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            Abstract
The integrity of the mammalian epidermis depends on a balance of proliferation and differentiation in the resident population of stem cells1. The kinase RIPK4 and the transcription factor IRF6 are mutated in severe developmental syndromes in humans, and mice lacking these genes display epidermal hyperproliferation and soft-tissue fusions that result in neonatal lethality2,3,4,5. Our understanding of how these genes control epidermal differentiation is incomplete. Here we show that the role of RIPK4 in mouse development requires its kinase activity; that RIPK4 and IRF6 expressed in the epidermis regulate the same biological processes; and that the phosphorylation of IRF6 at Ser413 and Ser424 primes IRF6 for activation. Using RNA sequencing (RNA-seq), histone chromatin immunoprecipitation followed by sequencing (ChIP–seq) and assay for transposase-accessible chromatin using sequencing (ATAC-seq) of skin in wild-type and IRF6-deficient mouse embryos, we define the transcriptional programs that are regulated by IRF6 during epidermal differentiation. IRF6 was enriched at bivalent promoters, and IRF6 deficiency caused defective expression of genes that are involved in the metabolism of lipids and the formation of tight junctions. Accordingly, the lipid composition of the stratum corneum of Irf6−/− skin was abnormal, culminating in a severe defect in the function of the epidermal barrier. Collectively, our results explain how RIPK4 and IRF6 function to ensure the integrity of the epidermis and provide mechanistic insights into why developmental syndromes that are characterized by orofacial, skin and genital abnormalities result when this axis goes awry.
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                    Fig. 1: RIPK4 kinase activity is required for epidermal differentiation and development in mice.[image: ]


Fig. 2: IRF6 and RIPK4 lie on a linear pathway in epidermal differentiation.[image: ]


Fig. 3: Phosphorylation of IRF6 at Ser413 and Ser424 primes IRF6 for activation, and is essential for epidermal differentiation and development.[image: ]


Fig. 4: IRF6 regulates the expression of genes that are involved in lipid metabolism, and is essential for normal metabolism of epidermal lipids and barrier function.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Ripk4D161N/D161N mice are neonatal lethal.
a, Organization of the constitutive Ripk4D161N knock-in allele. Boxes represent exons. Untranslated regions are shaded grey. Not to scale. b, Western blots of wild-type, Ripk4+/D161N and Ripk4D161N/D161N E16.5 skin. Representative of three independent experiments. c, Table showing the observed and expected numbers at clipping (P4–P7) of offspring that were generated from intercrossing Ripk4+/D161N mice. d–g, Organization of the conditional Ripk4 knockout allele (d), conditional Irf6 knockout allele (e), constitutive Irf6S413A,S424A knock-in allele (f) and constitutive Irf6S413E,S424E knock-in allele (g). Boxes represent exons. Untranslated regions are shaded grey. Not to scale.


Extended Data Fig. 2 Keratinocyte-specific deletion of Irf6 or Ripk4 demonstrates their cell-autonomous requirement for epidermal differentiation.
a, Western blots of epidermis and fetal liver from an E18.5 Irf6EKO embryo (K14-Cre+; Irf6loxp/loxp) and its K14-Cre+; Irf6+/loxp littermate control. As expected, there is efficient deletion of IRF6 in the epidermis only. Representative of three independent experiments. b, Table showing the observed and expected numbers at clipping (P4–P7) of offspring that were generated from intercrossing Irf6loxp/loxp; K14-Cre− females and Irf6+/loxp; K14-Cre+ males. No Irf6EKO mice were observed. c, P0 Irf6EKO and its littermate control (n = 3 each). Scale bar, 1 cm. d, Toluidine blue staining of P0 Irf6EKO and control embryos (n = 3 each). Scale bar, 1 cm. e, E18.5 skin sections from control and Irf6EKO embryos (n = 3 each) stained with H&E or antibodies against K10, K14 and Ki67. Scale bars, 50 μm. f, E18.5 sections from control and Irf6EKO embryos (n = 3 each) stained with H&E, showing no fusion of the squamous epithelium at the mouth. Scale bars, 200 μm. g, Western blots of epidermis and whole skin from an E18.5 Ripk4EKO embryo (K14-Cre+; Ripk4loxp/loxp) and its K14-Cre+; Ripk4+/loxp littermate control. As expected, there is efficient deletion of Ripk4 in the epidermis only. Representative of three independent experiments. h, Table showing the observed and expected numbers at clipping (P4–P7) of offspring that were generated from intercrossing Ripk4loxp/loxp; K14-Cre− females and Ripk4+/loxp; K14-Cre+ males. No Ripk4EKO mice were observed. i, P0 Ripk4EKO and its littermate control (n = 3 each). Scale bar, 1 cm. j, Toluidine blue staining of P0 Ripk4EKO and control embryos (n = 3 each). Scale bar, 1 cm. k, E18.5 skin sections from control and Ripk4EKO embryos, stained with H&E or immunolabelled with antibodies against K10, K14 and Ki67. Scale bars, 50 μm. l, E18.5 sections from control and Ripk4EKO embryos stained with H&E, showing no fusion of the squamous epithelium at the mouth and no fusion of the tongue to the palate. Scale bars, 800 μm.


Extended Data Fig. 3 The epidermis of E18.5 Ripk4D161N/D161NIrf6−/− embryos is indistinguishable from that of Irf6−/− embryos.
a, E18.5 sections with the indicated genotypes (n = 3 each) stained with H&E, showing fusion of the oral mucosa (arrows), irregular incisors with premature eruption (asterisks) and fusion of the stratified squamous portion of the stomach in the Irf6−/− and Ripk4D161N/D161NIrf6−/− embryos. Scale bars, 200 μm (oral mucosa); 100 μm (stomach). b, E18.5 skin sections with the indicated genotypes (n = 3) immunolabelled with antibodies against K10, K14 and Ki67. Scale bars, 50 μm. c, Table showing the observed and expected numbers at clipping (P4–P7) of offspring that were generated from intercrossing Irf6+/−Ripk4+/D161N and wild-type mice. Irf6+/−Ripk4+/D161N offspring were weaned at the expected numbers.


Extended Data Fig. 4 Phosphorylation of IRF6 at Ser413 and S424 in vivo is essential for epidermal differentiation and development.
a, 3×FLAG-tagged IRF6 was affinity-purified from 293T cells co-expressing Myc-tagged RIPK4 or RIPK4(D161N) and then stained with SimplyBlue (left) or western blotted (right). IP, immunoprecipitation. Results representative of two independent experiments. b, Extracted ion chromatograms (XIC) of the phosphorylated peptides and their corresponding unmodified counterparts at pS424 (LQISTPDIKDNIVAQLK) (i) and pS(413,416) (SFDSGSVR) (ii); both the endogenous (light label) and the synthetic (heavy label) isotopically labelled peptides are shown. Plots are representative of two independent experiments. c, Absolute quantification at the pS413 and pS416 sites is difficult because peptides covering these sites co-elute. An experiment was therefore performed using IRF6(S413A) and IRF6(S416A) to distinguish between the levels of phosphorylation at these two sites. The resulting extracted ion chromatograms of the peptides without heavy labelling are shown, with the corresponding (AUC) values in the table below (RT, retention time). On the basis of the AUCs, there is more pS413 in the IRF6(S416A) sample than pS416 in the IRF6(S413A) sample. Given that the level of the unmodified form is similar, this suggests that S413 is the main phosphorylation site. This conclusion assumes that the ionization efficiency of these two peptides is the same, and is therefore semi-quantitative. d, Left, graph indicates activation of an IRF-responsive luciferase reporter gene at 24 h after transfection of 293T cells with the indicated IRF6 and RIPK4 constructs. IRF6 activity is displayed as fold activity over reporter only. Data are mean ± s.d (n = 6). Unpaired, two-tailed Fisher’s exact test with 95% confidence interval. Right, western blots show expression of the IRF6 phosphorylation mutants that were used in the luciferase assay. Representative of three independent experiments. e, Production of knock-in mutant mice expressing IRF6(S413A/S424A). Representative genomic sequencing of wild-type and homozygous (Irf6S413A,S424A/ S413A,S424A) mice. Nucleotides that encode Ser413 and Ser424 are highlighted by the dashed boxes, which indicate the wild-type GCC (Ser) and homozygous knock-in mutation TCC (Ala). f, Genome-wide four-way plot showing genes that have increased or decreased expression in Irf6S413A,S424A/S413A,S424A (y axis, n = 5) or Irf6−/− (x axis, n = 5) compared to the wild type (n = 3) in E15.5 skin. Each coloured dot represents a gene that met the cut-offs of an adjusted P value <0.05 and a minimum twofold change in expression. Adjusted P values were obtained using a moderated t-test (two-sided) with the Benjamini–Hochberg method for multiple comparisons. Genes that were altered significantly in expression in Irf6−/− skin only are shown in red, those altered in Irf6S413A,S424A/S413A,S424A only are shown in green and those altered in both genotypes are shown in blue. The Pearson correlation coefficient (R value) is 0.72.


Extended Data Fig. 5 The IRF6 phosphomimetic knock-in mouse demonstrates that phosphorylation of IRF6 at Ser413 and Ser424 is essential to prime it for activation.
a, Western blots of wild-type, Irf6+/S413A,S424A and Irf6S413A,S424A/S413A,S424A E18.5 skin. Representative of three independent experiments. b, E18.5 skin sections (n = 3 wild type and n = 3 Irf6S413A,S424A/S413A,S424A) stained with H&E or antibodies against K10, K14 and Ki67. Scale bars, 50 μm. c, E18.5 sections (n = 3 wild type and n = 3 Irf6S413A,S424A/S413A,S424A) stained with H&E, showing fusion of the stratified squamous portion of the stomach in the Irf6S413A,S424A/S413A.S424A embryos. Scale bars, 100 μm. d, Graph indicates activation of an IRF-responsive luciferase reporter gene at 24 h after transfection of 293T cells with the indicated IRF6 and RIPK4 constructs. IRF6 activity is displayed as fold activity over reporter only. Data are mean ± s.d. (n = 5). IRF6(R84C) is a DNA-binding mutant, and represents a negative control in this experiment. Unpaired two-tailed Fisher’s exact test with 95% confidence interval. e, Western blots of wild-type, Irf6S413E,S424E/S413E,S424E and Irf6−/− E18.5 skin. Representative of three independent experiments. f, E18.5 skin sections from wild-type, Irf6S413E,S424E/S413E,S424E, Irf6S413E,S424E/S413E,S424ERipk4D161N/D161N, Irf6S413E,S424E/S413E,S424ERipk4+/D161N and Irf6+/S413E,S424ERipk4D161N/D161N embryos (n = 3 each) stained with antibodies against K10, K14 and Ki67. Scale bars, 50 μm. g, E18.5 sections from wild-type, Irf6S413E,S424E/S413E,S424E, Irf6S413E,S424E/S413E,S424ERipk4D161N/D161N, Irf6S413E,S424E/S413E,S424ERipk4+/D161N and Irf6+/S413E,S424ERipk4D161N/D161N embryos (n = 3 each) stained with H&E, showing fusion of the squamous epithelium at the mouth and fusion of the tongue to the palate. Scale bars, 100 μm. h, Table showing the observed and expected numbers at E18.5 of offspring that were generated from intercrossing Ripk4+/D161NIrf6+/S413E,S424E mice. i, Table showing the observed and expected numbers at E18.5 of offspring that were generated from intercrossing Irf6+/S413E.S424E mice.

                          Source data
                        


Extended Data Fig. 6 SILAC identifies Ser90 as an additional IRF6 phosphorylation site that is essential for its activation in vitro.
a, Schematic of the SILAC experiment that was performed to identify additional RIPK4-dependent phosphorylation sites on IRF6. b, Western blots of 293T cells expressing the IRF6 phosphorylation mutants that were used in luciferase reporter assays. Representative of three independent experiments. c, Schematic of the human IRF6 locus. Exons are shown as rectangles, introns as interconnecting lines and untranslated regions are shaded in grey. The DNA-binding domain (DNA BD), IRF-association domain (IRF AD) and C-terminal domain (CTD) are highlighted in blue, green and orange, respectively. The relative positions of two patient mutations, S90G (which gives rise to VWS) and S424L (which gives rise to PPS) are displayed in red. The locus is drawn approximately to scale. d, Extracted ion chromatograms of phosphorylated peptides and their unmodified counterparts at pS(413,416) (SFDSGSVR) (i), pS424 (short peptide: LQISTPDIK) (ii), pS424 (long peptide: LQISTPDIKDNIVAQLK) (iii) and pS90 (SREFNLMoxYDGTK) (iv). Recombinant full-length IRF6 was incubated with the RIPK4 kinase domain (either wild type or T184I (a BPS mutation that produces a kinase-dead version of RIPK4) for 5 and 30 min. No phosphorylation was observed when IRF6 was incubated with RIPK4(T184I). Representative of two experiments. e, Proposed model for IRF6 regulation by RIPK4. RIPK4 (or kinase(s) X) phosphorylates IRF6 at Ser413 and Ser424, which act as ‘priming’ sites. Priming enhances the phosphorylation of IRF6 by RIPK4 at an additional site that is essential for IRF6 activation, Ser90. This allows normal skin differentiation and development. In the first scenario, in which Irf6 is mutated to Irf6S413,S424A/S413A,S424A, RIPK4 (or other kinases) cannot phosphorylate Ser413 and Ser424. IRF6 is thus non-functional, so the Irf6S413A,S424A/S413A,S424A knock-in mouse phenocopies the Irf6−/− mouse. In the second scenario, in which Irf6 is mutated to Irf6S413E,S424E/S413E,S424E, the Glu residues at Ser413 and Ser424 mimic priming and allow RIPK4 to phosphorylate IRF6 at Ser90. Thus, IRF6 is functional, and Irf6S413E,S424E resembles the wild type. In the third, double-mutant scenario (Irf6S413E,S424E/S413E,S424ERipk4D161N/D161N), despite effective IRF6 priming at Ser413 and Ser424 as a result of Glu substitutions, RIPK4 is kinase-dead and therefore cannot phosphorylate IRF6 at Ser90 and activate it. Thus, IRF6 is non-functional and this double mutant phenocopies the Irf6−/− mouse. In the final scenario (Irf6+/S413E.S424ERipk4D161N/D161N), one wild-type allele of Irf6 is present (sufficient for normal IRF6 function); however, there is no RIPK4 kinase activity. Therefore, these mice phenocopy Ripk4D161N/D161N mice.


Extended Data Fig. 7 SILAC experiments demonstrate that mutating IRF6 Ser413 and Ser424 to Ala reduces the amount of phosphorylation at IRF6 Ser90 by half.
a, Schematic of the SILAC experiment that was performed to compare the amount of phosphorylation at S90, S413 and S424 between wild-type and mutant IRF6. b, Extracted ion chromatograms of the peptide phosphorylated at Ser90 (pSREFNLMoxYDGTK) and its unmodified counterpart (SREFNLMoxYDGTK), from wild-type IRF6 (light labelled) and IRF6(S413A/S424A) (heavy labelled). More phosphorylation at Ser90 was observed in wild-type IRF6 than in IRF6(S413A/S424A) (log2(S413A.S424A/WT) = −0.5) even though there was more total IRF6(S413A/S424A) (log2(S413A.S424A/WT) = 0.6). When normalized for total IRF6 levels, log2(S413A.S424A/WT) ≈ −1.1; that is, 2.1-fold less pS90 in IRF6(S413A/S424A) compared to wild-type IRF6. c, Extracted ion chromatograms of the peptide phosphorylated at Ser413 or Ser416 (pSFDSGSVR) and its unmodified counterpart (SFDSGSVR), from wild-type IRF6 (light labelled) and IRF6(S90A) (heavy labelled). When normalized for total IRF6 levels, log2(S90A/WT) = 0.11, so pS413 is at a similar level in wild-type IRF6 and IRF6(S90A). d, Extracted ion chromatograms of the peptide phosphorylated at Ser424 (long peptide: LQIpSTPDIKDNIVAQLK) and its unmodified counterpart (long peptide: LQISTPDIKDNIVAQLK), from wild-type IRF6 (light labelled) and IRF6(S90A) (heavy labelled). pS424 is at a similar level in wild-type IRF6 and IRF6(S90A) (log2(S90A/WT) = 0.2). e, Extracted ion chromatograms of the peptide phosphorylated at Ser90 (pSREFNLMoxYDGTK) and its unmodified counterpart (SREFNLMoxYDGTK), from IRF6(S423A/S424A) (light labelled) and IRF6(S413E/S424E) (heavy labelled). More pS90 was observed in IRF6(S413E/S424E) than in IRF6(S413A/S424A) (log2(S413E.S424E/S413A.S424A) = 0.6) even though there was slightly less total IRF6(S413E/S424E) (log2(S413E.S424E/S413A.S424A) = −0.4). When normalized for total IRF6 levels, log2(S413E.S424E/S413A.S424A) ≈ 1.0; that is, twofold less pS90 in IRF6(S413A/S424A) compared to IRF6(S413E/S424E). f, Extracted ion chromatograms of the peptide phosphorylated at Ser90 (pSREFNLMoxYDGTK) and its unmodified counterpart (SREFNLMoxYDGTK), from wild-type IRF6 (light labelled) and IRF6(S413E/S424E) (heavy labelled). More pS90 was observed in IRF6(S413E/S424E) than in wild-type IRF6 (log2(S413E.S424E/WT) = 0.7) even though there was also slightly more total IRF6(S413E/S424E) (log2(S413E.S424E/WT) = 0.1). When normalized for total IRF6 levels, log2(S413E.S424E/WT) ≈ 0.6; that is, 1.52-fold more pS90 in IRF6(S413E/S424E) compared to wild-type IRF6. Chromatograms are representative of two experiments. Notably, these are extracted ion chromatograms of representative peptide spectral matches (PSMs). The reported log2 values were calculated from all the different types of PSMs that cover the phosphorylation sites of interest.
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Extended Data Fig. 8 Bioinformatic analysis showing that IRF6 target genes are involved in lipid metabolism and tight-junction formation, which are essential for epidermal barrier function.
a, Schematic of the analysis pipeline that was used to identify putative and high-confidence IRF6 targets. The histone ChIP–seq dataset that yielded an IRF6 motif (the ISRE) is marked in red. b, Heat map showing clustering of 35,176 genes into four clusters: active, repressed, bivalent and low-signal promoter groups (top to bottom) (n = 11,942, n = 2,580, n = 3,154 and n = 17,500, respectively). Each row reports log2-transformed reads per million (RPM) in a 5,000-bp window around the start of the gene for H3K4me3 (left two columns) and H3K27me3 (right two columns) in the wild-type background. c, Distribution of log2-transformed read counts in a 5,000-bp window (binned at 50 bp) around 815 putative IRF6 targets (54 out of 869 targets were filtered out owing to low signal) for H3K4me3, H3K27me3, H3K27ac and ATAC-seq signal in the wild-type background, sorted in the same way as b. The number of putative IRF6 targets in active, repressed, bivalent and low-signal groups are 412, 64, 129 and 210, respectively. Genes that are significantly up- or downregulated in Irf6−/− versus wild-type E16.5 skin (n = 3 each, from the RNA-seq dataset) are shown in red and blue to the right. P values were obtained using a moderated t-test (two-sided) with the Benjamini–Hochberg method for multiple comparisons. d, Toluidine blue staining of wild-type and Irf6−/− E18.5 embryos (n = 3 each). Scale bar, 1 cm. e, Graph showing weight loss of wild-type control (n = 4) and Irf6−/− (n = 4) newborn mice over time. Data are mean ± s.d. Unpaired, two-tailed Fisher’s exact test with 95% confidence interval. f–h, Screenshots showing normalized read coverage for ATAC-seq, H3K4me3, H3K27ac and H3K27me3 in wild-type and Irf6−/− skin for occludin (Ocln) (e), Pnpla1 (f) and Grhl3 (g). Genes are indicated in blue in the top panel; red boxes highlight the signal at the start of the gene. Representative of n = 2 for wild type and Irf6−/−.

                          Source data
                        


Extended Data Fig. 9 Lipid profiling showing a decrease in the quantity of certain classes of lipids in Irf6−/− compared to wild-type skin.
a, Graphs of relative mRNA expression of Grhl3, Ocln, Pnpla1, Sptlc3, Cers3 and Rora in E15.5 skin. Each circle represents a different embryo, n = 3. Centre represents the mean; error bars denote s.d. Unpaired, two-tailed Fisher’s exact test with 95% confidence interval. b, Quantification of 12 classes of lipids in wild-type and Irf6−/− E16.5 skin (n = 4 each) (nmol per g of wet skin). Data are mean ± s.d. FDRs (or adjusted P value) of <0.05 are shown on the graph. P values were obtained using a moderated t-test (two-sided) with the Benjamini–Hochberg method for multiple comparisons. c, Quantification of four different species of HCERs in wild-type and Irf6−/− E16.5 skin (n = 4 each) (nmol per g of wet skin). Each dot represents one skin sample. Centre represents the mean; error bars denote s.d. FDRs of <0.05 are labelled on the graph. P values were obtained using a moderated t-test (two-sided) with the Benjamini–Hochberg method for multiple comparisons. There is a significant decrease in species with ultra-long-chain acyl moieties (≥C26) in Irf6−/− compared to wild-type skin. d, Quantification of four different species of DCERs in wild-type and Irf6−/− E16.5 skin (n = 4 each) (nmol per g of wet skin). Each dot represents one skin sample. Centre represents the mean; error bars denote s.d. FDRs of <0.05 are labelled on the graph. P values were obtained using a moderated t-test (two-sided) with the Benjamini–Hochberg method for multiple comparisons. There is a significant decrease in species with ultra-long-chain acyl moieties (≥C26) in Irf6−/− compared to wild-type skin.
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Extended Data Fig. 10 Lipid profiling showing a decrease in the quantity of certain classes of lipids in Ripk4D161N/D161N compared to wild-type skin.
a, E18.5 skin sections from wild-type and Ripk4D161N/D161N embryos (n = 3) were stained with Nile red fluorescent dye, which indicates polar lipids in red and non-polar lipids in green. 72.66 × 72.66 microns. b, Profiling of 12 classes of lipids in wild-type and Ripk4D161N/D161N E16.5 skin. The x axis denotes the sum(log2(abundance in Ripk4D161N/D161N/abundance in wild type)) per analyte; values less than 0 indicate a decrease, and values greater than 0 an increase, in Ripk4D161N/D161N versus wild-type skin. Green bars denote a significant FDR of <0.05. Moderated t-test (two-sided). P values were obtained using a moderated t-test (two-sided) with the Benjamini–Hochberg method for multiple comparisons. There are significantly lower levels of CERs, DCERs and LCERs in Ripk4D161N/D161N compared to wild-type skin. Levels of the other classes of lipids are unchanged. c, Quantification of 12 classes of lipids in wild-type and Ripk4D161N/D161N E16.5 skin (n = 4) (nmol per g of wet skin). Each dot represents one skin sample. Centre represents the mean; error bars denote s.d. FDRs of <0.05 are shown on the graph. P values were obtained using a moderated t-test (two-sided) with the Benjamini–Hochberg method for multiple comparisons.
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