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            Abstract
Adrenal hypoplasia is a rare, life-threatening congenital disorder. Here we define a new form of syndromic adrenal hypoplasia, which we propose to term MIRAGE (myelodysplasia, infection, restriction of growth, adrenal hypoplasia, genital phenotypes, and enteropathy) syndrome. By exome sequencing and follow-up studies, we identified 11 patients with adrenal hypoplasia and common extra-adrenal features harboring mutations in SAMD9. Expression of the wild-type SAMD9 protein, a facilitator of endosome fusion, caused mild growth restriction in cultured cells, whereas expression of mutants caused profound growth inhibition. Patient-derived fibroblasts had restricted growth, decreased plasma membrane EGFR expression, increased size of early endosomes, and intracellular accumulation of giant vesicles carrying a late endosome marker. Of interest, two patients developed myelodysplasitc syndrome (MDS) that was accompanied by loss of the chromosome 7 carrying the SAMD9 mutation. Considering the potent growth-restricting activity of the SAMD9 mutants, the loss of chromosome 7 presumably occurred as an adaptation to the growth-restricting condition.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 12 print issues and online access
$209.00 per year
only $17.42 per issue

Learn more


Buy this article
	Purchase on Springer Link
	Instant access to full article PDF

Buy now


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Genetic findings for 11 patients with adrenal hypoplasia harboring SAMD9 variants.[image: ]


Figure 2: Clinical findings for patients with syndromic adrenal hypoplasia harboring SAMD9 variants.[image: ]


Figure 3: Characterization of mutant SAMD9 proteins.[image: ]


Figure 4: Structural alteration of the endosome system in patient-derived skin fibroblasts.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Patient enrollment and identified genetic defects.
Forty-one patients (12 syndromic and 29 non-syndromic) with early-onset adrenal insufficiency who had a negative result in newborn screening for congenital adrenal hyperplasia were screened for mutations in known causative genes of primary adrenal insufficiency. As a result, 26 patients were found to have mutations in NR0B1 (n = 12), STAR (n = 10), NNT (n = 2), MC2R (n = 1) or CDKN1C (n = 1). The remaining 15 patients were enrolled in the study. Using whole-exome sequencing and follow-up studies, we identified eight SAMD9 mutation carriers in the original patient cohort.


Supplementary Figure 2 The process of candidate gene discovery.
Using whole-exome sequencing, 15,395 to 20,834 variants were found in six patients. To extract candidate mutations associated with the disease, these variants were filtered by allele frequency and presumed functional impact. In the autosomal recessive model, all variants with an allele frequency of greater than 0.2% in the 1000 Genomes Project database, ESP6500 (Exome Variant Server), ExAC or the Japanese database (HGVD) were excluded. For the dominant model, all variants registered in the above databases or dbSNP138 were excluded. In both models, synonymous variants and non-frameshift indels were excluded. In the recessive model, genes that had one homozygous or two (or more) heterozygous variants were regarded as candidate genes. In the dominant model, genes with at least one heterozygous variant were extracted. In the recessive model, no gene had variants in two or more patients. In the dominant model, one gene (SAMD9), which had variants in four patients, was extracted as a candidate.


Supplementary Figure 3 Conservation of the mutated residues.
Single-letter amino acid Clustal Omega alignments (http://www.clustal.org/omega/) of the residues surrounding the eight missense alterations are shown. The mutated residues are shaded in the species in which each residue is evolutionarily conserved.


Supplementary Figure 4 Partial chromatograms of P3.2 and P10.1, showing mosaic loss of the mutant allele.
In peripheral blood leukocyte samples, obtained before the onset of myelodysplastic syndrome (MDS), the signal derived from the mutated allele was slightly weaker than that derived from the non-mutated allele (red arrowheads), consistent with mosaic monosomy 7. In bone marrow samples, obtained after the onset of MDS, the corresponding signal was mostly derived from the non-mutated allele (red arrows), although the mutated alleles were visible (black arrows). These findings demonstrate the expansion of MDS cells that lost the mutation-carrying chromosome 7. For comparison, wild-type chromatograms and typical heterozygous chromatograms for the identical mutations (P3.1 and P9.1) are shown.


Supplementary Figure 5 Histological findings for two SAMD9-mutation-carrying female patients with adrenal hypoplasia.
The ovaries of P5.1 and P9.1 were hypoplastic and contained reduced numbers of primordial follicles. The thymus was hypoplastic with a decrease in the number of cortical lymphocytes.


Supplementary Figure 6 The inducer-dependent growth-restricting effect of a mutant SAMD9 protein (Arg1293Trp).
Stably transfected HEK293 cells expressing RFP-tagged mutant SAMD9 protein (Arg1293Trp) in the presence of an inducer, cumate, were established. (a) Immunoblot images of cell lysates obtained from the inducible stably transfected HEK293 cells. Addition of the inducer caused dose-dependent expression of the RFP-SAMD9 protein. Note that the degree of overexpression was modest, even with the maximum concentration of the inducer. (b) The effect of the mutant SAMD9 protein (Arg1293Trp) on cell growth was assessed with a time-lapse microscope. The growth-restricting effect of the mutant SAMD9 is shown.


Supplementary Figure 7 Effects of rare polymorphisms in SAMD9 on cell growth.
Rare SNPs were selected if they (i) affected a residue located within ten amino acids of mutated residues (that is, Arg459, Asp769, Asn834, Glu974, Ala1195, Pro1280, Gln1286 or Arg1293), (ii) were predicted to be deleterious by either PolyPhen-2 or SIFT, and (iii) were observed in two or more subjects in the ExAC database (accessed 1 October 2015). Five polymorphisms (E457A, K764E, S838L, R1188Q and V1276D) fulfilled the criteria. These were tested in vitro as MIRAGE-associated mutants. The R1293W substitution was analyzed as a control.


Supplementary Figure 8 Immunoblotting and immunofluorescence studies of SAMD9.
(a) The expression levels of the SAMD9 protein were slightly elevated in P10.1 but were comparable in P1.1 to those in the control. (b) Images of immunofluorescence microscopy. Skin fibroblast cells were transfected with an early endosome marker construct (RFP-Rab5a; red signal) and were incubated with rabbit antibody against SAMD9 and Alexa Fluor 488â€“conjugated goat anti-rabbit IgG (green signal). No significant difference was observed between the patient-derived cells and control cells.
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