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            Abstract
Nucleoporins are essential components of the nuclear pore complex (NPC)1. Only a few diseases have been attributed to NPC dysfunction2,3,4. Steroid-resistant nephrotic syndrome (SRNS), a frequent cause of chronic kidney disease, is caused by dysfunction of glomerular podocytes5. Here we identify in eight families with SRNS mutations in NUP93, its interaction partner NUP205 or XPO5 (encoding exportin 5) as hitherto unrecognized monogenic causes of SRNS. NUP93 mutations caused disrupted NPC assembly. NUP93 knockdown reduced the presence of NUP205 in the NPC, and, reciprocally, a NUP205 alteration abrogated NUP93 interaction. We demonstrate that NUP93 and exportin 5 interact with the signaling protein SMAD4 and that NUP93 mutations abrogated interaction with SMAD4. Notably, NUP93 mutations interfered with BMP7-induced SMAD transcriptional reporter activity. We hereby demonstrate that mutations of NUP genes cause a distinct renal disease and identify aberrant SMAD signaling as a new disease mechanism of SRNS, opening a potential new avenue for treatment.
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                    Figure 1: Homozygosity mapping and whole-exome sequencing identify recessive mutations in NUP93, NUP205 or XPO5 in eight families with SRNS.[image: ]


Figure 2: Subcellular localization of NUP93 in podocytes and NUP93 knockdown resulting in reduced podocyte migration and proliferation and impaired resistance to oxidative stress.[image: ]


Figure 3: NUP93 mutations interfere with NPC assembly, and a NUP205 mutation affects NUP93-NUP205 interaction.[image: ]


Figure 4: NUP93, importin 7 and exportin 5 interact with SMAD proteins, and NUP93 mutations from individuals with SRNS abrogate the interaction of NUP93 with SMAD4 and importin 7 in coimmunoprecipitation in HEK293T cells.[image: ]


Figure 5: Knockdown of NUP93 interferes with BMP7-induced activation of SMAD signaling.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Homozygosity mapping and WES identify NUP93 mutations in two additional families with steroid-resistant nephrotic syndrome.
(a) Homozygosity mapping identifies recessive candidate loci. In two families with nephrotic syndrome, A1626 and A2241, non-parametric LOD scores (NPL) were calculated and plotted across the human genome. The x axis shows Affymetrix 250K StyI array SNP positions on human chromosomes concatenated from the p terminus (left) to the q terminus (right). Genetic distance is given in cM. Maximum NPL peaks (red circles) indicate candidate regions of homozygosity by descent. The NUP93 locus (arrowhead) is positioned within one of the maximum NPL peaks on chromosome 16q. (b) Primer location for RT-PCR analysis of an individual with a splice-site mutation in NUP93 (red and blue arrows, referring to c and d, respectively). (c,d) RT-PCR analysis of the NUP93 transcript in patient A1394-21 harboring the c.1537+1G>A mutation in intron 13 and a control individual using primers located in exons 11 and 14 (c) and exons 12 and 14 (d). In addition to the wild-type bands of 518 bp (c) or 405 bp (d) corresponding to normal splicing, bands of 326 bp (c) and 213 bp (d), respectively, were detected in the cDNA of individual A1394-21. (e) Sanger sequencing of the RT-PCR product from A1394-21 showed that the c.1537+1G>A mutation leads to aberrant splicing, with in-frame skipping of exon 13 (192 bp).


Supplementary Figure 2 Sequencing traces.
Sanger sequencing traces are shown for ten individuals from eight families with mutations in NUP93 (a), NUP205 (b) and XPO5 (c). Arrowheads denote altered nucleotides. p, paternal; m, maternal; WT, wild type.


Supplementary Figure 3 Renal histologies of individuals A2403, A3256 and A1394 with recessive mutations in NUP93.
(a) H&E staining at high magnification (63×) shows diffuse mesangial sclerosis in A2403-21 and focal-segmental glomerulosclerosis in A3256-21 and A1394-21. (b) H&E staining at low magnification (40×) shows tubular atrophy, tubular dilation with protein casts and cysts with interstitial infiltrations. (c) Transmission electron microscopy images show partial foot process effacement (arrowheads) (15,000× magnification). N/D, no data. Scale bars: 30 μm (a,b) and 2 μm (c).


Supplementary Figure 4 Interaction of nuclear pore complex (NPC) proteins NUP93 and NUP205 with SMAD, importin 7 (IPO7) and exportin 5 (XPO5) showing the positions of the mutations that abrogate interactions.
(a) Subcomplexes of the NPC are depicted and labeled in different colors. (b) Inset from a. NUP93 and NUP155 are tethered to the nuclear membrane by NUP53. The three-dimensional structure of NUP93 is shown in relation to the likely positions of interaction with NUP205, IPO7 or SMADs. The positions of the NUP93 and NUP205 mutations that abrogate the interaction and were found in individuals with SRNS are marked by yellow lightning signs. (c) BMP7 binding to its receptor causes phosphorylation of SMAD1/5/8, resulting in dissociation from the receptor and binding to SMAD4. The SMAD4/1/5/8 complex interacts with importin 7, enabling the SMAD complex to enter the nucleus through the NPC via NUP93 interaction, bind to cognate DNA sites and initiate transcription of SMAD downstream targets. (d) XPO5 binds to SMAD4 for nuclear export. Deletion of the nuclear export signal of SMAD4 abrogates interaction with XPO5.


Supplementary Figure 5 NUP93, NUP205 and XPO5 localize to developing podocytes.
(a–c) Neonatal rat coronal kidney sections at embryonic day 16.5 p.c. were stained with antibodies against NUP93, NUP205 or XPO5 (green) and the podocyte nuclear marker WT1 (red). Note that NUP93 (a) and NUP205 (b) mark nuclear envelopes with a nuclear rim pattern in podocyte precursor cells (arrowheads) at the capillary loop stage and in other cell types in developing kidney. Anti-XPO5 antibody (c) prominently marks the nuclear content of cells in developing kidney with a dot-like pattern (arrow). Scale bars, 25 μm.


Supplementary Figure 6 Knockdown of NUP93 and its interactor NUP188 but not NUP153 impairs the migratory phenotype of human podocytes in vitro.
As compared to basal migration rate (dotted black line), the migration rate of human podocytes is increased after administration of serum as a chemoattractant (solid black line). Knockdown of NUP93 impairs the podocyte migration rate in vitro (blue line). Knockdown of NUP188, encoding a direct interaction partner of NUP93, causes a similar but less pronounced reduction in the cell migration rate (yellow line). In contrast, knockdown of the gene encoding the nuclear basket protein NUP153 does not affect cell migration (purple line).


Supplementary Figure 7 NUP93 interacts with NUP205.
GFP-tagged NUP205 precipitates Myc-tagged NUP93 upon co-overexpression in HEK293 cells. Mutant clones reflecting the alleles of NUP93 identified in individuals with SRNS do not abrogate the interaction.


Supplementary Figure 8 Myc-tagged NUP93 interacts with GFP-tagged SMAD4 upon co-overexpression in HEK293 cells.
Clones reflecting the C-terminal mutations identified in individuals with steroid-resistant nephrotic syndrome (Lys442Asn_fs*14, Gly591Val, Tyr629Cys) abrogate the interaction.


Supplementary Figure 9 Knockdown of NUP93 interferes with BMP7-induced activation of SMAD signaling.
(a) Upon knockdown of NUP93 using two different shRNAs in HEK293 cells, BMP7 fails to induce efficient translocation of SMAD4 from the cytoplasm to the nucleus as compared to negative control (scrambled shRNA). (b) Whereas transfection with wild-type Nup93 rescues the cytoplasm to nucleus translocation of SMAD4 (white arrows), all five mutants detected in individuals with SRNS fail to rescue SMAD4 translocation in HEK293 cells. Scale bars: 5 μm (a) and 25 μm (b).


Supplementary Figure 10 Knockdown of NUP93 but not NUP188 decreases SMAD reporter activity upon BMP7 stimulation.
HEK293 cells were transfected with luciferase reporter constructs under the control of a SMAD-responsive promoter allowing measurement of SMAD activity in response to BMP7 stimulation (rc-BMP7). As compared to scrambled control siRNA, knockdown of NUP93 significantly reduces SMAD reporter activity (lane 2 versus 3). Knockdown of NUP153, encoding a nuclear basket protein, induces less pronounced but significant reduction of SMAD reporter activity. Knockdown of NUP188, encoding a direct interactor of NUP93, does not reduce SMAD reporter activity.


Supplementary Figure 11 SMAD1/5 phosphorylation upon BMP7 treatment and NUP93 knockdown in HEK293 cells.
Treatment of HEK293 cells with recombinant BMP7 induces phosphorylation of SMAD1/5 after 60 min (top). Transfection of HEK293 cells with shRNA against human NUP93 results in efficient knockdown of NUP93 as compared to scrambled control (middle). The β-actin control (bottom) confirms equal loading.


Supplementary Figure 12 Characterization of the antibodies against NUP93 and NUP205 by immunoblotting.
(a–c) Characterization of the anti-NUP93 antibody (mouse, Santa Cruz, sc-374400). (a) The antibody detects N-terminally Myc-tagged full-length human NUP93 (N-Myc-hs_NUP93_FL), as well as N-terminally GFP-tagged full-length mouse Nup93 (N-GFP-mm_NUP93_FL) upon overexpression in HEK293 cells. (b) Detection of endogenous NUP93 in the nuclear fraction of human podocytes at the expected relative mobility of 93 kDa. (c) Knockdown of NUP93 in human podocytes using three different siRNAs demonstrates the specificity of the detected band at ~93 kDa. (d–f) Characterization of the anti-NUP205 antibody (rabbit polyclonal, Sigma, HPA024574). (d) The antibody detects N-terminally GFP-tagged full-length human NUP205 (N-GFP-hs_NUP205_FL), as well as N-terminally Myc-tagged full-length human NUP205 (N-Myc-hs_NUP205_FL) upon overexpression in HEK293T cells. (e) Detection of endogenous NUP205 in the nuclear fraction of human podocytes at the expected relative mobility of 205 kDa. (f) Knockdown of NUP205 in human podocytes using four different siRNAs demonstrates the specificity of the detected band at ~205 kDa. The β-actin and SP1 controls confirm equal loading.
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