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            Abstract
Down’s syndrome results from full or partial trisomy of chromosome 21. However, the consequences of the underlying gene–dosage imbalance on adult tissues remain poorly understood. Here we show that in Ts65Dn mice, which are trisomic for 132 genes homologous to genes on human chromosome 21, triplication of Usp16 reduces the self-renewal of haematopoietic stem cells and the expansion of mammary epithelial cells, neural progenitors and fibroblasts. In addition, Usp16 is associated with decreased ubiquitination of Cdkn2a and accelerated senescence in Ts65Dn fibroblasts. Usp16 can remove ubiquitin from histone H2A on lysine 119, a critical mark for the maintenance of multiple somatic tissues. Downregulation of Usp16, either by mutation of a single normal Usp16 allele or by short interfering RNAs, largely rescues all of these defects. Furthermore, in human tissues overexpression of USP16 reduces the expansion of normal fibroblasts and postnatal neural progenitors, whereas downregulation of USP16 partially rescues the proliferation defects of Down’s syndrome fibroblasts. Taken together, these results suggest that USP16 has an important role in antagonizing the self-renewal and/or senescence pathways in Down’s syndrome and could serve as an attractive target to ameliorate some of the associated pathologies.
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                    Figure 1: Usp16 contributes to defective HSCs in Ts65Dn mice.[image: ]


Figure 2: Ts65Dn mice, but not Ts65Dn/Usp16het mice, show defective neural progenitor cells.[image: ]


Figure 3: Ts65Dn mammary cells are affected by levels of Usp16.[image: ]


Figure 4: Usp16 contributes to proliferation defects and senescence in Ts65Dn fibroblasts.[image: ]


Figure 5: Human cells are affected by USP16 levels.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Ts65Dn, but not Ts1Cje, bone marrow show a decreased number of functional HSCs.
a, Impaired engraftment ability of Ts65Dn bone marrow (BM) cells in transplantation experiments. The percentage of donor cells (CD45.2+) was evaluated at the indicated time points (five mice per group, repeated twice). b, Representative fluorescence-activated cell sorting (FACS) plots of KLS cells show a reduced number of CD34− Flt3− KLS cells in Ts65Dn marrows (four mice of each genotype were examined). c, Peripheral blood analyses four months after bone marrow transplant revealed multi-lineage engraftment in Ts65Dn mice with only 500,000 donor cells; lower doses of Ts65Dn donor bone marrow failed to reconstitute haematopoietic lineages. d, Multi-lineage analyses of peripheral blood 3 months after bone marrow transplantation showed that Ts65Dn bone marrow cells failed to reconstitute secondary recipients. Representative FACS plots are shown.


Extended Data Figure 2 HSCs in Ts65Dn mice have lower levels of H2A ubiquitination.
a, Immunofluorescence for H2A ubiquitination on Lys 119 shows a decrease in the number of positive foci in MEFs derived from Ts65Dn embryos compared to controls. Each dot represents a different cell and each column a different mouse. One hundred cells per group were analysed and the experiment was repeated twice. b, H2AK119+ staining is decreased in Ts65Dn compared to control MEFs. c, Western blot analyses of chromatin extracts from MEFs. H2AK119+ levels are decreased in Ts65Dn (quantification performed using ImageJ software). H2A western blotting verifies equal loading of extracts.


Extended Data Figure 3 Downregulation of Usp16 improves engraftment of Ts65Dn KLS cells in primary and secondary transplants.
a, Usp16 mRNA quantification after infection of KLS cells with the indicated lentivirus. b, Peripheral blood analyses revealed multi-lineage engraftment from Ts65 KLS bone marrow cells infected with a shUsp16 hairpin. Representative FACS plots are shown. c, Two months after transplantation in secondary recipients, shC Ts65Dn bone marrow cells fail to engraft, whereas shUsp16 Ts65Dn cells show multi-lineage reconstitution. Representative FACS plots are shown.


Extended Data Figure 4 Analyses of Nsp-IC frequency in neurospheres cultures.
a, Usp16 mRNA quantification in murine neurospheres cultures (P4). b, c, Raw data used for ELDA analyses of Nsp-ICs derived from Lin− SVZ cells or for the indicated sorted population. For each cell dilution, 24 replicates were tested. The table indicates the number of positive wells in each condition.


Extended Data Figure 5 CD15+ Egfr+ and Prom1+ Egfr+ populations are enriched for neuronal progenitors in mice.
a, Representative FACS plots are shown for viable Lin− cells derived from SVZ preparations. Double-positive cells were sorted and used for testing neurosphere-formation potential. b, Representative pictures of immunofluorescence staining for Sox2 and nestin on the indicated sorted populations. The arrows indicate cells scored positive for Sox2 (green) or nestin (red). For this analysis, the indicated Lin− cell populations were FACS sorted and collected by cytospin. On the right, twelve fields were randomly selected for analyses from four wild-type mice from different litters. The percentage of positive cells is given by the ratio of cells positive for Sox2 or nestin among the DAPI (4′,6-diamidino-2-phenylindole )+ cells. c, Neurosphere expansion in vitro during passaging by different sorted populations derived from mouse SVZ. CD15+ Egfr+ cells are able to expand upon passaging.


Extended Data Figure 6 Defects in mammary glands in Down’s syndrome mice models.
a, b, mRNA quantification of Usp16 and different Hox genes in CD49highCD24med mammary cells. Hox1, Hox3 and Hox5 are expressed at higher levels in Ts65Dn cells. c, Representative FACS plot of mammary cells gated on live cells (first row) or live Lin− cells. We observed a perturbation in the overall FACS profile with reduction of basal and luminal cells (indicated gates) in Ts65Dn mice but not in Ts1Cje mice. These experiments were repeated five times for each group. d, Quantification of overlap between staining for the basal cytokeratin CK14 (red) and the luminal cytokeratin CK8 (green). Pearson’s correlation analyses (lumosity software) showed a marked increase in cells that co-stain for both cytokeratins in Ts65Dn mammary epithelium. Each experiment was repeated with three mice per group. e, Downregulation of Usp16 by shRNA lentiviral infection partially rescues the in vivo defects shown by Ts65Dn mammary cells (P = 0.03). Three independent transplantation experiments were performed. Right, the percentage of fat pad filled by GFP outgrowths is significantly higher upon downregulation of Usp16 (P = 0.007).


Extended Data Figure 7 Senescence in Ts65Dn fibroblasts is affected by levels of Usp16 and Cdkn2a.
a, Western blot analyses verifies knockdown of p16. β-actin was used as a loading control. b, Proliferation of Ts65Dn TTFs increased upon infection with a hairpin targeting Cdkn2a. Control TTFs proliferate more upon downregulation of both p16Ink4a and p19Arf. The experiment was repeated three times with similar results. c, Representative pictures of p16Ink4a immunostaining (left) and quantification of the percentage of positive cells (right). Each dot represents a TTF culture derived from a different mouse. The hairpin effectively ablates p16Ink4a expression. d, SA-βgal staining in control and Ts65Dn MEFs at P4. Representative pictures are shown on the left. The percentages of positive cells are shown on the right. Experiments were replicated with three different MEF lines per genotype.


Extended Data Figure 8 Human fibroblast cultures.
a, b, mRNA quantification of USP16 upon lentiviral overexpression or downregulation. c, BMI1 overexpression significantly increases the proliferation of fibroblasts derived from a Down’s syndrome carrier. The effect on control fibroblasts is not significant. On the right, the levels of expression of BMI1 mRNA were quantified by real-time PCR. The experiment was repeated twice with similar results. d, Overexpression of USP16 reduces the formation of neurospheres derived from human paediatric SVZ cells. On the right, the quantification of the number of spheres obtained in the first and in the second passage. All the experiments were replicated twice.


Extended Data Figure 9 HSCs in human bone marrow derived from Down’s syndrome patients.
Left, representative plot of Lin− cells derived from human bone marrow. Right, a plot of the percentage of CD34+ CD38−CD90+ observed between the Lin− cells (Down’s syndrome: two samples; healthy donors: three samples). Down’s syndrome bone marrow samples were retrieved from sternal biopsies obtained from children undergoing corrective heart surgery at Stanford University. The families were consented according to IRB approved protocols. Control bone marrow samples were obtained from AllCells, LLC. Although we cannot unequivocally state that the HSCs are reduced in Down’s syndrome patients, in these children they are not increased as they might be in the liver of some human Down’s syndrome fetuses. Down’s syndrome is associated with increased rates of childhood leukaemia and decreased rates of some adult solid tumours. We can only speculate as to why Down’s syndrome predisposes individuals to one type of malignancy and protects from another, and whether USP16 has a role in either observation. Other syndromes causing bone marrow failure, such as Fanconi anaemia, predispose to leukaemia. Lymphoid leukaemias in Down’s syndrome patients frequently involve mutation of CDKN2A. Because CDKN2A appears to have a role in the proliferation defects caused by trisomy of USP16, mutations of CDKN2A could give Down’s syndrome HSCs a strong selection advantage. Differences between fetal liver and adult bone marrow HSCs could provide another explanation for an increased incidence of leukaemia in Down’s syndrome. An expansion of Down’s syndrome fetal liver HSCs but not of adult bone marrow HSCs could also explain why Down’s syndrome leukaemia appears to originate more often in fetal blood cells.
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        Editorial Summary
Excess Usp16 linked to Down's syndrome
People with Down's syndrome have abnormalities in multiple tissues including mental retardation and early ageing. The disease is often the result of full or partial trisomy of chromosome 21, but the molecular mechanisms underlying the observed cellular defects remain largely unknown. An analysis of haematopoietic stem cells in the Down's syndrome mouse model Ts65Dn has revealed a reduced self-renewal associated with the proliferation of cells expressing three copies of the Usp16 gene, which encodes a deubiquitination enzyme involved in chromatin remodelling and cell cycle progression. In a second Down's syndrome mouse model, Ts1Cje, haematopoietic stem cells were not defective. Downregulation of USP16 rescued the functional defects of affected Ts65Dn cells. Overexpression of USP16 in normal human fibroblasts reduced their proliferative capacity and USP16 downregulation partially rescued human Down's syndrome fibroblast proliferation defects. The authors propose that USP16 is a potential target for therapeutics designed to ameliorate the pathologies associated with this syndrome.
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