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            Abstract
Heterotaxy is a disorder of leftâ€“right body patterning, or laterality, that is associated with major congenital heart disease1. The aetiology and mechanisms underlying most cases of human heterotaxy are poorly understood. In vertebrates, laterality is initiated at the embryonic leftâ€“right organizer, where motile cilia generate leftward flow that is detected by immotile sensory cilia, which transduce flow into downstream asymmetric signals2,3,4,5,6. The mechanism that specifies these two cilia types remains unknown. Here we show that the N-acetylgalactosamine-type O-glycosylation enzyme GALNT11 is crucial to such determination. We previously identified GALNT11 as a candidate disease gene in a patient with heterotaxy7, and now demonstrate, in Xenopus tropicalis, that galnt11 activates Notch signalling. GALNT11 O-glycosylates human NOTCH1 peptides in vitro, thereby supporting a mechanism of Notch activation either by increasing ADAM17-mediated ectodomain shedding of the Notch receptor or by modification of specific EGF repeats. We further developed a quantitative live imaging technique for Xenopus leftâ€“right organizer cilia and show that Galnt11-mediated Notch1 signalling modulates the spatial distribution and ratio of motile and immotile cilia at the leftâ€“right organizer. galnt11 or notch1 depletion increases the ratio of motile cilia at the expense of immotile cilia and produces a laterality defect reminiscent of loss of the ciliary sensor Pkd2. By contrast, Notch overexpression decreases this ratio, mimicking the ciliopathy primary ciliary dyskinesia. Together our data demonstrate that Galnt11 modifies Notch, establishing an essential balance between motile and immotile cilia at the leftâ€“right organizer to determine laterality, and reveal a novel mechanism for human heterotaxy.
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                    Figure 1: Galnt11 alters leftâ€“right patterning and Notch signalling.[image: ]


Figure 2: GALNT11 glycosylation of NOTCH1-derived peptides and effects on ADAM-mediated cleavage.[image: ]


Figure 3: Galnt11/Notch signalling switches cilia between motile and immotile types.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Galnt11 is enriched in the crown cells at the mouse LRO.
Mouse nodes (E8.0) labelled with anti-Arl13b in red for cilia, Galnt11 in green and nuclei (Hoechst) in blue. a, A maximal Z-projection showing the entire LRO (node), viewed ventrally with posterior to the top and left side to the right. b, Higher magnification of the lateral aspect of the node. c, Orthologue view (yâ€“z axis) of the corresponding z-stack demonstrating Galnt11 expression bordering the cilia in the node pit. d, A maximal Z-projection showing the entire crown and pit of the node of another E8.0 embryo, viewed ventrally with posterior to the top and left to the right. e, Higher magnification of the lateral aspect of the node.


Extended Data Figure 2 galnt11 knockdown does not affect epidermal cilia structure.
aâ€“d, Wild-type (a, c) or galnt11 morphant (b, d) multiciliated epidermal cells were imaged using scanning electron microscopy (a, b) or transmission electron microscopy (c, d). No consistent abnormalities in axonemal structure were noted in galnt11 morphants.


Extended Data Figure 3 Galnt11 and Notch affect leftâ€“right development similarly.
Histograms indicating the percentage of embryos with abnormal coco, pitx2c and cardiac looping with gain or loss of function of galnt11 or notch1. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001. Graphs depict means. Additional details are in Methods. coco expression: uninjected control (UC) n = 21, galnt11 MO n = 24, notch1 MO n = 30, GALNT11 RNA n = 23, nicd RNA n = 22. pitx2c expression: UC n = 45, galnt11 MO n = 54, notch1 MO n = 50, GALNT11 RNA n = 34, nicd RNA n = 30. Heart looping UC n = 276, galnt11 MO n = 68, notch1 MO n = 75, GALNT11 RNA n = 91, nicd RNA n = 50.


Extended Data Figure 4 Glycosylation of peptides in the NOTCH1 extracellular domain.
Schematic of the extracellular domain of human NOTCH1. The 36 epidermal-like growth factor (EGF) repeats are numbered to the left with their six conserved cysteine residues marked in brown. Underlined are peptides (designated numbers at right side) analysed as substrates by in vitro glycosylation with recombinant GALNTs. Yellow squares indicate the position of GalNAc residues incorporated as evaluated by electrospray ionization-linear ion trap-Fourier transform mass spectrometry (ESI-LIT-FT-MS). Far right column lists GALNT isoforms tested that incorporated GalNAc residues into the peptides. Cases in which sites of GalNAc incorporation were determined are marked with an asterisk. Scissor symbol indicates the S2 cleavage site. TM, transmembrane domain as predicted by TMHMM (http://www.cbs.dtu.dk/services/TMHMM/). Simplified consensus sequence motifs for O-fucosylation (red triangle), O-glucosylation (blue circle) and O-GlcNAc (blue square) are shown at the top. The complete consensus motifs are: O-glucosylation, C1XSX(A/P)C2; O-fucosylation, C2X3(A/G/S)(S/T)C3; O-GlcNAc, C5XX(G/H)(Y/F/L)(S/T)GX2â€“5C6, with underlining indicating the O-glycan attachment site.


Extended Data Figure 5 Cleavage controls and human GALNT11 catalytic site.
a, Typically GalNAc glycosylation inhibits cleavage of peptides such as this example from TNR16. b, ADAM17 is necessary for cleavage of the NOTCH1 juxtamembrane peptide. 2-h incubation of the naked peptide and the glycopeptides without ADAM17 does not give rise to the cleavage products seen in Fig. 2. c, Mutation of the catalytic site DSH to DSA abrogates the activity of GALNT11 to alter leftâ€“right patterning. Histograms indicate the number of embryos with abnormal pitx2c expression or cardiac looping. ***Pâ€‰<â€‰0.001. Graphs depict means. pitx2c expression: UC n = 45, GALNT11 wild type n = 34, GALNT11(H247A) n = 40. Heart looping: UC n = 243, GALNT11 wild type n = 91, GALNT11(H247A) n = 133. Additional details are in Methods. d, Expression of the mutant GALNT11(H247A) in transfected IMCD3 cells has similar expression levels and subcellular localization as wild-type GALNT11 on the basis of immunofluorescence studies. Red, Galnt11; blue, Hoechst.


Extended Data Figure 6 Imaging motile and immotile cilia in the LRO and effects on total cilia number.
a, A maximal stack projection through a high-speed fluorescent acquisition of a wild-type LRO explant expressing arl13b-mCherry (cyan) reveals distinct populations of immotile and motile cilia (elapsed time = 1â€‰s). Cyan box highlights a single motile cilium and magenta box highlights a single immotile cilium. b, c, Spatial mapping of cilia in the same wild-type LRO for immotile cilia (magenta) (b) and motile cilia (cyan) (c). d, Two-colour merge of immotile cilia (magenta) and motile cilia (cyan) spatial maps. e, Total area of the LRO (magenta). AU, arbitrary units. f, Centre of the LRO. g, Combining e and f identifies centre and periphery. h, The periphery (light magenta) and centre outlines (light cyan) are merged back onto the original wild-type LRO acquisition data and the numbers of motile (cyan) and immotile (magenta) cilia within each defined area are scored. i, Graph representing the mean cilia number per LRO in vehicle, nicd overexpressants, notch1 morphants and galnt11 morphants. Although modest changes in total cilia numbers were observed in experimental samples, they were not statistically significant. Data were quantified from the same data set presented in Fig. 3g. j, Total numbers of cilia scored on right or left of the wild-type LRO represented as percentage of total population. No significant change in total cilia number is present across leftâ€“right axis. k, Motile cilia scored on right or left of the wild-type LRO represented as percentage of total motile cilia population. NS, Pâ€‰â‰¥â€‰0.05.


Extended Data Figure 7 Early markers of the LRO and motile cilia.
aâ€“h, In situ hybridization for foxj1 (aâ€“d) and rfx2 (eâ€“h) at the Xenopus LRO in uninjected control (a, e), nicd overexpressants (b, f), GALNT11 overexpressants (c, g) and GALNT11(H247A) overexpressants (d, h). GALNT11 or nicd reduce the expression of foxj1 and rfx2, which are upstream transcription factors for ciliary motility proteins. Pink stain indicates co-injection with lacZ to trace the RNA. Overexpression of GALNT11(H247A) does not affect either foxj1 or rfx2. All GRPs are viewed ventrally with anterior to the top (right side of embryo to left of figure). i, Schematic of LRO border markers at stage 16 and stage 20. jâ€“u, Expression of peripheral LRO markers in galnt11 morphants and uninjected controls. coco expression (j, k, p, q) is either asymmetric in j, p or symmetric in k, q for stage 16 embryos. xnr1 (l, r) and gdf3 (m, s) expression is symmetric at stage 16. coco expression in stage 20 embryos is asymmetric (n, t) or symmetric (o, u) but the breadth of expression is not dramatically different. All GRPs (wild type, jâ€“o; galnt11 morphants, pâ€“u) are viewed ventrally with anterior to the top (right side of embryo to left of figure).


Extended Data Figure 8 Galnt11 modifies Notch to alter cilia type and leftâ€“right patterning.
a, Model describing the relation between motile cilia and non-motile (sensory) cilia and the relation between Galnt11 glycosylation and Notch signalling. Galnt11 activates Notch signalling, increasing immotile cilia while suppressing motile cilia, probably via foxj1/rfx2. b, In wild-type embryos, motile and immotile cilia numbers and spatial distribution are balanced by Galnt11/Notch signalling. c, Activation of Galnt11/Notch decreases motile cilia, resulting in phenotypes similar to primary ciliary dyskinesiaâ€”symmetric or reversed laterality. d, Reduction of Galnt11/Notch signalling increases motile cilia, resulting in loss of laterality, a phenotype similar to loss of ciliary sensation in Pkd2 mutants.


Extended Data Table 1 Human and Xenopus Galnt11 have the same unique substrate specificityFull size table





Supplementary information
Wildtype Xenopus embryos display a balanced population of immotile and motile cilia types in the LRO
Live high-speed laser confocal acquisition of wildtype embryos co-injected with arl13b-mCherry RNA (cilia; cyan) and water (vehicle). Yellow trace outlines the GRP/LRO. A: anterior, P: posterior, L: left, R: right. (MOV 10384 kb)


nicd overexpression decreases the ratio of motile to immotile cilia in the LRO
Live high-speed laser confocal acquisition of wildtype embryos co-injected with arl13b-mCherry RNA (cilia; cyan) and nicd RNA. Yellow trace outlines the GRP/LRO. A: anterior, P: posterior, L: left, R: right. (MOV 10640 kb)


notch1 knockdown increases the ratio of motile to immotile cilia in the LRO
Live high-speed laser confocal acquisition of wildtype embryos co-injected with arl13b-mCherry RNA (cilia; cyan) and notch1 MO. Yellow trace outlines the GRP/LRO. A: anterior, P: posterior, L: left, R: right. (MOV 10486 kb)


galnt11 knockdown increases the ratio of motile to immotile cilia in the LRO
Live high-speed laser confocal acquisition of wildtype embryos co-injected with arl13b-mCherry RNA (cilia; cyan) and galnt11 MO. Yellow trace outlines the GRP/LRO. A: anterior, P: posterior, L: left, R: right. (MOV 10470 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3
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