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            Abstract
The Hedgehog (Hh) signalling pathway plays a critical role in regulating liver lipid metabolism and related diseases. However, the underlying mechanisms are poorly understood. Here, we show that the Hh signalling pathway induces a previously undefined long non-coding RNA (Hilnc, Hedgehog signalling-induced long non-coding RNA), which controls hepatic lipid metabolism. Mutation of the Gli-binding sites in the Hilnc promoter region (HilncBM/BM) decreases the expression of Hilnc in vitro and in vivo. HilncBM/BM and Hilnc-knockout mice are resistant to diet-induced obesity and hepatic steatosis through attenuation of the peroxisome proliferator-activated receptor signalling pathway, as Hilnc directly interacts with IGF2BP2 to enhance PparÎ³ mRNA stability. Furthermore, we identify a potential functional human homologue of Hilnc, h-Hilnc, which has a similar function in regulating cellular lipid metabolism. These findings uncover a critical role of the Hh-Hilncâ€“IGF2BP2 signalling axis in lipid metabolism and suggest a potential therapeutic target for the treatment of diet-induced hepatic steatosis.
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                    Fig. 1: Identification of GM16364 as a lncRNA (Hilnc) that is directly induced by Hedgehog signalling.[image: ]


Fig. 2: Gli1 directly regulates the expression of Hilnc in vivo, and HilncBM/BM mice are resistant to diet-induced obesity.[image: ]


Fig. 3: HilncBM/BM mice are resistant to diet-induced obesity and fatty liver.[image: ]


Fig. 4: Lack of Hilnc decreases lipid accumulation in primary hepatocytes and prevents diet-induced hepatic steatosis.[image: ]


Fig. 5: Overexpression of Hilnc in the liver of Hilncâˆ’/âˆ’ mice results in increased lipid accumulation.[image: ]


Fig. 6: Hilnc modulates the PPAR signalling pathway in the liver.[image: ]


Fig. 7: Hilnc directly binds to IGF2BP2 and functions through IGF2BP2.[image: ]


Fig. 8: Identification of the potential functional human homologue of Hilnc.[image: ]
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Extended data

Extended Data Fig. 1 Characterization of Hilnc.
a, One TSS was identified with 5â€™ cap adapter using 5â€™ RACE primer, and two transcriptional ending sites were identified with 3â€™ poly (A) adapter using 3â€™ RACE primer in RACE assay. The upper part showed the two isoforms of Hilnc. b, Relative expression of two isoforms of Hilnc in NIH-3T3 cells was measured by qPCR (nâ€‰=â€‰3 biologically independent samples). c, A description of Hilncâ€™s locus. d, The full sequence of two isoforms of Hilnc. e, Hilnc accumulated in the cytoplasm. Total NIH-3T3 cell lysate was separated into cytoplasmic and nuclear fractions, and analyzed by western blot and qPCR (nâ€‰=â€‰3 biologically independent samples). For western blot, Î²-Tubulin was employed as a control for cytoplasm and Histone H3 for nucleolus. For qPCR, Gapdh was employed as a control for cytoplasm and U6 for nucleolus. f, A luciferase reporter driven by the WT Hilnc promoter was transfected with different concentrations of GLI1 (nâ€‰=â€‰3 biologically independent samples). The P value was calculated by two-tailed unpaired t-test. Data are meansâ€‰Â±â€‰SEM.
Source data


Extended Data Fig. 2 The expression of Hilnc, Gli1, Ptch1 in the different organs of mice fed a NCD or HFD.
a,b,c, Total RNA was extracted from the muscle (a), WAT (b) or BAT (c) of 22-week-old male mice fed a NCD or HFD for 16 weeks (nâ€‰=â€‰3 biologically independent samples). Relative expression levels were normalized to the 18â€‰s RNA level. The P value was calculated by two-tailed unpaired t-test. Data are meansâ€‰Â±â€‰SEM.


Extended Data Fig. 3 Generation and phenotype of Hilnc-/- and HilncBM/BM mice.
a, PCR analysis of 4-week-old mice revealed the presence of Hilnc-/- and HilncBM/BM mice as expected. b,c,d,e, Relative expression of Hilnc in the MEF (b), muscle (c), WAT (d) or BAT (e) of Hilnc-/- and HilncBM/BM mice (nâ€‰=â€‰3 biologically independent samples). f,g, Representative images (f) and body weights (g, nâ€‰=â€‰4 biologically independent samples) were monitored in 8-week-old WT, Hilnc-/- or HilncBM/BM male mice. h, Glucose tolerance tests of 10-week-old WT and HilncBM/BM male mice fed a NCD (nâ€‰=â€‰4 biologically independent animals). i, Insulin tolerance tests of 10-week-old WT and HilncBM/BM male mice fed a NCD (nâ€‰=â€‰4 biologically independent animals). j, Growth curves of WT and Hilnc-/- mice on a NCD and HFD, respectively (nâ€‰=â€‰5 biologically independent animals). The P values were 0.0044, 0.0001, 0.0050, 0.0052, 0.0082, 0.4215, 0.0067, 0.0042, 0.0051 and 0.0050 (left to right). k, Representative images of 22-week-old WT and Hilnc-/- male mice fed a HFD for 16 weeks. l, Representative images of abdominal WAT (upper) and liver (lower) from 22-week-old WT or Hilnc-/- male mice fed a HFD for 16 weeks. m, H&E and oil Red O staining of liver sections from WT and Hilnc-/- mice fed a HFD; scale bar, 50 Î¼m. The P value was calculated by two-tailed unpaired t-test. Data are meansâ€‰Â±â€‰SEM. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001.


Extended Data Fig. 4 Food intake, fecal fat, physical activity counts, respiratory quotient and energy expenditure in WT and HilncBM/BM mice.
a,b,c, Food intake (a), physical activity per 24â€‰hours in X-Y direction (b), respiratory quotient (RER) (c) of male WT and HilncBM/BM mice at 14 weeks of age on a NCD (left, nâ€‰=â€‰4 biologically independent animals) and HFD (right, nâ€‰=â€‰6 biologically independent animals). d,e, Fecal weight (d), and percent fecal weight as TG (e) on a HFD (nâ€‰=â€‰6 biologically independent animals). f, Energy expenditure (EE) of WT and HilncBM/BM mice at 14 weeks of age on a NCD (left, nâ€‰=â€‰4 biologically independent animals) and HFD (right, nâ€‰=â€‰6 biologically independent animals). The P value was calculated by two-tailed unpaired t-test. Data are meansâ€‰Â±â€‰SEM.


Extended Data Fig. 5 The overall metabolic characteristics of mice with liver-specific Hilnc manipulation.
a,b,c, Body weight (a), energy expenditure (b), and glucose tolerance test (c) of Hilnc knockdown mice and WT maintained on HFD for 10 weeks (nâ€‰=â€‰5 biologically independent animals). d,e,f, Body weight (d), energy expenditure (e), and glucose tolerance test (f) of Hilnc-/- (O/E-Hilnc) mice and Hilnc-/- (AAV8-Control) mice maintained on HFD for 10 weeks (nâ€‰=â€‰5 biologically independent animals). The data represent the meanâ€‰Â±â€‰SEM. Two-tailed unpaired t test was used to compare the difference between groups.


Extended Data Fig. 6 The gene expression level in the livers of WT and HilncBM/BM mice fed a NCD or HFD.
a, Volcano plot showing the changed genes in the livers of 22-week-old HilncBM/BM mice fed a NCD for 16 weeks compared with WT livers. b, KEGG pathway enrichment analysis of transcripts differentially expressed between livers isolated from WT and HilncBM/BM mice fed a NCD. c, Upregulated KEGG pathway enrichment analysis of transcripts differentially expressed between livers isolated from WT and HilncBM/BM mice fed a HFD. d, Heat map showing the changed genes that were enriched in different upregulated KEGG pathways. The heatmap is draw based on normalized expression levels. e, Western bolt showed the protein level of PPARÎ³ in the livers of WT and HilncBM/BM mice fed a NCD.
Source data


Extended Data Fig. 7 Hilnc has no cis activity.
a, Locus of Hilnc (red) and its nearby coding genes (blue), Traf3ip2 and Fyn, on chromosome 10. b, The mRNA (left, nâ€‰=â€‰3 biologically independent samples) and protein level (right, nâ€‰=â€‰2 biologically independent samples) of Traf3ip2 and Fyn in the livers of WT and Hilnc-/- mice. c, The mRNA (left, nâ€‰=â€‰3 biologically independent samples) and protein levels (right, nâ€‰=â€‰2 biologically independent samples) of Traf3ip2 and Fyn in the livers of WT and HilncBM/BM mice. The P value was calculated by two-tailed unpaired t-test. Data are meansâ€‰Â±â€‰SEM.
Source data


Extended Data Fig. 8 Identification of potential human homolog of Hilnc.
a, The locus of Hilnc on chromosome 10 in mouse genome. b, The relative locus of Hilnc in human genome. c, One TSS was identified using 5â€™ RACE primer, and one transcriptional ending sites was identified using 3â€™ RACE primer in RACE assay. d,e, The locus of ENST00000417084.1 (h-Hilnc) in human genome and the relative locus of h-Hilnc in mouse genome. f, The whole sequence of h-Hilnc. g, The conservation information of h-Hilnc in NONCODE.
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