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SUMMARY

The strategy of lowering cholesterol levels by promoting cholesterol excretion is still lacking, and fewmolec-
ular targets act on multiple cholesterol metabolic processes. In this study, we find that Nogo-B deficiency/
inhibition simultaneously promotes hepatic uptake of cholesterol and cholesterol excretion. Nogo-B defi-
ciency decreases cholesterol levels by activating ATP-binding cassette transporters (ABCs), apolipoprotein
E (ApoE), and low-density lipoprotein receptor (LDLR) expression. We discover that Nogo-B interacts with
liver X receptor a (LXRa), and Nogo-B deficiency inhibits ubiquitination degradation of LXRa, thereby
enhancing its function on cholesterol excretion. Decreased cellular cholesterol levels further activate
SREBP2 and LDLR expression, thereby promoting hepatic uptake of cholesterol. Nogo-B inhibition de-
creases atherosclerotic plaques and cholesterol levels in mice, and Nogo-B levels are correlated to choles-
terol levels in human plasma. In this study, Nogo-B deficiency/inhibition not only promotes hepatic uptake of
blood cholesterol but also facilitates cholesterol excretion. This study reports a strategy to lower cholesterol
levels by inhibiting Nogo-B expression to promote hepatic cholesterol uptake and cholesterol excretion.

INTRODUCTION

Hypercholesterolemia, which is characterized by high choles-

terol levels in the serum, is a major risk factor for metabolic syn-

drome and coronary artery diseases such as atherosclerosis and

heart attacks.1 Analysis of the Framingham Heart Study and Kai-

ser Permanente Heart Study has shown that cholesterol levels

are significantly associated with the risk of cardiovascular mor-

tality.2 In particular, low-density lipoprotein-cholesterol (LDL-C)

is strongly proportional to the occurrence of atherosclerotic car-

diovascular disease (ASCVD), and reducing the level of LDL-C

has been closely linked to reducing cardiovascular mortality in

patients with higher baseline levels of LDL-C (>100 mg/dL).3,4

Hypercholesterolemia can be directly caused by abnormalities

in cholesterol metabolism. Liver is the main site for cholesterol

metabolism. Lipoproteins rich in cholesterol esters, encapsulated

with apolipoprotein B (ApoB) and ApoE, are recognized by LDL

receptors (LDLR) and absorbed into the liver.5 Liver cholesterol

can be metabolized into bile acids or excreted into peripheral

tissues through ATP-binding cassette transporters (ABCs) and

eventually excreted into the feces.6 Hepatic cholesterol is

excreted into the bile duct and intestinal lumen through

ABCG5/ABCG8.6 Cholesterol can also be excreted into periph-

eral tissues through ABCA1.7 Abnormal cholesterol metabolism

in the liver directly destroys the homeostasis of cholesterol levels

in the liver and blood, which may induce nonalcoholic fatty liver
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disease, nonalcoholic steatohepatitis, and ASCVD.8 However,

the regulatory mechanisms of cholesterol metabolism remain to

be elucidated. The current methods of reducing hypercholester-

olemia are mainly to intervene in the cholesterol metabolism

process. The cholesterol-lowering drugs, including statins and

PCSK9 inhibitors, are first-line drugs for patients with hypercho-

lesterolemia and ASCVD.9 Statins, the inhibitors of cholesterol

synthesis rate-limiting enzyme 3-hydroxy-3-methylglutaryl coen-

zyme A reductase (HMGCR), reduces serum cholesterol levels by

inhibiting cholesterol biosynthesis and promoting LDL-C uptake

by activating LDLR expression. PCSK9 inhibitors decrease the

degradation of LDLR, thereby promoting the uptake of circulating

LDL-C. Notably, there are no existing cholesterol-lowering drugs

targeting the process of cholesterol excretion, and fewmolecular

targets act on multiple cholesterol metabolic processes.

Nogo-B has attracted our attention because of its role inmeta-

bolic processes. The Nogo (Reticulon 4) family is located in the

endoplasmic reticulum and consists of several members,

including Nogo-A, Nogo-B and Nogo-C, with an alternatively

spliced transcript variant.10 Nogo-A and Nogo-C are expressed

mainly in the CNS, while Nogo-B is expressed in multiple tis-

sues.11 Nogo-B is also the only Nogo member detectable in the

circulation and liver.12 We have found that Nogo-B is involved

in multiple metabolic processes and diseases, such as high-car-

bohydrate diet-induced liver steatosis,12 white adipogenesis,13

and obesity.14 For instance, our previous study found that

Nogo-B deficiency reduced high-glucose or high-fructose diet-

induced hepatic steatosis by decreasing carbohydrate response

element binding protein-mediated lipogenesis.12 Many studies

have found that Nogo-B is involved in triglyceride (TG) meta-

bolism12,14,15; however, few studies have focused on the role

of Nogo-B in cholesterol metabolism and related metabolic

diseases.

In this study, we identified an unrecognized role of Nogo-B in

cholesterol metabolism by mediating hepatic uptake of choles-

terol and cholesterol excretion. Nogo-B deficiency decreased

cholesterol levels by promoting cholesterol excretion and

reducing hepatocyte cholesterol levels, thereby promoting the

liver uptake of cholesterol by activating SREBP2 and LDLR

expression. Plasma Nogo-B exhibited tight correlation with

cholesterol levels in humans. Nogo-B deficiency decreased

cholesterol levels in high-cholesterol diet (HCD)-fed mice, and

Nogo-B inhibition alleviated hypercholesterolemia and ASCVD.

Interestingly, our previous study found that Nogo-B deficiency

reduced TG levels under high-fat diet (HFD) feeding14; however,

we found that Nogo-B did not affect TG levels under HCD

feeding, which should be attributed to the regulation of liver X re-

ceptor a (LXRa). Here, Nogo-B deficiency/inhibition not only

promotes hepatic uptake of cholesterol by activating LDLR

expression but it also promotes cholesterol excretion by

enhancing LXRa expression, which provides a strategy for the

treatment of hypercholesterolemia.

RESULTS

Nogo-B is involved in cholesterol metabolism
Our previous studies have revealed that Nogo-B is involved in TG

metabolism12,14; however, few studies have focused on whether

Nogo-B is involved in cholesterol metabolism. We identified

Nogo-B as a risk factor for high cholesterol levels in 407,746 Eu-

ropeans by Mendelian randomization analysis in genome-wide

association studies (GWASs) data (Integrative Epidemiology

Unit Open GWAS Project: ebi-a-GCST90013882; Figure 1B).

We further explored the correlation between plasma Nogo-B

and lipid levels in 304 Chinese adults (Table S3 presents the

basic clinical characteristics). Plasma Nogo-B was positively

correlated with total cholesterol (TC) and LDL-C levels, but nega-

tively with high-density lipoprotein-cholesterol (HDL-C) levels

(Figures 1C–1E). ApoE is an important component of lipopro-

teins, especially HDL, and participates in lipid metabolism. We

found that plasma Nogo-B levels were negatively correlated

with ApoE levels (Figure 1F). However, Nogo-B showed no cor-

relation with TGs, lipoprotein Lp(a), and ApoB levels in human

plasma (Figures 1G, S1A, and S1B). Then, we fed wild-type

mice normal chow (NC) or an HCD for 3 weeks, and mice serum

cholesterol rather than TG levels were elevated under 3 weeks of

HCD feeding (Figure 1H). To explore whether Nogo-B responds

to cholesterol changes in serum, we collected multiple tissues

and found that only liver Nogo-BmRNA was elevated (Figure 1I).

Liver Nogo-B protein and mRNA levels were both increased

Figure 1. Nogo-B is involved in cholesterol metabolism

(A) Through analysis of 407,746 European in GWAS data, human plasma, and HCD-fed mice, we found that Nogo-B is involved in cholesterol metabolism.

(B) In the GWAS data, we found a causal relationship between Nogo and high cholesterol through Mendelian randomization analysis in a cohort of Europeans

(Integrative Epidemiology Unit Open GWAS Project: ebi-a-GCST90013882). *p < 0.05 by inverse variance weighted test; n = 407,746.

(C–G) Plasma samples were collected from 304 Chinese adults to determine the levels of Nogo-B, TC, LDL-C, HDL-C, ApoE, and TG. Correlation between

Nogo-B levels and TC (C), LDL-C (D), HDL-C (E), ApoE (F), and TG (G) was assessed by Pearson’s correlation assay. r: correlation coefficient, p: p value by t test;

n = 304.

(H–J) C57BL/6J mice were fed with NC and HCD for 3 weeks. (H) Serum TC, LDL-C, and TG levels were determined by enzymatic kits. Data are presented as

mean ± SD, ***p < 0.001 and ns (not significant) by Student’s t test; n = 7. (I) Aorta, heart, liver, intestine, kidney, brown adipose tissue (BAT), white adipose tissue

(WAT), and muscle tissues were collected, and Nogo-BmRNA levels were determined by qRT-PCR. Data are presented as mean ± SD; ***p < 0.001 by Student’s

t test; ns, not significant; n = 7. (J) Protein (n = 3) andmRNA (n = 7) levels of Nogo-Bwere determined bywestern blot and qRT-PCR. Data are presented asmean ±

SD; **p < 0.01 and ***p < 0.001 by Student’s t test.

(K–N) NC- or HCD-fed littermate control (Nogo+/+) and Nogo-B deficient (Nogo�/�) mice serum was determined for TC (K), LDL-C (L), HDL-C (M), and TG

(N) levels. Data are presented as mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001; and ns, not significant by Student’s t test; NC group: n = 6; HCD group: n = 7.

(O and Q) Total RNA prepared from NC- and HCD-fed mice liver were determined for mRNA levels of HMGCR, ABCA1, ABCG1, ABCG5, ABCG8, LDLR, and

ApoE. Data are presented as mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001; and ns, not significant by Student’s t test; NC group: n = 5; HCD group: n = 6.

(P) Protein levels of ABCA1, ABCG1, ApoE, LDLR, and SREBP2 (p/m: precursor or mature form of SREBP2) in the NC-fed mice liver were determined by western

blot; n = 4.
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under HCD feeding (Figure 1J). These findings suggest that

Nogo-B is related to changes in cholesterol levels in humans

and mice.

The correlation between Nogo-B and cholesterol levels

prompted us to investigate the role of Nogo-B in hypercholester-

olemia induced by a HCD. Nogo-B deficiency (Nogo�/�) mice

and littermate control (Nogo+/+) mice were fed with NC or HCD

for 3 weeks. To examine the potential role of Nogo-B in choles-

terol metabolism, we assessed serum lipid profiles. HCD signif-

icantly increased TC levels in serum (Figure 1K). Nogo�/� mice

had reduced TC levels only in HCD-fed mice, with no change

in NC-fed mice. Interestingly, Nogo-B deficiency decreased

levels of LDL-C and increased HDL-C both in NC and HCD-fed

mice (Figures 1K–1M). We observed no changes in TG levels in

Nogo�/� mice (Figure 1N). Nogo-B deficiency did not induce

any obvious liver damage, as evidenced by the unchanged levels

of serum aspartate aminotransferase, alanine aminotransferase,

and alkaline phosphatase (Table S5). Nogo-B deficiency upregu-

lated mRNA expression of the genes for cholesterol excretion

(ABCA1/G1/G5/G8), hepatic uptake for cholesterol (LDLR),

and apolipoprotein (ApoE) both in NC and HCD-fed mice

(Figures 1O and Q). Protein expression of ABCA1/G1, LDLR,

SREBP2, ApoE, and farnesoid X receptor (FXR) was increased

in the liver of NC-fed Nogo�/� mice (Figures 1P, S1C, and

S1D). However, Nogo-B deficiency has no effect on cholesterol

biosynthesis-related gene (HMGCR) expression (Figures 1O, 1Q,

S1F, and S1G). It has been reported that FXR activation inhibited

cholesterol biosynthesis by inhibiting HMGCR expression,16 and

in turn, Nogo-B deficiency had no effect on HMGCR expression

due to the activation of FXR (Figures 1O, 1Q, S1D, S1F, and

S1G). Due to the Nogo members sharing the same transcript,

we used the term Nogo-B for blood and hepatocytes, and

Nogo for animals in this study.12

The liver is an important site for cholesterol metabolism. The

main process of cholesterol metabolism is (1) transport of

cholesterol: endogenous or exogenous cholesterol is loaded

on ApoE-containing lipoproteins; (2) liver uptake of cholesterol:

LDL, a cholesterol-rich lipoprotein, can be recognized by LDLR

and taken up into the liver; and (3) the excretion of cholesterol:

liver cholesterol can be metabolized into bile acids or excreted

into peripheral tissues through ABCs and eventually excreted

into the feces. Through analysis of 407,746 European in GWAS

data, human plasma, and HCD-fed mice, we find that Nogo-B

is involved in cholesterol metabolism (Figure 1A). Our findings

suggest that Nogo-B deficiency lowered cholesterol levels by

promoting cholesterol metabolism via enhancing ApoE, LDLR,

and ABCs expression.

The benefits of Nogo-B deficiency in improving
hyperlipidemia are impaired in ApoE�/� mice
In mice fed a NC diet and HCD, Nogo-B deficiency enhanced

ApoE and LDLR protein expression and decreased cholesterol

levels. To further investigate the mechanism ofmetabolic benefits

of Nogo-B deficiency, ApoE and Nogo-B double-knockout

(ApoE�/�Nogo�/�) mice and ApoE�/� mice were fed an HCD for

16 weeks. No differences in food intake or water drinking were

observed between the two groups, but the ApoE�/�Nogo�/�

mice had a reduced gain in body weight compared with

ApoE�/� mice (Table S4).

The serum TC and LDL-C levels were significantly lower in

ApoE�/�Nogo�/� mice than those in ApoE�/� mice (Figures 2A

and 2B), while HDL-C levels did not differ between the two

groups (Figure 2C). Nogo-B deficiency also substantially

decreased hepatic cholesterol levels and alleviated HCD-

induced liver damage (Figure 2D; Table S5). Moreover, the

expression of genes related to cholesterol metabolism, including

ABCA1, LDLR, SREBP2, FXR, ABCG5, and ABCG8, was

significantly increased in the livers of ApoE�/�Nogo�/� mice

(Figures 2E–2G). Figures 1O–1Q show that Nogo-B deficiency

activated ApoE expression in Nogo�/� mice liver, and ApoE is

an important component of HDL, an atherosclerosis-prevention

lipoprotein promoting cholesterol metabolism. The absence of

Nogo-B in ApoE�/� mice has no effect on HDL-C (Figure 2C),

which might be related to ApoE.

The benefits of Nogo-B deficiency in improving
hyperlipidemia are impaired in LDLR�/� mice
To further investigate the role of Nogo-B deficiency in regulating

hypercholesterolemia, LDLR and Nogo-B double-knockout

(LDLR�/�Nogo�/�) mice were generated and fed an HCD for

16 weeks. Unlike ApoE�/�Nogo�/� mice, gains in body weight

were similar between LDLR�/�Nogo�/� and LDLR�/� mice

(Table S4).

Figure 2. Nogo-B deficiency decreases cholesterol levels related to ApoE, LDLR, and ABCs

(A–G) Blood and liver samples collected from 16-week HCD-fed ApoE�/� and ApoE�/�Nogo�/� male mice were used for the following assays: (A–C) Serum TC

(A), LDL-C (B), and HDL-C (C) levels were determined by enzymatic kits. Data are presented as mean ± SD; ***p < 0.001; ns, not significant by Student’s t test;

n = 8. (D) Liver TC content was determined by an assay kit. Data are presented asmean ±SD; ***p < 0.001 by Student’s t test; n = 8. (E and F) Protein expression of

ABCA1, LDLR, (p/m) SREBP2 andNogo-B (E), and FXR, ABCG5, and ABCG8 (F) with quantitation of band density correspondingly. Data are presented asmean ±

SD; *p < 0.05; **p < 0.01; ***p < 0.001 by Student’s t test; n = 4. (G) mRNA expression of ABCA1, ABCG1, ABCG5, ABCG8, and LDLR in the liver was determined

by qRT-PCR. Data are presented as mean ± SD; *p < 0.05 and **p < 0.01 by Student’s t test; n = 5.

(H–O) LDLR�/� and LDLR�/�Nogo�/� male mice fed with HCD for 16 weeks, and serum and liver samples were used for the following assays: (H) Hepatic TC

levels were determined by an assay kit. Data are presented asmean ± SD; ***p < 0.001 by Student’s t test; n = 8. (I–K) SerumHDL-C (I), TC (J), and LDL-C (K) were

determined by enzymatic kits. Data are presented as mean ± SD; ***p < 0.001; and ns, not significant by Student’s t test; n = 8. (L) Liver protein expression of

ABCA1, ABCG1/5, FXR, and ApoE was determined by western blot. n = 4. (M and N) HepG2 cells were transfected with si-Ctrl or si-Nogo-B as indicated for 24 h,

followed by culture in complete medium for another 24 h. Cas9-Ctrl, Cas9-Nogo-B cells, or siRNA-transfected HepG2 cells were incubated with 3,30-dio-
ctadecylindocarbocyanine (DiI)-LDL (20 mg/mL) for 4 h. After staining with DAPI for nucleus, the binding/internalized DiI-LDL was observed and captured with a

Leica microscope (M and N). Scale bar, 100 mm. Data are presented asmean ± SD; **p < 0.01 by Student’s t test; n = 5. (O) Liver mRNA levels of ABCA1,ABCG1/

5/8, and ApoE were determined by qRT-PCR. Data are presented as mean ± SD; ***p < 0.001 by Student’s t test; n = 6.

(P) Nogo-B deficiency decreased the cholesterol level by activating ApoE, LDLR, and ABCs expression.
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Figure 3. Nogo-B deficiency activates LXRa by enhancing LXRa protein stability

(A) Cellular proteins of HepG2 cells transfected with pEGFP-C2-h-Nogo-B were purified by IP with anti-GFP antibody and subjected tomass spectrometry assay.

Total ion chromatograph is shown. LXRa was identified for candidate proteins interacting with Nogo-B.

(B) We transfected 293T cells with pEGFP-C2-Nogo-B plus pcDNA3-LXRa-FLAG expression vectors, followed by IP using anti-GFP or anti-FLAG antibody, SDS-

PAGE, and immunoblotting using anti-GFP and LXRa or anti-Nogo-B and FLAG antibodies.

(legend continued on next page)
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Hepatic TC levels were decreased in LDLR�/�Nogo�/� mice

(Figure 2H), and liver cholesterol metabolism-related genes,

including ABCA1/G1/G5/G8, ApoE, and FXR, were activated

by Nogo-B deficiency (Figures 2L, 2O, and S2). Interestingly,

Nogo-B deficiency increased HDL-C levels (Figure 2I). However,

Nogo-B deficiency had no effect on TC and LDL-C levels

(Figures 2J and 2K). LDL-C clearance mediated by LDLR in the

liver is an essential process to improve cholesterol profiles.17

Uptake of LDL-C by Nogo-B knockout- or Nogo-B siRNA (si-

Nogo-B)-transfected HepG2 cells was enhanced by activating

LDLR expression (Figures 1P, 2E, 2M, 2N, and 2P). The absence

of Nogo-B in LDLR�/� mice has no effect on TC and LDL-C

(Figures 2J and 2K), which might be related to LDLR.

Combining the above results, the improved cholesterol

metabolism by Nogo-B deficiency might require ApoE and

LDLR presence, accompanied by the increased expression of

ABCA1/G1/G5/G8 in ApoE�/� and LDLR�/� mice simulta-

neously (Figure 2P).

Interactions between Nogo-B and LXRa facilitate LXRa
degradation
To investigate the mechanism underlying the regulation of

ABCA1/G1/G5/G8, ApoE, and LDLR expression by Nogo-B defi-

ciency, we screened for candidate proteins that can bind with

Nogo-B in HepG2 cells using mass spectrometry (Figure 3A).

We identified LXRa, the master transcription factors of ABCA1/

G1/G5/G8 and ApoE and the main subtype of LXRs present in

the liver (Figure 3A). The interaction between Nogo-B and

LXRa was further confirmed by co-immunoprecipitation (coIP)

assay (Figures 3B and S3A), and significant cellular colocaliza-

tion was observed between Nogo-B and LXRa in HepG2 cells

(Figure S3B). Interestingly, Nogo-B deficiency did not affect

LXRa mRNA expression, but it did increase LXRa protein levels

in the liver of mice fed a 3-week HCD (Figures 3C and 3D). This

suggests that Nogo-B is involved in the post-transcriptional

regulation of LXRa rather than transcriptional regulation.

Correspondingly, protein levels of LXRa were increased in

ApoE�/�Nogo�/� mice (Figure S3C).

Hsieh et al. have identified LXRa as subject to ubiquitin-medi-

ated protein degradation.18 To determine whether Nogo-B is

required for maintaining LXRa protein stability, HepG2 cells

were treated with cycloheximide (CHX), an inhibitor of protein

synthesis. Figure 3E shows that Nogo-B�/� in cells (Cas9-

Nogo-B) appropriately maintained LXRa protein stability. Protein

degradation is mainly mediated by the autophagy or ubiqui-

tination pathway.19 MG132 (a proteasome inhibitor), but not

3-methyladenine (anautophagy inhibitor), abolished theelevation

of LXRa protein by Nogo-B deficiency (Figures 3F and S3D), sug-

gesting that proteasome-mediated degradation but not the auto-

phagy pathway is involved in LXRa protein stability. Proteasome-

mediated protein degradation depends on the ubiquitination

pathway.20 Indeed, Nogo-B deficiency clearly lowered polyubi-

quitinated LXRa in HepG2 cells (Figure 3H). The ubiquitination

degradation of LXRa was mediated by E3 ubiquitin ligase breast

cancer-associated protein 1 (BRCA1) and BRCA1-associated

RING domain protein 1 (BARD1).21 Interestingly, the combination

of LXRa and BRCA1 and BARD1 was decreased in Nogo-B defi-

cient HepG2cells (Figure 3G). In addition, we found that inhibiting

Nogo-B expression did not increase ABCA1, ABCG1, and ApoE

expression in LXRa knockout HepG2 cells (Figure 3I), implying

that Nogo-B regulates ABCs and ApoE expression requiring

LXRa. These findings suggest that Nogo-B deficiency inhibits

the ubiquitin-mediated LXRa degradation (Figure 3J).

Nogo-B deficiency decreases cholesterol levels but
does not affect TG levels involving FXR activation
As shown by the above results, Nogo-B deficiency promotes the

expression of the cholesterol excretion-related genes, ABCs, by

elevating LXRa protein levels (Figures 1P, 4A, and S4A). Corre-

spondingly, Nogo-B deficiency reduced serum and liver choles-

terol levels but increased fecal cholesterol levels in 3-week

HCD-fed mice (Figures 1K, 4B, and 4C). It has been reported

that the activation of LXRa enhances hepatic lipogenesis by

upregulating SREBP1 and its targeted genes, such as acyl-

coenzyme A (CoA) carboxylase 1 (ACC1), fatty acid synthase

(FASN), and stearoyl-CoA desaturase-1 (SCD1).22 However,

despite the significant activation of LXRa by Nogo-B deficiency,

liver and serum TG levels were not affected in Nogo�/� mice fed

a 3-week HCD (Figures 1N, 4D, and 4E). These results prompted

us to explore the mechanism by which Nogo-B deficiency did

not increase TG levels despite the activation of LXRa.

Previous studies have shown that activation of FXR represses

the activation of SREBP1 and its target genes by LXRa, while

having no effect on genes involved in cholesterol metabolism,

including ABCA1, ABCG5, and ABCG8.23 It has been reported

that Nogo-B deficiency activated FXR expression,24 and we

found that Nogo-B deficiency in 3-week HCD-fed mice induced

liver FXR expression (Figure 4G). Consequently, Nogo-B defi-

ciency had no effect on SREBP1, ACC1, FASN, and SCD1

expression, but it still activated ABCA1/G1/5/8 and ApoE

expression in the liver of 3-week HCD-fed mice (Figures 1Q,

4F, and 4G). These results suggest that the deletion of Nogo-B

(C and D) Liver samples collected from 3-week HCD-fed mice were determined for the expression of LXRa protein (C, n = 4) and mRNA (D, n = 6). Data are

presented as mean ± SD; ns, not significant by Student’s t test.

(E and F) Cas9-Ctrl and Cas9-Nogo-B HepG2 cells were treated with CHX (100 mg/mL, E) or MG132 (10 mM, F) for the indicated times, followed by determination

of LXRa protein expression. Comparison between Cas9-Nogo-B and the corresponding Cas9-Ctrl. Data are presented asmean ± SD; **p < 0.01 and ***p < 0.001

by Student’s t test; n = 3.

(G) Cas9-Ctrl and Cas9-Nogo-B HepG2 cells were transfected with FLAG-LXRa plasmid, followed by IP with FLAG antibody and immunoblotted with BRCA1,

BARD1, FLAG, and Nogo-B antibodies.

(H) LXRa-transfected Cas9-Ctrl and Cas9-Nogo-B HepG2 cells were treated with MG132 (10 mM) for 2 h, followed by IP using anti-FLAG antibody and

immunoblotting using anti-ubiquitin and anti-LXRa antibodies.

(I) LXRa-deficient HepG2 cells (Cas9-LXRa) and corresponding control cells (Cas9-Ctrl) were transfected with Nogo-B or control siRNA for 24 h as indicated, and

then the protein was extracted and detected for ABCA1, ABCG1, and ApoE expression.

(J) Nogo-B deficiency inhibited the ubiquitination of LXRa, thereby increasing LXRa protein levels.
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Figure 4. Nogo-B deficiency decreases cholesterol levels without increasing TG levels involving activating FXR expression

(A–G) The liver samples of 3-week HCD-fed male mice were conducted with the following assays: (A and G) liver protein levels of LXRa, ABCG1, ABCG8, and

ApoE (A), and ACC1, FASN, FXR, SCD1, and (p/m) SREBP1 (G) were determined by western blot. Data are presented as mean ± SD; **p < 0.01; and ns, not

(legend continued on next page)
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does not result in lipogenesis, which involves the activation

of FXR.

Nogo-B deficiency reduces cholesterol levels without
increasing TG levels under LXRa ligand treatment
To further explore whether Nogo-B deficiency can antagonize

lipogenesis caused by LXRa activation, we used T0901317

(T317), a synthetic ligand for activating LXRa to treat NC-fed

Nogo+/+ and Nogo�/� mice. Interestingly, we found that T317

did not affect serum and liver cholesterol levels in Nogo+/+ mice

under LXRa activation, but T317 did reduce cholesterol levels in

Nogo-B-deficientmice (Figures4H–4J,S4B,andS4C). Inaddition,

we found that T317 increased serum TG levels by approximately

30% in Nogo+/+ mice, but this effect was completely blocked in

Nogo�/� mice (Figure 4K). T317 also substantially increased

neutral lipid and TG content in the liver of Nogo+/+ mice, but this

was remarkably blocked by Nogo�/� (Figures 4L and 4M). At the

molecular level, T317 activated the expression of lipogenic genes

(ACC1, FASN, SCD1, and SREBP1) in Nogo+/+ mice livers, but it

had little effect on them in Nogo�/� mice livers with the activation

of FXR expression (Figures 4N and S4C). Interestingly, Nogo�/�

increasedFXRexpression,whichwasnot impactedbyT317 treat-

ment (Figure 4N). These results suggest that Nogo-B deficiency

further reduces cholesterol levels but does not increase TG levels

under LXRa ligand treatment.

To investigate whether the inhibition of LXRa-SREBP1 by

Nogo-B deficiency depends on FXR activation, we treated

HepG2 cells with T317. T317 increased intracellular lipid content

in Cas9-Ctrl (control) cells, which was totally abolished in Cas9-

Nogo-B cells (Figures S4D and S4E). Furthermore, the anti-lipo-

genic effects of Nogo-B deficiency were reversed by FXR siRNA,

resulting in higher lipid levels compared to T317-treated Cas9-

Ctrl cells (Figures S4D and S4E). Meanwhile, mRNA levels of

SREBP1, ACC1, FASN, and SCD1 were significantly activated

by FXR siRNA in Cas9-Nogo-B cells, suggesting that Nogo-B

deficiency inhibits the LXRa-SREBP1 pathway requiring FXR

(Figure S4F). These findings suggest that Nogo-B deficiency in-

hibits the LXRa-SREBP1 pathway requiring the activation of FXR

(Figure S4G).

Nogo-B inhibition reduces established plaques in
ApoE+/�LDLR+/� mice
Hypercholesterolemia is a major risk factor for atherosclerosis.

To investigate whether Nogo-B regulates the progression of

the formation of plaques, we isolated aortas from the ApoE�/�

and ApoE�/�Nogo�/� or LDLR�/� and LDLR�/�Nogo�/� mice

shown in Figure 2. As shown in Figure 2, Nogo-B deficiency

only decreased TC and LDL-C levels in ApoE�/� mice and only

increased HDL-C levels in LDLR�/� mice. Consistent with

the incomplete anti-hypercholesterolemia ability of ApoE�/�

Nogo�/� and LDLR�/�Nogo�/� mice, Nogo-B deficiency only

suppressed plaques areas in the abdominal aorta without

affecting the aortic arch and thoracic aorta (Figures 5A, 5B,

S5A, and S5B). These findings suggest that Nogo-B deficiency

is required for the presence of ApoE and LDLR to exert its anti-

hypercholesterolemia and anti-atherogenic plaques properties.

Based on this finding, ApoE and LDLR dual heterozygote

(ApoE+/�LDLR+/�) mice were constructed.

ApoE+/�LDLR+/�mice were fed an HCD for 20weeks and then

intravenously injected with control siRNA (si-Ctrl) or Nogo-B

siRNA (si-Nogo-B) for 6 weeks (Figure 5C). Surprisingly, the inhi-

bition of Nogo-B expression by Nogo-B siRNA not only reduced

abdominal aortic plaques but also reduced total aortic plaques

(Figure 5D). Nogo-B inhibition also decreased aortic sinus le-

sions and oil red O+ areas in ApoE+/�LDLR+/� mice with estab-

lished lesions (Figures 5E and S5E). si-Nogo-B also increased

fibrotic caps in the aortic sinus (Figures 5F and S5F). These find-

ings suggest that inhibiting Nogo-B expression exerts a better

anti-atherosclerotic plaques effect in the presence of ApoE

and LDLR.

Nogo-B inhibition decreases cholesterol levels in
ApoE+/�LDLR+/� mice
The anti-atherosclerotic plaques properties of Nogo-B inhibition

in ApoE+/�LDLR+/� mice prompted us to investigate changes

in cholesterol levels. Nogo-B inhibition substantially reduced

serum TC and LDL-C, but increased HDL-C levels in

ApoE+/�LDLR+/� mice (Figure 5H). Additionally, hepatic choles-

terol content was decreased byNogo-B inhibition (Figure 5I), and

fecal cholesterol levels were increased (Figure 5J). The

decreased cholesterol levels in liver should be attributed to the

activated expression of LXRa, ApoE, ABCA1/G1/G5/G8, LDLR,

and FXR by si-Nogo-B (Figures 5K and 5L). Overall, the benefits

of Nogo-B inhibition on lowering cholesterol levels and reducing

atherosclerotic plaques should be attributed to the activation of

ABCs, ApoE, and LDLR.

We found that Nogo-B siRNA mainly inhibited the expression

of Nogo-B in the liver and had little effect on other tissues

(Figures 5G, S5C, and S5D), implying that liver Nogo-B played

an important role in cholesterol metabolism.

Liver Nogo-B inhibition decreases cholesterol levels
To further confirm the role of Nogo-B in regulating cholesterol

metabolism in the liver, we used adeno-associated virus

significant by Student’s t test; n = 4. (B and C) Hepatic (B) and fecal (C) cholesterol levels were determined by assay kits. Data are presented as mean ± SD;

**p < 0.01 and ***p < 0.001 by Student’s t test; n = 7. (D) Oil red O staining of liver frozen sections. Scale bar, 200 mm. (E) Hepatic TG levels were determined by an

assay kit. Data are presented as mean ± SD; ns, not significant by Student’s t test; n = 7. (F) Liver mRNA expression of ACC1, FASN, SCD1, and SREBP1 were

determined by qRT-PCR. Data are presented as mean ± SD; ns, not significant by Student’s t test; n = 6.

(H–N) NC-fed Nogo+/+ and Nogo�/�malemice received oral administration of T0901317 at 1mg/kg bodyweight/day for 9 days. After treatment,mouse blood and

liver samples were collected for the following assays: (H and K) serum TC (H) and TG (K) levels were determined by assay kits. Data are presented as mean ± SD;

**p < 0.01; ***p < 0.001; and ns, not significant by two-way ANOVA; n = 6. (I and M) Hepatic cholesterol (I) and TG (M) levels were determined by assay kits. Data

are presented as mean ± SD; ***p < 0.001; and ns, not significant by two-way ANOVA; n = 6. (L) Hepatic lipid content was determined by oil red O staining of liver

frozen sections. Scale bar, 100 mm. (J and N) Protein expression of ABCA1 and LXRa (J), and FXR, ACC1, FASN, SCD1, and (p/m) SREBP1 in mouse liver (N) was

determined by western blot. Data are presented as mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001; and ns, not significant by two-way ANOVA; n = 3.
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8/thyroxin binding globulin-small hairpin RNA (AAV8-TBG-

shRNA) to inhibit Nogo-B expression in mice liver. Mice

intravenously injected with AAV8-TBG-shNogo-B exhibited

decreased liver Nogo-B expression, with no changes in other

tissues (Figures 6A, S6A, and S6B). Hepatic Nogo-B inhibition

exhibited decreased serum TC, LDL-C, and increased HDL-C

levels (Figure 6B). In line with serum lipid levels, hepatic

cholesterol levels were decreased by hepatic Nogo-B inhibi-

tion accompanied by the activation of LXRa, FXR, ApoE,

ABCs, SREBP2, and LDLR expression (Figures 6C, 6E–6G,

S6C). Inhibiting Nogo-B expression has no effect on the TC

levels in bile, but it does increase bile acid levels (Figures

S6D and S6E). Ultimately, due to the activation of cholesterol

excretion, the cholesterol level in feces was increased in

Nogo-B-inhibited mice (Figure 6D). Inhibition of Nogo-B

expression had no effect on liver lipogenesis genes expres-

sion by the activation of FXR (Figures 6E–6G and S6C). These

findings suggest that liver Nogo-B plays a vital role in lowering

cholesterol levels.

Nogo-B is associated with cholesterol abnormality and
atherosclerosis in humans
Abnormal cholesterol metabolism is one of the major risk fac-

tors for atherosclerotic cardiovascular disease (ASCVD) in hu-

mans.25 We collected blood samples from 65 normal volun-

teers (defined as individuals with no atherosclerotic plaques

in the coronary artery) and 239 patients with atherosclerosis

(Table S3 presents the basic clinical characteristics). Compared

with normal volunteers, we found that atherosclerotic patients

exhibit higher cholesterol levels (Figure 6H), suggesting the ex-

istence of abnormalities in cholesterol metabolism in these

patients with atherosclerosis. We found that plasma Nogo-B

levels were approximately 1.7-fold higher in atherosclerotic pa-

tients compared to normal volunteers (Figure 6I). Correspond-

ingly, in patients with atherosclerosis accompanied by

abnormal cholesterol metabolism, we also found that Nogo-B

levels were positively correlated with TC and LDL-C levels,

and negatively correlated with HDL-C levels (Figures 6J–6L).

Additionally, we observed that plasma ApoE levels were nega-

tively correlated with Nogo-B levels in atherosclerotic patients

(Figure 6M). Combined with Figures 1C–1F, these results indi-

cate that Nogo-B is tightly associated with cholesterol levels

in human plasma and associated with abnormal cholesterol

metabolism and ASCVD in humans.

DISCUSSION

Our previous study had shown that Nogo-B receptor (NgBR) pro-

moted LXRa nuclear translocation and hepatic lipid accumula-

tion.26 However, our subsequent studies found that Nogo-B ex-

erted its functions without affecting the expression of its receptor

NgBR.12,14 In this study, we found that Nogo-B directly inter-

acted with LXRa and participated in its ubiquitination degrada-

tion, which suggested that Nogo-B regulated LXRa protein levels

independently of NgBR. It has been reported that AMP-activated

protein kinase (AMPK) regulates the ubiquitin-mediated degra-

dation of LXR through BRCA1.21 Nogo-B deficiency promoted

lipid oxidation through AMPK,14 suggesting that Nogo-B might

regulate the ubiquitination process of LXRa via AMPK.

In hepatocytes, Nogo-B deficiency activates cholesterol trans-

port and reduces liver/cellular cholesterol levels. This activation, in

turn, activates SREBP2 expression, resulting in increased LDLR

expression and enhanced LDL uptake. It is well established that

SREBP2 is able to strongly activate the expression of HMGCR,

the rate-limiting enzyme for cholesterol synthesis. High expres-

sion of FXR inhibited cholesterol synthesis by decreasing

HMGCR expression.16 Other studies indicated that FXR may

repress the expression of HMGCR through the disruption of the

functional CREB/CRT2 complex,27,28 which may have resulted

in no change in HMGCR expression by Nogo-B deficiency. Phos-

phorylation abolishesHMGCRactivity.29 It has been reported that

HMGCR isprimarily phosphorylatedbyAMPK.30 Interestingly, our

previous study showed that Nogo-B deficiency activated AMPK

expression.14 This suggests that Nogo-Bmay inhibit HMGCR ac-

tivity by activating AMPK. In mice fed an NC diet, Nogo-B defi-

ciency did not affect serum TC levels, which may be due to the

reduction in LDL-C levels and the increase inHDL-C levels caused

byNogo-B deficiency, with the values of LDL-C and HDL-C being

relatively close.However,HCDsignificantly inducesan increase in

LDL-C levels, and Nogo-B deficiency has been shown to reduce

total serum cholesterol levels.

It has been reported that hepatic ABCA1 activation leads to an

increase in HDL-C levels.31,32 However, in our study, Nogo-B

deficiency did not increase HDL-C levels in ApoE�/� mice

Figure 5. Nogo-B inhibition decreases established lesions and cholesterol levels in ApoE+/�LDLR+/� mice

(A and B) 16-week HCD-fed mice in Figure 2 aortas were collected and stained with oil red O (A and B, center). Quantitative statistics of abdominal aorta plaques

areas (A and B, right; arrows: atherosclerotic plaques). Scale bar, 5 mm. Data are presented as mean ± SD; *p < 0.05 and ***p < 0.001 by Student’s t test; n = 10.

(C) ApoE+/�LDLR+/� dual heterozygote male mice were fed HCD for 20 weeks, then divided into two groups randomly and intravenously injected control (si-Ctrl)

and Nogo-B siRNA (si-Nogo-B), respectively, for 6 weeks (once per week for the first 5 weeks and twice for the last week). After treatment, aortas, serum, and liver

samples were conducted the following assays (D–L).

(D) En face aortic lesions were stained by oil red O. The proportions of plaques in the total aorta and abdominal aorta were quantitatively analyzed separately.

Scale bar, 5 mm. Data are presented as mean ± SD; ***p < 0.001 by Student’s t test; n = 10.

(E) Aortic root sinus lesions were stained by oil red O. Scale bar, 400 mm.

(F) Arterial collagen was stained by Sirius red staining. Scale bar, 200 mm.

(G and K) LivermRNA levels ofNogo-B (G) andApoE,ABCA1,ABCG1,ABCG5,ABCG8, FXR, and LDLR (K) were determined by qRT-PCR. Data are presented as

mean ± SD; **p < 0.01 and ***p < 0.001 by Student’s t test; n = 8.

(H) Serum TC, LDL-C, and HDL-C levels were determined by assay kits. Data are presented as mean ± SD; **p < 0.01 and ***p < 0.001 by Student’s t test; n = 8.

(I and J) Liver (I) and fecal (J) TC contents were determined by assay kits. Data are presented as mean ± SD; ***p < 0.001 by Student’s t test; n = 8.

(L) Liver protein levels of ApoE, LDLR, ABCA1, ABCG1, FXR, and LXRa were determined by western blot with quantitative statistics. Data are presented as

mean ± SD; *p < 0.05 and **p < 0.01 by Student’s t test; n = 4.
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Figure 6. Liver Nogo-B inhibition decreases cholesterol levels

(A–G) To further confirm the role of Nogo-B in regulating cholesterol metabolism in the liver, we used AAV8-TBG-shRNA to inhibitNogo-B expression inmice liver.

(A and G) Liver mRNA levels of Nogo-B (A) and ABCA1, ABCG1/G5/G8, ApoE, LDLR, SREBP1, ACC1, FASN, and SCD1 (G) were determined by qRT-PCR. Data

are presented asmean ±SD; **p < 0.01; ***p < 0.001; and ns, not significant by Student’s t test; n = 8. (B) Serum TC, LDL-C, and HDL-C levels were determined by

assay kits. Data are presented as mean ± SD; *p < 0.05 and ***p < 0.001 by Student’s t test; n = 8. (C and D) Hepatic (C) and fecal (D) cholesterol levels were

(legend continued on next page)
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despite the activation of ABCA1/ABCG1. Since ApoE also plays

a crucial role in HDL assembly, this suggests that the effect of

Nogo-B on increasing HDL-C levels might be related to ApoE.

Therefore, the mechanism by which Nogo-B regulates HDL-C

levels requires further investigation. Similarly, the mechanism

by which Nogo-B regulates LDL-C levels also needs more

work to be elucidated.

In mice injected with AAV-TBG-shRNA, inhibiting hepatic

Nogo-B expression was able to decrease liver cholesterol levels

and increase fecal cholesterol levels. However, Nogo-B inhibi-

tion had no effect on the TC levels in bile. Additionally, our study

found that Nogo-B deficiency increased bile acid levels in bile,

which is consistent with our previous research.24 Bile acid acts

as a receptor for cholesterol, forming micelles that increase

cholesterol saturation in bile and promote its transport to the

intestine.33 Additionally, bile acid facilitates the re-absorption

of cholesterol by intestinal NPC1L1. Therefore, bile acids are

crucial in facilitating the enterohepatic circulation of bile choles-

terol. We speculate that Nogo-B inhibition may promote the cir-

culation of bile cholesterol by increasing bile acid levels. Conse-

quently, Nogo-B inhibition did not raise bile cholesterol levels or

cause cholesterol accumulation in bile. However, the specific

mechanisms still need further validation.

Several clinical trials indicate that the use of obeticholic acid,

an FXR agonist, increases serum TC levels.34,35 Interestingly,

in our study, Nogo-B deficiency decreased serum cholesterol

levels while simultaneously activating FXR. It is generally

believed that FXR activation inhibits the expression of

CYP7A1, a key enzyme in cholesterol catabolism to bile acids,

thus leading to cholesterol accumulation and elevating serum

cholesterol levels.36 Our previous study found that Nogo-B defi-

ciency can activate CYP7A1 expression while activating FXR

expression.24 Increasing studies indicate that the intestinal

FXR/fibroblast growth factor 15/19 axis is the main suppressor

of hepatic CYP7A1 expression, whereas the hepatic FXR/small

heterodimer partner pathway shows only minor inhibitory ef-

fects.37 Our study found that Nogo-B does not affect FXR

expression in the small intestine. These factors may explain

why Nogo-B, despite activating FXR, does not induce an in-

crease in cholesterol levels. However, the specific mechanisms

still need to be explored further.

Different from traditional drugs targeting HMGCR and LDLR

for ASCVD treatment, such as statins and PCSK9 inhibitors,

Nogo-B inhibition can increase not only the LDLR protein level

but also ApoE and ABCs expression, exerting a strategy on hy-

percholesterolemia and atherosclerosis treatment.

The role of LXR in cholesterol metabolism has been increas-

ingly demonstrated. Promoting LXR protein stability and inhibit-

ing the role of LXRa in lipid synthesis have been found to

be crucial in enhancing cholesterol metabolism and lowering

cholesterol levels. For example, inhibiting ASGR1 expression

can suppress LXRa ubiquitination degradation and inhibit

LXRa-induced lipid synthesis by activating AMPK, thereby pro-

moting cholesterol excretion.21 TTC39B deficiency can alleviate

steatohepatitis and atherosclerosis by suppressing LXRa ubiqui-

tination degradation and increasing the content of unsaturated

fatty acid-containing phospholipids to inhibit LXRa-induced lipid

synthesis.18Synthetic LXR ligandsmayhavebeen found tosignif-

icantly reduce atherosclerosis but they do induce severe lipogen-

esis and fatty liver, limiting their clinical application.38 Our study

suggests that combining Nogo-B inhibition with LXR ligands

may enhance the effects of LXR ligands on cholesterol meta-

bolism while counteracting LXR ligand-induced lipogenesis.

Limitations of the study
One limitation of our study is that we did not identify the specific

ubiquitination sites of LXRa. Clarifying these specific ubiquitina-

tion sites would provide a better understanding of the regulatory

mechanisms of the ubiquitination and degradation of LXRa.

Studies have shown that activation of ABCA1 can increase

serum HDL-C levels in mice. However, we found that while

Nogo-B deficiency in ApoE�/� mice activated ABCA1 expres-

sion, it did not increase serum HDL-C levels. This finding differs

from other studies and still requires sufficient evidence for vali-

dation. In addition, we found that Nogo-B inhibition reduced liver

cholesterol levels and increased fecal cholesterol levels, but it

had no effect on bile cholesterol levels. We hypothesized that

this may be related to the increase in bile acid levels due to

Nogo-B inhibition. However, further work is needed to validate

this hypothesis. Although we used AAV8-TBG-shRNA to inhibit

hepatic Nogo-B expression, we did not use hepatocyte-specific

Nogo-B knockout mice, which is also a limitation of our study.
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ABCG1 (1:1000) Proteintech Group, USA 13578-1-AP RRID:AB_2220174
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with coronary atherosclerosis
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and Technology of China

Ethics acceptance number:

2022-ky303

Chemicals, peptides, and recombinant proteins

High-cholesterol diet Research diets (New jersey, USA) D12109C

Oil red O Sigma-Aldrich (St. Louis, USA) O0625
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Control siRNA (in vitro) Riobobio Co. (Suzhou, China) siN0000001
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
LDLR deficient (LDLR�/�) and ApoE deficient (ApoE�/�) mice with C57BL/6J background were purchased from GemPharmatech

Co., Ltd. (Nanjing, China). ApoE�/�LDLR�/� double deficient mice were generated by crossing ApoE�/� with LDLR�/� mice.

ApoE+/� and LDLR+/� dual heterozygous (ApoE+/�LDLR+/�) mice were produced bymating male LDLR�/�ApoE�/�mice with female

C57BL/6J mice. Nogo deficient (Nogo�/�) mice with C57BL/6J background were obtained from GemPharmatech Co., Ltd. (Nanjing,

China). Nogo and ApoE or Nogo and LDLR double deficient (ApoE�/�Nogo�/� or LDLR�/�Nogo�/�) micewere generated by crossing

Nogo�/�mice with ApoE�/� or LDLR�/�mice. All mice were housed in SPF units in the Animal Center of the College of Life Sciences,

Nankai University (Tianjin, China) at 20 ± 2�C with a relative humidity of 60–70% and 12 h light/dark cycles. All the animals had free

Continued
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Critical commercial assays

Human RTN4 (Nogo) ELISA kit CUSABIO Biotech Co. (Wuhan, China) CSB-EL020572HU

Human ApoE ELISA kit Ruixin Biotech Co. (Quanzhou, China) RX104841H

Mouse Nogo-B ELISA kit Ruixin Biotech Co. (Quanzhou, China) RX104302M

Nuclear protein extraction kit Solarbio Science & Technology Co., Ltd. (Beijing, China) R0050

Human Lp(a) ELISA kit Cloud-Clone Corp Co. (Wuhan, China) SEA842Hu

Human ApoB ELISA kit Ruixin Biotech Co. (Quanzhou, China)

Tissue cholesterol content assay Solarbio Science & Technology Co., Ltd. (Beijing, China) BC1985

Tissue triglyceride content assay Solarbio Science & Technology Co., Ltd. (Beijing, China) BC0625

Total bile acid microplate assay kit COHESION BIOSCIENCES (London, UK) CAK1166

Experimental models: Cell lines

293t ATCC Cat# CRL-3216

HepG2 ATCC Cat# HB-8065

Experimental models: Organisms/strains

Mouse: C57BL/6JGpt GemPharmatech (Nanjing, China) N/A

Mouse: C57BL/6JGpt-Nogoem27Cd30269/Gpt GemPharmatech (Nanjing, China) N/A

Mouse: C57BL/6JGpt-ApoEem1Cd82/Gpt GemPharmatech (Nanjing, China) N/A

Mouse: C57BL/6JGpt-LDLRem1Cd82/Gpt GemPharmatech (Nanjing, China) N/A

Oligonucleotides

See Table S1 This paper N/A

Control siRNA (in vitro) Riobobio Co. (Suzhou, China) siN0000001

Nogo-B siRNA (in vitro) Riobobio Co. (Suzhou, China) siB160409124904

FXR siRNA (in vitro) Riobobio Co. (Suzhou, China) siBDM0001

Control siRNA (in vivo) GENEWIZ (Suzhou, China) N/A

Nogo-B siRNA (in vivo) GENEWIZ (Suzhou, China) N/A

Recombinant DNA

pEGFP-C2-Nogo-B (human) This paper N/A

pEGFP-C2-LXRa (mouse) This paper N/A

pcDNA-LXRa-Flag (human) This paper N/A

pcDNA3.1-Nogo-B (mouse) This paper N/A

AAV8-TBG-EGFP-miR30-shControl ViGene Biosciences, (Shandong, China) N/A

AAV8-TBG-EGFP-miR30-shNogo-B ViGene Biosciences, (Shandong, China) N/A

Software and algorithms

GraphPad Prism 9.5 GraphPad https://www.graphpad.com/

ImageJ ImageJ https://imagej.nih.gov/ij/

Adobe Photoshop CS6 Adobe https://www.adobe.com

R Bioconductor project package limma The R Foundation https://www.r-project.org/

R package ggplot2 The R Foundation https://www.r-project.org/
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access to water and normal chow, andHCD contains 20% fat, 1.25%cholesterol and 0.5%sodium cholate during the treatment. The

mice were kept in standard cages (%5 mice per cage). Mice were allowed to acclimatize to the housing environment for at least

7 days before experiments. All the treatments were conducted in a blinded fashion. During the treatment, animals were checked

food intake, water drinking and bodyweight routinely.

To investigate the effect of Nogo-B deficiency on hypercholesterolemia, the Nogo+/+, Nogo�/� (8-week-old, males), ApoE�/� and

ApoE�/�Nogo�/� (8-week-old, males), LDLR�/�, LDLR�/�Nogo�/� (8-week-old, males), ApoE+/�LDLR+/� mice (6-week-old, males)

injected si-Ctrl or si-Nogo-B, andwild-type C57BL/6JGptmice (8-week-old, males) injectedwith AAV8-TBG-shControl or AAV-TBG-

shNogo-B were fed HCD containing 20% fat, 1.25% cholesterol and 0.5% sodium cholate for 3, 16, 16, 26, and 5 weeks, respec-

tively. At the end of treatment, all the mice were anesthetized with isoflurane (2% isoflurane/0.2 L O2/min), followed by collection

of blood samples. Mice were then euthanized for collection of aorta, liver, and other tissue samples individually. Serumwas prepared

to determine levels of TC, HDL-C, LDL-C, TG, and activity of AST, ALP or ALT. SerumNogo-B levels were determined by ELISA using

the commercially available kits purchased from Ruixin Biotech Co (Quanzhou, China).

Male Nogo+/+ and Nogo�/� mice (6-week-old) were randomly divided into 2 groups (n = 6), respectively. Normal chow-fed mice

were treated with T0901317 (T317 group) at 1 mg/kg bodyweight/day dissolved in the mixture of DMSO and corn oil (1:9) or vehicle

(vehicle group, themixture of DMSOand corn oil) by oral gavage for 9 d.Micewere i.p. injectedwith 3mL thioglycollate solution at the

5th day of treatment. At the end of treatment (9 days after 1st T317 treatment), mouse serum and liver samples were collected.

To knock down hepatic Nogo-B expression, AAV8-TBG-EGFP-miR30-shNogo-B (AAV-Nogo-B) vector was constructed (ViGene

Biosciences, Shandong, China), and AAV8-TBG-EGFP-miR30-shRNA vector inserted with scramble sequence (AAV8-shControl)

was used as a control. 8-week-old male wildtype C57BL/6J mice were randomly divided into 2 groups (n = 8), and intravenously in-

jected with AAV8-shNogo-B and AAV8-shControl separately. Mice were fed with HCD for 5 weeks. After fasting overnight, mice were

euthanized and serum, bile, liver, and fecal were collected.

Human plasma collection and ELISA detection
Based on the results of coronary angiography and intravascular ultrasound evaluation, the subjects were divided into normal volun-

teers (with no known history of coronary heart disease or renal disease and no severe coronary stenosis observed by coronary angi-

ography either) and atherosclerosis group (the 2018 JCSGuide "Diagnosis and Treatment of Acute Coronary Syndrome" as the diag-

nostic criteria). Age and sex were matched between normal volunteers and patients with atherosclerosis with random sampling.

The exclusion criteria: blood tests for liver function, urea nitrogen, creatinine and uric acid to exclude any cases of combined liver or

renal dysfunction; patients with severe heart failure, acute stroke, refractory hypertension, acute and chronic infection, blood system

diseases, severe bleeding, autoimmune diseases, malignant tumors, severe trauma or non-atherosclerosis caused by acutemyocar-

dial infarction; patients who regularly take anti-myocardial ischemia drugs for more than 1 week before the onset; those who have a

history of old myocardial infarction. All samples were collected before patients received systemic anti-myocardial ischemia drugs

and revascularization therapy.

Human blood samples were collected through the median cubital vein from the all individuals with informed consent. After stand-

ing, the blood samples were centrifuged for 20min at 2,000 g. The plasmawas then collected and stored in a�80�C freezer for assay.

Although the ELISA kit may react with other members of Nogo family, based on our studies, Nogo-B is the only member detectable in

the blood by Western blot. Therefore, we still used the term of ‘‘Nogo-B’’ for plasma samples in this study. Levels of Nogo-B, ApoB,

ApoE, Lp(a), TG, TC, LDL-C, and HDL-C in human plasma were determined either by an automated biochemical analyzer (model

3100; Hitachi High-Technologies Corporation, Tokyo, Japan) or by the correspondingly assay kits based on the manufacturer’s

instruction.

Study approval
The protocols for in vivo study with mice were approved by the Ethics Committee of Nankai University (2022-SYDWLL-000574) and

conformed to the Guide for the Care and Use of Laboratory Animals published by National Institutes of Health (NIH). The animal

studies were reported in compliance with the ARRIVE guidelines.39

All studies with human blood samples were approved by the regional Ethical Committees and adhered strictly to the Declaration

of Helsinki Principle 2008. All the subjects enrolled in this study were hospitalized in the First Affiliated Hospital of the University of

Science and Technology of China (ethics acceptance number: 2022-ky303) and clinically diagnosed by coronary angiography with

complete medical records, clinical parameters and follow-up data.

METHOD DETAILS

Mendelian randomization analysis
This study uses a two-sample Mendelian randomization analysis to examine the relationship between Nogo and cholesterol levels.

The general process is as follows: cohort information was obtained from the GWAS database (ID number: ebi-a-GCST90013882).

First, single-nucleotide polymorphisms (SNPs) strongly associated with the exposure factors were selected as instrumental vari-

ables, with linkage disequilibrium SNPs and weak instrumental variables removed.40 Data were analyzed using the inverse variance

18 Cell Reports 43, 114691, September 24, 2024

Article
ll

OPEN ACCESS

JMQ
高亮文本



weighted method,41 and causal relationships were assessed using a fixed-effects model.42 All statistical tests were two-sided, and

data analysis was conducted using the R package ‘‘TwoSampleMR’’ (version 0.5.6).

Cell culture
All the cell lines were purchased from ATCC (Manassas, USA). HepG2 cells were cultured in MEM medium containing 10% FBS,

50 mg/mL penicillin/streptomycin and 2 mmol/L glutamine. HepG2 cells with Nogo-B deficiency (named as Cas9-Nogo-B cells)

and the corresponding control cells (named as Cas9-Ctrl cells) were generated by CRISPR-Cas9. The sgRNA sequences of

Nogo-B were 50-CGTTCAAGTACCAGTTCGTG-30, which locates in the first exon 63 bp downstream of the start codon.24 siRNA

used for in vitro experiments was purchased from Riobobio (Guangzhou, China).

In vivo siRNA interference
The 6-week-old male ApoE+/�LDLR+/� mice were pre-fed mHFD for 20 w, then divided into 2 groups randomly (n = 10/group) and

intravenously (i.v.) injected control scramble siRNA (si-Ctrl) (n = 10) and siRNA against Nogo-B (si-Nogo-B) (n = 10) from tail vein,

using the Entranster-in vivo transfection reagent purchased from Engreen Biosystem Co., Ltd. (Beijing, China) according to the man-

ufacturer’s instructions. Both control siRNA and Nogo-B siRNA were synthesized by GENEWIZ (Suzhou, China). The sequences for

si-Ctrl are 50-UUCUCCGAACGUGUCACGUdTdT-3’ (sense) and 50-ACGUGACACGUUCGGAGAAdTdT-3’ (antisense). The se-

quences for si-Nogo-B are mixed from 3 pairs of different targets which were named as si-Nogo-B #1, #2, #3. si-Nogo-B #1:

50-GGAUCUCAUUGUAGUCAUATT-3’ (sense) and 50-UAUGACUACAAUGAGAUCCTT-3’ (antisense); si-Nogo-B #2: 50-GCAGU

GUUGAUGUGGGUAUUUTT-3’ (sense) and 50-AAAUACCCACAUCAACACUGCTT-3’ (antisense); si-Nogo-B #3: 50-CACAUAAA
CUAGGAAGAGATT-3’ (sense) and 50-UCUCUUCCUAGUUUAUGUGTT-3’ (antisense). Mice were i.v. injected siRNA mixed with

transfection reagent once a week for the first 5 w and twice for the last week. At the end of experiment (three days after the last siRNA

injection), mice were euthanized, followed by collection of tissue samples.

Plasmid construction
Nogo-B and LXRa expression vectors were constructed as follows. Human andmouse complementary DNA (cDNA) was synthesized

with RNA extracted from HepG2 cells and mouse liver tissue, respectively. The plasmids were constructed using the cDNA and

primers with the sequences listed in Table S4 and the ClonExpress II One Step Cloning Kit (Vazyme, Nanjing, China).

Oil red O and HE staining
Aortas were collected and separated carefully from other tissues. After fixed in 4% paraformaldehyde for 24 h, aortas were washed

with PBS for 3 times and then stained with oil red O solution. Each entire aorta was dissected to assess en face lesions except aortic

root which was used to prepare frozen cross section for determination of sinus lesions. Atherosclerotic lesions in en face aorta and

sinus lesions in cross section of aortic root were calculated by 2 individuals who were blinded to the experimental design and each

other’s results using a computer-assisted image analysis protocol, according to the guidelines for experimental atherosclerosis

studies described in the American Heart Association statement.43 Lesions are expressed as mean percentage of lesion areas in

the aorta or as mm2 per section plus standard deviation (SD). Oil red O positive staining areas in aortic root cross sections were

also determined and expressed as mm2 per section. The frozen liver sections prepared from the vehicle or T317-treated mice and

3-week HCD-fed mice were conducted oil red O staining for determination of lipid content in the liver.

Thickness of fibrotic caps and necrotic core areas in lesion areas were determined after HE staining. All images were captured with

a Leica DM5000B microscope (Wetzlar, Germany).

Determination of triglyceride (TG) and total cholesterol (TC) levels
To determine liver TG or TC content,�100mg liver/feces wasweighed and ground in the tissue lysis buffer, based on the instructions

for triglyceride Labassay kit (Wako Chemical, Osaka, Japan) and tissue cholesterol content assay kit (Applygen Technologies Inc.,

Beijing, China). 10 mL bile were directly used to detect total cholesterol levels as the instructions of the assay kit. Liver TC and TG

content was finally normalized by tissue protein content.

Determination of protein expression by immunofluorescent staining and western blot
Expression of Nogo-B and LXRa in Cas-9 Ctrl and Cas9-Nogo-B HepG2 cells was determined by immunofluorescent staining with

the corresponding primary antibody and captured by fluorescence confocal microscope. Expression of the target protein was deter-

mined by Western blot with total or nuclear proteins.24

Immunoprecipitation (IP)-Western blot and IP-mass spectrometry (MS) analysis
Mouse pcDNA3.1-Nogo-B, pEGFP-C2-LXRa plasmids and human pEGFP-C2-Nogo-B, pcDNA3-LXRa-Flag plasmids were used to

transfect 293T cells simultaneously using Hieff Trans Liposomal Transfection Reagent (YEASEN, Shanghai, China) for 48 h, respec-

tively (empty plasmidwithout inserted DNA fragment for control). Cells were lysed and incubated with anti-GFPmagnetic bead based

on the manufacturer’s instruction (Biolinkedin, Shanghai, China). Beads were washed 3 times and boiled in a metal bath. Superna-

tants were separated by SDS-PAGE and analyzed by Western blot using anti-GFP and anti-Nogo antibodies.
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Human LXRa-Flag plasmid was used to transfect Cas9-Ctrl and Cas9-Nogo-B HepG2 cells as indicated for 48 h. Cells were then

treated with 10 mMMG132 for 2 h, followed by preparation of total protein extract. The same amount of total protein extract from each

sample was added with anti-Flag antibody and incubated at room temperature for 1 h, followed by addition of rProtein G MagPoly

beads (ABcloanl, Wuhan, China) and incubation for 30min based on themanufacturer’s instruction. The subsequent immunoblotting

was conducted with anti-ubiquitin, LXRa or Flag antibody.

Briefly, HepG2 cells transfected with pEGFP-C2-Nogo-B were split by cell lysate and protein extraction was incubated with anti-

GFP antibody and rProtein G MagPoly beads as manufacturer’s instruction. The sample was then subjected to SDS-PAGE assay.

The part of gel was collected for MS assay by Novogene Bioinformatics Technology Co., Ltd (Beijing, China).

Quantitative RT-PCR
After treatment, RNA was extracted from tissues or cells using Trizol reagent (Invitrogen) according to the manufacturer’s instruc-

tions. cDNA was synthesized using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, USA). Individual quantitative PCR (qPCR) was

performed using SYBR Green PCR Master Mix (Vazyme, Nanjing, China) and the primers with sequences listed in Table S1

mRNA levels were normalized by levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA in the corresponding

samples.

Determination of LDL binding affinity
Cas9-Nogo-B and Cas9-Ctrl HepG2 cells or 24 h-Ctrl siRNA and Nogo-B siRNA transfected HepG2 cells were cultured in medium

containing 20 mg/mL humanDiI-LDL solution [human LDL labeledwith fluorescence probeDiI (1,10-dioctadecyl-3,3,30,30-tetramethyl-

indocarbocyanine perchlorate)] for 4 h. Cells were thenwashedwith freshmedium for 3 times. After fixed in 4%paraformaldehyde for

30 min, cells were stained with a DAPI solution to detect the nucleus. Images of the sections were obtained with a fluorescence mi-

croscope (Leica DM5000B).

QUANTIFICATION AND STATISTICAL ANALYSIS

After capture, the intensity of each image was quantified by who was blinded to the treatment with segmentation color-threshold

analysis using Photoshop software. All data were generated from at least three independent experiments. Each value was presented

as the mean ± SD. The raw data were initially conducted the analysis of normal distribution using Shapiro-Wilk method followed by

Levene test for the homogeneity of the variances. For animal and cellular experiments, a two-tailed unpaired student’s t-test was

performed to compare two groups. One-way or two-way ANOVA was used to compare more than two groups. The correlation be-

tween human plasma Nogo-B and ApoE, TG, TC, LDL-C, and HDL-C was estimated by Pearson’s method.

Information on technical and/or biological replicates and statistical tests for each experiment can be found in the figure legends.
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