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            Abstract
Monogenic disorders result from defects in a single gene. According to Mendel's laws, these disorders are inherited in either a recessive or dominant fashion. Autosomal-recessive disorders require a disease-causing variant on both alleles, and according to our current understanding, their pathogenicities are not influenced by each other. Here we present an autosomal-recessive disorder, nephrotic syndrome type 2 (MIM 600995), in which the pathogenicity of an NPHS2 allele encoding p.Arg229Gln depends on the trans-associated mutation. We show that, contrary to expectations, this allele leads to a disease phenotype only when it is associated specifically with certain 3′ NPHS2 mutations because of an altered heterodimerization and mislocalization of the encoded p.Arg229Gln podocin. The disease-associated 3′ mutations exert a dominant-negative effect on p.Arg229Gln podocin but behave as recessive alleles when associated with wild-type podocin. Therefore, the transmission rates for couples carrying the disease-associated mutations and p.Arg229Gln may be substantially different from those expected in autosomal-recessive disorders.
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                    Figure 1: Membrane targeting of wild-type podocin and p.Arg229Gln podocin as a function of the associated mutation in podocytes stably coexpressing podocin mutants.[image: ]


Figure 2: Membrane targeting of endogenous podocin in urinary podocytes of cases with SRNS carrying p.Arg229Gln.[image: ]


Figure 3: Structure of the wild-type podocin homodimer and the effect of p.Arg229Gln.[image: ]


Figure 4: Superimposed average structures of the non-pathogenic and pathogenic dimers.[image: ]
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Supplementary Figure 1 Pedigree of the two individuals carrying p.[V290M];[R229Q] with no proteinuria in adulthood

Supplementary Figure 2 Membrane-targeting of wild-type podocin and podocin R299Q as a function of the associated mutation in transiently transfected podocytes
(a,b) Wild-type podocin (columns 1–2) and podocin R229Q (columns 3–4) are shown in red, the coexpressed GFP-tagged podocin proteins (ordered according to the position of the mutation) in green. The plasma membrane is labeled with WGA and shown in blue. Both wild-type podocin and podocin R229Q are localized to the plasma membrane when coexpressed with either wild-type podocin, podocin R238S (panel a, rows 1, 3) or podocin V290M (panel b, row 1) (white pixels correspond to the merge of red, green and blue). Similarly, despite retention of podocin R138Q in the ER, both wild-type podocin and podocin R229Q are localized to the plasma membrane (panel a, row 2, magenta pixels correspond to red and blue). In contrast, while wild-type podocin reaches the plasma membrane (magenta pixels) in cells coexpressing podocin A284V, podocin A288T (panel a, rows 4, 5) podocin R291W, podocin A297V or podocin E310K (panel b, rows 2-4) podocin R229Q is retained in cytoplasmic compartments. b, last row, 3rd column: The arrow indicates a cell which does not express podocin E310K but only podocin R299Q, which is therefore well targeted to the plasma membrane. Percentages in green and red indicate the proportion of the WGA-labeled perimembranous area that colocalizes with GFP- or HA-tagged podocin proteins, respectively, within the presented cell. Similar results were found in 6-7 cells per group (c,d). Scale bars = 5 μm. (c,d) Membrane targeting of podocin proteins shown as the percentage of the plasma membrane (WGA) that is positive for GFP- (c) or HA-tagged podocin proteins (d), within 6-7 cells per group. GFP- and HA-tagged podocin proteins are indicated in green and red, respectively. The coexpressed podocin proteins are indicated in subscript. ♯ P ≤ 0.0027 vs. wtwt (wt-GFP coexpressed with wt-HA); * P ≤ 0.0039 vs. R229Qwt (R229Q-HA coexpressed with wt-GFP)

                          Source data
                        


Supplementary Figure 3 Synaptopodin and podocin staining of urinary podocytes
Both synaptopodin and podocin staining confirm the presence of podocytes in the culture of urine sediments. In contrast to control patients with non-NPHS2 associated glomerulopathies (C1-C3), podocin is not targeted to the plasma membrane in the patient with p.[R229Q];[A284V] (Pt), as also shown in Figure 2. Scale bar = 20 μm.


Supplementary Figure 4 Punnett squares illustrating non-Mendelian transmission rates in theoretical couples with R229Q and the ‘associated mutations’
Individuals with expected early- or late-onset SRNS are in dark and light gray, respectively.


Supplementary Figure 5 Sequence alignment for human podocin and Pyrococcus horikoshii stomatin
There is a 35% identity and 65% homology for the modeled region (podocin residues 161-332): colored boxes show identities. Arrows above the sequence indicate the domain structure. Cyan corresponds to the N-terminal cytosolic fragment, magenta to the intra-membrane fragment and green to the C-terminal cytosolic fragment of podocin.
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