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            Abstract
Whether post-transcriptional regulation of gene expression controls differentiation of stem cells for tissue renewal remains unknown. Quiescent stem cells exhibit a low level of protein synthesis1, which is key to maintaining the pool of fully functional stem cells, not only in the brain but also in the bone marrow and hair follicles2,3,4,5,6. Neurons also maintain a subset of messenger RNAs in a translationally silent state, which react ‘on demand’ to intracellular and extracellular signals. This uncoupling of general availability of mRNA from translation into protein facilitates immediate responses to environmental changes and avoids excess production of proteins, which is the most energy-consuming process within the cell. However, when post-transcriptional regulation is acquired and how protein synthesis changes along the different steps of maturation are not known. Here we show that protein synthesis undergoes highly dynamic changes when stem cells differentiate to neurons in vivo. Examination of individual transcripts using RiboTag mouse models reveals that whereas stem cells translate abundant transcripts with little discrimination, translation becomes increasingly regulated with the onset of differentiation. The generation of neurogenic progeny involves translational repression of a subset of mRNAs, including mRNAs that encode the stem cell identity factors SOX2 and PAX6, and components of the translation machinery, which are enriched in a pyrimidine-rich motif. The decrease of mTORC1 activity as stem cells exit the cell cycle selectively blocks translation of these transcripts. Our results reveal a control mechanism by which the cell cycle is coupled to post-transcriptional repression of key stem cell identity factors, thereby promoting exit from stemness.
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                    Fig. 1: Global protein synthesis is highly dynamic during neurogenesis.[image: ]


Fig. 2: RiboTag mouse models target distinct stages of neuronal differentiation.[image: ]


Fig. 3: RiboTag system reveals post-transcriptional regulation of gene expression with onset of differentiation.[image: ]


Fig. 4: PRMs in the 5′-UTR predict translational dependency on mTORC1 activity and cell-cycle phase.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Validation of Tlx-eYFP reporter line, marker-based FACS isolation and protein synthesis in Tlx-lineage NSCs and ENBs.
a, FACS gates for NSCs labelled by TLX–tdTomato at four d.p.i. NSCs, which are labelled by recombination under the Tlx promoter, contain both quiescent (GLAST+EGFR−) and active NSCs (GLAST+EGFR+). PROM1 was not used in this experiment because TLX is not expressed in astrocytes. b, Composition of tdTomato+ cells four days after induction: 52.1 ± 0.6% are NSCs (GLAST+), 45.6% ± 0.3 are non-NSCs (GLAST−); they do not add up to 100% because a few cells were between gates. NSCs contain 51.7 ± 9.1% quiescent NSCs (EGFR−) and 46.7 ± 9.1% active NSCs (EGFR+). GLAST− cells contain 62.7 ± 1.6% neurogenic progenitors (NP; EGFR+PSA-NCAM−) and 33.3 ± 2% neuroblasts (EGFR−PSA-NCAM+). Results are presented from two biological replicates (n = 2); data are mean ± s.d. c, Scheme of the experimental design. Tlx-CreER mice were crossed with Rosa26-LSL-eYFP mice to generate Tlx-iYFP mice. Three groups of mice were treated with the indicated tamoxifen regimens by intraperitoneal injection and euthanized after two days. Each arrow represents 2 daily injections with a 12-h interval. d, e, Confocal image of the ventricular–subventricular zone (V-SVZ) of Tlx-iYFP mice (n = 5 mice) injected with tamoxifen as shown in c. d, Confocal image of the V-SVZ of a Tlx-iYFP mouse not injected with tamoxifen (top left panel) or injected with indicated doses of tamoxifen (other panels). Arrows mark ‘mislabelled’ parenchymal cells. Scale bars, 200 μm (main panels), 10 μm (insets). e, Immunostaining for the indicated markers. Arrowheads, GFAP-expressing eYFP-labelled NSCs; dashed line, ventricle surface. Scale bar, 50 μm. f, Schematic of tamoxifen administration, TLX-inducible-Cre-eYFP mouse model (TiCRY) and migrating path of eYFP NSCs lineages. g, Representative images of OPP incorporation of newly sorted eYFP+ NSCs and ENBs from the Tlx lineage were quantified. Scale bar, 10 µm. h, Quantification of OPP incorporation by NSCs (n = 38) and ENBs (n = 52) (relative to ENBs). Data are mean ± s.d. Two-tailed Student’s t-test; ****P < 0.0001. i, FACS strategy for isolation of quiescent and active NSCs and neuroblasts from wild-type mice.

                          Source data
                        


Extended Data Fig. 2 Validation of specific recombination of RiboTag models in the targeted differentiation stages.
a, Top, NSCs isolated from TiCRY mice (n = 3) express HA tag. Replicates show different levels indicating variability based on induction efficiency. Cells from a wild-type mouse (n = 1) do not express the HA tag. Bottom, the HA tag is associated with RPL22, as staining shows a characteristic 8-kDa shift because of the HA tag (23 kDa instead of 15 kDa). Isolated TiCRY cells (n = 2 mice) entirely replaced wild-type RPL22 (WT) (n = 1 wild-type mouse) with RPL22–HA. Actin is shown as loading control. b, Representative Bioanalyzer profiles showing that input RNA levels do not vary between Cre+ TiCRY mice (n = 3) (expressing HA tag) and a Cre− TiCRY mouse (n = 1 mouse) (no HA tag). Samples from Cre+ mice reveal approximately threefold-more RNA over the background level in Cre− mice after HA immunoprecipitation. c, Enrichment of cell-type-specific transcripts by qRT–PCR after HA immunoprecipitation. Efficiency of enrichment of immunoprecipitation over input samples. Comparison of NSCs from NiCRY mice homozygous for the RPL22 tag (p/p; n = 2), heterozygous for the RPL22 tag (p/+; n = 2) and wild-type mice (+/+, n = 2) indicates a linear relationship between HA-tag expression and immunoprecipitation efficiency. NeuN serves as negative control. Cells isolated from NiCRY mice. Data are mean ± s.d. d, OPP incorporation does not vary between cells that express HA tag and cells that do not express HA tag, indicating no major effect on global protein synthesis. NSCs isolated from NiCRY mice. Scale bar, 10 µm. n = 30 cells per genotype. Data are mean ± s.d.; two-tailed Student’s t-test; P = 0.3739; n.s., not significant. e, Polysome fractionation using cultured NSCs indicates efficient incorporation of RPL22–HA (antibody against HA tag) into actively translating polysomes (see fractions 8–12). Total lysate resembles the positive control (+ctr). Cells from TiCRY mice. f, Disruption of polysomes using EDTA leads to shift of RPL22–HA expression to light fractions, indicating specific association with active ribosomes. e, f, Results are representative of n = 2 independent experiments. For gel source data (a, e, f), see Supplementary Fig. 1.

                          Source data
                        


Extended Data Fig. 3 Validation of TiCRY and DiCRY mouse models.
a, Immunohistochemistry confirming HA-tag expression in NSCs of the SVZ at 4 d.p.i.; labelled cells are mostly GFAP+pH3−. eYFP+ cells are mostly NSCs (eYFP+DCX−), some ENBs (eYFP+DCX+) and a few of unknown identity (eYFP+DCX−, located in the striatum) (n = 3 mice). Scale bars, 50 µm. b, Immunohistochemistry confirming expression of HA tag in migrating neuroblasts, both in the SVZ–rostral migratory stream (RMS) (ENB, eYFP+DCX+) and the olfactory bulb (LNB, eYFP+DCX+NeuN−). Labelled cells within the SVZ of DiCRY mice are mostly ENBs, some of unknown identity (eYFP+DCX−) (n = 3 mice). Scale bars, 100 µm. c, Immunohistochemistry confirming expression of HA tag in NeuN+ neurons at 4 w.p.i. Cells were mostly mature NeuN+ neurons or NeuN− neurons in different layers of the olfactory bulb (n = 3 mice). Scale bar, 100 µm. d–g, Estimating cell-type composition based on eYFP expression and characteristic marker protein expression by immunofluorescence; see quantification in Fig. 2. Scale bars, 50 µm. d, NSCs in TiCRY mice (n = 3 mice) at 4 d.p.i. Green arrow, NSCs; yellow arrows, ENB contamination; white arrow, rare labelled cells outside the SVZ. e, LNBs in olfactory bulb of DiCRY mice (n = 3 mice) at 3 d.p.i.; labelled cells are mostly in the core of the olfactory bulb and express DCX protein. f, ENBs in SVZ of DiCRY mice (n = 3 mice) at 3 d.p.i. Yellow arrows, ENBs; white arrow, rare labelled cells outside the SVZ. g, Neurons in olfactory bulb of DiCRY mice (n = 3 mice) at 4 w.p.i.; labelled cells throughout the olfactory bulb mostly co-expressing NeuN protein. h, Time course of development of labelled cells in TiCRY mice. n = 1 mouse (3 d.p.i.), n = 3 mice (4 d.p.i.) and n = 2 mice ( 5 d.p.i.). Data are mean ± s.d. i, Schematic of experimental design; representative confocal images of the SVZ and olfactory bulb are taken at 3 d.p.i. or 4 w.p.i. (d–g). j, Note the presence of eYFP+ cells in the SVZ. Newly arriving eYFP+ cells are only present in the core of the olfactory bulb and absent from the other layers at 3 d.p.i.; after 4 w.p.i., the eYFP+ cells are absent from the SVZ, demonstrating that there is no residual Cre activity without tamoxifen induction. Furthermore, the core of the olfactory bulb does not contain eYFP+ cells, which are only present in the outer layers of the olfactory bulb where they have generated olfactory bulb interneurons. These experiments were performed in n = 3 biological replicates.

                          Source data
                        


Extended Data Fig. 4 The RiboTag system allows parallel study of the transcriptome and translatome.
a, Enrichment of cell-type specific transcripts for NSC, ENB, LNB and neuron by fold enrichment of ribo-IP in Cre+ mice (n = 2) over Cre− mice (n = 2), assessed by qRT–PCR. Data are mean ± s.d. b, FACS strategy for isolation of NSCs and ENBs on the basis of eYFP expression. eYFP− cells were collected and used as control samples for enrichment analysis. c, Enrichment of cell-type specific transcripts by comparison of eYFP+ and eYFP− cells by qRT–PCR. All samples (n = 2 NSC; n = 3 ENB, LNB and neuron) were assessed by qRT–PCR before submission for sequencing. Data are mean ± s.d. d, Differential gene expression based on total mRNA. Subsequent populations were compared and significantly changing genes are shown in red (FDR = 10%). e, Differential gene expression based on ribo-IP sequencing without normalization for ribo-IP−. Subsequent populations were compared and significantly changing genes are marked in red (FDR = 10%). Data in d and e represent 2–3 biological replicates. Genes expected to be strongly represented after enrichment, corrected for each cell population, are labelled in red.

                          Source data
                        


Extended Data Fig. 5 RiboTag system specifically targets each developmental stage along the neuronal differentiation lineage of adult olfactory bulb interneurons.
a, Expression of stage-specific marker genes for SVZ populations at the level of transcriptome (top) and translatome (bottom). b, Expression of stage-specific marker genes for olfactory bulb populations at the level of transcriptome (top) and translatome (bottom). Expression values based on transcripts per million (TPM) reads after trimmed mean of M values normalization. White bars in ribo-IP sequencing show background in ribo-IP− experiments (n = 2–3) (no HA tag expression), indicating average expression in the respective tissue corresponding to background binding (noise). In a and b, data are mean ± s.d. c–e, Gene set enrichment analysis on shared genes between total mRNA (n = 3) and ribo-IP sequencing (n = 2) for transition of NSC to ENB (c), ENB to LNB (d) and LNB to neuron (e, FDR = 10%) confirms enrichment of stage-specific gene ontologies. Only protein-coding genes are considered. f, Pearson's correlation coefficient was computed between the log2 read counts for different cell stages (NSC, ENB, LNB and neuron) of total mRNA sequencing (n = 3) and ribo-IP sequencing (n = 2) counts, showing agreement between the methods.

                          Source data
                        


Extended Data Fig. 6 Assessment of translation efficiency using the RiboTag system.
a, Scheme describing the three datasets implemented into analysis of translation efficiency. b, Summary of the fraction of genes repressed (NSC: 32/4,500; ENB: 282/3,445; LNB: 622/1,958; neurons: 714/1,443; FDR = 10%) or enhanced (NSC: 9/4,500; ENB: 63/3,445; LNB: 225/1,958; neurons: 214/1,443; FDR = 10%) in each population. c, Left, summary of the absolute number of genes that are repressed or enhanced in each population (protein-coding genes only). Remaining panels show the comparison of repressed and enhanced genes at different stages, revealing increasing overlap with progression of cells. LNBs and neurons feature high overlap of repressed genes (n = 311). d, Analysis of explained variance scoring the contribution of background (ribo-IP−), total mRNA, translation efficiency (ribo-IP+ sequencing over total mRNA and ribo-IP−) and unknown residual noise to the ribo-IP+ sequencing data of each population. e, As in d, but comparing only the proportion of variance explained by translation efficiency and total mRNA. Translation efficiency explains more of the data in neurons compared to earlier developmental stages and NSCs, indicating increased importance of translational regulation in neurons. Analysis in d and e was performed from three biological replicates (n = 3). f, Assessment of mRNA levels by qRT–PCR of several candidate genes in freshly isolated NSCs and ENBs normalized to Actb (left). Pearson's correlation coefficient computed between the log2 read counts from NSCs to ENBs of total mRNA (right) counts and qRT-PCR values. This was done to demonstrate the agreement between the methods. g, Left, representative western blot showing protein expression of candidate genes in freshly sorted NSCs and ENBs (n = 15 pooled mice). Vinculin is shown on the same membrane, as loading control. Right, Pearson's correlation coefficient computed between the log2 read counts from NSCs to ENBs of the translation efficiency estimated from high-throughput sequencing and the intensities from western blots. This was done to demonstrate the agreement between the methods. For gel source data, see Supplementary Fig. 1.

                          Source data
                        


Extended Data Fig. 7 Parallel in situ hybridization and immunohistochemistry for detection of Sox2 mRNA and protein expression along the neuronal lineage.
a, Quantification of Sox2 RNA and SOX2 protein. The regression lines indicate different translation efficiencies. b, Representative images for parallel in situ hybridization and immunocytochemistry of freshly sorted cells of the SVZ. Comparison of NSCs (GLAST+PROM+), neurogenic progenitors (NPs, GLAST−PROM−EGFR+) and ENBs (GLAST−PROM−PSA-NCAM+) stained for cell-type-specific marker proteins and SOX2 protein. In situ hybridization for Sox2 mRNA. Scale bar, 5 µm. Data are representative of two independent experiments. c, Quantification of SOX2 protein and RNA expression in NSCs (n = 22), neurogenic progenitors (n = 49) and ENBs (n = 35). Regression lines indicate that translation is most efficient in NSCs. d, Ratio of protein expression to RNA abundance indicates higher translation efficiency of SOX2 in NSCs when compared to neurogenic progenitors or ENBs. Same replicates were used as in c. Data are mean ± s.d.; two-tailed Student’s t-test; *P = 0.0279, *P = 0.021. e, Representative image for parallel in situ hybridization for Sox2 mRNA in NSCs (marked by TLX-tdTomato) and ENBs (marked by DCX). Parallel detection of DapB (bacterial transcript) and Ppib (ubiquitous transcript) served as negative and positive controls, respectively. Scale bar, 25 µm. Data are representative for two independent experiments (n = 2). f, SOX2 expression in calretinin+DCX–eYFP+ cells (4 w.p.i.) in the PGL of the olfactory bulb (n = 1 mouse). Scale bar, 50 µm. g, Detection of SOX2 protein in short-term (3 d.p.i.) and long-term (4 w.p.i.) traced DCX–eYFP+ cells, indicating the contribution of migrating, newly differentiated neurons to the pool of SOX2+ neurons in the periglomerular layer. Scale bar, 50 µm. n = 5 mice, 3 d.p.i.; n = 4 mice, 4 w.p.i.; two-tailed Mann–Whitney U-test; *P = 0.0159. Data are mean ± s.d.

                          Source data
                        


Extended Data Fig. 8 A drop in mTORC1 activity is required for stem cell exit and onset of neuronal differentiation.
a, Gene Ontology analysis for genes either repressed (top) or enhanced (bottom) at the ENB stage. The repressed genes are mostly related to the protein synthesis machinery, whereas many upregulated genes are involved in development, differentiation and neuronal function. Gene Ontology is based on three biological replicates. b, Stage-specific repression of 5′-PRM-containing transcripts in ENBs and not LNBs, independent of the total number of repressed genes (1% FDR). c, Staining for pS6 in the SVZ as readout for mTORC1 activity. Comparison of NSCs (TLX–eYFP+) and ENBs (DCX+). All ENBs show low levels of pS6 (green arrow), whereas some NSCs show high pS6 (orange arrows) and others show low levels of pS6 (yellow arrow). Scale bar, 50 µm. Images are representative of two biological replicates. d, Western blot analysis of the steady-state level of mTOR signalling components in NSCs and ENBs freshly sorted from the SVZ. Results are representative of n = 2 independent experiments. Vinculin is shown on the same membrane as loading control. For gel source data, see Supplementary Fig. 1. e, Staining for pS6 in the olfactory bulb as readout for mTORC1 activity. The core of the olfactory bulb (marked with dashed line) which contains only LNBs (DCX+) is enriched for high pS6, whereas only a few neurons (NeuN+DCX−) have high levels of pS6. Scale bar, 50 µm. Images are representative of three biological replicates. f, Representative absorption profiles for DMSO and Torin-treated NSCs (2 h) after sucrose gradient fractionation indicate slight repression in global translation upon Torin treatment. Representative plots showing the distribution of mRNAs for some genes across the gradient fractions of the polysome profiles are shown. Note a strong shift of PRM+ mRNAs (Rpl18, eIF3f, eEF1b2, Rps17) but not PRM− mRNAs (Actb, Sox9) to the fractions of light polysomes and non-translating complexes following Torin treatment. Sox2 transcript distribution across the polysome fraction was not influenced following 2 h Torin treatment. Data are mean ± s.d.; three biological replicates. g, Representative images of SOX2 and DCX expression in NSCs exposed to DMSO (Co), PtdIns(3,4,5)P3 or PtdIns(3,4,5)P3 + Torin after 7 days in vitro culture under differentiating conditions. Scale bar, 10 µm. h, Representative images of SOX2 and pS6 expression of NSCs and freshly isolated ENBs exposed to DMSO (Co), PtdIns(3,4,5)P3, or PtdIns(3,4,5)P3 + Torin for 2 h. Scale bar, 5 µm.

                          Source data
                        


Extended Data Fig. 9 Orchestration of mTORC1 and cell cycle enables post-transcriptional repression of SOX2 expression.
a, Western blot and corresponding quantification of vehicle or Torin-treated primary NSCs showing inhibition of p70 S6K and rpS6 phosphorylation, as well as 4E-BP phosphorylation, all indicators of mTORC1 activity. mTORC1 regulators TSC2 and RHEB, as well as SOX2, are not affected by 2 h incubation with Torin. b, Post-transcriptional repression by Torin was assessed in synchronized primary NSCs (passage 2) at different time points by western blot. Corresponding quantification of protein levels for SOX2 and phosphorylation of p70 S6K and 4E-BP is shown (right). c, Western blot of primary NSCs treated for 4 h with erlotinib reveals a drop in EGFR phosphorylation accompanied by very low levels of phosphorylated p70 S6K and pS6. TSC2, RHEB and SOX2, as with Torin treatment, remain at a constant level. d, Genes translationally upregulated upon the transition from NSCs to ENBs in vivo show slightly higher protein abundance following 2-h treatment with Torin in unsynchronized NSCs. e, In synchronized NSCs, some of these genes show higher protein abundance either through cell-cycle exit and/or Torin treatment. In a–e, western blots are representative of two independent experiments. Vinculin is shown on the same membrane as loading control. For gel source data, see Supplementary Fig. 1. f, Graphical abstract summarizing the findings of this study. Using the RiboTag system for parallel assessment of transcriptome and translatome along the neuronal differentiation lineage reveals post-transcriptional regulation of stem cell exit by mTORC1 at late G1 state.
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