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            Abstract
Nutrients are emerging regulators of adaptive immunity1. Selective nutrients interplay with immunological signals to activate mechanistic target of rapamycin complexâ€‰1 (mTORC1), a key driver of cell metabolism2,3,4, but how these environmental signals are integrated for immune regulation remains unclear. Here we use genome-wide CRISPR screening combined with proteinâ€“protein interaction networks to identify regulatory modules that mediate immune receptor- and nutrient-dependent signalling to mTORC1 in mouseÂ regulatory T (Treg) cells. SEC31A is identified to promote mTORC1 activation by interacting with the GATOR2 component SEC13 to protect it from SKP1-dependent proteasomal degradation. Accordingly, loss of SEC31A impairs T cell priming and Treg suppressive functionÂ in mice. In addition, the SWI/SNF complex restricts expression of the amino acid sensor CASTOR1, thereby enhancing mTORC1 activation. Moreover, we reveal that the CCDC101-associated SAGA complex is a potent inhibitor of mTORC1, which limits the expression of glucose and amino acid transporters and maintains T cell quiescence in vivo. Specific deletion of Ccdc101 in mouseÂ Treg cells results in uncontrolled inflammation but improved antitumour immunity. Collectively, our results establish epigenetic and post-translational mechanisms that underpin how nutrient transporters, sensors and transducers interplay with immune signals for three-tiered regulation of mTORC1 activity and identifyÂ their pivotal roles in licensing T cell immunity and immune tolerance.
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                    Fig. 1: Genome-wide CRISPR screening uncovers mTORC1 regulatory networks in Treg cells.[image: ]


Fig. 2: SEC31A is crucial for nutrient and GATOR2-dependent mTORC1 activation and the abundance of SEC13.[image: ]


Fig. 3: SEC31A protects SEC13 from SKP1-mediated proteasomal degradation.[image: ]


Fig. 4: The SAGA complex suppresses nutrient transporter expression and mTORC1 activation.[image: ]


Fig. 5: Steady state and tumour challenge phenotypes of Foxp3CreCcdc101fl/fl mice.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Quantitative analysis of T cell proteomes and environmental sensors during T cell differentiation
                                        
                                    

                                    
                                        Article
                                        
                                         07 October 2019
                                    

                                

                                Andrew J. M. Howden, Jens L. Hukelmann, â€¦ Doreen A. Cantrell

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Irgm1 regulates metabolism and function in T cell subsets
                                        
                                    

                                    
                                        Article
                                         Open access
                                         17 January 2022
                                    

                                

                                Yazan Alwarawrah, Keiko Danzaki, â€¦ Nancie J. MacIver

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Signaling networks in immunometabolism
                                        
                                    

                                    
                                        Article
                                         Open access
                                         20 March 2020
                                    

                                

                                Jordy Saravia, Jana L. Raynor, â€¦ Hongbo Chi

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              The authors declare that the data supporting the findings of this study are available within the paper and itsÂ Supplementary Information. All microarray, ATAC-seq and scRNA-seq data described in the manuscript have been deposited in the NCBI Gene Expression Omnibus (GEO) database and are accessible through the GEO SuperSeries accession number 160598. Other resources: CRAPome database (https://reprint-apms.org/); Uniprot mouse database (https://www.uniprot.org/); STRING (v10) (https://string-db.org/); BioPlex (https://bioplex.hms.harvard.edu/).Â Source data are provided with this paper.

            

References
	Chapman, N. M., Boothby, M. R. & Chi, H. Metabolic coordination of T cell quiescence and activation. Nat. Rev. Immunol. 20, 55â€“70 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Kim, J. & Guan, K. L. mTOR as a central hub of nutrient signalling and cell growth. Nat. Cell Biol. 21, 63â€“71 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Liu, G. Y. & Sabatini, D. M. mTOR at the nexus of nutrition, growth, ageing and disease. Nat. Rev. Mol. Cell Biol. 21, 183â€“203 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Huang, H., Long, L., Zhou, P., Chapman, N. M. & Chi, H. mTOR signaling at the crossroads of environmental signals and T-cell fate decisions. Immunol. Rev. 295, 15â€“38 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Shi, H. et al. Amino acids license kinase mTORC1 activity and Treg cell function via small G proteins Rag and Rheb. Immunity 51, 1012â€“1027 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Doench, J. G. et al. Optimized sgRNA design to maximize activity and minimize off-target effects of CRISPRâ€“Cas9. Nat. Biotechnol. 34, 184â€“191 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Yang, K. et al. T cell exit from quiescence and differentiation into Th2 cells depend on Raptorâ€“mTORC1-mediated metabolic reprogramming. Immunity 39, 1043â€“1056 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Tan, H. et al. Integrative proteomics and phosphoproteomics profiling reveals dynamic signaling networks and bioenergetics pathways underlying T cell activation. Immunity 46, 488â€“503 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Bai, B. et al. Deep multilayer brain proteomics identifies molecular networks in Alzheimerâ€™s disease progression. Neuron 105, 975â€“991 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Loo, C. S. et al. A genome-wide CRISPR screen reveals a role for the non-canonical nucleosome-remodeling BAF complex in FOXP3 expression and regulatory T cell function. Immunity 53, 143â€“157 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Tang, B. L. et al. Mammalian homologues of yeast sec31p. An ubiquitously expressed form is localized to endoplasmic reticulum (ER) exit sites and is essential for ERâ€“Golgi transport. J. Biol. Chem. 275, 13597â€“13604 (2000).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zeng, H. et al. mTORC1 couples immune signals and metabolic programming to establish T(reg)-cell function. Nature 499, 485â€“490 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Zhou, P. Determining protein half-lives. Methods Mol. Biol. 284, 67â€“77 (2004).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Shi, H. et al. Hippo kinases Mst1 and Mst2 sense and amplify IL-2Râ€“STAT5 signaling in regulatory T cells to establish stable regulatory activity. Immunity 49, 899â€“914 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Skaar, J. R., Pagan, J. K. & Pagano, M. SCF ubiquitin ligase-targeted therapies. Nat. Rev. Drug Discov. 13, 889â€“903 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Cortez, J. T. et al. CRISPR screen in regulatory T cells reveals modulators of Foxp3. Nature 582, 416â€“420 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Yang, K., Neale, G., Green, D. R., He, W. & Chi, H. The tumor suppressor Tsc1 enforces quiescence of naive T cells to promote immune homeostasis and function. Nat. Immunol. 12, 888â€“897 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Wei, J. et al. Autophagy enforces functional integrity of regulatory T cells by coupling environmental cues and metabolic homeostasis. Nat. Immunol. 17, 277â€“285 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Sakaguchi, S. et al. Regulatory T cells and human disease. Annu. Rev. Immunol. 38, 541â€“566 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Overacre-Delgoffe, A. E. et al. Interferon-Î³ drives Treg fragility to promote anti-tumor immunity. Cell 169, 1130â€“1141 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Su, W. et al. Protein prenylation drives discrete signaling programs for the differentiation and maintenance of effector Treg cells. Cell Metab. 32, 996â€“1011 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Mombaerts, P. et al. RAG-1-deficient mice have no mature B and T lymphocytes. Cell 68, 869â€“877 (1992).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Lee, P. P. et al. A critical role for Dnmt1 and DNA methylation in T cell development, function, and survival. Immunity 15, 763â€“774 (2001).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Rubtsov, Y. P. et al. Regulatory T cell-derived interleukin-10 limits inflammation at environmental interfaces. Immunity 28, 546â€“558 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Oxenius, A., Bachmann, M. F., Zinkernagel, R. M. & Hengartner, H. Virus-specific MHC-class II-restricted TCR-transgenic mice: effects on humoral and cellular immune responses after viral infection. Eur. J. Immunol. 28, 390â€“400 (1998).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Platt, R. J. et al. CRISPRâ€“Cas9 knockin mice for genome editing and cancer modeling. Cell 159, 440â€“455 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Wei, J. et al. Targeting REGNASE-1 programs long-lived effector T cells for cancer therapy. Nature 576, 471â€“476 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Huang, H. et al. In vivo CRISPR screening reveals nutrient signaling processes underpinning CD8+ T cell fate decisions. Cell 184, 1245â€“1261 (2021).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Fu, G. et al. Metabolic control of TFH cells and humoral immunity by phosphatidylethanolamine. Nature 595, 724â€“729 (2021).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    ADSÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Zeng, H. et al. mTORC1 and mTORC2 kinase signaling and glucose metabolism drive follicular helper T cell differentiation. Immunity 45, 540â€“554 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Chen, R. et al. In vivo RNA interference screens identify regulators of antiviral CD4+ and CD8+ T cell differentiation. Immunity 41, 325â€“338 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Parnas, O. et al. A genome-wide CRISPR screen in primary immune cells to dissect regulatory networks. Cell 162, 675â€“686 (2015).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yu, J., Silva, J. & Califano, A. ScreenBEAM: a novel meta-analysis algorithm for functional genomics screens via Bayesian hierarchical modeling. Bioinformatics 32, 260â€“267 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Sanjana, N. E., Shalem, O. & Zhang, F. Improved vectors and genome-wide libraries for CRISPR screening. Nat. Methods 11, 783â€“784 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Joung, J. et al. Genome-scale CRISPRâ€“Cas9 knockout and transcriptional activation screening. Nat. Protoc. 12, 828â€“863 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Karmaus, P. W. F. et al. Metabolic heterogeneity underlies reciprocal fates of TH17 cell stemness and plasticity. Nature 565, 101â€“105 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Buenrostro, J. D., Giresi, P. G., Zaba, L. C., Chang, H. Y. & Greenleaf, W. J. Transposition of native chromatin for fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome position. Nat. Methods 10, 1213â€“1218 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Bailey, T. L. et al. MEME SUITE: tools for motif discovery and searching. Nucleic Acids Res. 37, W202â€“W208 (2009).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Li, Z. et al. Identification of transcription factor binding sites using ATAC-seq. Genome Biol. 20, 45 (2019).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Lim, S. A. et al. Lipid signalling enforces functional specialization of Treg cells in tumours. Nature 591, 306â€“311 (2021).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Zheng, G. X. Y. et al. Massively parallel digital transcriptional profiling of single cells. Nat. Commun.Â 8, 14049 (2017).

	Butler, A., Hoffman, P., Smibert, P., Papalexi, E., Satija, R. Integrating single-cell transcriptomic data across different conditions, technologies, and species. Nat. Biotechnol. 36, 411â€“420 (2018).

	Collison, L. W. et al. The inhibitory cytokine IL-35 contributes to regulatory T-cell function. Nature 450, 566â€“569 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Stewart, E. et al. Identification of therapeutic targets in rhabdomyosarcoma through integrated genomic, epigenomic, and proteomic analyses. Cancer Cell 34, 411â€“426 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Lim, K. L. et al. Parkin mediates nonclassical, proteasomal-independent ubiquitination of synphilin-1: implications for Lewy body formation. J. Neurosci. 25, 2002â€“2009 (2005).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Wertz, I. E. et al. De-ubiquitination and ubiquitin ligase domains of A20 downregulate NF-ÎºB signalling. Nature 430, 694â€“699 (2004).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Wang, H. et al. Deep multiomics profiling of brain tumors identifies signaling networks downstream of cancer driver genes. Nat. Commun. 10, 3718 (2019).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wang, H. et al. Integrated analysis of ultra-deep proteomes in cortex, cerebrospinal fluid and serum reveals a mitochondrial signature in Alzheimerâ€™s disease. Mol. Neurodegener\tion 15, 43 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wang, X. et al. JUMP: a tag-based database search tool for peptide identification with high sensitivity and accuracy. Mol. Cell. Proteomics 13, 3663â€“3673 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Li, Y. et al. JUMPg: an integrative proteogenomics pipeline identifying unannotated proteins in human brain and cancer cells. J. Proteome Res. 15, 2309â€“2320 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Mellacheruvu, D. et al. The CRAPome: a contaminant repository for affinity purification-mass spectrometry data. Nat. Methods 10, 730â€“736 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Szklarczyk, D. et al. STRING v10: proteinâ€“protein interaction networks, integrated over the tree of life. Nucleic Acids Res. 43, D447â€“D452 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Huttlin, E. L. et al. The BioPlex Network: a systematic exploration of the human interactome. Cell 162, 425â€“440 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Li, T. et al. A scored human proteinâ€“protein interaction network to catalyze genomic interpretation. Nat. Methods 14, 61â€“64 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Barabasi, A. L. & Oltvai, Z. N. Network biology: understanding the cellâ€™s functional organization. Nat. Rev. Genet. 5, 101â€“113 (2004).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Shannon, P. et al. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13, 2498â€“2504 (2003).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Bader, G. D. & Hogue, C. W. An automated method for finding molecular complexes in large protein interaction networks. BMC Bioinformatics 4, 2 (2003).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Morris, J. H. et al. clusterMaker: a multi-algorithm clustering plugin for Cytoscape. BMC Bioinformatics 12, 436 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We acknowledge M. Hendren and S. Rankin for animal colony management; J. Wen for help with phenotypic studies; C. Li and S. Zhou for technical and scientific insights; G. Neale and S. Olsen for assistance with sequencing; the St. Jude Immunology FACS core facility for cell sorting; and the St. Jude Communications and Science/Medical Content Outreach for artwork. This work was supported by ALSAC and by US National Institutes of Health grants R01AG053987 (to J.P.) and AI105887, AI131703, AI140761, AI150241, AI150514, CA250533 and CA253188 (to H.C.). The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.


Author information
Author notes	These authors contributed equally: Lingyun Long, Jun Wei


Authors and Affiliations
	Department of Immunology, St. Jude Childrenâ€™s Research Hospital, Memphis, TN, USA
Lingyun Long,Â Jun Wei,Â Seon Ah Lim,Â Jana L. Raynor,Â Hao Shi,Â Cliff Guy,Â Nicole M. Chapman,Â Guotong Fu,Â Yanyan Wang,Â Hongling Huang,Â Wei Su,Â Jordy Saravia,Â Isabel Risch,Â Yogesh Dhungana,Â Anil KC,Â Peipei ZhouÂ &Â Hongbo Chi

	Center for Advanced Genome Engineering, St. Jude Childrenâ€™s Research Hospital, Memphis, TN, USA
Jon P. ConnellyÂ &Â Shondra M. Pruett-Miller

	Center for Proteomics and Metabolomics, St. Jude Childrenâ€™s Research Hospital, Memphis, TN, USA
Hong Wang,Â Boer Xie,Â Yuxin Li,Â Mingming NiuÂ &Â Junmin Peng

	Department of Cell and Molecular Biology, St. Jude Childrenâ€™s Research Hospital, Memphis, TN, USA
Yong-Dong Wang

	Department of Pathology, St. Jude Childrenâ€™s Research Hospital, Memphis, TN, USA
Peter Vogel

	Department of Computational Biology, St. Jude Childrenâ€™s Research Hospital, Memphis, TN, USA
Jiyang Yu

	Department of Structural Biology, St. Jude Childrenâ€™s Research Hospital, Memphis, TN, USA
Junmin Peng

	Department of Developmental Neurobiology, St. Jude Childrenâ€™s Research Hospital, Memphis, TN, USA
Junmin Peng


Authors	Lingyun LongView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jun WeiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Seon Ah LimView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jana L. RaynorView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hao ShiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jon P. ConnellyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hong WangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Cliff GuyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Boer XieView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Nicole M. ChapmanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Guotong FuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yanyan WangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hongling HuangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Wei SuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jordy SaraviaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Isabel RischView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yong-Dong WangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yuxin LiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Mingming NiuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yogesh DhunganaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Anil KCView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Peipei ZhouView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Peter VogelView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jiyang YuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Shondra M. Pruett-MillerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Junmin PengView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hongbo ChiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
L.L. and J.W. conceived the project, designed and performed in vitro and in vivo experiments, analysed data and wrote the manuscript. S.A.L. performed tumour and scRNA-seq experiments. J.L.R. performed Seahorse experiments. H.S., I.R., Y.L. and Y.D. performed bioinformatic analyses. J.P.C. and S.M.P.-M. designed and generated the focused sgRNA library. H.W., B.X., M.N. and J.P. performed proteomics. C.G. performed imaging experiments. N.M.C., Y.W., H.H., W.S., A.K. and P.Z. helped with immunological experiments. G.F. performed LCMV infection experiments. J.S. helped with ATAC-seq sample preparation. Y.-D.W. and J.Y. analysed CRISPRâ€“Cas9 screening data. P.V. provided histological analysis. H.C. helped to design experiments, co-wrote the manuscript, and provided overall direction.
Corresponding author
Correspondence to
                Hongbo Chi.


Ethics declarations

              
                Competing interests

                H.C. is a consultant for Kumquat Biosciences.

              
            

Additional information
Peer review information Nature thanks Jeffrey Rathmell and the other, anonymous, reviewers for their contribution to the peer review of this work.
Publisherâ€™s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 Two rounds of pooled CRISPR screening to identify novel regulators of nutrient and mTORC1 signalling.
Related to Fig. 1. (a) Flow cytometry analysis of IFNÎ³, IL-4, IL-17A or FOXP3 expression in cells cultured in TH0-, TH1-, TH2-, TH17- or induced Treg-polarizing condition (nâ€‰=â€‰3 samples each group). (b) Flow cytometry analysis of pS6 in TH1 and Treg cells with TCR stimulation for 0 or 1 h (nâ€‰=â€‰3 samples each group). (c) Induced Treg cells were stimulated with anti-CD3Â andÂ anti-CD28 in the presence or absence of amino acids (AA) or glucose for 3 h followed by flow cytometry analysis and quantification of pS6 level [based on mean fluorescence intensity (MFI)] (nâ€‰=â€‰3 samples each group). (d) Induced Treg cells were labelled with CellTrace Violet (CTV) and stimulated with anti-CD3Â andÂ anti-CD28 in the presence or absence of AA or glucose for 3 d, followed by flow cytometry analysis of CTV dilution (nâ€‰=â€‰3 samples each group). (e) Gating strategy used for sorting cells with the â‰¥ 10% highest (pS6hi) and â‰¤ 10% lowest (pS6lo) levels after stimulation with 0.25 or 4 Î¼gâ€“1 of anti-CD3 for 3 h (nâ€‰=â€‰2 samples each group). Meanâ€‰Â±â€‰s.e.m. (c). ***Pâ€‰<â€‰0.001; one-way ANOVA (c). Data are representative of two (bâ€“d) or three (a) experiments.
Source data


Extended Data Fig. 2 Validation of individual candidate mTORC1 regulators.
Related to Fig. 1. (a) Flow cytometry analysis and quantification of pS6 level [based on mean fluorescence intensity (MFI)] in naÃ¯ve or activated WT and Depdc5-deficient CD4+Foxp3â€“ T cells (nâ€‰=â€‰4 samples each group). NaÃ¯ve CD4+ T cells among freshly isolated splenocytes from WT and Cd4CreDepdc5fl/fl mice were gated (indicated as TCR 0 h), or naÃ¯ve CD4+ T cells were sorted and stimulated with anti-CD3Â andÂ anti-CD28 overnight for flow cytometry analysis of pS6 level. (b) Quantification of relative pS6 level in induced Treg cells transduced with sgNTC, sgSec13, sgMios, sgSeh1l, or sgWdr24 (all Ametrine+) were stimulated with TCR for 3 h (nâ€‰=â€‰3 samples each group). (c) Diagram of dual-colour co-culture system to examine cell-intrinsic effects of deletion of a candidate gene on TCR-induced pS6, cell size and CD71 expression. Specifically, Cas9+ cells transduced with sgNTC (mCherry+ or GFP+; â€˜spikeâ€™) were mixed with those transduced with those targeting a specific gene (Ametrine+), and stimulated with anti-CD3 for 3 h (for pS6) or with anti-CD3Â andÂ anti-CD28 for 20 h (for cell size and CD71). (d) Validation of dual-colour co-culture system by using two sgNTC-expressing vectors with different fluorophores. Cells transduced with sgNTC (GFP+; â€˜spikeâ€™) were mixed with those transduced with sgNTC (Ametrine+), and stimulated with anti-CD3 for 3 h to examine pS6 (see phos-flow staining), or stimulated with anti-CD3Â and anti-CD28 for 20 h (nâ€‰=â€‰3 samples each group) to measure cell size and CD71 expression (see surface staining). (e) Heat map summary of log2 (pS6hi/pS6lo) for individually validated candidate genes (63 positive and 21 negative regulators) including positive (Rheb, Rptor, Lamtor3, Rraga and Mtor) and negative (Cd5, Nprl3, Nprl2 and Tsc1) control genes (2 sgRNAs for each candidate). Specifically, Cas9-expressing CD4+ T cells transduced with sgRNA for target genes (Ametrine+) or non-targeting control sgRNA (sgNTC) (mCherry+; â€˜spikeâ€™) were mixed and differentiated into induced Treg cells. These cells were then stimulated with anti-CD3 for 3 h (nâ€‰=â€‰3 samples each group). Relative pS6 level (normalized to â€˜spikeâ€™) was analysed by flow cytometry. (f) Analysis of proteinâ€“protein interaction (PPI) networks of high-confidence regulators. Specifically, 286 positive and 60 negative high-confidence hits were integrated with the composite PPI databases that encompass STRING, BioPlex and InWeb_IM databases for the inference of functional modules. Red and blue circles represent genes the deletion of which represses and promotes mTORC1 activity, respectively. Meanâ€‰Â±â€‰s.e.m. (a, b). *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; one-way ANOVA (a, b). Data are representative of one (f) or three (d, e), or pooled from two (a) or three (b) experiments.
Source data


Extended Data Fig. 3 SWI/SNF complex represses expression of nutrient sensor CASTOR1 to support mTORC1 activation.
Related to Fig. 1. (a) Quantification (normalized to â€˜spikeâ€™) of relative pS6 level, cell size (FSC-A) and CD71 expression in induced Treg cells transduced with theÂ indicated sgRNAs followed by stimulation with anti-CD3 for 3 h to measure pS6 level, or with anti-CD3Â andÂ anti-CD28 for 20 h to measure cell size (FSC-A) and CD71 expression by flow cytometry (nâ€‰=â€‰3 samples each group). (b) Imaging analysis and quantification of lysosome-associated mTOR [based on mean fluorescence intensity (MFI)] in sgNTC- or sgSmarcb1-transduced cells that were stimulated with anti-CD3 for 3 h, starved of amino acids (AA), and refed AA for 20â€‰min (n > 230 cells per condition). Scale bars, 5Â Î¼m.Â Â (c) Volcano plots of expression levels of transcripts, including Castor1, in sgNTC- or sgSmarcb1 (both Ametrine+)-transduced cells that were stimulated with TCR for 3 h (nâ€‰=â€‰4 samples each group). (d) Castor1 mRNA expression in sgNTC- or sgSmarcb1 (both Ametrine+)-transduced cells were stimulated with anti-CD3 for 3 h or with anti-CD3Â andÂ anti-CD28 for 20 h (nâ€‰=â€‰3 samples per group). (e) sgNTC- or sgSmarcb1 (both Ametrine+)-transduced cells were left unstimulated (indicated by 0 h) or stimulated with anti-CD3 for 3 h or anti-CD3Â andÂ anti-CD28 for 20 h. Immunoblot analysis and quantification of relative CASTOR1 expression (nâ€‰=â€‰3 samples each group). (f) Immunoblot analysis and quantification of relative pS6K1 and pS6 levels in cells transduced with empty vector or vector expressing Castor1, followed by stimulation with anti-CD3Â andÂ anti-CD28 for 2 d (nâ€‰=â€‰3 samples each group). Meanâ€‰Â±â€‰s.e.m. (a, b, dâ€“f). **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; two-tailed unpaired Studentâ€™s t-test (f); one-way ANOVA (a, b, d, e). Data are representative of one (c) or two (b), or pooled from two (d, e) or three (a, f) experiments
Source data.


Extended Data Fig. 4 SEC31A is required for mTORC1 activation.
Related to Fig. 2. (a) Interaction of endogenous SEC13 with SEC31A in induced Treg cells as assessed by immunoprecipitation (IP)â€“immunoblot analysis. (b, c) sgNTC- or sgSec31a-transduced cells were starved of and refed amino acids (AA, b) or glucose (c) for 20â€‰min, followed by immunoblot analysis of SEC31A, pS6K1, pS6 and Î²-actin. Bottom, quantification of relative pS6K1 and pS6 levels (nâ€‰=â€‰3 samples each group). (d) Cells transduced with the indicated sgRNAs (all Ametrine+) were mixed with sgNTC (mCherry+; â€˜spikeâ€™)-transduced cells, and stimulated with anti-CD3 for 3 h to measure pS6 level or with anti-CD3 andÂ anti-CD28 for 20 h to measure cell size (FSC-A) and CD71 expression by flow cytometry (normalized to â€˜spikeâ€™) (nâ€‰=â€‰3 samples each group). (eâ€“g) sgNTC-, sgSec31a- or sgSec13 (all Ametrine+)-transduced cells were co-transduced with constitutively active RAGAQ66L (CA-RAGA)-expressing retrovirus (GFP+) or sgNprl2 (GFP+), followed by stimulated with TCR for 3 h to examine relative pS6 level by flow cytometry (nâ€‰=â€‰3 samples each group) (e), pS6K1 and pS6 levels by immunoblot analysis (nâ€‰=â€‰4 samples each group) (f), or lysosomal localization of mTOR [based on mean fluorescence intensity (MFI)] (n > 700 cells per condition). Scale bars, 5 ÂµmÂ (g). In f, two different exposures for pS6K1 were included to account for the differential intensities between mock and CA-RAGA or sgNprl2 conditions, and relative pS6K1 level was quantified from long exposure for mock and short exposure for CA-RAGA or sgNprl2 conditions (middle). Bottom, quantification of pS6 level. Meanâ€‰Â±â€‰s.e.m. (bâ€“g). NS, not significant; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; one-way ANOVA (bâ€“g). Data are representative of two (eâ€“g) or four (a), or pooled from three (bâ€“d) experiments.
Source data


Extended Data Fig. 5 SEC31Aâ€“SEC13 axis promotes mTORC1 activation and cell proliferation in vivo.
Related to Fig. 2. (a) Cells transduced with sgNTC or sgSec31a (both Ametrine+) were labelled with CellTrace Violet (CTV) and transferred into Rag1â€“/â€“ mice. Flow cytometry analysis of CTV dilution, and quantification of percentage of proliferated (CTVlo) cells at 7 d after transfer (nâ€‰=â€‰5 samples each group). (b) WT, Rptor- and Sec31a-null Treg cells (all CD45.1+Ametrine+) were mixed with conventional CD4+ T cells (Tconv; CD45.2+) at a 1:4 ratio and transferred into Rag1â€“/â€“ mice. Quantification of the accumulation of conventional T cells in the spleen at 7 d after transfer (nâ€‰=â€‰5 samples each group). (c) NaÃ¯ve CD4+ T cells were stimulated with anti-CD3Â andÂ anti-CD28 for 0, 24, 48 or 72 h followed by immunoblot analysis of the indicated protein expression, and quantification of pS6K1, SEC13, SEC31A, and TSC2 (nâ€‰=â€‰3 samples each group). (d) sgNTC-, sgSec31a- and sgSec13-transduced cells were sorted and lysed with CHAPS buffer for immunoprecipitation (IP) with an antibody against WDR24. The immunoprecipitated proteins were analysed by immunoblot for WDR24, WDR59, MIOS, SEH1L, SEC13, SEC31A, SEC23A and Î²-Actin. Meanâ€‰Â±â€‰s.e.m. (aâ€“c). **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; two-tailed unpaired Studentâ€™s t-test (a); one-way ANOVA (b). Data are representative of one (a, b) or two (c, d) experiments.
Source data


Extended Data Fig. 6 SEC31A protects SEC13 from proteasomal degradation to sustain mTORC1 activation.
Related to Fig. 3. (a) Sec13 mRNA expression in sgNTC- or sgSec31a-transduced induced Treg cells (nâ€‰=â€‰3 samples each group). (b) sgNTC- or sgSec31a-transduced induced Treg cells were sorted and treated with cycloheximide (CHX) for the indicated times. Total protein extracts of cells transduced with sgNTC (5 Î¼g) or sgSec31a (12.5 Âµg; more protein was loaded to equalize basal SEC13 amount between these cells) were used for immunoblot analysis and quantification of relative SEC13 abundance (nâ€‰=â€‰4 samples each group). (c) NaÃ¯ve CD4+ T cells were stimulated with anti-CD3Â andÂ anti-CD28 for 0, 24, or 48 h and then treated with DMSO or MG132 at 48â€“72 h of stimulation, followed by immunoblot analysis and quantification of SEC13 and SEC31A expression (nâ€‰=â€‰3 samples each group). (d) HEK293T cells were transfected with HA-tagged SEC13 and 6Ã— His-tagged WT-, K48R- or K63R-ubiquitin (Ub)Â and treated with MG132 for 6 h. Ni-nitrilotriacetic acid (Ni-NTA) bead-based pull-down and immunoblot analysis of HA-SEC13. Bottom, expression of indicated proteins in whole cell lysates (WCL). (e) sgNTC- or sgSec31a-transduced HEK293T cells were transfected with HA-tagged SEC13 and 6Ã— His-tagged WT ubiquitin (His-tagged Ub), and treated with MG132 for 6 h. Left, Ni-NTA bead-based pull-down of His-tagged Ub-labelled proteins followed by immunoblot analysis for HA-SEC13. Right, immunoblot analysis of WCL for expression of endogenous SEC31A or HA-SEC13, His-tagged Ub, and Î²-Actin. Meanâ€‰Â±â€‰s.e.m. (aâ€“c). NS, not significant; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; two-tailed unpaired Studentâ€™s t-test (a); two-way ANOVA (b); one-way ANOVA (c). Data are representative of two (d, e) or three (a), or pooled from two (b) or three (c) experiments.
Source data


Extended Data Fig. 7 SEC31A protects SEC13 from SKP1-mediated proteasomal degradation and supports T cell functional fitness.
Related to Fig. 3. (a) HA-tagged WT or the indicated lysine mutant constructs of SEC13 were transfected into HEK293T cells individually. Immunoblot analysis of HA and Hsp90. (b) HA-tagged WT or K260R mutant SEC13 was transfected into HEK293T cells together with the K48-only His-Ub followed by MG132 treatment and anti-HA immunoprecipitation (IP). Immunoblot analysis for HA, His-Ub and Î²-actin. WCL, whole cell lysate. (c) Cas9-expressing CD4+ T cells were transduced with sgNTC or sgSec31a retrovirus (Ametrine+) together with WT or K260R mutant SEC13-expressing retrovirus (GFP+). Ametrine+GFPlo cells (see gating on flow cytometry plot, top) were stimulated with TCR for 0 or 3 h. Immunoblot analysis and quantification of relative SEC13 and pS6 levels (nâ€‰=â€‰4 samples each group). (d) Volcano plot of proteins, including SKP1, that interact with HA-SEC13 in induced Treg cells as identified by mass spectrometry (nâ€‰=â€‰3 samples each group). (e) Induced Treg cells transduced with HA-tagged-SEC13- or empty vector-expressing retrovirus were lysed with CHAPS buffer followed by anti-HA immunoprecipitation (IP) and immunoblot analysis of HA and SKP1. (f) Induced Treg cells were lysed with CHAPS buffer followed by immunoprecipitation of endogenous SKP1 and immunoblot analysis of SKP1 and SEC13. (g) Interaction of endogenous SKP1 with SEC13 in sgNTC- or sgSec31a-transduced cells. (h) NaÃ¯ve CD4+ T cells were stimulated with anti-CD3Â andÂ anti-CD28 for 0, 24, 48 or 72 h. Immunoblot analysis of anti-SKP1 immunoprecipitants and WCL for SKP1, SEC13, and Î²-Actin (nâ€‰=â€‰2 samples per group). (i) Immunoblot analysis and quantification of relative expression of indicated proteins in sgNTC- or sgSkp1 (both Ametrine+)-transduced cells (nâ€‰=â€‰3 samples per group). (j) The indicated sgRNA-transduced cells were labelled with CellTrace Violet (CTV), and stimulated with anti-CD3Â andÂ anti-CD28 for 72 h, followed by flow cytometry analysis and quantification of CTV dilution (nâ€‰=â€‰3 samples each group). (k) Diagram of SMARTA T cell transfer and LCMV infection system. In brief, SMARTAâ€“Cas9 CD4+ T cells (CD45.1+) transduced with sgRNA for candidate genes (CD45.1+Ametrine+) and mixed with sgNTC (CD45.1+mCherry+; â€˜spikeâ€™)-transduced cells at a 1:1 ratio, and adoptively transferred into naÃ¯ve (unchallenged; CD45.2+) mice that were left uninfected (see l) or challenged with LCMV infection (see Fig. 3f). (l) Quantification of the relative proportion (normalized to â€˜spikeâ€™) of donor-derived (CD45.1+) T cells in the spleen of uninfected mice at 7 d after transfer (nâ€‰=â€‰6 mice per group). (m) Cells transduced with sgNTC (Ametrine+), sgSec31a (Ametrine+) or sgSec31a/Skp1 (GFP+ and Ametrine+) were sorted and stimulated with anti-CD3Â andÂ anti-CD28 for 20 h (nâ€‰=â€‰6-7 samples per group), followed by the measurement of extracellular acidification rate (ECAR). Oligo, oligomycin; FCCP, fluoro-carbonyl cyanide phenylhydrazone; Rot, rotenone. Meanâ€‰Â±â€‰s.e.m. (c, i, j, l, m). **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; one-way ANOVA (c, i, j, l, m, right); two-way ANOVA (m, left). Data are representative of one (d, j, l, m) or two (a, b, eâ€“h), or pooled from two (c) or three (i) experiments.
Source data


Extended Data Fig. 8 The SAGA complex suppresses mTORC1 activation.
Related to Fig. 4. (a) Quantification (normalized to â€˜spikeâ€™) of relative pS6 level, cell size (FSC-A) and CD71 expression in induced Treg cells transduced with sgRNA for Ccdc101 or Taf6l, followed by stimulation with anti-CD3 for 3 h to measure pS6 level (left) or with anti-CD3Â andÂ anti-CD28 for 20 h to measure cell size (FSC-A; middle) and CD71 (right) expression by flow cytometry (nâ€‰=â€‰3 samples each group). (b) Immunoblot analysis and quantification of relative pS6K1 and pS6 expression in sgNTC- or sgCcdc101-transduced cells that were starved of and refed amino acids (AA) for 20â€‰min (nâ€‰=â€‰4 samples each group). Meanâ€‰Â±â€‰s.e.m. (a, b). *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; one-way ANOVA (a, b). Data are representative of three (a), or pooled from three (b) experiments.
Source data


Extended Data Fig. 9 The SAGA complex represses the expression of nutrient transporters and mTORC1 activation.
Related to Fig. 4. (a) Heat map of differentially expressed genes in Ccdc101-null Treg cells stimulated with anti-CD3Â andÂ anti-CD28 for 0 (nâ€‰=â€‰3 samples each group) or 20 h (nâ€‰=â€‰4 samples each group). (b) Slc2a1, Slc16a10 or Slc43a1 mRNA expression in sgNTC- or sgCcdc101-transduced cells at steady state (nâ€‰=â€‰3 samples each group). (c) Immunoblot analysis and quantification of relative GLUT1 expression in sgNTC- or sgCcdc101-transduced cells that were stimulated with anti-CD3Â andÂ anti-CD28 for 0 or 20 h (nâ€‰=â€‰3 samples each group). (d) Flow cytometry analysis and quantification of 2-NBDG uptake in sgNTC- or sgCcdc101 (both Ametrine+)-transduced cells were stimulated with anti-CD3Â andÂ anti-CD28for 20 h (nâ€‰=â€‰4 samples each group). (e, f) Quantification of relative pS6 level in cells transduced with the indicated sgRNAs that were stimulated with TCR for 3 h (nâ€‰=â€‰3 samples each group). (g) Principal component analysis (PCA) of ATAC-seq for cells transduced with sgNTC (nâ€‰=â€‰4 samples) or sgCcdc101 (both Ametrine+) (nâ€‰=â€‰3 samples) and stimulated with anti-CD3Â andÂ anti-CD28 for 20 h. (h) Motif enrichment analysis of ATAC-seq of sgNTC- and sgCcdc101-transduced cells (nâ€‰=â€‰4 samples each group). (i) Footprinting analysis of Sp3 binding in ATAC-seq. (j) Accessibility of the Sp3 locus in sgNTC- and sgCcdc101-transduced cells as identified by ATAC-seq. Highlighted peaks in the red box indicate differential accessible regions. (k) Immunoblot analysis of SP3 expression in sgNTC- or sgCcdc101 (both Ametrine+)-transduced cells. Meanâ€‰Â±â€‰s.e.m. (bâ€“f). ***Pâ€‰<â€‰0.001; two-tailed unpaired Studentâ€™s t-test (b, d); one-way ANOVA (c, e, f). Data are representative of one (a, gâ€“j), two (b, e, f, k), or pooled from two (c, d) experiments.
Source data


Extended Data Fig. 10 The SAGA complex prevents mTORC1 hyperactivation to enforce immune homeostasis in vivo.
Related to Fig. 4. (a, b) Induced Treg cells transduced with theÂ indicated sgRNAs were stimulated with anti-CD3Â andÂ anti-CD28 for 20 h (nâ€‰=â€‰3 samples each group). Flow cytometry analysis and quantification of staining with active caspase-3 (a) and fixable viability dye (FVD, b) (nâ€‰=â€‰3 per group). (c) Cells transduced with theÂ indicated sgRNAs were stimulated with anti-CD3Â andÂ anti-CD28 for 20 h (nâ€‰=â€‰5â€“7 samples per group), followed by the measurement of extracellular acidification rate (ECAR). Oligo, oligomycin; FCCP, fluoro-carbonyl cyanide phenylhydrazone; Rot, rotenone. (d) Immunoblot analysis and quantification of CCDC101 expression in naÃ¯ve CD4+ T cells from WT and Cd4CreCcdc101fl/fl mice (nâ€‰=â€‰3 mice per group). (e) Quantification of CD71 expression on naÃ¯ve or activated WT and Ccdc101-deficient CD4+ T cells. NaÃ¯ve CD4+ T cells among freshly isolated splenocytes from WT and Cd4CreCcdc101fl/fl mice (nâ€‰=â€‰4 mice per group) were gated (indicated as 0 h), or naÃ¯ve CD4+ T cells were stimulated with anti-CD3Â andÂ anti-CD28 for 20 h. (f) Flow cytometry analysis and quantification of numbers of total, double-negative (DN), double-positive (DP), CD4 single-positive (CD4SP), and CD8 single-positive (CD8SP) thymocytes from WT and Cd4CreCcdc101fl/fl mice (nâ€‰=â€‰4 mice each group). (g) Flow cytometry analysis and quantification of proportions and numbers of splenic CD4+ and CD8+ T cells from WT and Cd4CreCcdc101fl/fl mice (nâ€‰=â€‰4 mice each group). (h) Flow cytometry analysis and normalized ratio of CD122+ versus CD122âˆ’ cells among CD44hi populations (gated on splenic CD8+ T cells) from indicated mice (nâ€‰=â€‰4 mice each group). Meanâ€‰Â±â€‰s.e.m. (aâ€“h). NS, not significant; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; two-tailed unpaired Studentâ€™s t-test (dâ€“h); one-way ANOVA (a, b, c, right); two-way ANOVA (c, left). Data are representative of one (c) or two (a, b), or pooled from three (dâ€“h) experiments.
Source data


Extended Data Fig. 11 Treg-specific deletion of Ccdc101 disrupts immune homeostasis and boosts antitumour response.
Related to Fig. 5. (a) Quantification of relative pS6 level in splenic CD4+FOXP3+ cells from WT and Foxp3CreCcdc101fl/fl (aroundÂ 8 weeks old) mice (nâ€‰=â€‰4 mice per group). (b) Quantification of relative FOXP3 expression (gated on splenic FOXP3+CD4+ T cells) from WT and Foxp3CreCcdc101fl/fl mice (nâ€‰=â€‰4 mice per group). (c) Quantification of percentages of effector/memory (CD44hiCD62Llo) subsets in splenic CD4+FOXP3â€“ and CD8+ T cells from WT and Foxp3CreCcdc101fl/fl (aroundÂ 8 weeks old) mice (nâ€‰=â€‰4 mice each group). (d) Representative flow cytometry analysis of IL-2+ or IFNÎ³+ population of splenic CD4+Foxp3â€“ and CD8+ T cells from WT and Foxp3CreCcdc101fl/fl (aroundÂ 8 weeks old) mice. (eâ€“g) WT and Foxp3CreCcdc101fl/fl mice were inoculated with MC38 colon adenocarcinoma cells. Treg cells (CD45+CD4+YFP+), non-Treg immune cells (CD45+YFPâ€“CD11bâ€“) and myeloid cells (CD45+CD11b+) were isolated and sorted from tumours, and mixed at a 1:2:1 ratio for scRNA-seq analysis (2 biological replicates, pooled from 3-4 mice each, per group) at 19 d after tumour inoculation. Dot plot showing the differentially expressed marker genes for 4 subclusters of CD8+ T cells in the MC38 tumours (e; seeÂ Methods for details). UMAP embeddings of CD8+ T cells grouped by genotype (f, left) and indicated subclusters (f, right). Frequencies of the indicated subclusters were quantified for each genotype (g). Teff-like, effector-like CD8+ T cells; Tex-like, exhaustion-like CD8+ T cells; Tcm-like, central memory-like CD8+ T cells; Tem-like, effector/memory-like CD8+ T cells. (h) Flow cytometry analysis and quantification of the percentages of CD44hiCD62Llo intratumoral CD8+ T cells from WT and Foxp3CreCcdc101fl/fl mice (n â‰¥ 5 per group). (i) Flow cytometry analysis and quantification of IFNÎ³+ and TNF+ cells among intratumoral CD8+ T cells from WT and Foxp3CreCcdc101fl/fl mice (n â‰¥ 5 per group). (j) Violin plots of scRNA-seq data depicting Icos, Tnfrsf18, Ctla4 and Ifng expression in intratumoral Treg cells. (k) Flow cytometry analysis and quantification of ICOS, GITR and CTLA-4 for intratumoral Treg cells from WT and Foxp3CreCcdc101fl/fl mice (n â‰¥ 5 per group). (l) Flow cytometry analysis and quantification of IFNÎ³ expression in intratumoral Treg cells from WT and Foxp3CreCcdc101fl/fl mice (n â‰¥ 5 per group). Meanâ€‰Â±â€‰s.e.m. (aâ€“c, h, i, k, l). *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; two-tailed unpaired Studentâ€™s t-test (aâ€“c, h, i, k, l); two-sided Wilcoxon rank sum test in j. Data are representative of one (eâ€“l) or two (d), or pooled from two (aâ€“c) experiments.
Source data


Extended Data Fig. 12 Schematic of applying CRISPR screening and integrative analyses to dissect nutrient and mTORC1 signalling in primary T cells.
Related to Fig. 5. With two rounds of genome-wide and focused CRISPR screenings, we identify 346 high-confidence mTORC1 signalling factors, including many novel activators and inhibitors, as well as known regulators (identified in other systems) that have not been studied in primary T cells. Notably, using analysis of proteinâ€“protein interaction (PPI) networks and unbiased functional and proteomic approaches, we further establish the epigenetic and post-translational mechanisms underpinning the three-tier regulatory modules of nutrient signalling, composed of nutrient transporters (e.g. via affecting expression of GLUT1 and other transporters by SAGA complex), sensors (e.g. via epigenetic regulation of CASTOR1 expression by SWI/SNF complex) and transducers (e.g. via shaping GATOR2 complex stability by SEC31A; regulating SEC13 ubiquitination at lysine 260), which transmit immunological and nutrient cues to mTORC1 signalling for proper regulation of T cell activity in vivo and in vitro.
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Supplementary Table 3 Data of the second-round focused CRISPR library screening. This file contains the output of the analysis of the second-round focused CRISPR library screening data at the gene level analysed by pipeline 1 (Tab a) and pipeline 2 (Tab b), or at the sgRNA level analysed by pipeline 1 (Tab c) and pipeline 2 (Tab d). The comparison (pS6high versus pS6low) for two stimulation conditions (0.25 and 4 Î¼g mlâˆ’1 anti-CD3) is shown. Ranked by target gene symbol.
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Supplementary Table 4 List of sgRNA sequence information. This file contains the sgRNA sequences used for validation in this study. Ranked by target gene symbol.
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Supplementary Table 5 Differentially expressed gene list in induced Treg cells upon Smarcb1 deletion. This file contains 2,023 differentially expressed (|log2 FC| > 0.55, FDR < 0.05) genes in Smarcb1-null versus control at 3 h [sgSmarcb1-3 h versus sgNTC-3 h (columns E and F)] or 20 h [sgSmarcb1-20 h versus sgNTC-20 h (columns G and H)] after TCR stimulation as profiled by microarray analysis.
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Supplementary Table 6 Differentially expressed gene list in induced Treg cells upon Ccdc101 deletion. This file contains 1,120 differentially expressed (|log2 FC| > 0.55, FDR < 0.05) genes of in Ccdc101-null versus control cells at 0 h [sgCcdc101-0 h versus sgNTC-0 h (columns E and F)] or 20 h [sgCcdc101-20 h versus sgNTC-20 h (columns G and H)] after TCR stimulation as profiled by microarray analysis.
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Supplementary Table 7 Primers used to generate SEC13 mutants. This file contains the forward and reverse primer sequences used to generate the various single or double mutants of SEC13.
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