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            Abstract
MicroRNAs (miRNAs) have essential functions during embryonic development, and their dysregulation causes cancer1,2. Altered global miRNA abundance is found in different tissues and tumours, which implies that precise control of miRNA dosage is important1,3,4, but the underlying mechanism(s) of this control remain unknown. The protein complex Microprocessor, which comprises one DROSHA and two DGCR8 proteins, is essential for miRNA biogenesis5,6,7. Here we identify a developmentally regulated miRNA dosage control mechanism that involves alternative transcription initiation (ATI) of DGCR8. ATI occurs downstream of a stem-loop in DGCR8 mRNA to bypass an autoregulatory feedback loop during mouse embryonic stem (mES)Â cell differentiation. Deletion of the stem-loop causes imbalanced DGCR8:DROSHA protein stoichiometry that drives irreversible Microprocessor aggregation, reduced primary miRNA processing, decreased mature miRNA abundance, and widespread de-repression of lipid metabolic mRNA targets. Although global miRNA dosage control is not essential for mES cells to exit from pluripotency, its dysregulation alters lipid metabolic pathways and interferes with embryonic development by disrupting germ layer specification in vitro and in vivo. This miRNA dosage control mechanism is conserved in humans. Our results identify a promoter switch that balances Microprocessor autoregulation and aggregation to precisely control global miRNA dosage and govern stem cell fate decisions during early embryonic development.
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                    Fig. 1: ATI of DGCR8 links dynamic Microprocessor autoregulation to altered DGCR8: DROSHA stoichiometry and aggregation.[image: ]


Fig. 2: Microprocessor aggregation reduces the efficiency of miRNA processing and global miRNA dosage, leading to de-repression of lipid metabolic genes.[image: ]


Fig. 3: ATI-mediated miRNA dosage control determines germ layer specification during mES cell differentiation.[image: ]


Fig. 4: ATI-mediated miRNA dosage control mechanism is conserved in human cells and tissues.[image: ]



                


                
                    
                
            

            
                Data availability

              
              The RNA-seq and small RNA-seq data that support the findings of this study have been deposited in GEO with accession number GSE165017. Published polyA(+) RNA-seq data for mES cell differentiation is from the GEO database under accession number GSE11233414. The published polyA(+) RNA-seq for EpiS cells and cells of the three germ layers reported in this paper is available on ArrayExpress (https://www.ebi.ac.uk/arrayexpress/) with accession E-MTAB-490427. Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 ATI of DGCR8 links dynamic Microprocessor autoregulation to altered DGCR8:DROSHA stoichiometry.
a, Ratio of splicing events covering different exons based on RNA-seq data during mES cell-to-EB differentiation over a 13-day time course (Fig. 1a). b, Agarose gel analysis of 5â€² RACE products (left) and summary of Sanger sequencing of 5â€² RACE colonies (right). PCR products outlined by red arrows were purified and further processed for cloning and Sanger sequencing. The numbers indicate the proportion of all sequenced clones that map to a particular nucleotide. Stem-loop 1 (SL1) sequence in 5â€² UTR is highlighted in red (Fig. 1b). c, Stem-loop structures (SL1 and SL2) in the 5â€² UTR and CDS region of DGCR8 mRNA. Green arrowheads indicate CRISPRâ€“Cas9 design for SL1 deletion. d, PCR analysis of genomic DNA for SL1 knockout (Î”SL1) in mES cells. e, qRTâ€“PCR analysis of DGCR8 and DROSHA mRNA expression in wild-type and Î”SL1 mES cells. Data were normalized to GAPDH, and error bars indicate s.d. (n = 3, technical replicates). f, Western blots of DGCR8 and DROSHA proteins in wild-type and Î”SL1 mES cells transfected with corresponding siRNAs. Experiments were repeated three times with similar results (Methods).


Extended Data Fig. 2 SL1 depletion drives irreversible Microprocessor aggregation in mouse ES cells.
a, Immunofluorescence (IF) followed by confocal imaging of DGCR8 and DROSHA proteins in wild-type and Î”SL1 mES cells. Fluorescence signals of DGCR8 and DROSHA are shown in red and green, respectively, and DAPI stain is shown in blue. The merged signals are also shown. b, Western blot of DGCR8 and DROSHA proteins in wild-type and reporter mES cells expressing endogenous mCherryâ€“DGCR8 fusion protein. c, Images of endogenous mCherryâ€“DGCR8 fusion protein in the wild-type and Î”SL1 reporter ES cells. d, Representative time-lapse images of two proximate assemblies of Microprocessor in living Î”SL1 mES cells transfected with plasmids expressing tagged mCherryâ€“DGCR8 and eGFPâ€“DROSHA. e, Images of Microprocessor aggregates before and after treatment with 10% 1,6-hexanediol for 3 min in living Î”SL1 mES cells. f, Representative images of FRAP analysis of Microprocessor aggregates in living Î”SL1 mES cells transfected with plasmids expressing tagged mCherryâ€“DGCR8 and eGFPâ€“DROSHA. Targeted region is highlighted in a white box, and DGCR8 (red), DROSHA (green) and merged (yellow) signals are shown. Normalized fluorescence intensity of DGCR8 and DROSHA are shown. Data are represented as mean Â± s.d. (n = 6, independent observations in six separated aggregates). g, Images of Microprocessor aggregates in Î”SL1 mES cells transfected with plasmids expressing tagged mCherryâ€“DGCR8 and eGFPâ€“DROSHA before and after microinjection with RNase. All experiments were repeated at least three times with similar results (Methods).


Extended Data Fig. 3 Imbalanced DGCR8:DROSHA stoichiometry drives irreversible Microprocessor aggregation in vitro.
a, Top, prediction of disordered regions in DGCR8 protein by PONDR (http://pondr.com/). Bottom, schematic diagram showing the domains of DGCR8. b, Coomassie blue staining of purified rDGCR8 and rDROSHA proteins at different concentrations, as well as two mutant versions of rDGCR8 proteins with deletion of Î”CTT and Î”Rhed domains. c, Representative images of phase separation of rDGCR8, rDGCR8-Î”CTT, rDGCR8-Î”Rhed and rDROSHA at different concentrations in physiological buffer. d, Representative images of the aggregates of labelled rDGCR8 (30 Î¼M) before and after treatment with 10% 1,6-hexanediol for 5 min. e, Representative images of FRAP analysis of rDGCR8 puncta. Targeted region is highlighted in a white box. Normalized fluorescence intensity of rDGCR8 in FRAP analysis is represented as mean Â± s.d. (n = 6, independent observations in six separated aggerates). f, g, Representative confocal images of pre-formed Microprocessor aggregates (32 Î¼M rDGCR8:8 Î¼M rDROSHA) under conditions of dilution and high salt (1 M NaCl). rDGCR8 (red), rDROSHA (green) and merged (yellow) signals are shown. h, i, Images of pre-formed Microprocessor aggregates (32 Î¼M rDGCR8:8 Î¼M rDROSHA) followed by the addition of extra rDROSHA to achieve a 2:1 ratio or treatment with 10% 1,6-hexanediol for 10 min. j, Representative time-lapse images of two proximate Microprocessor aggregates for the times indicated. rDGCR8 (red), rDROSHA (green) and merged (yellow) signals are shown. k, FRAP analysis of Microprocessor aggregates in vitro. Targeted droplet region is highlighted in a white box, and rDGCR8 (red), rDROSHA (green) and merged (yellow) signals are shown. Right, normalized fluorescence intensities. Data are represented as mean Â± s.d. (n = 7, independent observations in seven separated aggregates). All experiments were repeated at least three times with similar results (Methods).


Extended Data Fig. 4 Microprocessor aggregation reduces the efficiency of pri-miRNA processing and global miRNA dosage, which leads to the de-repression of lipid metabolic genes.
a, Microprocessor in vitro cleavage assay of mouse pri-mir-125b using whole-cell lysate from wild-type and Î”SL1 mES cells. Microprocessor purified by immunoprecipitation from Flagâ€“DROSHA-293T cells was used as a control. The pri-mir125b without lysate was the CK sample. b, Quantification of pri-miRNA cleavage activity calculated based on the density of pre-miRNA bonds in the assays shown in Fig. 2b and Extended Data Fig. 4a. c, Luciferase reporter in vivo cleavage assay of pri-mir-125b in wild-type, DGCR8âˆ’/âˆ’, and Î”SL1 mES cells. Data are represented as mean Â± s.d. (n = 3, technical replicates). ****P < 0.0001, two-sided Studentâ€™s t-test. d, Scatter plot of global miRNA expression based small RNA-seq data in wild-type and Î”SL1 mES cells. The small RNA-seq data were normalized on the basis of spike-in RNAs. Differentially expressed miRNAs are represented by coloured circles, and the number of up- and downregulated miRNAs is shown. FC, fold change; two-sided Studentâ€™s t-test. e, Heat map of the expression of common up- or downregulated genes in Î”SL1 and DGCR8âˆ’/âˆ’ mES cells compared to wild-type mES cells. The enrichment of Gene Ontology (GO) terms and the number of genes in each group are shown. Two-sided Studentâ€™s t-test. f, Venn diagram of mRNAs with expression changes in Î”SL1 and DGCR8âˆ’/âˆ’ cells compared to wild-type mES cells. Number of genes in each group is shown. Two-sided Studentâ€™s t-test. g, GSEA analyses of lipid metabolic gene sets by comparing Î”SL1 and DGCR8âˆ’/âˆ’ cells with wild-type mES cells. NES, normalized enrichment score. P values calculated by GSEA software. FDR, false discovery rate. h, Network of miRNAs and lipid metabolic genes. i, miRNA target sites on PDK4, LCLAT1 and GPCPD1 mRNAs, and luciferase miRNA target reporter assay in wild-type, Î”SL1 and DGCR8âˆ’/âˆ’ mES cells. Data are represented as mean Â± s.d. (n = 3, technical replicates). ****P < 0.0001, two-sided Studentâ€™s t-test. Mutations introduced into the miRNA target sites on PDK4 and LCLAT1, and the mutation sequences are shown in red font. Exact P values are provided in the Source Data (c, i) and Supplementary Table (dâ€“f). Details of statistics replications are given in â€˜Statistics and reproducibilityâ€™ in Methods.
Source data


Extended Data Fig. 5 Imbalanced DGCR8:DROSHA stoichiometry during EB differentiation drives Microprocessor aggregation.
a, Box plots of the relative expression of naive and primed genes during EpiLC differentiation of wild-type, Î”SL1 and DGCR8âˆ’/âˆ’ mES cells. The number of naive and primed genes is shown and representative markers are listed. For box plots, centre line is median; box limits are 25th and 75th percentiles; whiskers extend to 1.5Ã— IQR from the 25th and 75th percentiles. b, PCA of the wild-type and Î”SL1 cells by all expressed mRNAs during mES cell-to-EpiLC differentiation. c, d, The relative expression and calculated ratio of DGCR8 and DROSHA mRNA based on RNA-seq data during EB differentiation over a 13-day time course. e, Western blot of DGCR8 and DROSHA at different time points during wild-type mES cell-to-EB differentiation. The densities of the DROSHA and DGCR8 bands were normalized to the ACTINB band to calculate the relative protein ratios. f, Western blot of DGCR8 and DROSHA in differentiated EB cells (day 8) before and after treatment with a proteasome inhibitor MG132 (10 Î¼M) for 2 h. The densities of the DROSHA and DGCR8 bands were normalized to the ACTINB band to calculate the relative protein ratios. g, Representative images of Microprocessor aggregates in differentiated EB cells (day 8) derived from dual-reporter ES cells endogenously expressing both mCherryâ€“DGCR8 and eGFPâ€“DROSHA fusion proteins. All experiments were repeated at least twice with similar results (Methods).


Extended Data Fig. 6 ATI-mediated miRNA dosage control determines germ layer specification during mES cell differentiation in vitro.
a, Ratios of splicing events covering different exons based on RNA-seq data from various germ layer cells. Ep, EpiS cell; Ec, ectoderm; Me, mesoderm; En, endoderm. b, The relative expression of pluripotent genes in wild-type and Î”SL1 cells during neural and EB differentiation. NP, neural progenitor. c, Heat maps of the relative expression of genes that are up- or downregulated in Î”SL1 cells compared with wild-type cells during EB differentiation. The enrichment of Gene Ontology (GO) terms and the number of genes in each group are shown. d, Heat maps of gene expression showing up- or downregulation in Î”SL1 mES cells compared with wild-type mES cells during neural differentiation. The enrichment of GO terms and the number of genes in each group are shown. e, Heat map of the relative expression of marker genes for three germ layers during neural differentiation. Representative markers are listed on the right. f, Scatter plot of global miRNA expression based small RNA-seq data in mES cells and neuronal progenitor cells (day 5). All experiments were repeated at least twice with similar results (Methods).


Extended Data Fig. 7 miRNA dosage control affects germ layer specification during teratoma formation in mouse.
a, Histology of teratomas stained with haematoxylin and eosin (HE). Left, low-power view of teratoma; differentiated areas are shown with different colours (black, ectoderm; red, endoderm). Right, representative images of ectoderm (neural tube) and endoderm (glandular structure) tissues. b, Comparison of the relative areas of ectoderm and endoderm tissues between wild-type and Î”SL1 teratomas, showing the area of each tissue divided by the total area according to HE staining. Data are represented as mean Â± s.e.m. (WT ectoderm, n = 68; Î”SL1 ectoderm, n = 58; WT endoderm, n = 65; Î”SL1 endoderm, n = 17 independent observations). Sixteen (wild-type: 8, Î”SL1: 8) sections of eight (wild-type: 4, Î”SL1: 4) teratomas from four mice were used for analysis. **P < 0.01, ****P < 0.0001, two-sided Studentâ€™s t-test. c, Immunofluorescence of GATA4 protein (endoderm marker) in sections of teratomas derived from wild-type and Î”SL1 mES cells. Fluorescence signals of GATA4 are shown in pink, and DAPI staining is shown in blue. d, Comparison of the relative area of GATA4+ cells in teratomas derived from wild-type and Î”SL1 mES cells. Data are represented as mean Â± s.e.m. (n = 439 independent observations), according to the immunofluorescence of 34 (wild-type: 17, Î”SL1: 17) sections of 18 (wild-type: 9, Î”SL1: 9) teratomas from nine mice. e, GATA4+ cell numbers relative to the total area in teratomas derived from wild-type and Î”SL1 mES cells according to the staining in c. Exact P values are provided in the Source Data. Details of statistical replications are given in the Methods.
Source data


Extended Data Fig. 8 Inhibition of lipid metabolism affects germ layer specification during EB differentiation in vitro.
a, Heat map of the relative expression of lipid metabolic genes, which is controlled by miRNA dosage in mES cells, during mES cell-to-EB differentiation over a 13-day time course. b, Protocol of mES cell-to-EB differentiation including treatment with lipid metabolic inhibitor GW9662. c, Heat map of the relative expression of lipid metabolic genes suppressed by GW9662 in differentiated EB cells. Gene number and representative genes are listed. The lipid metabolic genes are from the GO term â€˜lipid metabolic processâ€™. d, qRTâ€“PCR analysis of the relative expression of germ layer marker genes during EB differentiation with GW9662 treatment. Data are normalized to GAPDH and represented as mean Â± s.d. (n = 3 technical replicates). e, Heat map of the relative expression of germ layer marker genes during mES cell-to-EB differentiation under DMSO or GW9662 treatment. All experiments were repeated at least twice with similar results (Methods).


Extended Data Fig. 9 ATI-mediated miRNA dosage control mechanism is conserved in human cells and tissues.
a, Ratios of splicing events covering different exons based on RNA-seq data in different human cell lines (Fig. 4a). b, ChIPâ€“seq signals for various transcription factors (TFs) at DGCR8 5â€² UTR are shown in GM12878, MCF-7 and HepG2 cells, and representative transcription factors are listed in red. Histograms show the number of transcription factors that bind to the two distinct promoters (Fig. 4a). c, 5â€² RACE experiment for DGCR8 mRNA in H1299 and K562 cells. Agarose gel analysis of 5â€² RACE products (left) and summary of Sanger sequencing of 5â€² RACE colonies (right). Red arrows indicate PCR products that were purified and further processed for cloning and Sanger sequencing. The numbers indicate the proportion of all sequenced clones that map to a particular nucleotide. SL1 sequence in 5â€² UTR is shown in red (Fig. 4b). d, Imaging of tagged mCherryâ€“DGCR8 and eGFPâ€“DROSHA in living RPE1, HepG2, and K562 cells transfected with corresponding plasmids. e, FRAP analysis of Microprocessor aggregates in HepG2 cells transfected with plasmids expressing tagged mCherryâ€“DGCR8 and eGFPâ€“DROSHA. Targeted region is highlighted in a white box. DGCR8 (red), DROSHA (green) and merged (yellow) signals are shown. Normalized fluorescence intensity of DGCR8 and DROSHA in FRAP analysis. Data are presented as mean Â± s.d. (n = 6, independent observations in six separated aggregates). f, Representative images of Microprocessor aggregates in HepG2 cells transfected with plasmids expressing tagged mCherryâ€“DGCR8 and eGFPâ€“DROSHA before and after treatment with 10% 1,6-hexanediol (1,6-Hex) for 3 min. g, qRTâ€“PCR analysis of DGCR8 and DROSHA mRNA expression in wild-type and Î”SL1 H1299 cells. Data are normalized to GAPDH and represented as mean Â± s.d. (n = 3 technical replicates). h, qRTâ€“PCR analysis of mature miRNA expression. Data were normalized to U2 snoRNA. Data are represented as mean Â± s.d. (n = 3 technical replicates). i, Formula used to calculate the ATI ratio (representing ATI appearance) and exon ratio based on sequencing coverage of RNA-seq data. j, Box plot shows the ATI of DGCR8 mRNA appearance in different human tissues based on RNA-seq from GTEx dataset. Number of samples analysed is shown in purple. Tissues mainly derived from embryonic endoderm are highlighted in red. For box plots, centre line is median; box limits are 25th and 75th percentiles; whiskers extend to 1.5Ã— IQR from the 25th and 75th percentiles. All experiments were repeated at least twice with similar results (Methods).





Supplementary information
Supplementary Figure 1
This file contains the original source images of Western blot, Microprocessor assay.


Reporting Summary

Supplementary Table 1
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