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            Abstract
Cellular mechanisms that mediate steatohepatitis, an increasingly prevalent condition in the Western world for which no therapies are available1, are poorly understood. Despite the fact that its synthetic agonists induce fatty liver, the liver X receptor (LXR) transcription factor remains a target of interest because of its anti-atherogenic, cholesterol removal, and anti-inflammatory activities. Here we show that tetratricopeptide repeat domain protein 39B (Ttc39b, C9orf52) (T39), a high-density lipoprotein gene discovered in human genome-wide association studies2, promotes the ubiquitination and degradation of LXR. Chow-fed mice lacking T39 (T39âˆ’/âˆ’) display increased high-density lipoprotein cholesterol levels associated with increased enterocyte ATP-binding cassette transporter A1 (Abca1) expression and increased LXR protein without change in LXR messenger RNA. When challenged with a high fat/high cholesterol/bile salt diet, T39âˆ’/âˆ’ mice or mice with hepatocyte-specific T39 deficiency show increased hepatic LXR protein and target gene expression, and unexpectedly protection from steatohepatitis and death. Mice fed a Western-type diet and lacking low-density lipoprotein receptor (Ldlrâˆ’/âˆ’T39âˆ’/âˆ’) show decreased fatty liver, increased high-density lipoprotein, decreased low-density lipoprotein, and reduced atherosclerosis. In addition to increasing hepatic Abcg5/8 expression and limiting dietary cholesterol absorption, T39 deficiency inhibits hepatic sterol regulatory element-binding protein 1 (SREBP-1, ADD1) processing. This is explained by an increase in microsomal phospholipids containing polyunsaturated fatty acids, linked to an LXRÎ±-dependent increase in expression of enzymes mediating phosphatidylcholine biosynthesis and incorporation of polyunsaturated fatty acids into phospholipids. The preservation of endogenous LXR protein activates a beneficial profile of gene expression that promotes cholesterol removal and inhibits lipogenesis. T39 inhibition could be an effective strategy for reducing both steatohepatitis and atherosclerosis.
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                    Figure 1: Increased HDL cholesterol and protection from steatohepatitis in T39-deficient mice.[image: ]


Figure 2: Post-transcriptional LXR activation and decreased dietary cholesterol absorption in T39-deficient mice.[image: ]


Figure 3: Changes in phosphatidylcholine metabolism decrease lipogenesis along with reduced atherosclerosis.[image: ]


Figure 4: T39 deficiency stabilizes LXRÎ± in hepatocytes.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Organ distribution of T39 mRNA expression.
T39 mRNA levels were assessed in chow-fed male WT and whole-body T39 knockout mice. SI, small intestine; nâ€‰=â€‰4 animals per genotype.


Extended Data Figure 2 Beneficial lipoprotein changes in T39-deficient mice fed HF/HC/BS diet.
a, HDL cholesterol of WT and whole-body T39 knockout mice fed chow or HF/HC/BS diet for 4 weeks, nâ€‰=â€‰4 per genotype for chow, 5 per genotype for HF/HC/BS diet. b, Serum ApoA-1 as determined by SDSâ€“PAGE and (c) serum VLDL/chylomicron cholesterol of WT and whole-body T39 knockout mice fed HF/HC/BS diet for 4 weeks, nâ€‰=â€‰5 per genotype. d, Enterocyte mRNA expression, nâ€‰=â€‰5 per genotype. e, Quantification of enterocyte protein expression normalized to Î²-actin, nâ€‰=â€‰4 per genotype. f, Cholesterol secretion profiles of enterocytes collected from WT and whole-body T39 knockout mice fed chow or (g) HF/HC/BS diet. Enterocytes were incubated with taurocholate micelles containing [3H]cholesterol for 2 h, and then secreted lipoproteins were separated by density ultracentrifugation. Lipoprotein fractions are shown with fraction 1 being the most buoyant and fraction 12 the most dense, nâ€‰=â€‰3 per genotype, and replicated in two different experiments. For all panels, data are represented as meanâ€‰Â±â€‰s.e.m., *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01 and ***Pâ€‰<â€‰0.001 by two-tailed Studentâ€™s t-test.


Extended Data Figure 3 Improved features of non-alcoholic steatohepatitis in T39âˆ’/âˆ’ mice fed HF/HC/BS diet.
WT and whole-body T39 knockout mice were fed the HF/HC/BS diet for 18 weeks. a, Serum ALT, (b) liver size, (c) hepatic triglyceride, and (d) hepatic cholesterol content, nâ€‰=â€‰15â€“19 per genotype. Grading of (e) inflammatory cell infiltration and (f) hepatocellular ballooning degeneration on the basis of haematoxylin and eosin-stained sections, nâ€‰=â€‰6 per genotype. g, Ki-67 was immunohistochemically detected with diaminobenzidine (brown) in frozen liver sections with nuclei counterstained with haematoxylin (blue). Quantification of Ki-67-positive nuclei is shown on the right, mean of five fields, nâ€‰=â€‰6 animals/genotype. Data are represented as meanâ€‰Â±â€‰s.e.m., **Pâ€‰<â€‰0.01 and ***Pâ€‰<â€‰0.001 by two-tailed t-test.


Extended Data Figure 4 Improvements in the histological features of non-alcoholic steatohepatitis in liver-specific T39 knockout.
Enterocyte- and hepatocyte-specific T39 knockout and T39fl/fl control mice were fed HF/HC/BS diet for 21 weeks. a, Representative Massonâ€™s trichrome stain of hepatic sections at 100Ã— magnification, showing cytoplasm as red, collagen as blue, and nuclei as dark brown. Green arrowheads point to ballooned hepatocytes. Grading of (b) fibrosis severity, (c) inflammatory foci number and (d) extent of hepatocellular ballooning on the basis of Massonâ€™s trichrome staining, nâ€‰=â€‰4 per genotype. Data are represented as meanâ€‰Â±â€‰s.e.m., **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001 by one-way ANOVA.


Extended Data Figure 5 Decreased dietary cholesterol absorption in T39-deficient mice fed HF/HC/BS diet.
a, Hepatic LxrÎ± mRNA expression in mice fed HF/HC/BS diet for 5 weeks, nâ€‰=â€‰4 per genotype. b, Hepatic oxysterol content of WT and whole-body T39 knockout mice fed HF/HC/BS diet for 18 weeks, nâ€‰=â€‰5 WT and 4 T39âˆ’/âˆ’. c, Hepatic content of endogenous LXR ligands in control and liver-specific T39 knockout mice fed HF/HC/BS diet, nâ€‰=â€‰7 per genotype. d, Absorption of [14C]cholesterol administered by gavage to WT and whole-body T39 knockout with/without LXRÎ± along with Poloxamer-407 injection to inhibit peripheral lipoprotein catabolism, nâ€‰=â€‰3 LxrÎ±+/+T39+/+, 4 LxrÎ±+/+T39âˆ’/âˆ’, 3 LxrÎ±âˆ’/âˆ’T39+/+, and 5 LxrÎ±âˆ’/âˆ’T39+/+. e, Enterocyte Npc1l1 mRNA expression in WT and whole-body T39 knockout mice, nâ€‰=â€‰5 per genotype. f, Hepatic plant sterol content of WT and whole-body T39 knockout mice with/without LXRÎ± fed HF/HC/BS diet for 6 weeks, nâ€‰=â€‰4 LxrÎ±+/+T39+/+, 4 LxrÎ±+/+T39âˆ’/âˆ’, 4 LxrÎ±âˆ’/âˆ’T39+/+, and 6 LxrÎ±âˆ’/âˆ’T39+/+. g, Reverse cholesterol transport of WT and whole-body T39 knockout mice fed HF/HC/BS diet. 3H faecal excretion was measured over 3 days after an intravenous injection of [3H]cholesteryl ester-labelled HDL, nâ€‰=â€‰7 WT and 5 T39âˆ’/âˆ’. h, Absorption of [14C]cholesterol administered by gavage to tissue-specific T39 knockout mice fed HF/HC/BS diet for 5 weeks and injected with Poloxamer-407, nâ€‰=â€‰8 T39fl/fl, 7 Villin-Cre+T39fl/fl, and 9 Albumin-Cre+T39fl/fl. Data are represented as meanâ€‰Â±â€‰s.e.m., *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001 by two-tailed t-test or two-way ANOVA for absorption studies.


Extended Data Figure 6 Decreased SREBP-1 processing without altered hepatic insulin sensitivity in T39-deficient mice.
a, Hepatic protein expression of precursor SREBP-2 (upper band) and processed SREBP-2 (lower band) of WT and whole-body T39 knockout mice fed HF/HC/BS diet for 5 weeks. b, SREBP-1 processing ratio in WT and whole-body T39 knockout mice with/without LXRÎ± fed HF/HC/BS diet for 6 weeks as based on quantification of an anti-SREBP-1 immunoblot, nâ€‰=â€‰4 per genotype. c, Hepatic triglyceride and (d) cholesterol content of WT and whole-body T39 knockout mice lacking LDLR fed WTD for 20 weeks, nâ€‰=â€‰5 per genotype. e, Protein expression of the nuclear form of SREBP-1 (top) and Î²-actin loading control (bottom) of WTD-fed WT and whole-body T39 knockout mice lacking LDLR fed WTD for 20 weeks. f, Hepatic gene expression in liver-specific T39 knockout and control animals fed HF/HC/BS diet for 18 weeks, following a fasting/refeeding protocol, nâ€‰=â€‰13 T39fl/fl and 7 Albumin-Cre+T39fl/fl. g, Intraperitoneal glucose tolerance of WT and whole-body T39 knockout mice fed HF/HC/BS diet after a 6 h fast, nâ€‰=â€‰8 WT and 12 T39âˆ’/âˆ’. h, Pyruvate tolerance of WT and whole-body T39 knockout mice fed HF/HC/BS diet after an overnight fast, nâ€‰=â€‰5 WT and 7 T39âˆ’/âˆ’. i, Hepatic Akt phosphorylation 5 min after portal vein delivery of insulin in WT or whole-body T39 knockout mice fed HF/HC/BS diet. Data are represented as meanâ€‰Â±â€‰s.e.m., *Pâ€‰<â€‰0.05, ** Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001 by two-tailed Studentâ€™s t-test. See Supplementary Fig. 1 for gel source data.


Extended Data Figure 7 Improved lipoprotein profile and less advanced atherosclerotic lesions in Ldlrâˆ’/âˆ’T39âˆ’/âˆ’ mice.
Mice on the Ldlrâˆ’/âˆ’ background were fed WTD for 20 weeks. Serum lipoprotein cholesterol levels in (a) male and (b) female mice after 2 weeks on WTD, nâ€‰=â€‰5 per genotype per gender. c, Proximal aorta atherosclerotic lesion area after 20 weeks on WTD, nâ€‰=â€‰5 animals per genotype per gender. Data are represented as meanâ€‰Â±â€‰s.e.m., *Pâ€‰<â€‰0.05, ***Pâ€‰<â€‰0.001 by two-tailed Studentâ€™s t-test. d, Lesion severity as graded by a blinded observer on six sections per animal, nâ€‰=â€‰5 per genotype per gender. Lesion severity is expressed as number of observations of each complexity category and the difference in the categorical distribution of lesions between the two groups is indicated, *Pâ€‰<â€‰0.05 based on a Ï‡2-test.


Extended Data Figure 8 Increased LXRÎ± protein in T39-deficient hepatocytes has implications for LXR target gene expression.
a, Immunoblots of endogenous LXRÎ± in the nuclear (Nuc) and cytoplasmic (Cyto) fractions with an anti-LXRÎ± antibody (top) 2 and 18â€‰h after hepatocyte isolation and treatment with 2â€‰Î¼M GW3965. Histone H3 (bottom) and Hsp90 (middle) are shown as loading controls for nuclei and cytoplasm, respectively. Normalization of LXRÎ± signal to the appropriate loading control is shown below the LXRÎ± blot. The immunoblot is representative of three different sets. b, RXR occupancy over LXREs of WT and T39 knockout primary hepatocytes treated with GW3965, nâ€‰=â€‰4 WT and 5 T39âˆ’/âˆ’. c, Immunoblot showing validation of immobilized GW3965-mediated pulldown of endogenous LXRÎ± from liver lysates. d, Relationship between magnitude of LXR target gene induction in T39 knockout mice and LXR affinity to active regulatory elements in the liver. See Supplementary Fig. 1 for gel source data.


Extended Data Figure 9 LXR protein preservation in T39-deficient gastrointestinal tissues raises HDL and protects from steatohepatitis.
In the absence of T39, LXR assembly into a multiprotein complex that conjugates it to ubiquitin moieties does not occur, and LXR is spared from proteasomal degradation. In enterocytes, the increase in LXRÎ±/Î² protein upregulates Abca1 mRNA expression and promotes HDL production. In the liver, LXRÎ± protein increase leads to the induction of Abcg5/8, which decreases dietary cholesterol uptake and increases cholesterol excretion, leading to cholesterol lowering. LXRÎ±-mediated Insig2a prevents SREBP-1 processing in the fasted state, while Pcyt1a, and Cept1 induction increases microsomal membrane phosphatidylcholine content that continues to inhibit SREBP-1 processing in postprandial state. LPCAT3 upregulation results in increased incorporation of PUFA into phospholipid species which also contribute to the decrease in SREBP-1 processing. The decrease in nuclear SREBP-1 prevents the induction of lipogenic genes such as Fasn and Pnpla3. Therefore, unlike the gene expression profile that arises from potent synthetic ligands, increasing endogenous LXR protein levels preferentially upregulates cholesterol removal pathways while inhibiting lipogenesis.
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