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Abstract

BACKGROUND & AIMS—The rs58542926 C>T variant of the transmembrane 6 superfamily 

member 2 gene (TM6SF2), encoding an E167K amino acid substitution, has been correlated with 

reduced total cholesterol (TC) and cardiovascular disease. However, little is known about the role 

of TM6SF2 in metabolism. We investigated the long-term effects of altered TM6SF2 levels in 

cholesterol metabolism.

METHODS—C57BL/6 mice (controls), mice that expressed TM6SF2 specifically in the liver, and 

mice with CRISPR/Cas9-mediated knockout of Tm6sf2 were fed chow or high-fat diets (HFD). 

Blood samples were collected from all mice and plasma levels of TC, low-density lipoprotein 

cholesterol (LDL-c), high-density lipoprotein cholesterol, and triglycerides were measured. Liver 

tissues were collected and analyzed by histology, real-time PCR, and immunoblot assays. 

Adenovirus vectors were used to express transgenes in cultured Hep3B hepatocytes.
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RESULTS—Liver-specific expression of TM6SF2 increased plasma levels of TC and LDL-c, 

compared with controls, and altered liver expression of genes that regulate cholesterol metabolism. 

Tm6sf2-knockout mice had decreased plasma levels of TC and LDL-c, compared with controls, 

and consistent changes expression of genes that regulate cholesterol metabolism. Expression of 

TM6SF2 promoted cholesterol biosynthesis in hepatocytes.

CONCLUSIONS—TM6SF2 regulates cholesterol metabolism in mice and might be a therapeutic 

target for cardiovascular disease.
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Although tremendous advance in the research and clinical practice has been made over the 

past decades, cardiovascular diseases (CVDs) remain the leading cause of morbidity and 

mortality in the world. Increased plasma total cholesterol (TC), low-density-lipoprotein 

cholesterol (LDL-c), triglycerides (TG) and HDL cholesterol efflux capacity are among the 

most important risk factors for CVD.1 Indeed, lipid abnormality is associated with 

atherosclerosis, which causes the majority of cardiovascular events such as heart attack, 

stroke, and carotid artery stenosis.2

Discovery of molecular genetics basis for lipid disorders and understanding of the biological 

function of potential targets and molecular mechanisms underlying the regulation of lipid 

and cholesterol metabolism have revealed promising targets for treating and preventing 

cardiovascular diseases associated with lipid disorders.3 Using exome-wide association 

studies, we and other laboratories independently identified a coding variant (E167K) in the 

human TM6SF2 gene exhibiting significant correlation with total cholesterol (TC), 

myocardial infarction (MI), and non-alcoholic fatty liver disease (NAFLD).4–6 In human 

populations, the carriers of E167K presented lower TC and LDL-c in blood.4, 7–11 TM6SF2 

is highly expressed in the liver, and localizes to the endoplasmic reticulum.12 Although the 

effect of transient modulation of TM6SF2 expression on cholesterol metabolism has been 

studied in mice,4, 5 little is known about the long-term role of TM6SF2 in these 

physiological and pathophysiological processes. In the current study, we aimed to 

understand the role of TM6SF2 in cholesterol metabolism utilizing novel genetically 

engineered transgenic mouse models.

Materials and Methods

Animal Procedures

Liver-specific transgenic mice on C57BL/6 background were generated expressing human 

TM6SF2 under the control of the mouse albumin enhancer/promoter as describe 

previously.13 The pBluescript II containing the albumin (Alb) promoter was kindly provided 

by Dr. Liangyou Rui (University of Michigan). We performed genotyping in the transgenic 

mice with primers: Forward, 5′-GAACCAATGAAATGCGAGGT-3; Reverse, 5′-

AGAAGCCAGCAAGGATGAGA-3′, which recognize the mouse Alb enhancer/promoter 

and human TM6SF2 inserted sequence, respectively, yielding an 832 base pairs product. We 

generated Tm6sf2 KO mice (C57BL/6 background) with CRISPR/Cas9 technology, a well-
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established approach in our lab.14 The guide RNA targeted the mouse Tm6sf2 coding region 

sequence 5′-GACATCCCGCCGC-3′. The genotyping of the KO mice was performed by 

PCR with primers: Forward, 5′-CTGAAAACTGGGAAAGGACGCT-3′; Reverse, 5′-

TGGAGAGGGATTTCTGCTTGCA-3′. The expression levels of the TM6SF2 transgene 

were determined by PCR with primers fully recognizing both human and mouse coding 

region of TM6SF2. Primer sequences were: Forward, 5′-

TTCTACACCAAGGAGGGTGAGC-3′; Reverse, 5′-

AACACCAGGATGCTCATGGCGA-3′. The PCR products were 182 base pairs in both 

human and mouse. The amplified DNA fragments containing the mutation (a C/G base pair 

inserted into the coding region right after start codon) were sequenced with primer: 5′-

GTTCCTGGCAACTCAGAGCTCTGAC-3′.

Liver-specific TM6SF2 transgene (Alb-TM6SF2) mice, Tm6sf2 KO mice and their control 

mice were fed a high fat diet (HFD, 17.3% protein, 21.2% fat, 48.5% carbohydrate, 0.2% 

cholesterol by mass, 42% calories from fat. Harlan, TD.88137) or normal chow diet (22.5% 

protein, 11.8% fat and 52% carbohydrate by mass) for 10 or 12 weeks, as indicated. All 

mice were maintained on a 12-h light/dark cycle and had access to water and food ad 
libitum. Mice were fasted for 4 h before euthanasia. All animal work was performed in 

accordance with the University of Michigan Animal Care and Use Committee.

Lipid Profile

Plasma TC, LDL-c, HDL-c and TGs were measured with a Cobas Mira Plus chemistry 

analyzer (Roche) at the Michigan Diabetes Research and Training Center Chemistry 

Laboratory, University of Michigan. Lipids were measured by technicians blinded to the 

mouse experimental or control status.

Statistical Analysis

Statistical analyses between two groups were performed by two-tailed unpaired Student’s t 

test, and among three groups or more they were performed by one-way analysis of variance 

followed by a Newman-Keuls test using GraphPad Prism version 6.0. A P value of < .05 was 

considered statistically significant. Unless indicated otherwise, values are presented as mean 

± S.D.

Results

Hepatic TM6SF2 Transgene Increased Plasma TC and LDL-c in Mice

HFD leads to dysregulation of hepatic lipid metabolism in mice.15 We determined the effects 

of HFD on TM6SF2 expression in liver. TM6SF2 was downregulated at the mRNA and 

protein levels (Supplementary Figure 1A–B) in livers of mice fed a high fat diet (HFD), 

indicating that TM6SF2 is involved in the complicated liver metabolism network. Our 

previous work demonstrated that transient overexpression or knockdown of TM6SF2 

modulates TC and LDL-c levels in C57BL/6 mice.4 To further gain insight into the long-

term effects of TM6SF2 on hepatic cholesterol metabolism, we generated liver-specific 

human TM6SF2 (Alb-TM6SF2) transgenic mice (C57BL/6 background) with expression 

driven by the albumin (Alb) promoter (Supplementary Figure 2A). The transgene in two 
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founder lines of transgenic mice (Alb-TM6SF2-#489 and #469) was genotyped by PCR 

(Supplementary Figure 2B). The effective expression of transgene was confirmed by both 

Real-time PCR (Supplementary Figures 2C) and Western blot (Supplementary Figure 2D). 

In agreement with our previous observation in mice transiently overexpressing human 

TM6SF2, the Alb-TM6SF2-#489 mice exhibited increased TC and LDL-c levels under chow 

diet conditions (Figure 1A). The body weights (BW) of mice showed no significant 

difference but the ratio of liver weight (LW) to BW was increased by 14.2% in the Alb-

TM6SF2-#489 mice when compared with that of control mice. The cholesterol content in 

the liver was higher in the transgenic mice (Figure 1B). There were no obvious changes in 

the liver histology in wild type and transgenic mice (Figure 1C). Yet, increased local 

triglyceride (TG) accumulation was observed in livers of transgenic mice compared with 

those of wild type mice (Figure 1D).

The increases in TC and LDL-c in TM6SF2 transgenic mice may be attributed, amongst 

other factors, to altered bile acid metabolism, lipoprotein and cholesterol biosynthesis.16 

Noteworthy, some bile acid and cholesterol related genes were dysregulated in livers of the 

Alb-TM6SF2 mice (Figure 1E). Cytochrome P450, family 2, subfamily c, polypeptide 54 

(Cyp2c54) was downregulated in liver of the transgenic mice. Moreover, the TM6SF2 

transgene decreased ATP-binding cassette, subfamily G, member 5 (ABCG5) and ABCG8 at 

both mRNA and protein levels (Figure 1E–F).

Hepatic TM6SF2 Increased Plasma TC and LDL-c under the Condition of HFD

Intriguingly, the Alb-TM6SF2-#489 mice fed a HFD for 10 weeks showed TC, LDL-c 

significantly increased by 27.6% and 70.9%, respectively, compared with the littermate 

controls (Figure 2A). The body weights (BW) of mice had no significant difference but the 

ratio of liver weight (LW) to BW was increased by 47.8% in the Alb-TM6SF2-#489 mice 

when compared with the control mice. Moreover, the cholesterol content in the liver was 

higher in the transgenic mice (Figure 2B). The hepatic triglyceride (TG) accumulation was 

assessed by H&E and ORO staining of liver sections (Figure 2C–D) and the liver TG content 

was measured by a colorimetric assay (Figure 2D). The Alb-TM6SF2 mice fed a HFD 

exhibited higher local TG accumulation when compared with the control mice. To exclude a 

potential effect of random integration of the TM6SF2 transgene, we determined the lipid 

parameters in another transgenic line (Alb-TM6SF2-#469). Comparable increases in the TC 

and LDL-c levels, LW/BW, liver TC content and local TG accumulation were observed in 

the Alb-TM6SF2-#469 mice fed a HFD (Supplementary Figure 3). However, it was 

unexpected to find that plasma TG levels were not increased in the transgenic mice (Figure 

2A and Supplementary Figure 3A), which will merit future investigation. Profiling of key 

genes indicated that the expression of Cyp2c54 was significantly decreased in livers of 

transgenic mice fed a HFD, while Cd36 was significantly upregulated (Figure 2E). Abcg5 

and Abcg8 were downregulated at both mRNA and protein levels in livers of Alb-TM6SF2 

mice (Figure 2E–F).

Tm6sf2 Knockout (KO) Mice Fed a Chow Diet Exhibited Decreased Plasma TC

In a complementary approach, we generated Tm6sf2 KO mice by CRISPR/Cas9 technology. 

A C/G base pair was inserted into the coding region to disrupt the open reading frame 
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(Supplementary Figure 4A). The knockout efficacy was confirmed by Western blot 

(Supplementary Figure 4B). TM6SF2 is abundantly expressed in liver and small intestine in 

both human and mouse.4, 5, 12 Here, we determined the relative expression level of Tm6sf2 

in different tissues by Real-time PCR. The mRNA level of Tm6sf2 is high in small intestine 

but moderate in colon (Supplementary Figure 4D). No obvious histological changes were 

observed in mouse brain, kidney, intestine and colon (Supplementary Figure 4E).

Both male and female KO mice fed a chow diet exhibited decreased plasma TC and HDL-c, 

but not LDL-c which was already at very low level in the C57BL/6 mice under basal 

conditions. Instead, the TG level was slightly increased in both genders of the transgenic 

mice (Figure 3A and Supplementary Figure 4C). The BW, ratio of LW/BW and liver 

cholesterol content between Tm6sf2 KO and control mice showed no significant difference 

(Figure 3B). We did not observe obvious histological changes in the liver sections from wild 

type and KO mice by H&E staining (Figure 3C). Unexpectedly, the KO mice had no 

significant changes in liver TG accumulation compared with control mice (Figure 3D). 

Additionally, we found that the expression pattern of Cyp2c54, Abcg5 and Abcg8 was 

opposite to that in the transgenic mice fed a chow diet (Figure 3E–F).

Loss of Tm6sf2 Decreased Plasma TC and LDL-c in the Mice Fed a HFD

After 12-week HFD feeding, the TC, LDL-c and HDL-c levels in Tm6sf2 KO mice were 

significantly decreased to 71.2%, 68.1% and 66.3%, respectively, when compared with 

control mice. However, the TG levels were significantly increased by 28.7% in the KO mice 

(Figure 4A). There was no significant difference in the BW, ratio of LW/BW and liver 

cholesterol content between Tm6sf2 KO and control mice (Figure 4B) and no significant 

histological changes were observed in the liver of KO mice compared with control mice 

(Figure 4C). The KO mice had no significant changes in liver TG accumulation (Figure 4D). 

However, we found that the expression pattern of Abcg5, Abcg8 and Cd36 was opposite to 

that in the transgenic mice fed a HFD (Figure 4E). ABCG5 and ABCG8 were upregulated in 

livers of KO mice compared with control mice (Figure 4F).

TM6SF2 Did Not Alter the Alanine Aminotransferase (ALT) Levels in the Transgenic and KO 
Mice Compared with Control Mice

Recent work reported that TM6SF2 E167K is positively correlated with steatosis, non-

alcolholic steatohepatitis (NASH) and liver fibrosis.9, 17, 18 We detected the serum ALT and 

aspartate aminotransferase (AST) in the TM6SF2 genetically engineered mice. Our data 

suggested that the serum levels of ALT and AST showed no significant difference in both 

Alb-TM6SF2 and Tm6sf2 KO mice fed a chow diet or HFD compared with their respective 

control mice (Supplementary Figure 5A–D). We further determined fibrosis in the mice fed 

a HFD. Feeding with HFD for 10–12 weeks did not induce development of significant liver 

fibrosis measured by picrosirius red staining in either Alb-TM6SF2 mice expressing the wild 

type human allele (Supplementary Figures 5E) or Tm6sf2 KO mice (Supplementary Figure 

and 5F) compared with their respective controls. NASH is characterized by steatosis, 

hepatocellular hypertrophy, and mild diffuse lobular mixed acute and chronic 

inflammation.19, 20 In our study, H&E and ORO staining of liver sections showed steatosis 

in the mice fed a 10–12-week HFD (Figures 2C–D and 4C–D). Nevertheless, no significant 
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inflammation was found in livers of Alb-TM6SF2, Tm6sf2 KO mice and their respective 

control mice by overall assessment of inflammatory foci in the H&E-stained sections 

(Supplementary Figure 6A and 6C). Tumor necrosis factors (TNF)-α and monocyte 

chemoattractant protein-1(MCP-1, CCL2) are critical factors in the development NASH in 

patients and murine models.21–23 In our study, the expression of Tnf-α and Mcp-1 in liver 

was not significantly increased after 10–12-week HFD feeding compared with chow diet and 

Tm6sf2 KO did not significantly altered the expression of Tnf-α and Mcp-1 in liver 

(Supplementary Figure 6D). However, TM6SF2 transgene significantly upregulated Mcp-1 

in the mice fed a HFD compared with control mice, implicating a progression toward 

inflammation in TM6SF2 transgenic mice (Supplementary Figure 6B).

TM6SF2 Promoted Cholesterol Biosynthesis

TM6SF2 was predicted to be an EBP-containing protein, which may enzymatically convert 

zymosterol to 5-α-cholesta-7,24-dien-3β-ol, a critical step in cholesterol biosynthesis.24 To 

determine the effects on cholesterol biosynthesis of TM6SF2 and the mutant allele identified 

in human genetic studies, we transfected Hep3B cells, a human hepatoma cell line, and 

confirmed expression of the wild type and mutant allele by Western blot (Figure 5A). 

TM6SF2 overexpression induced cholesterol accumulation under both normal and serum-

free conditions (Figure 5B–C and Supplementary Figure 7A). Either in normal culture 

medium or serum-free medium in the presence of lanosterol and mevalonate, TM6SF2 

overexpression increased cholesterol biosynthesis, while the E167K mutation attenuated the 

effect of TM6SF2 (Figure 5D and Supplementary Figure 7B). The effect of TM6SF2 could 

be abolished by AY-9944, an inhibitor of Δ7-dehydrocholesterol reductase (Figure 5E and 

Supplementary Figure 7C). Taken together, we documented for the first time that TM6SF2 is 

involved in the cholesterol biosynthesis.

To investigate whether TM6SF2 impacts other genes related to cholesterol biosynthesis, we 

determined the expression of key genes encoding enzymes involved in the cholesterol 

biosynthesis. Our data suggest that TM6SF2 has a minor effect on expression of those genes. 

Although 7-dehydrocholesterol reductase (Dhcr7), an enzyme converting 7-

dehydrocholesterol to cholesterol at the final step of cholesterol biosynthesis, was increased 

at the mRNA level in livers of Alb-TM6SF2 mice compared with control mice (Figure 6A), 

no significant changes were detected in the Tm6sf2 KO mice (Figure 6B). Collectively, our 

data suggest that TM6SF2 is critical to regulate intracellular cholesterol homeostasis but has 

limited effect on other genes directly involved in the cholesterol biosynthesis pathway.

TM6SF2 Did Not Alter Endoplasmic Reticulum (ER) Stress Response in the Liver of 
Genetically Engineered Mice

TM6SF2 mainly localizes to the ER membrane.12 ER is an active subcellular organelle for 

cholesterol metabolism and modulating physiological and pathological insults. Thus, we 

determined whether TM6SF2 has other effects beside cholesterol synthesis in the ER. The 

ER stress proteins IRE1α, PERK, BIP and CHOP were detected by Western blot. However, 

we did not find significant difference in expression of these proteins in either transgenic 

mice (Figure 6C and Supplementary Figure 8A) or KO mice (Figure 6E and Supplementary 

Figure 8C) when compared with their respective control mice under both chow diet and 
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HFD conditions. The spliced XBP1 (sXBP1) mRNA encodes an active and stable 

transcription factor (54 kDa, as a result of a frameshift), which regulates unfolded protein 

response.25 In our study, TM6SF2 did not significantly change the spliced form of XBP1 in 

the liver of transgenic mice (Figure 6D and Supplementary Figure 8B) and KO mice (Figure 

6F and Supplementary Figure 8D) when compared with their respective control mice under 

both chow diet and HFD conditions.

Discussion

TM6SF2 protein is predicted as an EBP containing enzyme homolog involved in cholesterol 

biosynthesis.24 The human and mouse TM6SF2 protein have high similarity with a 78% 

sequence identity. More significantly, there is a conserved E167 in TM6SF2 of both species 

and the TM6SF2 E167K mutation is negatively associated with total cholesterol, LDL-c7–11 

and myocardial infarction.4 In this study, we have revealed a critical role of TM6SF2 in 

cholesterol metabolism that is consistent with the genetic discovery that TM6SF2 E167K 

reduces total cholesterol and LDL-c. In this study, the liver-specific human TM6SF2 

transgene in mice elevated plasma TC and LDL-c and enhanced cholesterol biosynthesis in 

hepatocytes. Conversely, loss of TM6SF2 in the Tm6sf2 KO mice decreased plasma TC and 

LDL-c. Additionally, these data suggest that human and mouse TM6SF2 have a similar 

function, at least in cholesterol metabolism, in models of chronic alteration in expression 

levels of this gene, which likely constitute a more physiological approach to those involving 

transient expression as reported before.4

The role of TM6SF2 in liver cholesterol metabolism is also supported by the regulation of 

cholesterol metabolism related genes. Cyp2c54 was consistently regulated in livers from 

both TM6SF2 transgenic (downregulation) and KO mice (upregulation). Cyp2c54 is 

involved in liver detoxification functions and metabolizes linoleic acid to epoxyoctadecenoic 

acids.26, 27 Mutations in ABCG5 and ABCG8 cause sitosterolemia28 and sterol 

accumulation in the liver, 29 and are associated with TC and LDL-c in humans.30 CD36, a 

scavenger receptor that binds modified forms of LDL,31 was upregulated in TM6SF2 

transgenic mice and downregulated in Tm6sf2 KO mice fed a HFD. Hepatic CD36 is 

associated with increased steatosis in NASH and chronic hepatitis C.32 Loss of Cd36 in mice 

inhibits hepatic steatosis.33

TM6SF2 was predicted to be involved in cholesterol biosynthesis.24 Our data suggest that 

TM6SF2 increases cholesterol biosynthesis and indicates that the E167K mutation may 

result in partial loss-of-function. Understanding the functions of TM6SF2 and its variants 

will help in the development of new therapeutic approaches useful in lipid disorders. Future 

studies are warranted to explore whether TM6SF2 directly enzymatically converts the 

substrate zymosterol into the downstream product 5-α-cholesta-7, 24-dien-3β-ol. Although 

TM6SF2 has limited effect on the expression of genes encoding enzymes in cholesterol 

biosynthesis, the regulation of cholesterol metabolism related genes and promotion of 

cholesterol biosynthesis might contribute cooperatively to the TM6SF2 modulation of 

plasma TC and LDL-c in mice.
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Accumulated population genetic studies have suggested that the E167K mutation in 

TM6SF2 is positively correlated with different stages of NAFLD: steatosis, NASH and 

fibrosis.5, 9, 10, 17, 34–37 More recently, the same variant in the TM6SF2 gene has been 

identified as a novel risk locus for alcohol-related cirrhosis in the European descent and 

validated in two independent European cohorts.38 The global Tm6sf2 KO mice and liver-

specific transgenic mice allowed us to determine the long-term effect of TM6SF2 on lipid 

metabolism in the liver. In this study, we used HFD mouse model which exhibited elevated 

plasma TC and LDL-c levels after HFD feeding in mice and that recapitulated the 

discoveries from the human studies regarding circulating TC and LDL-c. However, TM6SF2 

gain-of-function unexpectedly induced steatosis in mouse liver, while the loss-of-function 

had a minor effect on TG accumulation. Although we did find that TG accumulated in livers 

of the mice fed a HFD for 10–12 weeks, we did not observed significant NASH-like 

pathological changes in livers. Indeed, the same HFD protocol we used in this study induced 

hepatic steatosis at 12 weeks in C57BL/6 mice but a longer feeding period of HFD was 

required to develop the conditions associated with NASH and fibrosis in mice.39 Thus, to 

determine the effect of TM6SF2 on the pathological process of NASH and liver fibrosis, 

long-term of HFD-feeding, which will be highly facilitated with these new TM6SF2 animal 

models, should be applied to these mice in follow up studies. Other mouse feeding models 

such as methionine and choline diet,40, 41 and cholesterol and cholate diet42 may be better 

choices to further investigate the direct role of TM6SF2 in liver steatosis, NASH and 

fibrosis.43

Additionally, we recognize that there are other limitations in interpreting the divergence in 

LW/BW and TG accumulation in liver-specific TM6SF2 transgenic mice and Tm6sf2 KO 

mice because loss of Tm6sf2 in extrahepatic tissues, such as small intestine, colon, skeletal 

muscle and adipose tissue, may also have contributed to the steatosis phenotype. Future 

studies are necessary to determine whether and how modulation of TM6SF2 in other organs 

or tissues regulates hepatic steatosis. The difference between the findings in the mouse 

studies and the discovery from the human genetic studies may be attributable to the 

difference between coding variants, alteration in gene expression and possible species 

difference. In addition, aging promotes NASH and leads to increased hepatocellular injury 

and inflammation.44 Therefore, the role of TM6SF2 in hepatic metabolism should be 

determined in aging mice in future studies. As a matter of fact, recent studies have linked the 

E167K mutation to increased steatosis in children, thus indicating a complex interaction of 

TM6SF2 with aging and obesity.8, 45 Indeed, liver-specific TM6SF2 KO mice would be a 

better tool to dissect the exact role of TM6SF2 in liver and TM6SF2 E167K mutation knock-

in mice are under development to dissect the exact role of this mutation in cholesterol and 

TG metabolism as well as to shed further insight on the biochemical function of TM6SF2.

This study adds to a rapidly accumulating body of work that defines TM6SF2 as both a 

resilience factor for CVD and a risk factor for other liver disorders. Thus, it is likely that the 

allelic status of TM6SF2 in combination with that of other synergistic factors contributing to 

liver metabolism will likely contribute to better patient care within the emerging paradigm of 

personalized medicine. Understanding the physiological and pathophysiological roles of 

genes like TM6SF2 is highly relevant to translational research towards individualized 

outcomes.

Fan et al. Page 8

Gastroenterology. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusions

The current study is the first reporting long-term biological effects of TM6SF2 in the liver 

cholesterol metabolism, which are consistent with prior human studies and further 

establishes TM6SF2 as a critical regulator of cholesterol homeostasis and a likely 

cardiovascular resilience factor. Consequently, these findings define TM6SF2 as a potential 

molecular target for treatment of lipid disorders associated with cardiovascular disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Increased TC and LDL-c in Alb-TM6SF2 mice fed a chow diet. (A), The plasma levels of 

cholesterol and TG in Alb-TM6SF2-#489 mice and littermate control mice (12-week-old 

male) were determined enzymatically (n =8 per group). (B), The BW, ratio of LW/BW and 

liver TC content were determined. (C), H&E staining of liver sections from Alb-TM6SF2 

and control mice. (D), Liver sections were stained with Oil Red O (ORO) and quantitatively 

analyzed. Liver TG content was determined by a colorimetric assay. (E), The expression of 

genes related to cholesterol metabolism was determined by Real-time PCR. (F), The 

expression of ABCG5 and ABCG8 was determined by Western blot. The band intensity was 

quantitatively analyzed and normalized to GAPDH. Scale bar=100 μm. Values are mean ± 

SD. *, P <.05;**, P < .01.
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Figure 2. 
Increased TC and LDL-c in Alb-TM6SF2 mice fed a HFD. Eight-week-old male Alb-

TM6SF2-#489 and control mice were fed a HFD for 10 weeks. (A), The plasma levels of 

cholesterol and TG in the mice were determined enzymatically (n = 7–8 per group). (B), The 

BW and ratio of LW/BW were determined and TC in the liver was detected by a 

colorimetric assay. (C), H&E staining of liver sections from Alb-TM6SF2 and control mice 

fed a HFD. (D), Liver sections were stained with ORO and quantitatively analyzed. Liver 

TG content was determined by a colorimetric assay. (E), The expression of genes related to 

cholesterol metabolism was determined by Real-time PCR. (F), The expression of ABCG5 

and ABCG8 was determined by Western blot. The band intensity was quantitatively 

analyzed and normalized to GAPDH. Scale bar=100 μm. Values are mean ± SD.*, P <.

05;**, P < .01.
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Figure 3. 
Decreased TC levels in Tm6sf2 KO mice fed a chow diet. (A), The plasma levels of 

cholesterol and TG in KO and control mice (8–10-week-old male) were determined 

enzymatically (n = 7–8 per group). (B), The BW, ratio of LW/BW and liver TC content was 

determined. (C), H&E staining of liver sections from Tm6sf2 KO and control mice. (D), 

Liver sections were stained with ORO and quantitatively analyzed. Liver TG content was 

determined by a colorimetric assay. (E), The expression of genes related to cholesterol 

metabolism was determined by Real-time PCR. (F), The expression of ABCG5 and ABCG8 

was determined by Western blot. The band intensity was quantitatively analyzed and 

normalized to GAPDH. Scale bar=100 μm. Values are mean ± SD.*, P <.05;**, P < .01.
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Figure 4. 
Decreased TC and LDL-c levels in Tm6sf2 KO mice fed a HFD. Eight-week-old male 

Tm6sf2 KO and control mice were fed a HFD for 12 weeks (n = 7–8 per group). (A), The 

plasma levels of cholesterol and TG in KO and control mice were determined enzymatically. 

(B), The BW and ratio of LW/BW were determined and TC in the liver was detected by a 

colorimetric assay. (C), H&E staining of liver sections from Tm6sf2 KO and control mice 

fed a HFD. (D), Liver sections were stained with ORO and quantitatively analyzed. Liver 

TG content was determined by a colorimetric assay. (E), The expression of genes related to 

cholesterol metabolism was determined by Real-time PCR. (F), The expression of ABCG5 

and ABCG8 was determined by Western blot. The band intensity was quantitatively 

analyzed and normalized to GAPDH. Scale bar=100 μm. Values are mean ± SD.*, P <.

05;**, P < .01.
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Figure 5. 
TM6SF2 promoted cholesterol biosynthesis. (A), Hep3B cells were infected with Ad-

TM6SF2, Ad-TM6SF2-E167K, or Ad-LacZ (20 MOI) and 48h later, the expression level of 

TM6SF2 was detected by Western blot. (B), Hep3B cells were incubated with 3-dodecanoyl-

NBD Cholesterol (15 μg/mL) for 30 min, or 3-dodecanoyl-NBD Cholesterol (1.5 μg/mL) for 

24 h in 10% FBS medium. The intracellular NBD-cholesterol was detected by 

immunofluorescence. Scale bar = 50 μm. (C), The fluorescence intensity was quantitatively 

analyzed by NIH ImageJ. (D), Hep3B cells were infected with Ad-TM6SF2, Ad-TM6SF2-

E167K, or Ad-LacZ (20 MOI), and 48 h later, the intracellular cholesterol was detected 

based on the intensity of Filipin III fluorescence. (E), Hep3B cells were infected with Ad-

TM6SF2 or Ad-LacZ (20 MOI), and 48 h later, cells were treated with AY-9944 (10 

μmol/L), an inhibitor of Δ7-dehydrocholesterol reductase for 24 h. The intracellular 

cholesterol was detected based on the intensity of Filipin III fluorescence. Values are mean ± 

SD.**, P < .01.
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Figure 6. 
The effect of TM6SF2 on ER stress pathway. (A–B), Eight-week-old Alb-TM6SF2-#489 

and control mice (A) and Tm6sf2 KO and control mice (B) were fed a chow diet (n = 5–6 

per group). The cholesterol biosynthesis genes were determined by Real-time PCR. (C-D), 

Eight-week-old Alb-TM6SF2-#489 and control mice were fed a chow diet. The expression 

of ER stress proteins (C) and spliced XBP1 (sXBP1) (D) was determined by Western blot 

and quantitatively analyzed. (E–F), Eight-week-old Tm6sf2 KO mice and control mice were 

fed a chow diet. The expression of ER stress genes (E) and sXBP1 (F) was determined by 

Western blot and quantitatively analyzed (n = 4–5 per group). Values are mean ± SD.*, P < .

05.
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