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            Abstract
The balance between stem cell self-renewal and differentiation is controlled by intrinsic factors and niche signals1,2. In the Drosophila melanogaster ovary, some intrinsic factors promote germline stem cell (GSC) self-renewal, whereas others stimulate differentiation3. However, it remains poorly understood how the balance between self-renewal and differentiation is controlled. Here we use D. melanogaster ovarian GSCs to demonstrate that the differentiation factor Bam controls the functional switch of the COP9 complex from self-renewal to differentiation via protein competition. The COP9 complex is composed of eight Csn subunits, Csn1â€“8, and removes Nedd8 modifications from target proteins4,5. Genetic results indicated that the COP9 complex is required intrinsically for GSC self-renewal, whereas other Csn proteins, with the exception of Csn4, were also required for GSC progeny differentiation. Bam-mediated Csn4 sequestration from the COP9 complex via protein competition inactivated the self-renewing function of COP9 and allowed other Csn proteins to promote GSC differentiation. Therefore, this study reveals a protein-competition-based mechanism for controlling the balance between stem cell self-renewal and differentiation. Because numerous self-renewal factors are ubiquitously expressed throughout the stem cell lineage in various systems, protein competition may function as an important mechanism for controlling the self-renewal-to-differentiation switch.
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                    Figure 1: Csn4 physically interacts with Bam and antagonizes its function during GSC development.[image: ]


Figure 2: COP9 is an intrinsic controller of GSC self-renewal and proliferation.[image: ]


Figure 3: Csn4 inhibits cystoblast differentiation by competing with Bgcn for binding to Bam.[image: ]


Figure 4: Csn proteins promote cystoblast differentiation in the absence of Csn4.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Bam interacts with Csn4 in yeast cells.
a, Csn4 contains a PCI/PINT protein interaction domain in its C terminus. The C-terminal 121 amino acid region containing the PCI/PINT domain interacts with Bam in yeast cells. b, c, In a yeast two-hybrid assay, different Bam truncations fused to the Gal4 DNA-binding domain were individually tested for their interaction with the fusion protein between Csn4 and the Gal4 transcriptional activation domain by activating expression of the HIS3 gene, which allows yeast cells to grow on medium lacking histidine. â€œNo Bamâ€� means that only the Gal4 binding domain is used in the assay. The results from b are summarized in c. Red-filled boxes indicate positive interactions, whereas unfilled boxes denote no interaction. d, Co-immunoprecipitation (co-IP) experiments show that Myc-tagged Csn4 interacted with different truncated Bam proteins tagged by Flag in S2 cells.


Extended Data Figure 2 BAC transgenes for Flag-tagged Csn4 and Csn5.
a, The BAC clone contains the 21-kilobase genomic region in which Csn4 is flanked by three genes at the 5â€² end and one gene at the 3â€² end. A Flag-tag sequence (green symbol) is inserted before the stop codon (Csn4â€“Flag). b, The BAC clone contains the 21-kilobase genomic region in which Csn5 is flanked by one gene at the 5â€² end and four genes at the 3â€² end. A Flag-tag sequence (green symbol) is inserted after the translation initiation codon, ATG (Flagâ€“Csn5).


Extended Data Figure 3 Mutations in Csn4 suppress, but mutations in Csn5 and Nedd8 enhance, the bam differentiation defect.
The germarium is indicated by â€œgâ€�. a, A bamZ/bamÎ”86 mutant ovariole contains a tumorous germarium followed by a normal egg chamber (ec) and a tumorous egg chamber (arrow) (the same as in Fig. 1e). b, bâ€² bamZ/bamÎ”86 mutant ovarioles that are also heterozygous for Csn4 contain tumorous germaria and three or more normal egg chambers. c, d, bamZ/bamÎ”86 mutant ovarioles that are also heterozygous for Csn5 (c) or Nedd8 (d) contain tumorous germaria and tumorous egg chambers (arrows).


Extended Data Figure 4 Germline-specific knock down of Csn1b, Csn2, Csn6, Csn7 and Csn8 in the adult ovary leads to GSC loss.
a, The combined FLP-Out and Gal4â€“UAS system for knocking down gene function in adult GSCs and their progeny. An FRTâ€“STOP (transcription stop sequence)â€“FRT cassette is inserted between the germ-cell-specific nos promoter and the GAL4 coding region to prevent Gal4 expression in germ cells. With heat-shock treatments, FLP expression removes the STOP cassette in most GSCs, leading to Gal4 expression and then short hairpin RNA expression. bâ€“f, Germ-cell-specific Csn1b (c), Csn2 (d), Csn6 (e) and Csn7 (f) germaria contained one (arrow in c, d and f) or no (e) GSCs in contrast to the GFP knock-down germarium, which carried three GSCs (b, arrows). g, The results from the independent knock-down experiment show that germline-specific knock down of Csn1b, Csn2, Csn3, Csn6, Csn7 and Nedd8 caused significant GSC loss in comparison with the GFP knock-down negative control. ***, PÂ <Â 0.001.


Extended Data Figure 5 Marked Csn4 and Csn5 mutant GSCs are not prone to apoptosis but proliferate more slowly than marked control GSCs.
Marked GSCs and cysts are indicated by dashed circles and arrows, respectively. Unmarked GSCs are highlighted by circles. a, The marked control GSC and cysts are negative for TUNEL labelling. b, bâ€², The marked Csn4k (b) and Csn4n (bâ€²) mutant GSCs and cysts are negative for TUNEL labelling. c, The marked Csn5n mutant GSCs are negative for TUNEL labelling. Arrowheads indicate dying somatic cells. d, Quantification of TUNEL-positive marked GSCs and cysts. e, f, Marked mutant Csn4k or Csn4n mutant GSCs show significantly lower BrdU incorporation rates than marked control GSCs. Quantification is shown in f (**, PÂ <Â 0.01; *, PÂ <Â 0.05). g, h, In contrast to the marked control GSCs (g), the marked Csn4 and Csn5 mutant GSCs have low p-H3 labelling rates (gâ€²). Quantification is shown in h.


Extended Data Figure 6 Inactivation of Csn functions in GSCs does not affect Bmp signalling and E-cadherin expression.
a, aâ€², Marked (dashed circle) and unmarked (solid circle) control GSCs express p-Mad at similar levels. b, bâ€², Marked Csn4n mutant (dashed circle) and unmarked control (solid circle) GSCs express p-Mad at similar levels. c, Quantification results show that marked Csn4k and Csn4n mutant GSCs express similar p-Mad levels to marked control GSCs. dâ€“g, p-Mad is expressed normally in Csn1bGSKD (d), Csn2GSKD (e), Csn3GSKD (f) and Csn7GSKD (g) GSCs (dashed circles). h, hâ€², bamâ€“GFP is repressed in LacZ-negative Csn4n mutant (dashed circle) and LacZ-positive unmarked control (solid circle) GSCs. iâ€“m, LacZ-negative Csn4k (j), Csn4n (k) and Csn5n (l) mutant GSCs (dashed circles) express similar levels of E-cadherin in the stem-cell-niche junction to unmarked control GSCs (solid circles, jâ€“l), as well as marked and unmarked control GSCs (dashed and solid circles, i). Quantification results are shown in m.


Extended Data Figure 7 Csn4 interferes with the ability of Bgcn to antagonize Bam function.
 a, b, In a yeast two-hybrid assay, different Bam truncations fused to the Gal4 DNA-binding domain were individually tested for their ability to interact with the fusion protein between Bgcn and the Gal4 transcriptional activation domain by activating expression of the HIS3 gene, which allows yeast cells to grow on medium lacking histidine. â€œNo Bamâ€� means that only the Gal4 binding domain is used in the assay. The results from a are summarized in b. Red boxes indicate positive interactions; pink boxes represent weak interactions; and unfilled boxes denote no interaction. c, Co-IP experiments show that the central domain of Bam interacts with Bgcn in S2 cells. The asterisk indicates a non-specific protein band. d, dâ€², Yeast two-hybrid plate (d) and liquid (dâ€²) galactosidase assay results show that Bam interacted significantly more strongly with Csn4 than with Bgcn. e, The C-terminal deletion of the Bam-interacting domain (the C-terminal 121 amino acids) of Csn4 protein destroys Csn4â€™s ability to compete with Bgcn for binding to Bam. f, A bamÎ”86 homozygous germarium contains two GSCs (circle); single germ cells are identified by the spherical spectrosome (arrowhead) and two-cell pairs by the elongated fusome (arrow). These two-cell pairs undergo complete cytokinesis to generate two cystoblasts. g, GSC quantification results for the experiments in Fig. 3d show that germline-specific expression of Csn4 did not change the GSC number in either wild-type or bam heterozygous ovaries. h, Quantification results for Fig. 3e show that Csn4 overexpression suppressed ectopic Bam-expression-induced GSC loss.


Extended Data Figure 8 Csn proteins other than Csn4 promote cystoblast differentiation.
aâ€“f, Csn1bGSKD (b), Csn2GSKD (c), Csn3GSKD (d), Csn7GSKD (e) and Nedd8GSKD (f) germaria contained four or more cystoblasts (arrowheads) in contrast to the one cystoblast in the Csn1aGSKD germarium (a). The ovals highlight GSCs. g, Quantification results from the independent knock-down experiment (from Fig. 4c) show that germline-specific knock down of Csn1b, Csn2, Csn3, Csn5, Csn6, Csn7 and Nedd8 significantly increased the number of germaria carrying three or more cystoblasts in comparison with the GFP knock-down negative control. Nedd8 knock down yielded the most severe differentiation defect. hâ€“i, The bamÎ”86/Csn5n (hâ€²), bamÎ”86/Csn3FS (hâ€²â€²) and bamÎ”86/csn7MB (hâ€²â€²â€²) transheterozygous germaria had significantly more cystoblasts (arrowhead) plus two-cell pairs in their anterior region (bracket) than did the Csn5n (h) heterozygous germarium. Quantification results are shown in i. j, GSC quantification results show that Csn and bam transheterozygous ovaries did not contain significantly more GSCs than heterozygous Csn mutant ovaries. kâ€“lâ€², Csn4k/+ (k) and Csn4n/+ (l) heterozygous germaria, as well as csn4k/+; bamÎ”86/+ (kâ€²) and csn4n/+; bamÎ”86/+ (lâ€²) transheterozygous germaria contained one cystoblast (arrowhead) or one two-cell pair (arrow). Ovals highlight GSCs. m, mâ€², Quantification results show that mutations in Csn4, Csn4EY, Csn4k and Csn4n suppressed the differentiation defect of the bam heterozygous mutant, despite Csn4 and bam transheterozygotes having more GSCs than bam heterozygotes.


Extended Data Figure 9 Bam interferes with the interaction between Csn4 and other Csn proteins.
a, Bam did not associate with Csn5, Csn6 and Csn7 when co-expressed in S2 cells in the presence of Csn4. The asterisk indicates a non-specific band. b, The presence of the Bam protein decreased the ability of Csn4 to co-IP with Csn5, Csn6 and Csn7 in S2 cells. c, The presence of the Bam protein did not affect the ability of Csn6 to co-IP with Csn5 and Csn7. d, Quantification results for three independent experiments shown in c.
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Using biochemical and genetic approaches, Ting Xie and colleagues have identified a protein-competition-based mechanism that controls the balance between stem cell self-renewal and differentiation of germline stem cells in the Drosophila ovary. They found that the master differentiation factor Bam controls the functional switch of the COP9 signalosome complex from self-renewal to differentiation by direct interaction with the COP9 component Csn4. The authors suggest that the COP9 complex and protein competition may represent a general mechanism for balancing stem cell self-renewal and differentiation.
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