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            Abstract
Metazoan development depends on the accurate execution of differentiation programs that allow pluripotent stem cells to adopt specific fates1. Differentiation requires changes to chromatin architecture and transcriptional networks, yet whether other regulatory events support cell-fate determination is less well understood. Here we identify the ubiquitin ligase CUL3 in complex with its vertebrate-specific substrate adaptor KBTBD8 (CUL3KBTBD8) as an essential regulator of human and Xenopus tropicalis neural crest specification. CUL3KBTBD8 monoubiquitylates NOLC1 and its paralogue TCOF1, the mutation of which underlies the neurocristopathy Treacher Collins syndrome2,3. Ubiquitylation drives formation of a TCOF1â€“NOLC1 platform that connects RNA polymerase I with ribosome modification enzymes and remodels the translational program of differentiating cells in favour of neural crest specification. We conclude that ubiquitin-dependent regulation of translation is an important feature of cell-fate determination.
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                    Figure 1: CUL3KBTBD8 drives neural crest specification.[image: ]


Figure 2: CUL3KBTBD8 monoubiquitylates TCOF1 and NOLC1.[image: ]


Figure 3: CUL3KBTBD8 controls neural crest specification through TCOF1 and NOLC1.[image: ]


Figure 4: Ubiquitylation-dependent TCOF1â€“NOLC1 complexes couple RNA polymerase I to ribosome modification enzymes.[image: ]


Figure 5: CUL3KBTBD8 remodels translational programs during differentiation.[image: ]
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Extended data figures and tables

Extended Data Figure 1 KBTBD8 is a developmentally regulated CUL3 adaptor.
a, Gene expression analysis by microarray of hESCs differentiated into embryoid bodies (EB) for 6 days (n > 30,000 transcripts, mean of 3 biological replicates, analysis of variance (ANOVA) P value <0.05; blue, downregulated genes; red, upregulated genes). b, Expression analysis of all CRL substrate adaptors, including KBTBD8, with data derived from the experiment described above. c, Expression analysis of CUL3 adaptors during hESC differentiation into hEBs (blue, downregulation; yellow, upregulation). d, mRNA levels of pluripotency markers and KBTBD8 during hESC differentiation into EBs, as determined by qRTâ€“PCR (mean of 3 technical replicates Â± s.e.m.). e, Protein levels of KBTBD8 during hESC differentiation into EBs, as seen by western blot (OCT4, NANOG: pluripotency; PAX6: CNS precursors; TFAP2: neural crest marker). f, KBTBD8 is expressed in hESCs, but not in somatic cell lines, as determined by qRTâ€“PCR (mean of 3 technical replicates Â± s.e.m.). g, Abundance of KBTBD8 in H9 hESCs, D3 mESCs, or somatic cell lines was determined by western blot analysis. h, KBTBD8 expression is downregulated during mouse embryonic stem cell (mESC) differentiation into mouse embryoid bodies, as determined by qRTâ€“PCR (mean of 3 technical replicates Â± s.e.m.). i, KBTBD8 protein levels are reduced during mESC differentiation, as shown by western blot analysis.


Extended Data Figure 2 KBTBD8 controls neural crest formation.
a, Stable depletion of KBTBD8 from H1 hESCs, as determined by western blot analysis. b, KBTBD8 depletion does not significantly change the cell cycle profile of hESCs, as determined by propidium iodide staining and FACS. c, Control or KBTBD8-depleted hESCs were counted at indicated times after seeding (mean of 3 biological replicates, Â±s.d.). d, KBTBD8 depletion does not induce apoptosis in hESCs, as shown by immunostaining against cleaved caspase 3 (red) or DNA (blue) (200 cells per condition; scale bar, 10 Î¼m). e, KBTBD8 depletion does not affect the gene expression profile of hESCs, as determined by microarray analysis (genes > 2.5-fold change, n > 30,000; mean of 3 biological replicates, ANOVA P-value <0.05). f, Loss of KBTBD8 causes a decrease in the expression of neural crest cell markers during EB formation, as shown by comparative microarray analysis (genes > 2.5-fold change, n > 30,000; mean of 3 biological replicates, ANOVA P-value <0.05). g, mRNA levels of pluripotency and differentiation markers in EBs stably expressing control or KBTBD8 shRNAs were measured by qRTâ€“PCR (3 technical replicates Â± s.e.m.).


Extended Data Figure 3 KBTBD8 controls neural crest specification.
a, Depletion of KBTBD8 from hESCs subjected to neural conversion results in loss of neural crest cells, as determined by immunofluorescence against HNK1, TFAP2 and p75 (n > 200 cells, mean of 3 biological replicates Â± s.d.). b, H1 hESCs transduced with control (green) or KBTBD8 shRNAs (red) were subjected to neural conversion, and expression of neural crest markers SOX10 (circles) and SNAIL2 (boxes) was monitored by qRTâ€“PCR (mean of 3 technical replicates Â± s.e.m.). c, H1 hESCs described above were subjected to neural conversion, and abundance of CNS precursor markers SOX2 (circles) and PAX6 (boxes) was measured by qRTâ€“PCR. d, H1 hESCs described above were subjected to neural conversion, and abundance of telencephalon markers SIX3 (circles) and FOXG1 (boxes) was measured by qRTâ€“PCR. e, Expression of OCT4 was monitored by qRTâ€“PCR during neural conversion in the presence or absence of KBTBD8. f, hESCs stably expressing control or KBTBD8 shRNAs were subjected to neural conversion and analysed for expression of pluripotency (OCT4, CDH1), neural crest (SOX10, SNAIL2, AP2), or CNS precursor markers (PAX6) by western blotting. To provide consistency, samples were taken from the same experiment as shown in Fig. 5d (asterisks mark blots that are also shown in Fig. 5d). g, Loss of neural crest occurs in response to KBTBD8 depletion by two independent shRNAs, as shown by western blot analysis. h, hESCs were subjected to neural conversion and analysed by immunofluorescence microscopy against SOX10 (neural crest), PAX6 (CNS precursor), and OCT4 (pluripotency) (confocal, original magnification 20Ã—).


Extended Data Figure 4 KBTBD8 is required for differentiation into functional neural crest cells.
a, H1 hESCs stably expressing control or KBTBD8 shRNAs were subjected to neural conversion for 43 days and analysed by immunofluorescence microscopy against GFAP (glia), smooth muscle actin (SMA; mesenchymal cells), and neurofilament L (neurons). b, Control H1 hESCs or hESCs depleted of KBTBD8 were subjected to neural conversion for 43 days and expression of markers for glia (GFAP), mesenchyme (smooth muscle actin, SMA), melanocytes (TYRP1, DCT), chondrocytes (COL2A1), or CNS derivatives (PAX6, NESTIN, neurofilament L) was analysed by qRTâ€“PCR (mean of 3 technical replicates Â± s.e.m.). c, Xenopus tropicalis embryos were injected at the two-cell stage with splice-blocking morpholinos (sMO) against CUL3 or KBTBD8, or with a dominant-negative construct of CUL3 that allows KBTBD8 to bind, but not ubiquitylate, substrates. Neural crest formation was monitored by SOX10 in situ hybridization. Quantification included experiment shown in Fig. 1d (mean of 3 biological replicates Â± s.d.; âˆ¼20 embryos per condition and replicate).


Extended Data Figure 5 Biochemical characterization of the substrate adaptor role of KBTBD8.
a, Domain structure of KBTBD8, including the residues mutated to generate ubiquitylation- (Y74A) and substrate-binding-deficient KBTBD8 (F550A, W579A). b, Effects of point mutations in predicted KELCH domain loops on binding of KBTBD8 to candidate substrates were determined by affinity purification and western blot analysis. c, Effects of point mutations in BTB domain on binding of KBTBD8 to CUL3 were determined by affinity purification and western blotting. Dimerization of Flagâ€“KBTBD8 with KBTBD8â€“HA was analysed in the same experiment to provide a folding control. d, Binding of recombinant CUL3 to immobilized recombinant MBPâ€“KBTBD8 variants was analysed by Coomassie. e, Binding of in vitro-transcribed/translated 35S-NOLC1 to immobilized recombinant KBTBD8 variants was analysed by autoradiography. f, Binding of in vitro-transcribed/translated 35S-TCOF1 to immobilized recombinant KBTBD8 variants was analysed by autoradiography. g, Endogenous Î²-arrestin proteins in reticulocyte lysates binds immobilized, recombinant KBTBD8, as detected by western blot analysis. h, 293T cells were transfected with control- or Î²-arrestin 1/2-siRNAs and reconstituted with Flagâ€“KBTBD8. Binding of KBTBD8 to endogenous TCOF1 and NOLC1 was analysed by anti-Flag affinity purification and western blot analysis. i, Ubiquitylation of HAâ€“TCOF1 in 293T cells depleted of Î²-arrestin 1/2 and reconstituted with KBTBD8 was determined after denaturing Ni-NTA purification by western blotting as described above. j, Ubiquitylation of HAâ€“NOLC1 was detected in 293T cells depleted of Î²-arrestins and reconstituted with KBTBD8, as described above.


Extended Data Figure 6 KBTBD8 specifies neural crest fate through TCOF1 and NOLC1.
a, mRNA levels of KBTBD8, NOLC1 and TCOF1 were determined in hESCs or differentiating cells transduced with lentiviruses expressing the indicated shRNAs by qRTâ€“PCR (mean of 3 technical replicates Â± s.e.m.). b, hESCs stably depleted of KBTBD8 and reconstituted with either wild-type KBTBD8, KBTBD8(W579A), or KBTBD8(Y74A) were subjected to neural conversion (9 days) and analysed for the expression of marker proteins by qRTâ€“PCR (mean of 3 technical replicates Â± s.e.m.). c, hESCs stably depleted of KBTBD8, TCOF1, or NOLC1 were subjected to neural conversion (9 days) and analysed for marker expression by qRTâ€“PCR (mean of 3 technical replicates Â± s.e.m.). d, Depletion of TCOF1 or NOCL1 from hESCs results in loss of neural crest cells, as determined by triple staining immunofluorescence against the neural crest markers HNK1, TFAP2 and p75 (n > 200 cells, mean of 3 biological replicates Â± s.d.). Scale bar, 10 Î¼m. e, hESCs were transduced with lentiviruses expressing control or BRD2 shRNAs, subjected to puromycin selection for 7 days, and analysed by western blot analysis. f, Depletion efficiency for shRNAs against various KBTBD8 binding partners, as determined by qRTâ€“PCR (mean of 3 technical replicates Â± s.e.m.).


Extended Data Figure 7 Characterization of TCOF1 regulation by ubiquitylation.
a, hESCs depleted of either KBTBD8 or TCOF1 were subjected to neural conversion and analysed for expression of indicated proteins by western blot. b, Control or KBTBD8-depleted hESCs were fixed and subjected to indirect immunofluorescence analysis against endogenous TCOF1 or NOLC1. Scale bar, 10 Î¼m. c, Total spectral counts of proteins associated with TCOF1â€“NOLC1 complexes purified by sequential immunoprecipitation in the presence of KBTBD8 compared to single TCOF1 affinity purification in the absence of KBTBD8, as determined by mass spectrometry (sum of 3 biological replicates). d, 293T cells were reconstituted with CUL3KBTBD8 and depleted of TCOF1 and NOLC1 by siRNAs. Endogenous RNA polymerase I was immunoprecipitated and binding to the SSU processome (NOP58, CSK2A) was analysed by western blot.


Extended Data Figure 8 KBTBD8 is not required for general ribosome biogenesis.
a, hESCs stably depleted of KBTBD8 were subjected to neural conversion and levels of 5S rRNA, 18S rRNA and mRNAs encoding RPS6, RPS28, RPL10A and RPL28 were measured by qRTâ€“PCR (mean of 3 technical replicates Â± s.e.m.). b, hESCs stably depleted of KBTBD8 were subjected to neural conversion, and total RNA was subjected to a bioanalyser assay to monitor processing of ribosomal RNAs. c, hESCs stably depleted of KBTBD8 were subjected to neural conversion (3 days), and nucleoli were analysed by anti-fibrillarin (original magnification: 60 Ã—, confocal) immunofluorescence microscopy. d, Quantification of nucleolar analysis described above (mean of 3 technical replicates Â± s.e.m.). e, hESCs stably depleted of KBTBD8 were analysed for localization of 5.8S rRNA by anti-5.8S rRNA immunofluorescence microscopy (original magnification: 60Ã—, confocal). f, hESCs depleted of KBTBD8 were subjected to neural conversion and analysed by anti-5.8S rRNA immunofluorescence microscopy (original magnification: 60Ã—, confocal). g, Polysomes were purified from control or KBTBD8-depleted hESCs and differentiated counterparts subjected to neural conversion via sucrose gradient centrifugation followed by fractionation and UV detection. h, KBTBD8-depleted hESCs were subjected to neural conversion for 9 days and analysed for apoptosis by immunofluorescence analysis against cleaved caspase 3 (red) and DNA (Hoechst, blue). Cells with active caspase 3 staining were quantified (âˆ¼200 cells per condition; scale bar, 10 Î¼m) (original magnification: 40Ã—, confocal).


Extended Data Figure 9 Characterization of KBTBD8- and TCOF1-depleted hESCs during neural conversion.
a, hESCs were treated with increasing concentrations of rapamycin, subjected to neural conversion for 9 days, and analysed for expression of neural crest or CNS precursor markers by qRTâ€“PCR. For comparison, effects of KBTBD8, TCOF1, or NOLC1 depletion (extracted from Fig. 3a) are shown. b, hESCs were treated with rapamycin, subjected to neural conversion, and analysed for marker expression by western blotting. c, hESCs were depleted of KBTBD8 or TCOF1, subjected to neural conversion for 3 days, and analysed for expression of 5S and 18S rRNA by qRTâ€“PCR (mean of 3 technical replicates Â± s.e.m.). d, hESCs depleted of KBTBD8 or TCOF1 were subjected to neural conversion for 3 days and analysed for p53 activation by RNA-seq against p53 targets. e, hESCs were depleted of KBTBD8 or TCOF1, subjected to neural conversion for 3 days, and analysed for apoptosis by immunofluorescence microscopy against cleaved caspase 3. Quantification shown below (âˆ¼200 cells per condition). f, hESCs depleted of KBTBD8 were subjected to neural conversion for 9 days and analysed for expression levels of 5S and 18S rRNA by qRTâ€“PCR (mean of 3 technical replicates Â± s.e.m.). g, hESCs stably depleted of NOLC1 or TCOF1 were subjected to neural conversion for 9 days and analysed by immunofluorescence microscopy against cleaved caspase 3 (red) or DNA (Hoechst, blue). Quantification is shown below (âˆ¼200 cells per condition; scale bar, 10 Î¼m).


Extended Data Figure 10 KBTBD8 controls translation.
a, hESCs stably depleted of KBTBD8 were subjected to neural conversion for 3 days, and hESCs and differentiating cells were analysed by RNA deep sequencing and ribosomal profiling to determine translation efficiency. Distribution of translation efficiency changes for 7,725 mRNAs brought about by KBTBD8 depletion is shown. b, hESCs stably depleted of either TCOF1 or KBTBD8 were subjected to neural conversion for 3 days, and translation efficiency was determined by RNA-seq and ribosome profiling. c, Translation efficiency blot of differentiating hESCs transduced with control or KBTBD8 shRNAs was labelled for significantly affected transcripts in general (blue), with links to CNS precursor formation (gold), or with links to neural crest formation (green). d, hESCs stably depleted of KBTBD8 or TCOF1 were subjected to neural conversion for 3 days, and expression levels of indicated proteins were analysed by western blotting. e, hESCs stably depleted of KBTBD8 were subjected to neural conversion for 3 days, and levels of ATRX1 and PCM1 mRNA were determined by qRTâ€“PCR (mean of 3 technical replicates Â± s.e.m.). f, hESCs stably depleted of KBTBD8 were subjected to neural conversion for 3 days, and protein stability of ATRX1 and PCM1 was determined by cycloheximide chase and western blotting (mean of 3 biological replicates Â± s.d., ATRX1 and PCM1 levels were normalized relative to actin levels and 0 h time point set to 100%).
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