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            Abstract
Many craniofacial disorders are caused by heterozygous mutations in general regulators of housekeeping cellular functions such as transcription or ribosome biogenesis1,2. Although it is understood that many of these malformations are a consequence of defects in cranial neural crest cells, a cell type that gives rise to most of the facial structures during embryogenesis3,4, the mechanism underlying cell-type selectivity of these defects remains largely unknown. By exploring molecular functions of DDX21, a DEAD-box RNA helicase involved in control of both RNA polymerase (Pol) I- and II-dependent transcriptional arms of ribosome biogenesis5, we uncovered a previously unappreciated mechanism linking nucleolar dysfunction, ribosomal DNA (rDNA) damage, and craniofacial malformations. Here we demonstrate that genetic perturbations associated with Treacher Collins syndrome, a craniofacial disorder caused by heterozygous mutations in components of the Pol I transcriptional machinery or its cofactor TCOF1 (ref. 1), lead to relocalization of DDX21 from the nucleolus to the nucleoplasm, its loss from the chromatin targets, as well as inhibition of rRNA processing and downregulation of ribosomal protein gene transcription. These effects are cell-type-selective, cell-autonomous, and involve activation of p53 tumour-suppressor protein. We further show that cranial neural crest cells are sensitized to p53-mediated apoptosis, but blocking DDX21 loss from the nucleolus and chromatin rescues both the susceptibility to apoptosis and the craniofacial phenotypes associated with Treacher Collins syndrome. This mechanism is not restricted to cranial neural crest cells, as blood formation is also hypersensitive to loss of DDX21 functions. Accordingly, ribosomal gene perturbations associated with Diamondâ€“Blackfan anaemia disrupt DDX21 localization. At the molecular level, we demonstrate that impaired rRNA synthesis elicits a DNA damage response, and that rDNA damage results in tissue-selective and dosage-dependent effects on craniofacial development. Taken together, our findings illustrate how disruption in general regulators that compromise nucleolar homeostasis can result in tissue-selective malformations.
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                    Figure 1: The functions of DDX21 are linked to rRNA synthesis levels and altered by TCS-associated perturbations.[image: ]


Figure 2: DDX21 deregulation in TCS is both cell-autonomous and cell-type selective.[image: ]


Figure 3: Selective sensitivity of cNCCs to p53 activation (act.) and DDX21 levels.[image: ]


Figure 4: rDNA damage induces DDX21 relocalization and impairs craniofacial development.[image: ]
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Extended data figures and tables

Extended Data Figure 1 DDX21 subnuclear localization is sensitive to perturbations in the rRNA synthesis.
a, Representative immunofluorescence depicting DDX21 localization and 5-ethynyl uridine (EU) incorporation in HeLa cells treated with DMSO or iPol I from nâ€‰=â€‰3 biologically independent experiments. b, c, siRNA pools were developed against TCOF1 or POLRID and transected into HeLa cells. qPCR was used to determine knockdown efficiency. d, An additional pool of siRNAs targeting TCOF1 3â€² UTR was generated and transfected into HeLa cells, followed by immunofluorescence to determine DDX21 localization upon TCOF1 knockdown. Shown are representative images from nâ€‰=â€‰3 biologically independent experiments. e, f, ChIPâ€“qPCR of DDX21 binding at target gene promoters (e) and the rDNA locus (f) upon knockdown of either TCOF1 (siTCOF1) or POLR1D (siPOLR1D). For b, c, e and f, bars represent the average nâ€‰=â€‰3 biologically independent experiments; error bars, s.e.m.


Extended Data Figure 2 DDX21 knockdown phenocopies TCS-associated perturbations in X. laevis and zebrafish.
a, Representative immunofluorescence images showing strong nucleolar localization signal for TCOF1 in HeLa cells from nâ€‰=â€‰3 biologically independent experiments. b, Immunoprecipitation of either GFP-tagged TCOF1 (GFPâ€“TCOF1) or DDX21, followed by western blotting with the indicated antibodies. nâ€‰=â€‰2 biologically independent experiments. c, Table showing the quantification of injected Xenopus embryos with the indicated morpholinos (MO) or in vitro transcribed mRNAs. d, Efficiency of tcof1 splicing morpholino was determined by PCR. nâ€‰=â€‰10 injected embryos. e, Representative images of stage 49 Xenopus embryo cartilage stainings with alcian blue. Traces of the mandibular and hyoid streams are shown for clarity. Embryos were collected from nâ€‰=â€‰3 biologically independent experiments. f, Stage 2 embryos were injected with in vitro transcribed mRNAs encoding wild-type or catalytically defective DDX21. Total mRNA was extracted at stage 31, followed by qPCR to determine the expression levels of injected mRNAs in the anterior part of the embryo (see schematics for details). Bars represent the average of nâ€‰=â€‰3 independent experiments; error bars, s.e.m. g, Representative images of 5-day-old wild-type (WT), polr1dâˆ’/âˆ’, and polr1câˆ’/âˆ’ zebrafish embryo cartilage stained with alcian blue from nâ€‰=â€‰3 independent matings. h, Table showing the quantification of polr1dâˆ’/âˆ’ and polr1câˆ’/âˆ’ crosses. i, Table showing quantification of zebrafish embryos injected with the indicated morpholino or combination of morpholino and mRNA. j, Representative images of 5-day-old zebrafish embryo cartilage stained with alcian blue after injection of ddx21 morpholino at the indicated dosages or ddx21 morpholino and in vitro transcribed human DDX21 mRNA. Traces of the ceratohyal, platoquadrate, and Meckelâ€™s cartilage are shown for clarity. nâ€‰=â€‰3 biologically independent sets of injections.


Extended Data Figure 3 Generation of an in vitro model of TCS.
a, Mouse ES cells were co-transfected with CRISPRâ€“Cas9 and sgRNAs targeting the Tcof1 locus. Targeted mouse ES cells were single-cell cloned and screened for loss-of-function mutations in Tcof1. Clones of the indicated genotypes were selected for this study. b, Overexpression of an exogenous, but stably integrated human GFP-tagged TCOF1 construct in mouse cNCCs rescued DDX21 localization defects as determined by immunofluorescence (quantifications are shown in Fig. 2c). Shown are representative images from nâ€‰=â€‰3 biologically independent experiments. c, Mouse ES cells were differentiated into embryoid bodies. Embryoid body outgrowth explants were further grown in culture and stained with antibodies for Ddx21. Shown are representative images from nâ€‰=â€‰4 biologically independent experiments. d, Human H9 ES cells were co-transfected with CRISPRâ€“Cas9 and sgRNAs targeting the TCOF1 locus. Targeted ES cells were cloned and screened for loss-of-function mutations in TCOF1; unlike mouse ES cells, we did not recover homozygous mutant alleles for TCOF1 in human cells. The indicated genotype was selected for this study. e, f, Two different commercially available antibodies raised against TCOF1 were used to confirm the heterozygosity of TCOF1+/âˆ’ ES cells. Shown are representative western blots from nâ€‰=â€‰2 biologically independent experiments. g, Representative immunofluorescence images showing DDX21 localization in both wild-type and TCOF1+/âˆ’ human ES cells and cNCCs from nâ€‰=â€‰3 biologically independent experiments. h, ChIPâ€“qPCR analysis in human cNCCs sampling DDX21 genomic occupancy at a representative panel of DDX21 target promoters and at the rDNA promoter. i, qPCR analyses of DDX21-regulated Pol I and Pol II transcribed ribosomal genes. For h, i, bars represent the average of nâ€‰=â€‰3 biologically independent experiments; error bars, s.e.m.


Extended Data Figure 4 Pol I inhibition impairs the ability of DDX21 to associate with the 5â€² external transcribed spacer (ETS) and the snoRNAs.
a, DDX21 iCLIP 32P-autoradiogram and western blots from control (DMSO) and Pol I inhibited cells. For Pol I inhibition, we used low levels of actinomycin D (ActD; 50â€‰ng mlâˆ’1). Samples were loaded with constant input lysate amounts. b, DDX21 iCLIP reads mapped to the transcribed region of the rDNA. The 5â€² external transcribed spacer and the mature portions of the 18S, 5.8S, and 28S rRNAs are highlighted. c, Distribution of ENSEMBL annotated regions for DDX21-bound RNAs in both DMSO and actinomycin D conditions. d, e, Scatter plot analysis of normalized iCLIP reverse transcription stops on individual C/D or H/ACA snoRNAs. iCLIP results are from nâ€‰=â€‰2 biological replicates.


Extended Data Figure 5 Protein p53 is activated in TCS cNCCs and its mRNA is highly expressed in cNCCs in vivo
. a, b, qPCR analyses of the p53-target gene Cdkn1a in mouse ES cells and cNCCs (a) and human cNCCs (b) of indicated genotypes. Bars represent the average of nâ€‰=â€‰3 biologically independent experiments; error bars, s.e.m. c, Human cNCCs were treated with NSC146109 for 12â€‰h, followed by western blotting with antibodies raised against p53. Shown is a representative western blot from nâ€‰=â€‰3 biologically independent experiments. d, Immunofluorescence staining of p53 and DDX21 in sections from the dorsal neural tube of Mdm2fl/fl (control; top) and Wnt1-cre;Mdm2fl/fl (bottom) E9.5 mouse embryos. Dotted lines outline the neural fold. nâ€‰=â€‰5 animals per genotype. e, Representative picture of whole-mount in situ hybridization of E9.5 embryos with a probe recognizing endogenous p53 mRNA. nâ€‰=â€‰4 animals. f, g, Representative images of p53 in situ hybridization on tissue sections of the frontonasal prominence and first and second pharyngeal arches of E9.5 mouse embryos. nâ€‰=â€‰2 independent animals.


Extended Data Figure 6 Hyper-activation of p53 in cNCCs renders pharyngeal arches hypoplastic.
Representative images of wild-type and Wnt1-cre;Mdm2fl/fl E10.5 embryos. Whole-embryo pictures (left) and insets (middle) depicting the location of the first and second pharyngeal arches. Right panel shows traces of first and second pharyngeal arches for clarity. nâ€‰=â€‰8 animals per genotype.


Extended Data Figure 7 DDX21 overexpression rescues TCS and its function is deregulated by knockdown of other ribosomopathy-associated genes
. a, Representative western blot for DDX21 in different cell types from nâ€‰=â€‰3 biologically independent experiments. b, FACS analyses to determine the sensitivity of TCOF1+/âˆ’ cNCC to p53-mediated apoptosis. cNCCs were treated with NSC146109 for 4â€“6â€‰h (note that this time point is significantly shorter than the one used in Fig. 3f and g). Apoptosis was quantified by FACS of annexin V staining. Bars represent the average of nâ€‰=â€‰3 independent experiments; error bars, s.e.m. c, Quantification of Xenopus cranofacial development rescue experiments by measuring the length of the hyoid stream upon overexpression of TCOF1, DDX21, or p53 knockdown. Embryos were collected from nâ€‰=â€‰3 biologically independent experiments. Boxes represent median value and 25th and 75th percentiles, whiskers are minimum to maximum, crosses are outliers. ***Pâ€‰<â€‰0.001, two-sided Wilcoxonâ€“Mannâ€“Whitney test. d, Rescue of TCS-associated craniofacial malformations in Xenopus by injection of the embryos with the indicated in vitro transcribed mRNAs and/or morpholinos (quantification is shown in c). e, Representative immunofluorescence images of mouse Tcof1âˆ’/âˆ’ cNCCs upon overexpression of human GFP-tagged DDX21. nâ€‰=â€‰3 biologically independent experiments. f, ChIPâ€“qPCR analysis, in mouse cNCCs sampling Ddx21 genomic occupancy, at a representative panel of Ddx21 target promoters and at the rDNA locus. nâ€‰=â€‰3 biologically independent experiments. Bars represent the average of nâ€‰=â€‰3 independent experiments; error bars, s.e.m. g, siRNA pools against a subset of ribosomopathy-associated genes were transected into HeLa cells. qPCR was used to determine the efficiency of the knockdowns. Bars represent the average of nâ€‰=â€‰3 independent experiments; error bars, s.e.m. h, Representative immunofluorescence images showing DDX21 localization changes in HeLa cells transfected with the indicated pools of siRNAs (quantification is on Fig. 3i). nâ€‰=â€‰3 biologically independent experiments. i, Tables quantifying the number of embryos stained for haemoglobin with o-dianisidine for the indicated genotypes. In the case of rpl1 zebrafish, embryos were collected from three independent matings. For DDX21, three independent batches of embryos were injected and stained.


Extended Data Figure 8 Inhibition of Pol I results in DNA damage in a subset of cells.
a, Representative immunofluorescence images of wild-type and TCOF1+/âˆ’ cNCCs stained with an antibody against Î³H2A.X; quantification is shown in b. c, Representative immunofluorescence images of DNA-damaged wild-type cNCCs stained with an antibody against Î³H2A.X after 1 h treatment with iPol I or actinomycin D (ActD); quantification is shown in d. e, Representative immunofluorescence images of DNA-damaged HeLa cells stained with an antibody against Î³H2A.X after 1 h treatment with iPol I; quantification is shown in f. For aâ€“f, cells were collected from nâ€‰=â€‰3 biologically independent experiments. Boxes represent median value and 25th and 75th percentiles, whiskers are minimum to maximum, crosses are outliers. ***Pâ€‰<â€‰0.001, two-sided Wilcoxonâ€“Mannâ€“Whitney test. g, Fraction of DNA-damaged HeLa cells displaying perinucleolar Î³H2A.X signal after 1â€‰h incubation with iPol I. Cells were collected from nâ€‰=â€‰3 biologically independent experiments. hâ€“j, Single-cell correlation plots of p53 activation and Î³H2A.X signal in control and cells expressing either AsiSI or I-PpoI. Cells were collected from nâ€‰=â€‰4 biologically independent experiments. Ï�, Pearson correlation coefficient. P, two-sided Wilcoxonâ€“Mannâ€“Whitney test. k, Single-cell quantification of Î³H2A.X signal in control and cells expressing either AsiSI or I-PpoI. Cells were collected from nâ€‰=â€‰4 biologically independent experiments. Boxes represent median value and 25th and 75th percentiles, whiskers are minimum to maximum, crosses are outliers. P, two-sided Wilcoxonâ€“Mannâ€“Whitney test.

                          Source data
                        


Extended Data Figure 9 rDNA damage impairs DDX21 functions and causes craniofacial deformities.
a, b, Time course of phosphorylated DNA-PKcs as measured by auto-phosphorylation of the kinase in Ser2056 (S2056) upon iPol I treatment. Cells were collected from nâ€‰=â€‰3 biologically independent experiments. Boxes represent median value and 25th and 75th percentiles, whiskers are minimum to maximum, crosses are outliers. P, two-sided Wilcoxonâ€“Mannâ€“Whitney test. c, Time course of DDX21 exclusion from the nucleolus to the nucleoplasm upon iPol I treatment. Cells were collected from nâ€‰=â€‰3 biologically independent experiments. Boxes represent median value and 25th and 75th percentiles, whiskers are minimum to maximum, crosses are outliers. P, two-sided Wilcoxonâ€“Mannâ€“Whitney test. d, Representative immunofluorescence images of HeLa cells transfected with in vitro transcribed I-PpoI and treated or not with inhibitors for ATM (iATM) and DNAPK (iDPK). After treatment, cells were stained with antibodies against DDX21 and Î³H2A.X. e, Box plot quantifying the number of Î³H2A.X foci of HeLa cells transfected with I-PpoI and treated or not with iATM and iDPK. Cells were collected from nâ€‰=â€‰3 biologically independent experiments. Boxes represent median value and 25th and 75th percentiles, whiskers are minimum to maximum, crosses are outliers. ***Pâ€‰<â€‰0.001, two-sided Wilcoxonâ€“Mannâ€“Whitney test, not significant (NS). f, Western blot showing DNA-PKcs by auto-phosphorylation of S2056 upon knockdown of DDX21. Two different siRNAs were used in this experiment (see Methods for details). nâ€‰=â€‰3 biologically independent experiments. g, Representative bright-field images of stage 49 Xenopus embryos either uninjected or injected with in vitro transcribed I-PpoI and (h) alcian blue stainings of Xenopus cranial cartilage from embryos injected with the indicated doses of in vitro transcribed I-PpoI. Embryos were collected from nâ€‰=â€‰4 biologically independent injections.

                          Source data
                        


Extended Data Figure 10 Model explaining cNCC-type selective effects of nucleolar dysfunction and rDNA damage in TCS.
cNCCs express high levels of p53 mRNA, but during normal development p53 is under post-transcriptional control of its E3 ligase, Mdm2. Upon nucleolar stress and/or rDNA damage, activation of p53 and loss of DDX21 from chromatin result in apoptosis of a subset of cNCCs. This diminishes the population of cNCCs that can be allocated to the lower face, leading to malformations of the developing craniofacial structures. Thus, factors whose perturbations may ultimately induce defects in rRNA synthesis and rDNA damage are likely to be associated with craniofacial malformations.
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        Editorial Summary
RNA-related regulation in craniofacial development
Many craniofacial disorders are due to defects in cranial neural crest cells, a cell type that gives rise to the majority of facial structures during embryogenesis. Yet, many of the genetic defects underlying these disorders are heterozygous mutations in general transcription and translation regulators, which are not tissue-specific. Why cranial neural crest cells are more sensitive than others to these mutations during development is not well understood. Joanna Wysocka and colleagues show that mutations associated with Treacher Collins syndrome perturb the subnuclear localization of an RNA helicase involved in ribosome biogenesis, and that this effect occurs specifically in cranial neural crest cells. This protein relocalization process, which involves the activation of p53, impairs ribosome biogenesis and causes craniofacial defects.
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