig. 6. Details regarding antibodies used are listed in Supplementary 

Table 1.

Gene expression analysis

RNA was extracted using TRIzol reagent (Invitrogen, 15596018) for both qPCR and total 

RNA-seq. Complementary DNA was generated by reverse transcription and quantified 

using iTaq Universal SYBR Green Supermix (Bio-Rad, 1725125) and the QuantStudio 6 

Flex 384-well qPCR system (Applied Biosystems). Each gene of interest was normalized 

to 36b4. qPCR primers can be found in Supplementary Table 2. For RNA-seq, library 

preparation and sequencing were performed at GENEWIZ. Adaptor and quality trimming 

of raw FASTQ files was performed using Trimmomatic39. FastQC was used to analyze 

FASTQ files before and after trimming (Babraham Bioinformatics). Trimmed FASTQ files 

were aligned to GRCm38/mm10 using STAR40. HTSeq-count was used to extract gene 

counts and differential gene expression analysis was performed using DESeq2 (refs. 41, 42). 

Pathway analysis was performed using Enrichr43. To measure Aster-A, Aster-B and Aster-C 

copy numbers in the liver, RNA was extracted from liver as described above. cDNA was 

generated by reverse transcription and quantified relative to Aster-A, Aster-B or Aster-C 

plasmids that were diluted to give a standard curve in which Asters were present at 300,000 

copies, 30,000 copies, 3,000 copies, 300 copies and 30 copies.

Tissue, feces and plasma lipid measurements

Tissues were disrupted in homogenization buffer (10 mM Tris-HCl, pH 7.4, 150 mM 

NaCl, 1 mM EDTA and protease inhibitors) and lipids were extracted from 0.5–1 mg 

liver protein using the Folch method44. Fecal samples were pulverized using a mortar 

and pestle and lipids were extracted from 200 mg feces using the Folch method. Liver 

and fecal cholesterol were measured by colorimetric assay (WAKO, NC9138103). Plasma 

total cholesterol (WAKO, NC9138103), TG (Sekisui, 36-100-4169) and non-esterified fatty 

acids (WAKO, 991-34891) were measured using colorimetric assays. To resolve lipoprotein 

classes, plasma samples were injected into a Superose 6 10/300 (GE Healthcare Life 

Sciences) column attached to ÄKTA Pure FPLC unit (GE Healthcare) and fractions were 

collected for measurement of cholesterol by colorimetric assay (WAKO, NC9138103).

Lipidomic analysis

Liver tissue (50–100 mg) was collected in a 2-ml homogenizer tube pre-loaded with 2.8-mm 

ceramic beads (Omni 19-628). PBS (0.75 ml) was added to the tube and the sample was 

homogenized in an Omni Bead Ruptor Elite (three cycles of 10 s at 5 m s−1 with a 

10-s dwell time). Homogenate containing 2–6 mg of original tissue was transferred to a 

glass tube for extraction. A modified Bligh and Dyer extraction was carried out on all 

samples45. Before biphasic extraction, an internal standard mixture consisting of 70 lipid 

standards across 17 subclasses was added to each sample (AB Sciex, 5040156; Avanti, 

330827, 330830, 330828 and 791642). Following two successive extractions, pooled organic 

layers were dried down in a Thermo SpeedVac SPD300DDA using ramp setting 4 at 35 

°C for 45 min with a total run time of 90 min. Lipid samples were resuspended in 1:1 

methanol/dichloromethane with 10 mM ammonium acetate and transferred to robovials 

(Thermo, 10800107) for analysis. Samples were analyzed on the Sciex 5500 with DMS 
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device (Lipidyzer Platform) with an expanded targeted acquisition list consisting of 1,450 

lipid species across 17 subclasses (or the original acquisition list of 1,100 lipids across 

13 subclasses). A Differential Mobility Device on Lipidyzer was tuned with EquiSPLASH 

LIPIDOMIX (Avanti, 330731). Data analysis was performed on an in-house data analysis 

platform comparable to the Lipidyzer Workflow Manager46. Instrument method including 

settings, tuning protocol and MRM list is available from Su et. al.46 Quantitative values were 

normalized to mg of tissue.

BODIPY staining

Adrenal glands were dissected carefully and the surrounding fat tissue was removed. The 

glands were embedded in O.C.T. compound (Tissue-Tek, 4583), placed on dry ice for 30 

min, then moved to −80 °C. Tissue was sectioned (12-mm thick) using a Microm HM 505 E 

cryostat and sections were placed on glass microscope slides. Before staining, sections were 

washed three times with PBS and fixed with 4% PFA for 30 min. After washing, sections 

were stained with 1 mg ml−1 BODIPY 493/503 (Thermo Fisher, D3922) for 30 min and 

washed with PBS. Sections were then mounted on slides with ProLong Diamond Antifade 

Mountant with DAPI (Invitrogen, P36962) and images were captured on a Zeiss Axioskop 2 

Plus microscope with Zeiss ZEN software.

Plasma membrane isolation

Liver PMs were isolated as described previously47. In brief, fresh tissues (150–200 mg) 

were homogenized in TES buffer (250 mM sucrose, 10 mM Tris, pH 7.4, and 0.5 mM 

EDTA) at 4 °C. The homogenate was then centrifuged at 17,000 g with a SS-34 rotor for 

15 min to separate pellet A and supernatant A. The top lipid layer was collected as lipid 

droplet fraction. Pellet A was washed by being resuspended in TES buffer and centrifuged 

at 17,000 g for 20 min and resuspended in TES buffer and gently layered on top of 1.12 

M sucrose buffer cushion in ultracentrifuge tubes. The samples were then centrifuged at 

105,000 g with a SW55Ti rotor for 20 min to separate pellet B, interface B and supernatant 

B. Interface B was collected, resuspended in TES buffer and centrifuged at 60,000 g for 9 

min in an Optima MAX-XP Ultracentrifuge to obtain pellet C. Pellet C was then washed 

by being resuspended in TES buffer and centrifuged at 60,000g for 9 min to obtain the PM 

fraction. The supernatant A was centrifuged at 390,000 g for 75 min to separate pellet D 

and supernatant D. Pellet D was washed by being resuspended in TES buffer and centrifuged 

at 390,000 g for 60 min and was collected as the ER fraction. Supernatant D was collected 

as the cytosol fraction. PM free cholesterol was measured by Amplex Red Cholesterol 

Assay kit (Fisher Scientific, A12216). PM SM was measured by mass spectrometry as 

described above. PM cholesterol or SM was normalized to total PM lipids as measured 

by mass spectrometry. For assessment of PM lipids by thin-layer chromatography (TLC), 

lipids were extracted from isolated PMs (1 mg protein) using the Folch method. Lipid 

extracts were dried under nitrogen gas, resuspended in chloroform, spotted on silica plates 

and separated using the solvent systems chloroform:methanol:acetic acid:water (50:30:12:4) 

and heptane:isopropyl ether:acetic acid (60:40:4). The plates were sprayed with 8-anilino-1-

naphthalenesulfonic acid and bands were visualized with a Transilluminator FBTI-88 

(Fisher Scientific).
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Purification of ALOD4

pALOD4 was a gift from A. Radhakrishnan (Addgene, plasmids 111026)18 and was purified 

as previously described48. Briefly, plasmids encoding specified proteins were expressed in 

BL21 (DE3) pLysS Escherichia coli (Invitrogen). Cell pellets were lysed by sonication in 

lysis buffer containing 50 mM NaH2PO4, pH 7.0, 300 mM NaCl, 1 mg ml−1 lysozyme, 

1 mM dithiothreitol, 2 mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail 

tablet (Themo Scientific). The protein was bound to HisPur Ni-NTA Agarose resin (Thermo 

Scientific), washed twice with 50 mM imidazole, eluted with 300 mM imidazole and 

subjected to size exclusion chromatography on Superdex 200. Fractions containing specified 

protein were concentrated to 1 mg ml−1 and stored at −80 °C with glycerol until use. 

For ALOD4 labeling, ALOD4 was conjugated to Alexa Fluor 594 followed by affinity 

chromatography using HisPur Ni-NTA Agarose resin as above. Samples were dialyzed to 

remove imidazole before determination of labeling efficiency on Nanodrop (Thermo Fisher).

ALOD4 staining

Primary hepatocytes were washed with DPBS containing 0.2% BSA three times. The 

ALOD4 working solution (20 μg ml−1 in DPBS + 0.2% BSA) was passed through a 

0.45-μm filter before addition to cells at 4 °C in the dark for 2 h. For confocal imaging, 

cells were washed three times with DPBS before being fixed with 3% PFA for 15 min 

at room temperature. After fixation, cells were washed with DPBS three times. Cells 

were incubated with an anti-His antibody (27E8, Cell Signaling, 2366S; diluted 1:1,000) 

overnight before incubation with fluorescently labeled secondary antibodies for 1 h at room 

temperature (goat anti-mouse IgG H&L, Alexa Fluor 488, Invitrogen, A11001; diluted 

1:1,000). Cells were mounted on slides with ProLong Diamond Antifade Mountant with 

DAPI (Invitrogen, P36962). Images were acquired using an Inverted Leica TCS-SP8-SMD 

Confocal Microscope. For western blot analysis, cells were lysed with RIPA buffer before 

being probed with anti-His (27E8, Cell Signaling, 2366S; diluted 1:1,000) or anti-actin 

antibodies (Millipore Sigma, A2066; diluted 1:10,000).

The method for the ALOD4 signal quantification in cells has been previously described49. 

Briefly, images were taken at the UCLA Molecular Screening Shared Resource core facility 

on a Molecular Devices ImageXpress confocal imaging system using a ×20 objective (Nikon 

Plan Fluor; NA 0.3). Integrated fluorescence intensity profiles were exported and analyzed 

in R with the ggplot2 package or in GraphPad Prism 9. For flow cytometry analysis, 

primary hepatocytes were stained with ALOD4-Alexa Fluor 594 and Fixable Viability Dye 

eFluor450 (eBioscience, to exclude dead cells) before fixation with PFA. After washing, 

cells were resuspended in FACS buffer (2% FCS and 2 mM EDTA in DPBS) and analyzed 

on a flow cytometer (LSR-II). ALOD4 levels of eFluor450-negative, live cells were analyzed 

by FlowJo v.10.

Isolation and radiolabeling of HDL and LDL

LDL (density 1.019–1.063 g ml−1) and HDL (density 1.07–1.21 g ml−1) was isolated from 

WT mice by density-gradient ultracentrifugation before being extensively dialyzed (5 mM 

Tris (pH 7.4), 50 mM NaCL and 5 mM EDTA) and labeled with [14C]-cholesterol, as 

described previously23,50. Briefly, [14C]-cholesterol (20 μCi) was dried under nitrogen and 

Xiao et al. Page 16

Nat Metab. Author manuscript; available in PMC 2023 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sonicated in 1 ml phosphate-buffered saline for 30 min at 37 °C. The suspension was 

incubated with LDL or HDL (3 mg total protein content) in the presence of thimerosal 

(3 mM; Sigma, T5125), butylated hydroxytoluene (11.24 mM; Sigma, Phr1117), 6-

hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (3.33 mM; Sigma, 238813), protease 

inhibitors (Thermo Scientific Pierce, A32965) and 3 ml lipoprotein-deficient serum 

(LPDS; density >1.21 g ml−1). LPDS was heated at 60 °C for 10 min to inactivate 

lecithin:cholesterol acyltransferase activity before use50,51. The mixture was layered with 

nitrogen gas in a glass tube and incubated at 37 °C for 24 h with gentle shaking (300 r.p.m.) 

before re-isolation of the radiolabeled lipoproteins by density-gradient ultracentrifugation. 

The lipoproteins were dialyzed for 24 h including three buffer changes at 4 °C 

before determination of protein concentration by bicinchoninic acid assay. Radiolabeled 

lipoproteins were stored at 4 °C under nitrogen and used within 1 week.

Determination of hepatic HDL and LDL uptake in mice

Radiolabeled HDL or LDL was injected into mice via the tail vein. Blood was collected 

at 1, 5, 10, 15, 30 and 60 min after injection. The radioactivity in plasma at 1 min after 

injection was be defined as 100% of injected radiolabel. For acute lipoprotein uptake 

studies, mice were killed 60 min after the initial injection for collection of the liver and 

gallbladder bile. For assessment of fecal bile acid and cholesterol output, mice were killed 

3 d after lipoprotein injection. Radioactivity was determined in plasma at each time point 

and in terminal gallbladder bile by liquid scintillation counting. Lipids were extracted 

from the whole liver by the method of Folch. Cholesterol and CE were separated by TLC 

on silica plates using the solvent system heptane: isopropyl ether: acetic acid (60:40:4). 

The radioactivity in each lipid fraction was determined by liquid scintillation counting 

after scraping the relevant bands. Fecal samples (100 mg) were separated into aqueous 

(containing bile salts) and lipid fractions by the method of Folch before determination of 

the radioactivity in each fraction. Liver total [14C] radioactivity was normalized per gram 

of liver and expressed relative to radioactivity in plasma 1 min after lipoprotein injection 

(which we defined as 100% of radioactivity administered). [14C] radioactivity in liver 

CEs was normalized per mg protein and expressed relative to radioactivity in plasma 1 

min after lipoprotein injection. Total biliary [14C] counts are normalized per μl bile and 

expressed relative to radioactivity in plasma 1 min after lipoprotein injection. Radioactivity 

in 14C-cholesterol-HDL and 14C-cholesterol-LDL experiments is expressed as c.p.m.

SM degradation in cultured cells

Cellular SM degradation in response to OA, AA or PA treatment of HepG2 cells was 

assessed as described previously with minor modifications52. Briefly, HepG2 cells were 

plated in six-well plates at a density of 1 × 106 cells per well and incubated with 1 μCi 

ml−1 [methyl-3H]choline chloride (PerkinElmer, NET109250UC) for 72 h. After incubation, 

cells were washed three times with Hank’s Balanced Salt Solution before being treated 

with 300 μM BSA-conjugated oleate, arachidonate or palmitate in plain EMEM for 60 min. 

Cells were then washed and collected in homogenization buffer (10 mM Tris (pH 7.4), 150 

mM NaCl and 1 mM EDTA). The protein content of the samples was determined by BCA 

assay and lipids were extracted from 60 μg protein by the Folch method. Lipids were dried 

under nitrogen gas and resuspended in 100 μl of assay buffer consisting of 100 mM Tris-
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HCL (pH 7.4), 6 mM MgCI2, 0.1% Triton X-100, 10 nmol ml−1 18:1 phosphatidylserine 

(Avanti, 840035 C) and 1 U ml−1 SMase from Bacillus cereus (Avanti, S9396). Reactions 

were incubated at 37 °C for 2 h. Reactions were terminated by addition of 1.5 ml 

chloroform:methanol (2:l). Water (200 μl) was added to complete the Folch extraction. 

SMase treatment releases [3H]-phosphorylcholine from SM, which can be recovered in the 

aqueous phase of a Folch extraction. Radioactivity in [3H]-SM was measured by drying 

and counting the aqueous phase and radioactivity in [3H]-PC was measured by drying and 

counting the organic phase. Radioactivity in SM was normalized to radioactivity in PC.

VLDL isolation

Plasma (150 μl) was overlayed with 150 μl of 0.15 M NaCl solution with density d = 

1.006 kg l−1. The samples were then centrifuged at 627,000 g in an Optima MAX-XP 

Ultracentrifuge for 100 min at 18 °C. After centrifugation, the top layer was collected as the 

VLDL fraction (~100 μl).

VLDL secretion assays

F/F and L-A/C KO mice were fasted overnight before receiving an intraperitoneal injection 

of Poloxamer-407 in sterile PBS (1 g kg−1). Blood was collected at the time of injection and 

every subsequent hour for 4 h. Plasma TG concentrations were assessed by enzymatic assay 

(Sekisui, 36-100-4169). The VLDL production rate was calculated from the slope of the line 

of plasma TG concentrations relative to time for each individual mouse.

Cholesterol efflux assay

The cholesterol efflux protocol was adapted and modified from previous studies53. Briefly, 

primary hepatocytes were plated on collagen-coated six-well plates and incubated with 

maintenance medium (William Medium E medium with 5% BSA, 0.1 uM dexamethasone 

and 100 nM insulin) containing [3H]-cholesterol (3 μCi per well) and 2 μg ml−1 acyl-coA 

cholesterol acyltransferase inhibitor (Sandoz) for 16 h at 37 °C. After 16 h, cells were rinsed 

three times with PBS containing 2 mg ml−1 BSA and incubated with 1.5 ml of maintenance 

medium containing ApoA-I (20 μg ml−1) for 4 h at 37 °C. Medium was collected from each 

well into 2-ml Eppendorf tubes and centrifuged at 1,500 g for 10 min at room temperature 

to pellet floating cells. The supernatant was carefully removed and 1.2 ml supernatant was 

used to determine radioactivity by liquid scintillation counting in 5 ml scintillation buffer. 

Radioactive counts were normalized to protein content as determined by bicinchoninic acid 

assay.

siRNA knockdown

Immortalized human aortic endothelial cells were plated in MCDB-131 complete medium 

(VEC Technologies, WOFBS) containing 10% FBS at a density of 1 × 106 cells per well of 

a six-well plate for 24 h. The cells were washed once before being transfected with 100 nM 

control siRNA (Thermo Fisher, 4390843) or Scarb1 siRNA (Thermo Fisher, s2648) using 

Lipofectamine 3000 (Thermo Fisher, L3000008) in OptiMEM for 5 h. Cells were switched 

to MCDB-131 complete medium with 10% FBS for 24 h before being depleted overnight in 

MCDB-131 containing 1% LPDS, simvastatin (5 mM) and mevalonate (50 mM). Depleted 
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cells were either loaded with HDL (400 μg ml−1) or maintained in LPDS for 1 h before 

ALOD4 staining and collection for western blotting as described above.

Determination of whole-body cholesterol content

Whole-body cholesterol content of F/F and L-A/C KO mice was determined as described 

previously54. Briefly, each mouse was killed and placed in a 250 ml beaker containing 10 

g KOH and 150 ml ethanol. The beaker was covered in aluminum foil and left at room 

temperature for 1 week, stirring contents once per day. The beaker was then placed on a 

boiling water bath and stirred until the volume of ethanol was reduced to approximately 50 

ml. The contents were filtered through gauze into a volumetric flask. The beaker was rinsed 

three times some ethanol and the remaining contents were filtered into the flask. The total 

volume of the of flask was brought up to 100 ml with ethanol. Lipids were extracted from 

2 ml flask contents and the cholesterol content was measured by enzymatic assay (WAKO, 

NC9138103).

Experimental replicates and quantification

Replicates are described in the figure legends. For cellular assays, n corresponds to the 

number of biological replicates. For animal experiments, n corresponds to the number of 

mice used per genotype or condition. All data are presented as mean ± s.e.m. as described in 

the figure legends.

Statistical analysis

All data are presented as mean ± s.e.m. and analyzed using Prism (GraphPad v.9). A 

two-sided Student’s t-test was used for single variable comparison between two groups. 

Multiple comparisons were corrected for using the Benjamini, Krieger and Yekutieli method 

where appropriate. A two-way ANOVA followed by Sidak’s post-test was used to examine 

interactions between multiple variables. A one-way ANOVA with Tukey’s or Dunnett’s 

post-test was used to compare a single independent variable between multiple groups. P < 

0.05 was considered statistically significant. Exact P values are indicated in the figures.
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Extended Data

Extended Data Fig. 1 ∣. Generation of Aster-C 3xHA KI and Asters hepatocyte specific KO mice.
a, Quantitative PCR of Asters expression in mouse liver (n = 6). b, Evaluation of 3xHA-

Aster-C KI mice. Genotyping results (upper) and anti-HA tag immunoblot (bottom) for 

3xHA-Aster-C KI mice. The genotyping result is representative of at least 50 similar results. 

The anti-HA-Aster-C western blot was repeated independently in Fig. 5e. c, Strategy for 

generating Gramd1a (Aster-A) and Gramd1c (Aster-C) Flox/Flox (F/F) mice. Coding exons 

are depicted in black. Exons that correspond to the GRAM domain, ASTER domain, and 

transmembrane (TM) domain are depicted in green, blue, and red respectively. Scale bar 

represents 1 kb. d, Genotyping results for L-A KO, L-C KO and L-A/C KO mice. The 

genotyping results are representative of at least 100 similar results per condition. *****(e, 
f and g) Expression levels of the indicated genes in liver from F/F control and L-A KO 

mice (e, n = 8/11); L-C KO mice (f, n = 5/6); L-A/C KO mice (g, n = 12/6). h, Gramd1a, 
Gramd1b and Gramd1c expression level in the testis of F/F control and L-A/C KO mice (n 

= 12/6). All data are presented as mean ± SEM. P values were determined by two-sided 

Student’s t-test with Benjamini, Krieger and Yekutieli correction for multiple comparisons 

(e, f, g and h).
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Extended Data Fig. 2 ∣. Fasting stimulates hepatic PM–ER cholesterol transport.
a, Gross appearance of livers from mice fasted for 4- or 16-h. b, Hepatic triglycerides 

in mice fasted for 4- or 16-h (n = 3/3). c, Hepatic CE in mice fasted for 4- or 16-h 

(n = 3/3). d, Significantly upregulated pathways in the livers of mice fasted for 16-h 

compared to 4-h according to pathway analysis of RNA Sequencing data. e, Significantly 

downregulated pathways in the livers of mice fasted for 16-h compared to 4-h according 

to pathway analysis of RNA Sequencing data. f, Hepatic mRNA expression of SREBP-2 

pathway targets from the livers of mice fasted for 4- or 16-h (n = 3/3). g, Quality control 

of plasma membrane isolation from the mouse liver. Cadherin: PM maker; Calnexin: ER 

maker; ATGL: lipid droplet (LD) maker; Actin: cytoskeleton maker. This analysis was 

completed once as the organelle isolation method has been previously validated (further 

method details are in the Methods section). h, Free cholesterol analysis from purified PMs 

of wild-type mice (n = 3/3). i, TLC analysis of free cholesterol (FC), sphingomyelin (SM) 

and phosphatidylcholine (PC) from the livers of mice fasted for either 4 or 16 h. j, PM 

total lipids as measured by mass-spec from livers of F/F control and L-A/C KO after 4- and 

16-h fasting (n = 3/3). All data are presented as mean ± SEM. P values were determined by 

two-sided Student’s t-test (b, c and h), or two-sided Student’s t-test with Benjamini, Krieger 

and Yekutieli correction (f).
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Extended Data Fig. 3 ∣. Aster-mediated cholesterol transport determines the size of the accessible 
PM cholesterol pool.
a, PM total lipids from mouse liver after 4- and 16-h fasting as determined by mass 

spec (n = 3/3). b, Immunoblot analysis of ALOD4 binding in F/F control and L-A/C KO 

primary hepatocytes after treatment with vehicle, nSmase (100 mU/ml) and GW4869 (10 

μM) for 1-h. Actin was used as a loading control. c, Expression levels of the indicated 

genes in primary hepatocyte that had been cultured in Maintenance medium and Ro 48-8071 

(1μM) overnight before being treated with or without oleic acid (30μM) for 6-h (n = 3). 

d, Immunoblot analysis of ALOD4 binding in primary hepatocytes after treatment with 

vehicle or indicated concentration of glucagon, acetoacetate (Ac-Ac), beta-hydroxybutyrate 

(BHB) or MβCD-cholesterol (35 μM) for 1-h. Calnexin was used as a loading control. e, 

Immunoblot analysis of ALOD4 binding in primary hepatocytes after treatment with vehicle 

or insulin (300 nM), glucose (50 mM) and both for 1-h. Calnexin was used as a loading 

control. All data are presented as mean ± SEM.
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Extended Data Fig. 4 ∣. Asters transport lipoprotein-derived cholesterol from the PM to ER in 
hepatocytes.
a. Immunoblot analysis of ALOD4 binding in control or Sr-b1 knockdown HAECs after 

treatment with vehicle or HDL (400 ug/ml) for 1-h. Calnexin was used as a sample 

processing control. b, [14C] counts in liver unesterified cholesterol of mice from Fig. 6c 

(n = 10/6). c, mRNA expression levels of the indicated genes in the livers of mice from 

Fig. 6c (n = 10/6). d, [14C] counts in unesterified cholesterol in the livers of mice from 

Fig. 6g (n = 7/9). e, mRNA expression levels of the indicated genes in the livers of mice 

from Fig. 6g (n = 7/9). f, The rate of [14C] lipoprotein clearance from the circulation (n = 

6/5), related to Figs. 6j-6m. Data are represented as mean ± SEM with individual animals 

noted as dots. *p < 0.05. g. Fecal cholesterol analysis of F/F and L-A/C KO mice fed a 

cholesterol-free diet for 48 hours (n = 7/7). h, Growth curves for F/F and L-A/C KO mice 

fed a Western diet from 8 weeks of age (n = 8/12). Masses are shown as mean ± SEM. i, 
Whole-body cholesterol content from F/F control and L-A/C KO mice on chow diet at 15 

weeks old (n = 5/7). All data are presented as mean ± SEM. P values were determined by 
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two-sided Student’s t-test (b, d, g and i), two-sided Student’s t-test with Benjamini, Krieger 

and Yekutieli correction (c and e), or two-way ANOVA with Sidak’s correction for multiple 

comparisons (h).

Extended Data Fig. 5 ∣. Model for the role of hepatic Asters in liver and systemic cholesterol 
homeostasis.
In normal physiology (left side of schematic), fasting stimulates fatty acid release from 

adipose tissue to promote hepatic sphingomyelinase activity, which liberates sequestered 

cholesterol in the hepatocyte PM. Aster proteins recognize this newly accessible cholesterol 

and transport it to the ER for CE formation, suppression of SREBP-2 pathway targets, bile 

acid synthesis and VLDL production. Hepatic Asters are also induced by FXR and function 

in the RCT pathway by moving HDL-derived cholesterol (and LDL-derived cholesterol) 

within hepatocytes. Loss of hepatic Aster function (right side of the schematic) impairs CE 

formation and VLDL output during fasting. Loss of Asters in the liver also decreases the 

appearance of HDL-derived cholesterol in bile and feces, raises plasma cholesterol levels 

(due to enhanced liver cholesterol efflux), and causes peripheral cholesterol accumulation 

(for example, adrenal gland, brown adipose tissue).
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Extended Data Fig. 6 ∣. Western blot quantifications.
a, Western blot quantifications of ALOD4 binding from Fig. 1c. Normalized to loading 

control Actin (n = 1). b, Western blot quantifications of indicated proteins from Fig. 1c. 

Normalized to sample processing control calnexin (n = 5). c, Western blot quantifications of 

indicated proteins from Fig. 2g. Normalized to sample processing controls calnexin or lamin 

a/c (n = 4). d, Western blot quantifications of ALOD4 binding from Fig. 3c. Normalized 

to loading control actin (n = 1). e and f, Western blot quantifications of SMPD3 from Fig. 

4b and Fig. 4c. Normalized to loading control actin (n = 3). g, Western blot quantifications 

of indicated proteins from Fig. 4i. Equal amounts of protein was loaded for each line (n = 

4). h, Western blot quantifications of indicated proteins from Fig. 5b. Normalized to sample 

processing control calnexin (n = 4). i, Western blot quantifications of indicated proteins 

from Fig. 5e. Normalized to actin which served as a loading control for SRB1 and a sample 

processing control for Aster-C (n = 1). j, Western blot quantifications of ABCA1 from Fig. 

8c. Normalized to sample processing control calnexin (n = 5). k, l and m, Western blot 

quantifications of ALOD4 binding from extended data Figs. 3b, 3d and 3e. Normalized to 

loading control actin or calnexin (n = 1). n, Western blot quantifications of ALOD4 binding 

and Sr-B1 from Fig. 4a. Normalized to calnexin which served as a loading control for 
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ALOD4 and a sample processing control for SRB1 (n = 1). Data are presented as mean ± 

SEM. P values were determined by two-sided Student’s t-test (b, c, e, f and h).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 ∣. Asters transport accessible PM cholesterol in hepatocytes.
a, Localization of Aster-C (green) in primary hepatocytes from 3xHA-Aster-C knock-

in mice. Red, E-cadherin (PM marker). b, ALOD4 staining (green) of PM accessible 

cholesterol in primary hepatocytes from F/F control and L-A/C KO mice. Blue, DAPI 

nuclear stain. Data in a and b are representative of three independent samples. DAPI, 

4,6-diamidino-2-phenylindole. c, Immunoblot analysis of ALOD4 binding in hepatocytes 

from b. Actin was used as a loading control. d, Flow cytometry plots of ALOD4 staining 

in hepatocytes from b. MFI, mean fluorescence intensity. e, Violin plots of cellular 

fluorescence intensity quantified in hepatocytes from b. The 25th, 50th and 75th percentiles 

are shown as dashed lines. P values were determined by two-sided Student’s t-test.
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Fig. 2 ∣. Asters facilitate hepatocyte PM to ER cholesterol transport during fasting.
a, PM free cholesterol from F/F and L-A/C KO mice after 4 or 16 h fasting (n = 3 and 3). 

b, Total hepatic CEs from F/F and L-A/C KO mice after 4 and 16 h fasting (n = 7, 6, 5 

and 6). c, Individual hepatic CE species (nmol mg−1 liver) from F/F and L-A/C KO mice 

after 16 h fasting (n = 3 and 3). d, Hepatic mRNA expression of SREBP-2 pathway targets 

from livers of F/F and L-A/C KO mice after 16 h fasting (n = 10 and 18). e, Immunoblot 

analysis of indicated proteins from livers of F/F and L-A/C KO mice after 16 h fasting (n = 

5 and 5). Calnexin was used as a sample processing control. f, Hepatic mRNA expression 

of SREBP-2 pathway targets from livers of F/F and L-A/C KO mice after chow or statin 

diet feeding for 5 d (n = 10 and 18 for chow diet and n = 7 and 8 for statin diet). g, 

Immunoblot analysis of membrane (top) and nuclear (bottom) SREBP-2 protein levels from 

livers of F/F and L-A/C KO mice after statin diet feeding (n = 4 and 4). Calnexin (top) 

and Lamin A/C (bottom) were used as sample processing controls. h, Total hepatic CEs 

from livers of F/F and L-A/C KO mice after statin diet feeding (n = 7 and 8). i, Individual 

hepatic CE species (nmol mg−1 liver) from livers of F/F and L-A/C KO mice after statin diet 

feeding (n = 7 and 8). All data are presented as mean ± s.e.m. P values were determined 

by two-way analysis of variance (ANOVA) with Sidak’s correction for multiple comparisons 

(a,b), two-sided Student’s t-test (h) or two-sided Student’s t-test with Benjamini, Krieger 

Xiao et al. Page 30

Nat Metab. Author manuscript; available in PMC 2023 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and Yekutieli correction for multiple comparisons (c,d,i). *P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001.
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Fig. 3 ∣. Adipose-derived fatty acids liberate sequestered PM cholesterol during fasting.
a, Lipidomic analysis of PM SM from mice that had been fasted for 4 or 16 h (n = 3 and 

3). b, [3H]choline-labeled SM in HepG2 cells after incubation with 300 μM BSA-conjugated 

PA, OA or AA for 1 h (n = 6, 5, 5 and 5). c, Immunoblot analysis of ALOD4 binding in 

F/F and L-A/C KO primary hepatocytes after treatment with vehicle, MβCD-cholesterol (35 

μM), OA (30 μM) and OA (30 μM) plus GW4869 (10 μM) for 1 h. Actin was used as a 

loading control. d, Expression levels of the indicated genes in livers of mice that had been 

administered with vehicle or Atglistatin (200 μmol kg−1) for 16 h (n = 3, 4 for vehicle and 

n = 5 and 5 for Atglistatin). e, Total hepatic CEs in mice from d (n = 4 and 6 for vehicle 

and n = 5 and 6 for Atglistatin). f, Total hepatic CEs from F/F and L-A/C KO mice after 

acute cold exposure (n = 8 and 10). g, Hepatic mRNA expression of SREBP-2 pathway 

targets from livers of F/F control and L-A/C KO mice after 5 h cold exposure (n = 10 and 

5). All data are presented as mean ± s.e.m. P values were determined by two-sided Student’s 

t-test (a,f), two-sided Student’s t-test with Benjamini, Krieger and Yekutieli correction for 

multiple comparisons (g), one-way ANOVA with Tukey’s post-test (b) or two-way ANOVA 

with Sidak’s correction for multiple comparisons (e). *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001.
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Fig. 4 ∣. Fasting induces Smpd3 expression to regulate cholesterol metabolism and VLDL 
production.
a, Hepatic mRNA expression of Smpd1, Smpd2, Smpd3 and Smpd4 in mice fasted for 4 

h or 16 h (n = 6 and 7). b, Immunoblot analysis of hepatic SMPD3/nSMase2 in the livers 

of mice fasted for 4 h or 16 h (n = 3 and 3). Actin was used as a loading control. c, 

Immunoblot analysis of HA-tagged SMPD3/nSMase2 in the livers of mice transduced with 

AAV8-TBG-Ctr or AAV8-TBG-Smpd3 for 3 d (n = 3 and 3). Actin was used as a loading 

control. d,e, Hepatic SM (d) and CEs (e) in mice 3 d after i.v. injection of AAV8-TBG-Ctr 

or AAV8-TBG-Smpd3 (n = 5 and 4). f, Hepatic mRNA expression of indicated genes from 

WT mice transduced with AAV8-TBG-Ctr or AAV8-TBG-Smpd3 for 3 d (n = 5 and 5). 

g, VLDL-TG secretion in F/F control and L-A/C KO mice (n = 4 and 6). h. The rate of 

VLDL-TG production from F/F control and L-A/C KO mice (n = 4 and 6). i, Apo-B and 

ApoA-I protein levels in plasma of F/F and L-A/C KO mice (n = 4 and 4). j, TGs in isolated 

VLDL particles from mice treated with vehicle or Atglistatin (200 μmol kg−1) for 16 h (n = 

5). All data are presented as mean ± s.e.m. P values were determined by two-sided Student’s 

t-test (d,e,h), two-sided Student’s t-test with Benjamini, Krieger and Yekutieli correction 

for multiple comparisons (a,f), or two-way ANOVA with Sidak’s correction for multiple 

comparisons (g,j). *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 5 ∣. Aster-C is a direct target gene of FXR in mouse liver.
a, Hepatic mRNA expression of Asters and FXR target genes after vehicle or GSK2324 

treatment (n = 5 and 6). b, Immunoblot analysis of hepatic Aster-C (HA tag), SR-BI and 

ABCA1 from a. Calnexin was used as a sample processing control (n = 4 and 4). c, 

Hepatic mRNA expression of Aster-C from WT or FXR KO mice after vehicle or GSK2324 

treatment (n = 13, 9, 7, 8, 5, 11, 8, 9, 7 and 10). d, qPCR analysis of indicated genes in 

response to GW4064 treatment for 16 h in primary hepatocytes (n = 3 for each time point). 

e, Immunoblot analysis of Aster-C (HA tag) and SR-BI in response to GW4064 treatment 

for 16 h in primary hepatocytes. Actin was used as a loading control for SRB1 and a 

sample processing control for HA-Aster-C. f, ChIP assay of FXR recruitment to the Aster-C 

promoter in the intestine or liver. All data are presented as mean ± s.e.m. P values were 

determined by two-sided Student’s t-test with Benjamini, Krieger and Yekutieli correction 

for multiple comparisons (a) or one-way ANOVA with Dunnett’s correction for multiple 

comparisons (c,d). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 6 ∣. Hepatic Aster deficiency impairs transport of lipoprotein-derived cholesterol and RCT.
a, Experiment schematic of the [14C]cholesterol-labeled lipoprotein tracing studies. 

HDL/LDL particles were freshly isolated from donor mice by density-gradient 

ultracentrifugation. F/F control and L-A/C KO mice received intravenous injections of 

[14C]-HDL or -LDL and blood was collected at the indicated timepoints for up to 1 h. 

After 1 h, mice were killed for tissue collection and analysis. Liver total [14C] radioactivity 

was normalized per gram of liver and expressed relative to radioactivity in plasma 1 

min after lipoprotein injection (which we defined as 100% of radioactivity administered). 

[14C] radioactivity in liver CEs was normalized per mg protein and expressed relative to 

radioactivity in plasma 1 min after lipoprotein injection. b, Rate of [14C]-HDL clearance 

from circulation, as indicated by radioactive counts in plasma at 1, 5, 15, 30 and 60 min after 

lipoprotein administration (n = 9 and 6). c, Total [14C] counts in livers (n = 10 and 6). d, 

[14C] counts in liver CE of mice from c. e, The ratio of radioactivity in free cholesterol or 

CE to total radioactivity in cholesterol from c (n = 10 and 5). f, Rate of [14C]-LDL clearance 

from circulation, as indicated by radioactive counts in plasma at 1, 5, 15, 30 and 60 min 

after lipoprotein administration (n = 7 and 9). g, Total [14C] counts in livers (n = 7 and 9). 

h, [14C] counts in liver CE of mice from g. i, The ratio of radioactivity in free cholesterol 

or CE to total radioactivity in cholesterol from g (n = 7 and 8). j, Total biliary [14C] counts 
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from F/F and L-A/C KO mice 3 d after [14C]-HDL administration (n = 4 and 3). Total biliary 

[14C] counts are normalized per μL bile and expressed relative to radioactivity in plasma 1 

min after [14C]-HDL administration. k, Total [14C] counts in feces of mice over 3 d after 

[14C]-HDL administration (n = 6 and 5). l, [14C] counts in the fecal bile acids from k (n = 

6 and 5). m, [14C] counts in fecal cholesterol from k (n = 6 and 5). All data are presented 

as mean ± s.e.m. P values were determined by two-sided Student’s t-test (c–e,g–h,j) or 

two-way ANOVA with Sidak’s correction for multiple comparisons (k–m). *P < 0.05, **P < 

0.01.
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Fig. 7 ∣. Asters are required for storage of dietary cholesterol as CEs in hepatocytes.
a, Total liver cholesterol in F/F and L-A/C KO mice after 12 weeks of WD feeding (n = 8 

and 9). b, Total liver CEs from a (n = 3 and 3). c, Individual hepatic CE species (nmol mg−1 

liver) from a (n = 3 and 3). d, Expression levels of the indicated genes from a (n = 8 and 

12). e, Expression levels of the indicated genes in livers from Aster-A and Aster-C F/F mice 

transduced with AAV8-TBG-Cre compared to control AAV8-TBG-null for 2 weeks. Mice 

were then fed with WD for 4 weeks (n = 5 and 5). All data are presented as mean ± s.e.m. 

P values were determined by two-sided Student’s t-test (a,b), or two-sided Student’s t-test 

with Benjamini, Krieger and Yekutieli correction for multiple comparisons (c–e). *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 8 ∣. Hepatic Aster deficiency disrupts systemic cholesterol homeostasis.
a, Plasma total cholesterol from 8-week-old F/F control and L-A/C KO mice fed a chow 

diet (n = 10 and 18). b, Cholesterol content of plasma lipoproteins fractionated by FPLC. 

c, Immunoblot analysis of hepatic ABCA1. Calnexin was used as a sample processing 

control (n = 5 and 5). d, Cholesterol efflux to ApoA-I by control and L-A/C KO primary 

hepatocytes (n = 3 and 3). e, Total adrenal [14C] radioactivity 3 d after [14C]-HDL 

administration (n = 8 and 5). Total adrenal [14C] counts are normalized per gram tissue 

and expressed relative to radioactivity in plasma 1 min after [14C]-HDL administration. f, 
Gross appearance of adrenal glands from representative 8-week-old F/F control and L-A/C 

KO mice (1 mm scale). g, Histological sections of the adrenal cortex stained with BODIPY 

from f. Data are representative of three independent samples. h,i, mRNA expression levels 

of the indicated genes in adrenal glands (h; n = 7 and 6) and brown adipose tissue (i, n = 

7 and 7) from F/F control and L-A/C KO mice. All data are presented as mean ± s.e.m. P 
values were determined by two-sided Student’s t-test (a,d,e) or two-sided Student’s t-test 

with Benjamini, Krieger and Yekutieli correction for multiple comparisons (h,i). *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001, *****P < 0.00001.
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