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            Abstract
Dysregulation of lipid homeostasis is a precipitating event in the pathogenesis and progression of hepatosteatosis and metabolic syndrome. These conditions are highly prevalent in developed societies and currently have limited options for diagnostic and therapeutic intervention. Here, using a proteomic and lipidomic-wide systems genetic approach, we interrogated lipid regulatory networks in 107 genetically distinct mouse strains to reveal key insights into the control and network structure of mammalian lipid metabolism. These include the identification of plasma lipid signatures that predict pathological lipid abundance in the liver of mice and humans, defining subcellular localization and functionality of lipid-related proteins, and revealing functional protein and genetic variants that are predicted to modulate lipid abundance. Trans-omic analyses using these datasets facilitated the identification and validation of PSMD9Â as a previously unknown lipid regulatory protein. Collectively, our study serves as a rich resource for probing mammalian lipid metabolism and provides opportunities for the discovery of therapeutic agents and biomarkers in the setting of hepatic lipotoxicity.
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                    Fig. 1: Lipidomic analysis of HMDP provides unique insights into lipid regulation and prediction.[image: ]


Fig. 2: Subcellular co-regulated networks associated with lipid metabolism.[image: ]


Fig. 3: Systems genetic analysis of proteomic and lipidomic diversity in HMDP mice.[image: ]


Fig. 4: Proteasomal proteins including PSMD9 are correlated with lipid abundance.[image: ]


Fig. 5: Modulating PSMD9 regulates hepatic and plasma lipid abundance in mice.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Assessment of proteomic and lipidomic data reproducibility.
a, b, Coefficient of variation (CV) analysis of the proteomics (a) and lipidomics (b) data. Box-and-whisker plots (described as in Fig.Â 3e). câ€“e, Unsupervised hierarchical clustering of the liver proteomics (c), liver lipidomics (d) and plasma lipidomics (e) data.


Extended Data Fig. 2 Total liver triacylglycerol levels in C57BL/6J mice.
Mice were fed either a normal chow diet (NCD) or a high-fat diet (HFD) for 12Â weeks. P value determined by Studentâ€™s t-test. Data are meanÂ Â±Â s.e.m., nÂ =Â 11 chow group; nÂ =Â 10 HFD group.


Extended Data Fig. 3 Average strain abundance of designated lipid classes in liver and plasma.
aâ€“e, Abundance is expressed as area under the curve per mg liver protein or per ml of plasma. Liver scale on left, plasma scale on right a, Triacylglycerol. b, Diacylglycerol. c, Ceramide. d, Cholesterol esters. e, PE(P).


Extended Data Fig. 4 Correlation network analysis of the HMDP liver proteome.
a, Protein:protein (P:P) correlations in the HMDP liver proteome, integrated with CORUM-annotated proteins and protein interactions previously identified by APâ€“MS. Numbers indicate CORUM accessions, orange lines are HMDP P:P correlations; purple lines are correlations observed in both HMDP and CORUM. bâ€“e, P:P correlations of selected CORUM complexes including associations not previously identified by APâ€“MS (green lines). Biweight midcorrelation analyses performed using ranked Benjaminâ€“Hochberg multiple comparison test. Purple lines are known CORUM interactions, orange lines are HMDP P:P and CORUM interactions, green lines are previously unidentified interactions from HMDP P:P data. A thicker line represents a higher bicor value (qÂ <Â 0.05, nÂ >Â 50 strains).


Extended Data Fig. 5 Biweight midcorrelation of 108 liver lipid species against 378 liver proteins mapped onto annotated KEGG pathways.
Highlighted are various correlations (orange is positive, aqua is negative) between individual lipid species and proteins in pathways associated with unsaturated fatty acid metabolism, fatty acid degradation and metabolism, lysosomal degradation, and proteolysis. Only proteins containing more than one significant correlation to a lipid and annotated to the KEGG database are shown (biweight midcorrelation using ranked Benjaminâ€“Hochberg multiple comparison test, qÂ <Â 0.05, nÂ >Â 50).


Extended Data Fig. 6 Overexpression of PSMD9 in C57BL/6J and DBA/2J mice.
Adenoviral overexpression of PSMD9 in C57BL/6J and DBA/2J mice (nÂ =Â 9, 7Â days after tail-vein injection of 109 plaque-forming units). a, b, Western blot (a) and densitometry (b) of PSMD9 and PDI (loading control) in the livers of mice treated with either control adenovirus (pAdV) or PSMD9 adenovirus. Data are meanÂ Â±Â s.e.m. c, Liver and plasma lipidomics of adenovirus-treated mice. Top panel (above first dotted line) shows relative fold change of total lipid classes. Middle and bottom panels show relative fold changes of individual diacylglycerol and triacylglycerol lipid species, respectively. P values determined by t-test with permutation-based FDR correction. Filled bubbles are significant (qÂ <Â 0.05) changes, larger bubbles indicate greater significance.


Extended Data Fig. 7 ASO knockdown of PSMD9 in C57BL/6J and DBA/2J mice.
aâ€“c, Assessment of hepatotoxicity as measured by plasma levels (U/L) of aspartate transaminase (AST) and alanine transaminase (ALT) (a), percentage of liver weight to body weight (b) and total body weight (c) of mice on a normal chow diet and treated with PBS, control ASO or PSMD9 ASO for 7Â days (nÂ =Â 4 per group, twice-weekly injection at 25 mgÂ kgâˆ’1). d, Lipidomic analysis of total diacylglycerols and triacylglycerols in the plasma of mice on a chow diet (nÂ =Â 4 C57BL/6J, nÂ =Â 3 DBA/2J mice per group) or a Western diet (nÂ =Â 6 mice per group, except nÂ =Â 5 DBA/2J control ASO mice per group) and treated with either control or PSMD9 ASOs (twice-weekly ASO injection at 25Â mgÂ kgâˆ’1). eâ€“g, Assessment of hepatotoxicity as measured by plasma AST and ALT levels (e), percentage change in body weight from baseline (f), and food consumption normalized to body weight (g) from in vivo de novo lipogenesis experimental animals (nÂ =Â 6 control ASO, nÂ =Â 8 PSMD9 ASO, 28Â days on diet and weekly injection of ASO injection at 25Â mgÂ kgâˆ’1). *PÂ <Â 0.05, **PÂ <Â 0.01 control ASO versus PSMD9 ASO, t-test. Data are meanÂ Â±Â s.e.m.


Extended Data Table 1 Correlations between PSMD9 gene expression and indices of adiposityFull size table
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