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Abstract

Nogo-B receptor (NgBR) was identified as a specific receptor for binding Nogo-B, and is essential 

for the stability of Niemann-Pick type C2 protein (NPC2) and NPC2-dependent cholesterol 

trafficking. Here, we report that NgBR expression levels decrease in the fatty liver and that NgBR 

plays previously unrecognized roles in regulating hepatic lipogenesis via NPC2-independent 

pathways. To further elucidate the pathophysiological role of NgBR in mammals, we generated 

NgBR liver-specific knockout mice and investigated the roles of NgBR in hepatic lipid 

homeostasis. Our results showed that NgBR knockout in mouse liver did not decrease either NPC2 

levels or increase NPC2-dependent intracellular cholesterol levels. However, NgBR deficiency still 

resulted in remarkable cellular lipid accumulation that was associated with increased free fatty 

acids (FFA) and triglycerides (TG) in hepatocytes in vitro and in mouse livers in vivo. 

Mechanistically, NgBR deficiency specifically promotes the nuclear translocation of the liver X 

receptor alpha (LXRα) and increases the expression of LXRα-targeted lipogenic genes. LXRα 
knockout attenuates the accumulation of FFA and TG caused by NgBR deficiency. In addition, we 

elucidated the mechanisms by which NgBR bridges the AMP-activated protein kinase α 
(AMPKα) signaling pathway with LXRα nuclear translocation and LXRα-mediated lipogenesis. 
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Our study demonstrates that NgBR is a specific negative regulator for LXRα–dependent hepatic 

lipogenesis and suggests that loss of NgBR is a potential trigger for inducing hepatic steatosis.

Introduction

Hepatic steatosis is caused by the abnormal accumulation of lipids within hepatocytes. It is 

the most common emerging liver disease, occurring in 21.4% of the US population (1). The 

liver X receptor α (LXRα) is a ligand-activated nuclear receptor involved in regulating the 

expression of lipogenic genes for biosynthesis of fatty acids (FAs) and triglycerides (TGs), 

both of which contribute to hepatic steatosis (2, 3). LXRα can be activated by endogenous 

agonists, such as the oxysterols 24-hydroxycholesterol and 24(S), 25-epoxycholesterol (4), 

or synthetic agonists, such as GW3965 and T0901317 (5-7). In addition to the promotion of 

reverse cholesterol transport (RCT) (8, 9), another major function of LXRα in the liver is the 

control of de novo lipogenesis, i.e., the biosynthesis of FAs (7). LXRα promotes lipogenesis 

through the induction of sterol-regulatory element-binding protein 1c (SREBP-1c), stearoyl 

CoA desaturase-1 (SCD-1), and fatty acid synthase (FASN) expression (5-7). Therefore, 

LXRα plays a critical role in regulating cholesterol homeostasis and hepatic lipogenesis.

Nogo-B is one isoform of the reticulon protein family and is involved in regulating blood 

vessel remodeling (10). NgBR has been identified as a receptor specific for Nogo-B and is 

essential for Nogo-B-stimulated endothelial cell migration and blood vessel formation (11, 

12). NgBR interacts with Niemann-Pick type C2 protein (NPC2), a protein which transfers 

cholesterol between membranes (13). RNAi-mediated disruption of NgBR in vitro leads to 

decreased stability of NPC2, and increased intracellular free cholesterol accumulation (13). 

To further elucidate the physiological role of NgBR in regulating hepatic lipid homeostasis 

in vivo, we generated NgBR liver-specific knockout (NgBR LivKO) mice. Herein, we 

elucidate that NgBR has an NPC2-independent role for hepatic lipogenesis via AMPKα 
pathway-dependent translocation of LXRα into the nucleus.

Materials and Methods

NgBR gene targeting by homologous recombination

The NgBR gene is located at mouse chromosome 10:52.137.365-52.156.570 

(ENSMUST00000023830), and consists of 5 exons. Exons 2-5 contain the cDNA sequence 

coding for the cytoplasmic domain of NgBR, which is the functional domain defined by 

previous publications (11, 13-15). Therefore, we specifically deleted the cytoplasmic domain 

of NgBR by inserting 2 LoxP sites outside exons 2-4 as shown in Figure S1A. A targeting 

vector in which NgBR exons 2 and 4 are flanked by a single upstream LoxP site, and a 

downstream FRT/neomycin resistance/FRT/LoxP cassette was constructed using a 

combination of ligation-mediated and recombineering techniques (16). NgBR gene 

fragments were retrieved from 129S strain bacterial artificial clones (Sanger Institute). A 

conditional NgBR knockout mouse was created by homologous recombination in 129S 

embryonic stem cells with subsequent implantation into C57BL/6 embryos to produce 

chimeric male founders. Crossbreeding with C57BL/6 females established germline 

transmission of the targeted NgBR allele. Correct gene targeting was confirmed by Southern 
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blot analysis of genomic DNA isolated from established embryonic stem cells and offspring 

of chimeric mice (Fig. S1B). Upon further crossbreeding with B6.Cg-

Tg(ACTFLPe)9205Dym/J mice (The Jackson Laboratory, Bar Harbor, ME) expressing Flp-

recombinase under control of the human β-actin promoter, the FRT-flanked neomycin 

resistance cassette was excised from intron 5, resulting in a floxed allele in which exon 4 is 

flanked by a downstream LoxP site. Mice carrying the floxed allele were crossbred with 

C57BL/6 background mice for 10 generations

Animal studies

NgBR floxed mice were crossbred with albumin-specific Cre mice [Alb-Cre, B6.Cg-

Tg(Alb-cre)21Mgn/J] (The Jackson Laboratory) on a C57BL/6J background. Alb-Cre 

efficiently induces hepatocyte-specific recombination of floxed genes to generate NgBR 

LivKO mice. To generate NgBR and LXRα double knockout (Double KO) mice, NgBR 

LivKO mice were crossbred with LXRα KO mice on a C57BL/6 background (The Jackson 

Laboratory). All animals were housed in a temperature-controlled environment with a 12/12 

h light/dark cycles. All mice had free access to water and standard rodent chow or a Western 

diet (21.2% fat and 0.2% cholesterol; TD88137, Harlan Laboratories, Madison, WI). For 

rescue experiments, both littermate control (NgBR-floxed, no Cre) and NgBR LivKO mice 

were intraperitoneally (i.p.) injected with 100 μL metformin solution (250 mg/kg body 

weight/day) daily for one week. At the end of the experiment, mice were anesthetized and 

euthanized followed by collection of blood samples in EDTA-coated tubes and liver tissue 

samples. Plasma was isolated by centrifugation of blood samples for 20 min at 2,000 g at 

4°C for determination of lipid composition. In addition, we crossbred NgBR floxed mice 

with globally inducible Cre mice (Rosa26R-ERT2Cre, The Jackson Laboratory) to generate 

NgBR inducible KO (NgBR iKO) mice. The NgBR global knockout was induced by i.p. 

injection of tamoxifen at 6-8 weeks of age. All of the animal experiments were approved by 

the Institutional Animal Care and Use Committee of the Medical College of Wisconsin.

Additional materials and methods are included in the Supplementary Materials.

Statistical analysis

The results of quantitative assays were analyzed using SPSS 16.0 for Windows. Data are 

presented as the mean ± standard error of the mean (SEM). Barlett’s test was performed 

prior to ANOVA. The statistical significance of differences was evaluated by ANOVA 

followed by Dunnett’s post-hoc analysis. Significance was defined as P<0.05.

Results

NgBR expression decreases in the fatty liver

To determine if hepatic NgBR expression is altered in patients with fatty liver disease, we 

used real-time PCR to quantify transcript levels of NgBR, SREBP-1c, and FASN in normal 

and diseased livers (human liver cDNA array was obtained from Origene). Figure 1A shows 

that NgBR expression is significantly decreased in the fatty liver samples compared to 

healthy controls. Further, this decrease in NgBR is associated with increased expression of 

SREBP-1c and FASN, two lipogenic genes causing hepatic steatosis (3). NgBR levels were 
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also decreased in the liver of C57BL/6J mice fed a Western diet, which is evidenced by 

vacuole-containing lipid droplets in the H & E staining tissue sections (Fig. S2A) and 

increased expression of lipogenic genes (Fig. S2B).

NgBR deficiency results in lipid accumulation

To elucidate the effects of decreased NgBR expression on the pathogenesis of fatty liver 

disease, we generated NgBR LivKO mice as described in Methods. As shown in Figure 1B, 

single allele or double allele excision happened in heterozygous or homozygous floxed mice 

carrying Alb-Cre, respectively. NgBR protein and mRNA levels significantly decreased in 

the liver of NgBR LivKO mice, but some NgBR was still detected because of expression in 

liver endothelial cells (Fig. 1C, upper panel). When endothelial cells were removed from 

isolated hepatocytes by immunodepletion using CD31-conjugated beads, NgBR expression 

in the purified hepatocytes was undetectable (Fig. 1C, bottom panel).

Although NgBR global knockout is embryonic lethal in mice around E7.5 (17), NgBR 

LivKO mice are viable and do not have any defects in aspects of breeding, weight gain, food 

intake, and exterior appearance. However, Oil Red O staining demonstrates that NgBR 

LivKO induced severe lipid accumulation in the liver after consuming a Western diet for 4 

weeks (Fig. 1D). Loss of hepatic NgBR expression substantially increased the amounts of 

free FA (FFA) and TG in hepatocytes and in plasma (Fig. 1E-F), but significantly decreased 

total and free cholesterol levels only in hepatocytes (Fig. S3). Lipid accumulation was also 

increased in the liver of NgBR LivKO mice fed normal chow (Fig. S4). Similarly, we 

observed increased total lipid content as well as increased hepatic FFA and TG levels in the 

liver of NgBR inducible KO (iKO) mice (Fig. S5) fed a Western diet. The above results 

suggest that loss of hepatic NgBR expression impairs hepatic lipid homeostasis and induces 

hypertriglyceridemia.

NgBR deficiency-induced accumulation of FFAs and TGs in the liver can be recapitulated in 

cultured HepG2 cells. We generated a stable NgBR knockdown HepG2 cell line (shNgBRi 

cells) by infecting HepG2 cells with lentivirus carrying small hairpin NgBR RNAi and 

puromycin selection (Fig. 2A). Compared to control cells infected with non-silencing small 

hairpin RNAi (shNSi cells), the results of Oil Red O staining show a severe lipid 

accumulation in shNgBRi cells (Fig. 2B). Quantitative lipid analysis showed that NgBR 

deficiency significantly increased cellular FFAs and TGs (Fig. 2C) and slightly decreased 

total and free CHO levels in HepG2 cells (Fig. S6D).

To determine if the accumulation of intracellular lipids is caused by lipid uptake, we 

cultured shNSi and shNgBRi HepG2 cells in culture medium containing 10% lipoprotein 

deficient serum (LPDS) or regular fetal bovine serum. The results of Oil Red O staining 

(Fig. 2D, left panel) show higher intracellular lipid levels in shNgBRi cells than shNSi cells, 

with similar accumulations in cells cultured in medium containing either regular serum or 

LPDS (Fig. 2D, right panel). These results suggest that the lipid accumulation in NgBR-

deficient HepG2 cells is not attributable to increased lipid uptake.

We confirmed the specific effects of NgBR deficiency on lipid accumulation by 

overexpressing NgBR in shNgBRi HepG2 cells (Fig. 2E). As shown in Figure 2F, restored 
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expression of NgBR in NgBR-deficient HepG2 cells reduced the total intracellular lipid 

content to normal levels. Taken together, these results suggest that NgBR deficiency results 

in hepatic lipid accumulation through increased cellular FFA and TG levels, which is casued 

by exacerbated hepatic lipogenesis.

NgBR deficiency does not affect hepatic NPC2 protein levels and intracellular free 
cholesterol in the physiological setting

A previous report showed that interaction between NgBR and NPC2 protein increases NPC2 

stability and inhibits intracellular free cholesterol accumulation (13). To determine if NgBR 

deficiency influences NPC2-mediated intracellular cholesterol transport, we cultured 

shNgBRi cells in complete or serum-free medium. Compared to shNSi cells, NPC2 protein 

levels were substantially decreased in shNgBRi cells in the absence of serum (Fig. S6A, 

right two lanes), consistent with the previous report (13), but were unchanged when serum 

was present (Fig. S6A, left two lanes). Correspondingly, results of filipin staining show 

accumulated free cholesterol in shNgBRi cells cultured in serum-free medium (Fig. S6B, 

right bottom panel) but not in complete medium (Fig. S6B, left bottom panel).

We also determined the effects of NgBR deficiency on NPC2 expression and cholesterol 

levels in vivo. Compared to littermate controls, NgBR LivKO did not decrease NPC2 protein 

expression in mouse livers (Fig. S6C). Consistent with in vitro results (Fig. S6D), total and 

free cholesterol levels slightly decreased in the livers of NgBR LivKO mice (Fig. S3A). 

Taken together, these results suggest that NgBR deficiency does not impair either NPC2 

expression or NPC2-mediated cholesterol transport under physiological conditions.

NgBR deficiency activates hepatic lipogenesis

To elucidate the underlying mechanisms by which NgBR deficiency induces hepatic FFA 

and TG accumulation, we examined the protein levels of lipogenic genes, such as FASN and 

SREBP-1c. As shown in Figure 3A, shNgBRi HepG2 cells had increased expression of 

FASN and the nuclear (mature) form of SREBP-1c (nSREBP-1c). In contrast, 

overexpression of NgBR in HepG2 cells reduced the protein levels of both FASN and 

nSREBP-1c (Fig. 3B). Consistently, increased expression of both precursor and mature 

forms of SREBP-1c (pSREBP-1c, nSREBP-1c), as well as FASN and SCD-1, was observed 

in the livers of NgBR LivKO mice (Fig. 3C). These in vitro and in vivo results confirm that 

the deficiency of hepatic NgBR expression activates hepatic lipogenesis.

To reveal the mechanism by which NgBR deficiency increases hepatic lipogenesis, we 

further examined the effects of NgBR LivKO on the transcription of genes regulating lipid 

biosynthesis and metabolism by real-time PCR array. The results show that NgBR 

deficiency increased the transcription of genes involved in FA biosynthesis (FASN, 

SREBP-1c, and SCD-1), but not the genes for TG biosynthesis (DGAT-1; Fig. 3D, left 

panel). In addition, the transcription of genes involved in FA or TG lipolysis or in FA uptake 

was not affected by NgBR deficiency (Fig. 3D, right panel). This same gene expression 

profile also was observed in the livers of NgBR iKO mice (Fig. S7). The above in vitro and 

in vivo results suggest that deficiency of NgBR expression activates hepatic lipogenesis, 

resulting in accumulation of FFA and TG in the liver.
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NgBR deficiency activates LXRα pathway

To determine the role of LXRα in NgBR deficiency-induced lipogenesis, we initially 

examined LXRα expression and nuclear translocation in vitro. Figure 4A demonstrates that 

NgBR deficiency did not change the protein levels of LXRα in total cellular lysates, but 

dramatically increased LXRα levels in the nucleus, with proportionally reduced LXRα 
levels in the cytosol. These results suggest that NgBR deficiency promotes LXRα 
translocation from the cytosol into the nucleus. Immunofluorescent staining also 

demonstrated that the majority of LXRα was localized in the cytosol of shNSi cells, but in 

the nuclei of shNgBRi cells (Fig. 4B). Overexpression of NgBR in shNgBRi-cells caused 

most of the LXRα to relocate into the cytosol, suggesting that LXRα nuclear translocation 

is reversible (Fig. 4B). Similarly, LXRα protein levels in total liver lysates did not change in 

NgBR LivKO mice, but nuclear levels increased more than 2-fold, while cytosolic levels 

decreased (Fig. 4C). The similar distribution pattern of LXRα was observed in the liver of 

NgBR iKO mouse (Fig. S8). Furthermore, the results of both immunofluorescent and 

immunohistochemical staining of LXRα in mouse liver sections also demonstrated that 

NgBR LivKO induced LXRα nuclear translocation (Fig. 4D-E). The specificity of LXRα 
antibody for Western blot and immunostaining has been validated by using LXRα knockout 

mouse tissues (Fig. S9). In addition, NgBR deficiency had no effect on the nuclear 

translocation of LXRβ and retinoid X receptor (RXR) (Fig. S10), demonstrating that NgBR 

deficiency specifically induces the nuclear translocation of LXRα. Consistent with previous 

reports (5-7), treatment of HepG2 cells with GW3965, a synthetic LXRα ligand, resulted in 

intracellular lipid accumulation (Fig. 4F), a similar phenotype to shNgBRi cells, which 

implies that LXRα may play a critical role in NgBR deficiency induced lipogenesis.

We further confirmed the effects of NgBR deficiency on LXRα–mediated gene 

transcription. The binding of the LXR response element (LXRE) to LXRα, LXRβ, or RXR 

protein was determined by chromatin immunoprecipitation/quantitative PCR (ChIP-qPCR) 

assays. ABCA1, FASN, and SREBP-1c genes contain the LXRE (18) while the CD36 gene 

contains a peroxisome proliferator-activated receptor γ response element (PPRE) (19). 

Figure 5A shows that NgBR deficiency significantly increased the binding of LXRα to the 

LXREs of ABCA1, FASN, and SREBP-1c and moderately increased the binding of RXR, 

presumably because of the increased formation of the LXRα/RXR heterodimer in the 

nucleus (18). However, the binding of LXRβ to the LXREs was not affected. Little binding 

of LXRα or LXRβ to the PPRE of CD36 was observed, which indirectly demonstrates the 

specificity of the LXRα and LXRβ antibodies. The binding of RXR to the PPRE of CD36 

was not influenced by NgBR deficiency, which suggests that NgBR does not affect RXR 

cellular distribution (Fig. S10B). Increased amounts of LXRα and nuclear receptor co-

activator 6 (NCOA6) and decreased amounts of nuclear receptor co-repressor 2 (NCOR2) 

were detected in the complex co-immunoprecipitated by anti-RXR antibody from shNgBRi 

cells (Fig. 5B). An LXRE reporter assay also demonstrated that NgBR knockdown increased 

the LXRE-dependent luciferase activity as compared to controls (Fig. 5C). These results 

indicate that NgBR deficiency-induced nuclear translocation of LXRα increases the 

transcription of LXRα target genes.
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In addition, NgBR deficiency in vitro and in vivo increases expression of other LXRα target 

genes that are involved in reverse cholesterol transport (RCT, e.g., ABCA1, ABCG1/5/8) 

(Fig. S11A and S11B). As shown in Figure S11C and S11D, the induction levels of LXRα 
target genes in NgBR knockdown HepG2 cells is equal to the levels in control HepG2 cells 

treated with 1 μM GW3965. In addition, NgBR deficiency increases the response of HepG2 

cells to GW3965 stimulation (Fig. S11C and S11D).

Indeed, knockdown of LXRα expression ameliorated lipid accumulation in shNgBRi cells, 

which was determined by Oil Red O staining (Fig. 6A). Furthermore, lipid profile analysis 

results demonstrate that LXRα knockdown specifically attenuated the increase of cellular 

FFA and TG levels induced by NgBR deficiency (Fig. 6B). To determine if the hepatic 

lipogenesis induced by NgBR deficiency is mainly mediated through activation of LXRα in 
vivo, we crossbred NgBR LivKO mice with LXRα KO mice to generate LXRα and NgBR 

double knockout (dKO) mice. Compared to NgBR LivKO mice, lack of LXRα expression 

blocked NgBR deficiency-induced expression of FASN, SREBP-1c, and SCD-1 protein and 

mRNA in the liver (Fig. 6C-D). Consequently, hepatic/plasma TG and FFA levels in the 

dKO mice (Fig. 6E-F) were reduced to the levels observed in littermate control or LXRα 
KO mice. However, hepatic cholesterol levels in dKO mice were at the same levels as in 

LXRα KO mice (Fig. S3A) because deficiency of LXRα expression impaired the hepatic 

RCT pathway that can result in hepatic cholesterol accumulation (9, 20). No significant 

difference of plasma cholesterol levels was determined among control, single KO and dKO 

mice (Fig. S3B). Taken together, both in vitro and in vivo results demonstrate that NgBR 

deficiency induces hepatic lipogenesis by activating LXRα, which results in accumulation of 

FFA and TG in both the liver and plasma.

NgBR deficiency impairs AMPKα pathway

AMPKα is a critical kinase regulating glucose and lipid metabolism (21-23). Figure 7A 

shows that NgBR deficiency did not affect AMPKα expression, but reduced the 

phosphorylation of AMPKα (phos-AMPKα) (upper panel), impairing its activation. NgBR 

deficiency also decreased the phosphorylation of acetyl-CoA carboxylase-1 (phos-ACC-1), a 

target gene of activated AMPKα (22, 23). Consistently, decreased phos-AMPKα and phos-

ACC-1 were also observed in the livers of NgBR LivKO mice (Fig. 7B) and NgBR iKO 

mice (Fig. S12), although expression of AMPKα and ACC-1 was not affected. These in 
vitro and in vivo results reveal that NgBR deficiency impairs the AMPKα pathway.

Knockdown of AMPKα expression in HepG2 cells with validated siRNAs also resulted in 

decreased phos-AMPKα and phos-ACC-1 (Fig. S13A, left panel) while increasing LXRα 
nuclear translocation (Fig. S13A, right panel) as well as increasing cellular total lipid, FFA 

and TG levels (Fig. S13B-C). Knockdown of AMPKα, but not its target ACC-1, induced 

expression of lipogenic genes, such as FASN, SREBP-1c, and SCD-1 (Fig. S14B) and 

increased cellular FFA and TG levels (Fig. S14C). In addition, inhibition of ACC-1 

expression had no effect either on expression of lipogenic genes or on cellular lipid levels in 

siNgBR cells (Fig. S14B-C, siACC-1+siNgBR vs. siNgBR).

In contrast, treatment of shNgBRi cells with the AMPKα activators metformin and AICAR 

increased phos-AMPKα (Fig. 7C). Consequently, accumulation of total lipid, FFA, and TG, 
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as well as induction of FASN, SCD-1, and SREBP-1c gene expression in shNgBRi cells 

were reduced to similar levels as in shNSi cells (Fig. 7D-F). Therefore, both in vitro and in 
vivo studies suggest that activation of lipogenesis by NgBR deficiency is also through 

inactivation of AMPKα pathway.

Given the concurrence of inactivation of AMPKα and activation of LXRα pathways in 

NgBR-deficient hepatic cells in vitro and in vivo, we further wished to determine the 

connection between AMPKα and LXRα in the context of NgBR deficiency. We initially 

treated shNgBRi cells with AICAR, a specific AMPKα activator, and examined the nuclear 

translocation of LXRα by immunofluorescent staining and western blotting. As shown in 

Figure 8A, the majority of LXRα was present in the nuclei of shNgBRi cells. However, 

treatment with AICAR resulted in the re-localization of LXRα from the nucleus to cytosolic 

compartments. Consistently, the western blots showed that although activation of AMPKα 
by metformin or AICAR had little effect on LXRα expression in both shNSi and shNgBRi 

cells (Fig. 8B, upper panel) and only slightly affected LXRα cellular distribution in shNSi 

cells (Fig. 8B, left half of middle and bottom panel), either metformin or AICAR treatment 

substantially decreased LXRα levels in the nuclear fraction (Fig. 8B, right half of middle 

panel) and increased LXRα levels in the cytosolic fraction (Fig. 8B, right half of bottom 

panel) in shNgBRi cells.

In vivo, administration of metformin increased phos-AMPKα and phos-ACC-1 in the livers 

of both littermate controls and NgBR LivKO mice (Fig. 8C). Consequently, metformin 

treatment abolished the induction of FASN, SCD-1, and SREBP-1c mRNA (Fig. 8D) and 

protein expression (Fig. 8E, right half) in the livers of NgBR LivKO mice, but did not affect 

expression of these lipogenic genes in control mice (Fig. 8E, left half). Meanwhile, 

compared to control mice, the increased FFA and TG levels in the livers of NgBR LivKO 

mice on regular rodent chow were reduced to normal levels as in littermate control mice 

after metformin treatment (Fig. 8F). These results suggest that AMPKα activation can 

effectively attenuate activation of LXRα and rescue the hepatic lipogenesis defects caused 

by NgBR deficiency.

Discussion

In this study, we elucidated previously unrecognized roles of NgBR in regulating hepatic 

lipogenesis in vitro and in vivo. Our study: (a) revealed that NgBR deficiency did not change 

NPC2 expression or NPC2-mediated cholesterol trafficking under physiological conditions; 

(b) demonstrated that NgBR deficiency resulted in increased hepatic FFA and TG levels by 

activating lipogenesis; (c) demonstrated that NgBR deficiency-induced lipogenesis is 

mediated by simultaneous inactivation of AMPKα and activation of LXRα pathways, 

thereby increasing expression of lipogenic genes; and (d) elucidated the connection between 

AMPKα and LXRα in which activation of AMPKα can prevent LXRα nuclear 

translocation and attenuate LXRα-dependent lipogenesis. Together, these findings suggest 

that loss of NgBR expression in human fatty liver is a potential risk factor for inducing 

hepatic steatosis via enhancing LXRα-mediated lipogenesis.
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LXRα is a master gene regulating lipid metabolism in the liver (24, 25), and its translocation 

to the nucleus is an essential step for its activation (2, 18, 26, 27). When LXRα translocates 

into the nucleus, it forms an obligate heterodimer with RXR. The current model for LXRα 
activation postulates that the LXRα-RXR heterodimer binds to LXREs in LXRα target 

genes which are pre–associated with co-repressors such as silencing mediator for retinoic 

acid and thyroid hormone receptors as well as nuclear receptor co-repressor (18, 28). 

Following the binding, the co-repressors are released and co-activators are recruited, thereby 

resulting in activation of expression of target genes involved in RCT and cholesterol 

metabolism, as well as FA and TG biosynthesis (18). The results of the dKO mice in our 

study (Fig. 6) clearly elucidate that NgBR deficiency-induced hepatic lipogenesis is 

dependent on LXRα because LXRα KO abolishes the induction of lipogenic genes and 

reduces the increased TG and FFA levels in the livers and plasma of NgBR LivKO mice to 

normal levels. Mechanistically, our results demonstrate that there are certain amounts of 

LXRα localized in the cytosol of control cells/tissue (Fig. 4A, 4C); however, NgBR 

deficiency selectively promotes the nuclear translocation of LXRα (Fig. 4A-4E) and 

increases LXRα target gene expression (Fig. 3A, 3C, 3D, S7A). Our results suggest that the 

localization of LXRα is regulated by AMPKα signaling and that nuclear translocation of 

LXRα enhances LXRα-dependent hepatic lipogenesis.

NgBR was initially identified as the receptor for Nogo-B (11). High affinity of Nogo-B 

binding to NgBR is sufficient for Nogo-B-mediated chemotaxis and tube formation of 

endothelial cells (11). Recent reports also demonstrated that NgBR is essential for 

developmental angiogenesis in zebrafish (12) and is involved in the epithelial-mesenchymal 

transition of breast tumor cells (29). However, the primary physiological functions of NgBR 

are still unclear. Analysis of the NgBR sequence reveals its C-terminal domain has high 

homology with cis-isoprenyltransferase (cis-IPTase) (11). Using the C-terminal domain of 

NgBR as bait, several interacting proteins were identified by the yeast 2-hybrid approach, 

one of which was NPC2 (13). NPC2 is a soluble glycoprotein that binds cholesterol and 

transfers cholesterol between membranes. A previous publication demonstrated that RNAi-

mediated disruption of NgBR leads to decreased stability of NPC2 due to lack of 

glycosylation and results in increased intracellular cholesterol accumulation under serum-

free conditions (13). Further studies in Dr. Sessa’s laboratory revealed that NgBR is a 

critical subunit of cis-IPTase, which is involved in the synthesis of dolichol that is an 

intermediate product required for protein glycosylation (14, 15). However, as shown in 

Figure S6, NPC2 protein levels do not decrease either in the livers of NgBR LivKO mice or 

in NgBR-deficient HepG2 cells cultured in serum, presumably because dolichol and 

glycosylation defects in NgBR-deficient cells can be compensated by exogenous dolichol 

present in serum. Interestingly, lipid accumulation still increases in NgBR-deficient mouse 

livers and HepG2 cells via a NPC2-independnet pathway. Our results demonstrate that, 

under physiological conditions, NgBR deficiency increases the biosynthesis of FFA and TG 

by the AMPKα-LXRα pathway, which is different from cholesterol accumulation caused by 

decreased NPC2 protein levels as reported previously (13). In Figure S15, we demonstrated 

that Western diet increases total XBP-1 and sXBP-1, which is a transcription factor that 

regulates proper functioning of cellular stress response (30). The result of sXBP-1 

overexpression decreasing the expression of NgBR in HepG2 cells (Fig. S15B) suggests the 
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ER stress induced by Western diet is the key causing the decreased expression of NgBR. The 

precise molecular mechanisms by which sXBP-1 regulates NgBR transcription needs further 

investigation.

Synthetic LXR agonists, such as GW3965 and T0901317, have been used for improving 

RCT and preventing atherosclerosis (2). However, hepatic lipogenesis induced by LXR 

activation limits the clinical application of LXR agonists for atherosclerosis treatment (6, 7, 

31). Our results show that NgBR-deficient mice have a similar lipogenic phenotype as 

shown in the livers of mice receiving LXR agonist treatment, increasing FFA and TG due to 

increased expression of FASN and SCD-1. As shown in Figure 6, depletion of LXRα 
expression prevents FFA and TG accumulation while decreasing FASN, SREBP-1c, and 

SCD-1 expression in the context of NgBR deficiency both in vitro and in vivo. Interestingly, 

overexpression of NgBR substantially ameliorates the LXRα activation-induced lipid 

accumulation in HepG2 cells (Fig. S16). Meanwhile, activation of AMPKα can 

efficaciously block NgBR-mediated LXRα nuclear translocation and lipogenesis both in 
vitro and in vivo (Fig. 8). Our results clearly suggest that NgBR deficiency-induced hepatic 

lipogenesis is mediated by LXRα activation, and that NgBR plays an important role in 

controlling LXRα activity. Although NgBR deficiency increases ABCA1 and ABCG1/5/8 

(Fig. S11A), NgBR deficiency only slightly reduced intracellular cholesterol (Fig. S3A, 

S6D). This is consistent with a previous publication (20) showing that LXR activation with 

T0901317 only reduces hepatic cholesterol by about 15%, although hepatic ABCA1 

transcript levels increase 2-fold. A previous report demonstrated that plasma cholesterol is 

regulated by induced ABCA1 in the intestine (8), suggesting that LXRα activation in 

hepatic cells has limited contribution to RCT. The tissue-specific contribution of NgBR-

mediated LXRα activation requires further investigation.

A previous study showed that AMPK attenuated hepatic steatosis by phosphorylating and 

inhibiting SREBP activity (32). Our results (Fig. 8E) further elucidate that metformin does 

not change total or nuclear SREBP-1c levels in the liver of control mice, but AMPKα 
activation reduces expression of SREBP-1c in the liver of NgBR LivKO mice by a LXRα-

dependent manner because LXRα knockout abolishes the induction of SREBP-1c 

expression/maturation in the livers of NgBR LivKO mice (Fig. 6C). These findings suggest 

that AMPKα might be an upstream regulator for controlling LXRα-dependent lipogenesis. 

As shown in Figure S13, knockdown of AMPKα in HepG2 cells increases lipogenesis and 

the nuclear translocation of LXRα. Conversely, activation of AMPKα prevents the nuclear 

translocation of LXRα and subsequent hepatic lipogenesis in shNgBRi cells (Fig. 7C-7E, 

8A) and the livers of NgBR LivKO mice (Fig. 8E, 8F). In association with activation of 

AMPKα, expression of lipogenic genes in shNgBRi cells and the livers of NgBR LivKO 

mice was restored to normal levels (Fig. 7F, 8E). These results imply that AMPKα agonists 

may ameliorate the undesirable effects of LXRα agonists for atherosclerosis treatment. 

Although AMPK-regulated ACC-1 phosphorylation is also involved in lipogenesis and FFA 

oxidation (33), we determined that ACC-1 knockdown has little effect on lipogenesis in 

shNgBRi cells (Fig. S14). Our results support a mechanism by which NgBR bridges the 

AMPKα signaling pathway with LXRα nuclear translocation as well as LXRα-mediated 

lipogenesis.
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Although simple hepatic steatosis is not a life-threatening disease, it causes liver 

malfunction and insulin resistance. Day et al. (34) initially proposed a “two-hit” model to 

explain the progression from simple TG accumulation in hepatocytes (hepatic steatosis, first 

hit) to hepatic steatosis with inflammation and fibrosis (steatohepatitis, second hit), which 

results in the end stages of liver diseases, such as cirrhosis and hepatocellular carcinoma. 

Hepatic steatosis arises from an imbalance between TG acquisition and removal. TGs are 

assembled by coupling three FAs to a glycerol backbone via esterification. The FAs used for 

hepatic TG formation are derived from 3 sources: 1) diet, 2) de novo synthesis, and 3) 

adipose tissue secretion (35, 36). FA is a central lipid component resulting in TG 

accumulation. Our results demonstrate that NgBR deficiency promotes de novo lipogenesis 

in the liver, and decreased NgBR expression is associated with the development of fatty liver 

in humans (Fig. 1A) and in mice (Fig. S2). Therefore, our study is the first to elucidate the 

physiological role of NgBR in regulating hepatic lipid homeostasis. Our study suggests that 

the NgBR LivKO mouse might be a suitable model for non-alcoholic fatty liver disease, 

since it recapitulates the features of hepatic steatosis, and that loss of NgBR expression in 

the liver is a potential risk factor for inducing hepatic steatosis by promoting LXRα nuclear 

translocation and increasing LXRα-dependent lipogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Loss of NgBR induces lipid accumulation in the mouse liver and hypertriglyceridemia
(A) NgBR gene expression is decreased in human fatty liver, which is associated with 

increased expression of lipogenic genes SREBP-1c and FASN. A human liver cDNA panel 

including 8 healthy control samples and 4 fatty liver samples was purchased from Origene. 

Gene expression was determined by real-time PCR. * P<0.05; (B-F) NgBR liver-specific 

knockout (NgBR LivKO) mice were generated as described in the Methods. Both NgBR 

LivKO and littermate control (NgBR-floxed, no cre) mice were used to conduct the 

following experiments: (B) PCR analysis of the NgBR gene from mice that are wild-type 

(NgBR+/+:Creo/o), albumin-Cre (NgBR+/+:Cre+/o or NgBR+/+:Cre+/+), flox/+ 

(NgBRfl/+:Creo/o), flox/+:albumin-Cre (NgBRfl/+:Cre+/o or NgBRfl/+:Cre+/+), flox/flox 

(NgBRfl/fl:Creo/o), and flox/flox:albumin-cre (NgBRfl/fl:Cre+/o or NgBRfl/fl: Cre+/+). (C) 

Expression of NgBR protein and mRNA in the livers of littermate control and NgBR LivKO 

mice were determined by western blotting with whole liver protein extract (upper panel) or 

extract of hepatic cells after endothelial cells were removed (bottom panel) and real-time 

RT-PCR (upper panel) with total RNA isolated from whole liver tissues. *: P<0.05 vs. 
control (n=4). (D) Littermate control (NgBR-floxed, no cre) and NgBR LivKO female mice 

at 8 weeks old were fed a Western diet for 4 weeks. NgBR liver-specific knockout increased 

lipid accumulation determined by Oil Red O staining performed on the frozen liver sections. 

(E) Quantitative analysis showed that NgBR liver-specific knockout increased the levels of 

free fatty acid (FFA) and triglyceride (TG). Total lipid extract was prepared from liver 

tissues of littermate control and NgBR LivKO mice, *: P<0.05 vs. littermate control (n=5). 

(F) NgBR liver-specific knockout increased the levels of FFA and TG in plasma. Plasma 

samples were collected from littermate control (NgBR-floxed, no cre) and NgBR LivKO 
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mice. FFA and TG levels were determined by assay kits. *: P<0.05 vs. littermate control 

(n=5).
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Figure 2. NgBR deficiency induces cellular lipid accumulation in vitro
Stable NgBR knockdown HepG2 (shNgBRi) cells were generated as described in the 

supplemental information and used to conduct the following experiments. (A) NgBR 

knockdown in shNgBRi cells was characterized by western blotting and real time RT-PCR. 

*: P<0.05 vs. control (shNSi) cells (n=3). (B) Determination of cellular lipid accumulation 

by Oil Red O staining. (C) Quantitative analysis of cellular FFA and TG levels. *: P<0.05 vs. 
shNSi cells (n=3). (D) Control HepG2 cells (shNSi) and NgBR-deficient HepG2 cells 

(shNgBRi) were cultured in MEM medium containing 10% regular or lipoprotein-deficient 

serum (Kalen Biomedical, Montgomery village, MD) for 24 h followed by Oil Red O 

staining (left panel). Quantitative levels of total lipid content in shNSi and shNgBRi cells 

were determined as described in the Methods. *, #: P<0.05 vs. shNSi cells in MEM medium 

containing either regular or lipoprotein deficient serum, respectively (n=3). (E, F) 

Overexpression of NgBR attenuates NgBR deficiency-caused lipid accumulation. shNgBRi 

cells were transiently transfected with an NgBR expression vector for 24 h. NgBR 

expression was then determined by western blotting (E). Cellular lipid content was 

determined by Oil Red O staining and quantitative analysis, respectively (F). *: P<0.05 vs. 
shNSi cells (n=3); #: P<0.05 vs. shNgBRi cells without transfection of NgBR expression 

vector (n=3).
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Figure 3. NgBR deficiency increases hepatic lipogenesis
(A) Protein levels of NgBR, FASN, and mature SREBP-1c (nSREBP-1c) in shNSi and 

shNgBRi cells were determined by western blotting. (B) HepG2 cells were transfected with 

an NgBR overexpression vector at the indicated concentrations for 24 h followed by 

determination of NgBR, FASN, and nSREBP-1c protein expression by western blotting. (C) 

Total protein was extracted from the livers of littermate control (NgBR-floxed, no cre) and 

NgBR LivKO female mice (8 weeks old) that were fed a Western diet for 4 weeks, and 

protein levels of FASN, precursor of SREBP-1c (pSREBP-1c), nSREBP-1c, and SCD-1 

were determined by western blotting. (D) Total RNA was extracted from liver samples of 

littermate control and NgBR LivKO mice, and expression of genes for FFA and TG 

biosynthesis, FFA/TG lipolysis and FFA uptake was determined by real-time RT-PCR. *: 

P<0.05 vs. control (n=4). The sequences of the primers are listed in Table S1.
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Figure 4. NgBR deficiency promotes LXRα nuclear translocation and activates LXRα pathway
(A) Protein levels of LXRα in total cellular, cytosolic and nuclear extracts of shNSi and 

shNgBRi cells were determined by western blotting. (B) NgBR deficiency promotes the 

nuclear translocation of LXRα. Localization of LXRα in shNSi cells, shNgBRi cells, and 

shNgBRi cells transfected with the plasmid DNA of NgBR-HA were determined by 

immunofluorescent staining. (C) Total, cytosolic and nuclear proteins were extracted from 

liver tissue samples of littermate control and NgBR LivKO female mice (n=4). Expression 

of LXRα was determined by western blotring. (D, E) Localization of LXRα in the frozen 

liver sections of littermate control and NgBR LivKO female mice was determined by 

immunofluorescent (D) and immunohistochemical (E) staining. (F) LXR activation 

increases lipid accumulation. HepG2 cells were treated with LXR ligand (GW3965, 10 μM) 

for 24 h followed by determination of cellular lipid contents with Oil Red O staining and 

quantitative analysis. *: P<0.05 vs. control (n=3).
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Figure 5. NgBR deficiency increases LXRα transcriptional activity
(A) Chromatin was isolated from confluent shNSi or shNgBRi cells. After determination of 

input, the immunoprecipitation was conducted with normal IgG, anti-LXRα, LXRβ or RXR 

antibody followed by real-time PCR. *P<0.05 vs. the corresponding control (n=4). (B) The 

LXRα/RXR heterodimer was immunoprecipitated by anti-RXR antibody followed by 

determination of LXRα, NCOR2, and NCOA6 in the complex by western blotting. (C) 

NgBR deficiency increased LXRE promoter activity. Activities of firefly and Renilla 
luciferases in the isolated cell lysate were determined using the Dual-Luciferase Reporter 

Assay System (Promega). *: P<0.05 vs. control (n=3).
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Figure 6. LXRα knockout reduces hepatic lipogenesis in the liver of NgBR LivKO mice
(A) LXRα knockdown prevents NgBR deficiency-induced lipid accumulation. ShNgBRi 

cells were transfected with non-silencing siRNA (Ctrl) or LXRα siRNA followed by 

determination of LXRα expression by western blotting (left panel). Cellular lipid contents 

were determined by Oil Red O staining (middle panel) and quantitative analysis (right 

panel). *: P<0.05 vs. shNSi cells; #: P<0.05 vs. shNgBRi cells alone. (B) LXRα knockdown 

reduces NgBR deficiency-induced accumulation of FFA and TG. shNSi and shNgBRi cells 

were transfected with LXRα siRNA (80 nM) followed by quantitative analysis of cellular 

FFA and TG. *: P<0.05 vs. shNSi cells; #: P<0.05 vs. shNgBRi cells alone. (C-F) Lack of 

LXRα expression attenuates NgBR deficiency-induced lipogenesis in vivo. NgBR and 

LXRα double knockout (dKO) mice were generated by crossbreeding LXRα KO mice with 

NgBR LivKO mice. NgBR-floxed (Ctrl), NgBR LivKO, LXRα KO, and dKO female mice 

at 8 weeks old were fed a Western diet for 4 weeks. Liver and plasma samples were 

individually collected and used for the following assays. (C) Expression of FASN, (p/

n)SREBP-1c, SCD-1, LXRα, and NgBR protein was determined by western blotting; (D) 

expression of FASN, SCD-1, and SREBP-1c mRNA was determined by real-time RT-PCR 

and normalized to GAPDH; *: P<0.05 vs. control mice; #: P<0.05 vs. NgBR LivKO mice; 

(E, F) FFA and TG levels in the liver (E) and plasma (F) were determined with assay kits; *: 

P<0.05 vs. control mice; #: P<0.05 vs. NgBR LivKO mice (n=6).
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Figure 7. NgBR deficiency impairs the AMPKα pathway
(A, B) NgBR deficiency inhibits phosphorylation of hepatic AMPKα and ACC-1 in vitro 
and in vivo. Total cellular protein was extracted from shNSi and shNgBRi cells (A), or from 

the livers of littermate control and NgBR LivKO female mice that were fed a Western diet 

for 4 weeks from 8-week old (B). Expression of total AMPKα, phos-AMPKα, total ACC-1 

and phos-ACC-1 was determined by western blotting. (C) shNgBRi cells were treated with 

metformin (Met, 10 μM) or AICAR (1 mM) overnight followed by determination of phos-

AMPKα and AMPKα by western blotting. (D-F) AMPKα activation prevents NgBR 

deficiency-induced lipid accumulation in HepG2 cells. Both shNSi and shNgBRi cells were 

treated with metformin (10 μM) or AICAR (1 mM) overnight. Cells were used to determine 

lipid content by Oil Red O staining (D) and lipid quantitative analysis (E), and expression of 

FASN, SCD-1, and SREBP-1c mRNA were determined by real-time RT-PCR (F). *: P<0.05 

vs. shNSi cells; #: P<0.05 vs. shNgBRi cells without treatment (n=3).
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Figure 8. Activation of AMPKα blocks NgBR deficiency-induced LXRα activation and hepatic 
lipid accumulation
(A, B) Activation of AMPKα blocks NgBR deficiency-induced nuclear translocation of 

LXRα in vitro. NgBR-deficient cells (shNgBRi) were treated with AICAR (1 mM) 

overnight followed by determination of LXRα localization by immunofluorescent staining 

(A). Both shNSi and shNgBRi cells were treated with metformin (10 μM) and AICAR (1 

mM) overnight followed by determination of LXRα protein levels in cytosolic, nuclear, and 

whole cellular extracts by western blotting (B). (C-F) Littermate control and NgBR LivKO 

female mice at 8 weeks old were i.p. injected daily with saline (control) or metformin 

solution (250 mg/kg body weight/day) for one week. Total protein, RNA, lipid, and nuclear 

protein were prepared from mouse liver samples, for the following assays. Expression of 

phos-AMPKα, AMPKα, phos-ACC-1, and ACC-1 protein in total protein extract (C), 

expression of FASN, pSREBP-1c, nSREBP-1c, SCD-1, and LXRα protein in total protein 

extract, and LXRα protein in nuclear extract (E), expression of FASN, SCD-1, and 

SREBP-1c mRNA in total RNA (D), and TG and FFA levels in lipid extract (F) were 

determined by western blotting, real time RT-PCR, and assay kits. *: P<0.05 vs. control 

mice; #: P<0.05 vs. NgBR LivKO mice receiving saline injection (n=3).
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