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            Abstract
Lysosomal degradation of cytoplasmic components by autophagy is essential for cellular survival and homeostasis under nutrient-deprived conditions1,2,3,4. Acute regulation of autophagy by nutrient-sensing kinases is well defined3,5,6,7, but longer-term transcriptional regulation is relatively unknown. Here we show that the fed-state sensing nuclear receptor farnesoid X receptor (FXR)8,9 and the fasting transcriptional activator cAMP response element-binding protein (CREB)10,11 coordinately regulate the hepatic autophagy gene network. Pharmacological activation of FXR repressed many autophagy genes and inhibited autophagy even in fasted mice, and feeding-mediated inhibition of macroautophagy was attenuated in FXR-knockout mice. From mouse liver chromatin immunoprecipitation and high-throughput sequencing data12,13,14,15, FXR and CREB binding peaks were detected at 178 and 112 genes, respectively, out of 230 autophagy-related genes, and 78 genes showed shared binding, mostly in their promoter regions. CREB promoted autophagic degradation of lipids, or lipophagy16, under nutrient-deprived conditions, and FXR inhibited this response. Mechanistically, CREB upregulated autophagy genes, including Atg7, Ulk1 and Tfeb, by recruiting the coactivator CRTC2. After feeding or pharmacological activation, FXR trans-repressed these genes by disrupting the functional CREB–CRTC2 complex. This study identifies the new FXR–CREB axis as a key physiological switch regulating autophagy, resulting in sustained nutrient regulation of autophagy during feeding/fasting cycles.
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                    Figure 1: Pharmacological activation of FXR transcriptionally inhibits hepatic autophagy.[image: ]


Figure 2: FXR is a physiological repressor of hepatic autophagy in the fed state.[image: ]


Figure 3: CREB is a new transcriptional activator of autophagy, and CREB and FXR oppositely regulate lipophagy.[image: ]


Figure 4: FXR trans-represses autophagy genes by disrupting the CREB–CRTC2 complex.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Pharmacological activation of FXR increases its binding to hepatic autophagy genes and decreases their mRNA and pre-mRNA levels.
a, FXR binding peaks at selected autophagy-related genes. Figures were generated from mouse liver ChIP-seq data using the University of California, Santa Cruz (UCSC) genome browser. Mice were fed a normal chow diet (ND), and treated with vehicle (GW−) or GW4064 (GW+) for 1 h. The direction of gene transcription is indicated by the arrow, and the beginning of the arrow indicates the TSS. b, Wild-type or Fxr−/− mice were fasted for 10 h and treated with GW4064 (30 mg kg−1, intraperitoneally) or vehicle for 6 h, and liver tissues were then collected. Liver ChIP assays were performed to confirm occupancy of FXR at the indicated genes. KO, knockout. c, Wild-type or Fxr−/− mice were fasted for 10 h and treated with GW4064 (30 mg kg−1, intraperitoneally) or vehicle for 6 h. Livers were collected and mRNA levels of the indicated genes were determined by quantitative reverse transcription PCR (qRT–PCR). d, Wild-type mice were fasted for 10 h and treated with vehicle or GW4064 (30 mg kg−1, intraperitoneally) for 6 h. Livers were collected and pre-mRNA levels of the indicated genes were determined by qRT–PCR. Data are mean ± s.e.m., n = 3. *P < 0.05, **P < 0.01 (Student’s t-test).


Extended Data Figure 2 Physiological and pharmacological activation of FXR signalling inhibits hepatic autophagy.
a, Primary hepatocytes were isolated from wild-type or Fxr−/− mice and treated with choloroquine (50 μM) for 30 min, and then further treated with vehicle or GW4064 (100 nM) for 6 h, and immunblotting was performed. LC3 and p62 levels in chloroquine-treated hepatocytes and quantification. Representative images of GFP–LC3 puncta in livers of fasted or refed mice and quantification are shown (n = 3). b, Mice were tail-vein-injected with Ad-GFP-LC3, and 1 week later, the mice were fasted overnight and livers were collected. The frozen or paraffin-embedded liver sections were prepared for staining. Quantification of GFP–LC3 in each experimental group is shown (n = 15 hepatocytes). Data are mean ± s.e.m. *P < 0.05, **P < 0.01 (Student’s t-test).


Extended Data Figure 3 Co-occupancy of FXR with CREB at selected autophagy-related genes in mouse liver.
a, Figures were generated from liver FXR ChIP-seq data for mice treated with GW4064 (FXR + GW) that are pooled from our group (ref. 12) and from the G. Guo group (ref. 13), and for untreated mice (FXR) from our group. Binding peaks were displayed using the UCSC genome browser. CREB fasted or refed represents CREB1 ChIP-seq data from ref. 14 for wild-type mice fasted for 24 h or fasted for 24 h and then refed for 2 h, respectively. The direction of gene transcription is indicated by the arrow, and the beginning of the arrow indicates the TSS. b, Mouse livers were collected and pooled from two wild-type-fed mice, and sequential re-ChIPs were performed first with CREB antibody and then with FXR antibody or IgG. FXR occupancy at selected autophagy genes was checked by qPCR.


Extended Data Figure 4 Effects of downregulation of ATG7, CREB1 or TFEB on lipophagy and expression of autophagic and metabolic genes in Hepa1c1c7 cells.
a, Cells were incubated in HBSS for 3 h to mimic fasting, and ATG7 protein levels were determined by immunoblot. Cells were transfected with the GFP–LC3 plasmid to monitor autophagic puncta in control and autophagy-deficient cells. Images were counterstained with DAPI. b, Effects of downregulation of ATG7 and overexpression of CREB on lipophagy. c, Effects of treatment with GW4064 on lipophagy in HBSS-incubated starved Hepa1c1c7 cells. d, e, Hepa1c1c7 cells were transfected with siRNA or with an expression plasmid as indicated. d, TFEB and CREB protein levels were measured by immunoblot. GFP–LC3 fluorescence was used to monitor autophagy in fasted cells. mRNA levels of autophagy genes were measured by qRT–PCR. e, TFEB and CREB protein levels were measured by immunoblot. GFP–LC3 fluorescence was used to monitor autophagy in fasted cells. The mRNA levels of autophagy genes were measured by qRT–PCR. Data are mean ± s.e.m., n = 3.


Extended Data Figure 5 FXR directly interacts with CREB and antagonizes transcriptional activity of CREB.
a, Atg7 or Tfeb DNA fragments that contained both FXR and CREB peaks sites were cloned and inserted into a luciferase vector. Neither expression of CREB and its coactivator CRTC2 nor expression of FXR increased luciferase activity after mutation of the CREB-binding sites (indicated by X). b, Effects of downregulation of CREB in Hepa1c1c7 cells by siRNA on Atg7 or Tfeb luciferase reporter activity. The values for firefly luciferase activities were normalized by β-galactosidase activities. Data are mean ± s.e.m., n = 3. c, Hepa1c1c7 cells were transfected with the Tfeb-luc reporter, with CREB and CRTC2 expression plasmids, and with increasing amounts of expression plasmids for FXR, CAR, HNF4 and LRH1. Cells were treated with GW4064 and TCPOBOP for 3 h to activate FXR and CAR, respectively. The values for firefly luciferase activities were normalized to β-galactosidase activity. d, Co-immunoprecipitation assays: mice were fasted for 10 h, and then treated with GW4064 or vehicle for 6 h. Livers were pooled (n = 3), CREB was immunoprecipitated from whole-cell extracts, and the levels of CRTC2, FXR and CREB in the immunoprecipitates were determined by immunoblot. e, GST pull-down assays: at the top, different fragments of GST–FXR were purified as GST fusion proteins as indicated, and analysed by colloidal staining after SDS–PAGE at the bottom. Binding of CREB to the GST proteins was detected by immunoblot (middle). f, g, Effects of DBD mutation on repression of autophagy genes. f, In vitro gel-shift assays were performed using partially purified RXR and FXR proteins (wild-type or DBD mutant by mutation at the first zinc finger) synthesized by in vitro transcription and translation. g, Luciferase reporter assays: effects of an FXR DBD mutant (MT) on Tfeb-luc activity.


Extended Data Figure 6 Effects of GW4064 treatment on occupancy of FXR, CRTC2 and RXR at CREB-bound autophagy genes in mouse liver.
a, b, Liver ChIP: mice (n = 3) were fasted for 10 h, and then treated with GW4064 or vehicle for 6 h. Livers were collected and ChIP assays were performed. Occupancy of FXR, CREB, CRTC2 and RXR at the Atg2b, Atg3 and Atg7 genes was detected by semiquantitative analysis (a) or by qPCR analysis (b). c, d, Liver re-ChIP: wild-type or Fxr−/− mice were fasted for 10 h and were treated with GW4064 or vehicle for 6 h, livers were pooled from three mice, and re-ChIP assays were performed to detect FXR, CREB and CRTC2 occupancy using semiquantitative PCR analysis (c) or qPCR (d) at the indicated positions of the genes. e, Hepa1c1c7 cells were transfected with Creb or control siRNA (siCREB or siCrtl) for 36 h, and then treated with GW4064 or vehicle for 6 h. Cells were collected, and ChIP assays were performed. Occupancy of FXR, CREB and CRTC2 at the Atg7, Tfeb and Ulk1 genes was detected by qPCR. f–h, Gel-shift assays: FXR, RXR and CREB were partially purified (f, right three panels) and FXR/RXR was incubated with a radiolabelled Atg7 or SHP fragment (f), and FXR, CREB and in vitro transcription and translation (TNT)-synthesized CRTC2 was incubated with radiolabelled Ulk1 or Tfeb fragments containing a CREB motif (g). h, Competition gel-shift assay: increasing amounts (1, 3 and 15 ng) of oligonucleotide competitors (31–32 mer) containing CREB sites from the indicated genes were incubated with CREB for 5 min before adding the probe. The CREB sequence from the Pepck gene serves as a positive control. Similar results were observed from two independent experiments. Data are mean ± s.e.m., n = 3. **P < 0.01 (Student’s t-test).


Extended Data Figure 7 Effect of cholic acid chow on occupancy of FXR, CREB and CRTC2 at selected autophagy genes.
Mice fasted for 10 h were refed with cholic acid (CA) chow or normal chow for 6 h, and then livers were collected. a, FXR, CREB and CRTC2 occupancies at Ulk1, Atg7 and Tfeb genes at the indicated gene positions were determined by qPCR of ChIP assays. b, mRNA levels of Ulk1, Atg7 and Tfeb genes were measured by qRT–PCR. c, d, Effects of GW4064 treatment on occupancy of transcriptional coregulators and histone H3 methylation at Atg7, Tfeb and Ulk1 genes in mouse liver. ChIP: mice fasted for 10 h were treated with GW4064 or vehicle for 6 h, livers were collected (pooled from n = 2 mice), and ChIP assays were performed. Occupancy of p300, SMRT and NCoR, and levels of histone H3 Lys 4 trimethylation (H3K4me3; gene-activation histone mark) and histone H3 Lys 27 trimethylation (H3K27me3; gene-repression histone mark) at the Atg7, Ulk1 and Tfeb promoter regions were detected by qPCR analysis.


Extended Data Figure 8 Effects of GW4064 treatment or feeding/fasting on nuclear localization of FXR, CREB and CRTC2, and phosphorylated PKA, PKB and AMPK levels.
a, Effects of fasting and feeding on localization of CRTC2 in wild-type and Fxr−/− mice. CRTC2 staining (red), DAPI (blue), and merged images are shown. b, Effects of GW4064 on nuclear localization of FXR in the wild-type mouse liver. c, Effects of fasting or feeding on localization of FXR in wild-type and Fxr−/− mice. FXR staining (red), DAPI (blue) and merged images are shown. d, Nuclear and cytoplasmic extracts were isolated from fasting or fed wild-mice. Lamin and tubulin were measured by immunoblot to monitor the quality of nuclear and cytosol isolation, respectively. Levels of total and phosphorylated PKA, AKT and AMPK were measured by immunoblot. e, Hepa1c1c7 cells were treated with Torin1 (1 mM) for 1 h and the levels of endogenous CRTC2 in the nucleus and cytosol were determined by immunoblot. f, Effects of phosphorylation at Ser 171 of CRTC2 on inhibition of Atg7 and Tfeb genes by GW4064 treatment for 6 h, and then HBSS starvation media to mimic fasting for 1 h in Hepa1c1c7 cells. g, h, Hepa1c1c7 cells were cultured in completed media and infected with Ad-CRTC2 (WT), Ad-CRTC2(S171A) or Ad-FXR as indicated. Expression of indicated proteins was determined by immunoblot (left) and the occupancy of FXR, CREB and CRTC2 was determined by ChIP-qPCR. Consistent results were observed from two independent experiments. Expression of Atg7 and Tfeb genes was detected by qRT–PCR (mean ± s.e.m., n = 6).


Extended Data Figure 9 Effects of fasting/feeding on occupancy of FXR, CRTC2 and RNA polymerase II at the autophagy-related genes and mRNA and pre-mRNA levels of autophagy genes.
a, Re-ChIP in wild-type and Fxr−/− mice (pooled from three mice). Occupancy of FXR, CREB and CRTC2 at the Tfeb gene intron 1 region containing a consensus CREB. b, Re-ChIP: effects of GW4064 treatment or feeding on occupancy of FXR, CREB and CRTC2 at the Ulk1 gene in wild-type and Fxr−/− mice. c, d, Wild-type or Fxr−/− mice were fasted for 10 h and then fed or fasted for 6 h. mRNA (c) and pre-mRNA (d) levels of autophagy genes were measured by qRT–PCR. e, Primary hepatocytes were treated with GW4064, FGF19 or insulin, and autophagy gene expression was measured by qRT–PCR. Data are mean ± s.e.m., n = 3. *P < 0.05, **P < 0.01 (Student’s t-test).


Extended Data Figure 10 Fasting time-dependent occupancy of CREB–CRTC2 and PPARα–PGC-1α at different regions of Atg7 and LC3a genes.
a, Mice were fasted for 6 h, 16 h or 24 h and ChIP assays were performed. Occupancy of CREB–CRTC2 at the LC3a and Atg7 genes. b, c, Mice were fasted for 16 h or 24 h and ChIP assays were performed. Occupancy of CREB–CRTC2 and PPARα–PGC1-α at different FXR binding peak regions of the LC3a and Atg7 genes was detected. A relatively short fasting, 6 or 16 h, seems to be important for CREB–CRTC2 occupancy in the promoter regions of these genes, whereas a longer term 24 h fasting is important for PPARα–PGC1-α occupancy at distal regions of these genes.
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        Editorial Summary
Control of autophagy by nuclear receptors
Autophagy — the process in which a cell digests its own components in organelles known as lysosomes — comes in various forms. A basic form involves recycling nutrients upon starvation to maintain cellular homeostasis, so it is not surprising, that the signalling mediators of nutrient sensing can modulate autophagy in the short-term. Two studies now show that starvation-induced autophagy can also be regulated through long-term transcriptional control. Jongsook Kemper and colleagues find that, in the fed state, the nuclear receptor FXR suppresses autophagy in the liver. For this, FXR seems to inhibit autophagy-associated lipid breakdown triggered under fasting conditions by the transcriptional activator CREB. David Moore and colleagues also observe FXR-mediated suppression of autophagy. In addition, they find that another nuclear receptor, PPARα, which is activated in the fasted state, triggers autophagy such that PPARα and FXR compete for binding to shared sites in the promoters of autophagic genes, with opposite transcriptional outputs.
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