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            Abstract
De novo mutations in ADNP, which encodes activity-dependent neuroprotective protein (ADNP), have recently been found to underlie Helsmoortel–Van der Aa syndrome, a complex neurological developmental disorder that also affects several other organ functions1. ADNP is a putative transcription factor that is essential for embryonic development2. However, its precise roles in transcriptional regulation and development are not understood. Here we show that ADNP interacts with the chromatin remodeller CHD4 and the chromatin architectural protein HP1 to form a stable complex, which we refer to as ChAHP. Besides mediating complex assembly, ADNP recognizes DNA motifs that specify binding of ChAHP to euchromatin. Genetic ablation of ChAHP components in mouse embryonic stem cells results in spontaneous differentiation concomitant with premature activation of lineage-specific genes and in a failure to differentiate towards the neuronal lineage. Molecularly, ChAHP-mediated repression is fundamentally different from canonical HP1-mediated silencing: HP1 proteins, in conjunction with histone H3 lysine 9 trimethylation (H3K9me3), are thought to assemble broad heterochromatin domains that are refractory to transcription. ChAHP-mediated repression, however, acts in a locally restricted manner by establishing inaccessible chromatin around its DNA-binding sites and does not depend on H3K9me3-modified nucleosomes. Together, our results reveal that ADNP, via the recruitment of HP1 and CHD4, regulates the expression of genes that are crucial for maintaining distinct cellular states and assures accurate cell fate decisions upon external cues. Such a general role of ChAHP in governing cell fate plasticity may explain why ADNP mutations affect several organs and body functions and contribute to cancer progression1,3,4. Notably, we found that the integrity of the ChAHP complex is disrupted by nonsense mutations identified in patients with Helsmoortel–Van der Aa syndrome, and this could be rescued by aminoglycosides that suppress translation termination5. Therefore, patients might benefit from therapeutic agents that are being developed to promote ribosomal read-through of premature stop codons6,7.
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                    Fig. 1: ADNP binds and represses lineage-specifying genes.[image: ]


Fig. 2: ADNP mediates ChAHP complex formation.[image: ]


Fig. 3: DNA sequence specifies ChAHP association with euchromatin.[image: ]


Fig. 4: ChAHP obstructs chromatin accessibility.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Generation of isogenic mouse ES cell lines to interrogate protein–protein and protein–chromatin interactions.
a, Mouse ES cells expressing the BirA biotin ligase from the Rosa26 locus were used as a parental cell line for endogenous gene tagging with the Flag-AviTag12. For a full list of mouse ES cell lines used in this study (cMB#), see Supplementary Information. b, Top, scheme depicting Flag-AviTag (not drawn to scale) insertion at the endogenous Adnp locus. Arrow indicates transcription start site. Boxes represent exons. Bottom, scheme depicting ADNP protein. Protein domains as predicted by InterPro. Nonsense (NS) and frameshift (FS) mutations found in children with Helsmoortel–Van der Aa syndrome are indicated (https://www.adnpkids.com, dated March 2017). Numbers denote amino acids. c, Sanger sequencing of AdnpFlag-AviTag/Flag-AviTag cell lines. d, Distribution of ADNP-bound genomic sites with respect to protein-coding genes. Peaks were called from ChIP–seq data acquired from three independent biological replicates (that is, three independent AdnpFlag-AviTag/Flag-AviTag mouse ES cell lines). Horizontal bars represent peaks annotated to individual categories, and vertical bars represent peaks annotated jointly to specified combinations of categories. DIG, distal intergenic; UTR, untranslated region. e, ChIP–seq profiles at two lineage-specifying gene loci that were generated from three independent AdnpFlag-AviTag/Flag-AviTag ES lines.


Extended Data Fig. 2 Generation and analysis of isogenic Adnp knockout mouse ES cell lines.
a, Scheme depicting CRISPR–Cas9 and TALEN-induced double-stranded DNA breaks to delete the Adnp open-reading frame. TSS, transcription start site. b, PCR genotyping confirming homozygous deletion of the Adnp open-reading frame in three different mouse ES cell lines used in this study. The experiment was performed twice. c, MA plot comparing fold change (FC) in gene expression for Adnp−/− versus Adnp+/+ cells (y axis) with mean mRNA abundance (x axis). Representative endoderm-specific genes are highlighted in red. Dashed red lines indicate fourfold up- or downregulation. CPM, counts per million. d, Gene Ontology enrichment analysis of genes upregulated in Adnp−/− cells. n = 3 independent biological replicates. e, Scatterplot comparing gene expression fold change upon Adnp knockout (y axis) with expression changes between extraembryonic endoderm (eXEN) and ES cells (x axis). Known key lineage markers are indicated in blue.


Extended Data Fig. 3 The HP1 interactome of mouse ES cells.
a, Isogenic mouse ES cell lines expressing endogenously tagged CHD4 and HP1 proteins. Western blot demonstrating expression of FlagAviTag-tagged proteins. The high molecular mass of CHD4 (218 kDa) does not allow discernable separation of tagged from non-tagged protein. See Supplementary Information for detailed genotype descriptions of the individual ES cell lines. For gel source data, see Supplementary Fig. 1. Experiments were performed twice. b, TAP–LC–MS/MS of endogenously FlagAviTag-tagged HP1α. Protein purification was performed in the presence of 350 mM NaCl. Parental ES cell line serves as background control. n = 3 independent biological replicates (that is, three independent Cbx5Flag-AviTag/Flag-AviTag mouse ES cell lines). c, TAP–LC–MS/MS of endogenously Flag-AviTag-tagged HP1β. Protein purification was performed in the presence of 350 mM NaCl. Parental ES cell line serves as background control. n = 3 independent biological replicates (that is, three independent Cbx1Flag-AviTag/Flag-AviTag mouse ES cell lines). d, TAP–LC–MS/MS of endogenously Flag-AviTag-tagged HP1γ. Protein purification was performed in the presence of 350 mM NaCl. Parental mouse ES cell line serves as background control. n = 3 independent biological replicates (that is, three independent Cbx1Flag-AviTag/Flag-AviTag mouse ES cell lines) e, Heat map showing the variation in co-purifying (Z-score) proteins across HP1 isoform-specific TAP–LC–MS/MS experiments. Proteins that were significantly enriched in at least one experiment (b–d) were included in the analysis. a–e, Validating our approach, all three HP1 isoforms co-precipitated a large number of proteins. Many of these were common to all three HP1 proteins and have previously been described51. We also observed several proteins that interacted uniquely with specific isoforms, such as the previously identified CAF-1 or SENP7 interactions with HP1α52,53. f, Heat map visualization of Pearson’s correlation coefficients for the individual HP1 isoform-specific TAP–LC–MS/MS experiments. Three independent biological replicates for HP1α and HP1γ, two biological and one technical replicate for HP1β, and three technical replicates for the parental cell line. g, iBAQ values of ADNP and CHD4 in HP1 isoform-specific TAP–LC–MS/MS experiments. Three independent biological replicates for HP1α and HP1γ, two biological and one technical replicate for HP1β. Centre value denotes the mean; error bars denote s.d. b–g, Statistical analysis was performed using Perseus (see Methods). Mass spectrometry raw data are deposited with ProteomeXchange.


Extended Data Fig. 4 In vitro characterization of ChAHP complex composition.
a, Strep-tag pull-down assays with recombinant human proteins overexpressed in Hi5 insect cells, revealing that ADNP binds to both CHD4 and HP1γ, whereas CHD4 and HP1γ do not interact directly. b, SEC of the recombinant ChAHP complex. ChAHP was reconstituted from Hi5 insect cells and further purified by separation according to its molecular mass on a HiLoad Superdex 300 column. Largest fractions eluting first contain ChAHP (1), followed by ADNP–HP1γ (2) and HP1γ alone (3). c, Fractions from b were separated on SDS–PAGE and visualized by Coomassie staining. d, Pull-down analysis of Strep-tagged HP1γ (S-HP1γ) with full-length or N-terminally truncated ADNP (ΔΝ228) or CHD4. e, Pull-down analysis of Strep-tagged full-length or N-terminally truncated ADNP. b–e, Note that N-terminally truncated ADNP does not co-elute with CHD4 on SEC (b, c). This is confirmed by pull-down experiments (d, e), which show that ADNP lacking the first 228 amino acids is only able to bind to HP1γ but no longer to CHD4. Thus, ADNP contacts CHD4 through its N terminus. f, Pull-down analysis of His-tagged (H) full-length HP1γ, and isolated chromodomain (CD) and chromoshadow domain (CSD). Similar to other proteins containing the conserved PXVXL pentapeptide54, ADNP directly interacts with the CSD of HP1γ. This is consistent with the previously reported interaction of ADNP with HP1α17. The chromodomain of HP1γ does not bind to ADNP. Experiments in a–f were performed at least twice. S denotes the streptavidin tag added to the respective protein; asterisks denote a common contaminating protein in streptavidin pull-down assays. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 5 HP1 occupancy at ChAHP-binding sites.
a, Subunit occupancy at ChAHP-bound sites displayed as meta-profile integrating signal of all peaks. b, Genome browser screen shot of the Igfbp4 locus. ChIP–seq tracks represent depth-normalized read counts of averaged replicate experiments. The predicted ADNP DNA-binding motif upstream of the Igfbp4 transcription start site is shown. c, Average HP1β and HP1γ ChIP–seq enrichment on ChAHP-bound sites in wild-type cells, and average HP1β and HP1γ ChIP–seq enrichment on ChAHP-bound sites in Cbx3−/− and Cbx1−/− mouse ES cell lines, respectively. n = 2 biological replicates (that is, independently tagged mouse ES cell lines). d, Average HP1α ChIP–seq enrichment on ChAHP-bound sites in wild-type and Cbx1−/−Cbx3−/− double-knockout ES cell lines. n = 2 biological replicates. e, Histone modifications associated with heterochromatin are absent at ChAHP-bound sites. f, Histone modifications associated with active transcription are absent at ChAHP-bound sites. e, f, Histone modification profiles are displayed as meta-profile integrating signal over all peaks. g, Binding of wild-type and chromodomain mutant HP1γ to ChAHP targets (Igfbp4 and Exd1), an H3K9me3-modified region next to an L1 repeat (L1 chr4) and an inactive promoter of an unrelated gene (Hoxc5), quantified by ChIP–qPCR. Fold enrichment was normalized to an intergenic control region devoid of HP1γ and H3K9me3. Wild-type (grey) and mutant (red) HP1γ constructs were transiently transfected into HP1 triple-knockout ES cells in biological duplicates. Note the decrease of HP1γ binding at the H3K9me3-modified region (L1 chr4), whereas ChAHP targets remain unaffected in the chromodomain mutant (CDmut) that can no longer bind to H3K9me3. Black lines indicate average enrichments.


Extended Data Fig. 6 Motif analysis of ADNP-bound loci.
a, ADNP DNA-binding motifs predicted by HOMER. Frequency of occurrence and P values for motif enrichment compared to genomic background are indicated. n = 3 independent cell lines. b, Analysis of co-occurrence of the top-ten scoring ADNP DNA motifs. The bar graph shows the frequency of peaks containing the top-scoring ADNP motif and up to nine additional motifs as indicated on the x axis. Note that most peaks besides the GCCCCCTGGAG motif also contain more than five other sequence motifs out of the top-ten list.


Extended Data Fig. 7 Different HP1 isoforms can functionally substitute each other.
a, Scatterplots comparing mRNA expression changes after deletion of Adnp versus single, double or triple deletions of Cbx genes measured by RNA-seq. Green trend lines indicate a loess (locally weighted scatterplot smoothing) regression. n = 3 biological replicates (that is, three independent Adnp−/−, Cbx1−/−, Cbx3−/−, Cbx5−/−, Cbx1−/−Cbx3−/− double knockout, or Cbx1−/−Cbx3−/−Cbx5−/− triple knockout mouse ES cell lines). b, MA plot displaying fold changes in gene expression for individual Cbx knockout cell lines versus wild type. x axis denotes the mean mRNA abundance, log2(counts per million); y axis denotes the log2(fold change) between knockout and wild type. Dashed red lines indicate fourfold up- or downregulation. c, UCSC genome browser shots of three lineage-specifying genes. RNA-seq profiles normalized by library size of representative wild-type and mutant ES cell lines are shown. Experiments were performed three times. d, Gene Ontology enrichment analysis of the genes that are upregulated in Cbx1−/−Cbx3−/−Cbx5−/− triple-knockout (TKO) and Adnp−/− knockout (KO) cells (orange group of genes in a), and of the genes that are upregulated in Cbx1−/−Cbx3−/−Cbx5−/− triple-knockout but not Adnp−/− knockout cells (grey group of genes in a). See also Supplementary Table 5. n = 3 independent cell lines. e, RNA-seq library statistics showing fraction of uniquely, multi- and non-mapping reads. Note the increase in multi-mappers in the HP1 triple-knockout cells. f, Quantification of reads mapping to the major repeat classes in counts per million mappable reads. g, Quantification of reads mapping to the different LINE and LTR elements in counts per million mappable reads. All mutant cell lines were derived from the same parental mouse ES cell line through direct genome editing and are therefore isogenic.


Extended Data Fig. 8 A patient-specific nonsense mutation in Adnp impairs the interaction with HP1 but not with DNA.
a, Scheme depicting the wild-type and mutant Adnp alleles, which code for Tyr (blue) and a patient-specific premature termination codon (red) at amino acid position 718, respectively. Full-length and truncated protein products are shown on the right. Arrow indicates transcription start site. Boxes represent exons. Numbers denote amino acids. b, N-terminally Flag-AviTag-tagged ADNPPTC718 was streptavidin-purified from cells with and without aminoglycoside treatment (gentamycin or paromomycin) and subjected to LC–MS/MS analysis. ADNPPTC718-expressing cells were treated with 2 mg ml−1 gentamycin (2.9 mM) or paromomycin (3.2 mM) for 24 h. The table depicts total spectral counts, unique peptides and percentage sequence coverage (derived from Scaffold) for all ChAHP components from the different treatments. c, qRT–PCR measurement of Bmp1 and Igfbp4 mRNA levels in ES cells expressing full-length Adnp (Adnp+/+) or C-terminally truncated Adnp that interacts with CHD4 but not with HP1 (AdnpPTC718/PTC718). n = 3 biological replicates (that is, three independent RNA isolations). P values were calculated using two-tailed unpaired unequal variances t-tests. Centre value denotes the mean; error bars denote s.d. d, ChIP–qPCR enrichments for transiently transfected Flag-AviTag-tagged wild-type ADNP and ADNPPTC718 constructs on two ADNP targets, normalized to an intergenic control. Black lines indicate means. e, C-terminally Flag-AviTag-tagged ADNPPTC718 was streptavidin-purified from cells with or without gentamycin treatment (2.9 mM) and subjected to LC–MS/MS analysis. Bold letters indicate unique peptides further quantified by parallel reaction monitoring (PRM). C-terminal peptides encoded downstream of PTC718 are shown in colour. Dashed box denotes the HP1 interaction motif. f, Summed fragment intensities of five C-terminal ADNP peptides that are encoded downstream of PTC718 are shown on the left. Background proteins shown on the right serve as loading controls. Intensities were measured by PRM. Total spectrum counts were derived from Scaffold. n = 3 biological replicates.


Extended Data Fig. 9 ChAHP and NuRD are distinct protein complexes.
a, Single-step purification followed by LC–MS/MS of endogenously Flag-AviTag-tagged CHD4 and ADNP. Protein purification was performed in the presence of 350 mM NaCl. Proteins that interact predominantly with CHD4 or ADNP are indicated by UniProt names. NuRD complex components are labelled in green. n = 3 biological replicates (that is, three independent Chd4Flag-AviTag/Flag-AviTag and AdnpFlag-AviTag/Flag-AviTag ES cell lines). Statistical analysis was done with Perseus (see Methods for details). Mass spectrometry raw data are deposited with ProteomeXchange. b, SEC of nuclear protein extracts from AdnpFlag-AviTag/Flag-AviTag ES cells. Each fraction (indicated at the bottom) was resolved by SDS–PAGE and immunoblotted with the indicated antibodies. Molecular mass of individual proteins is indicated on the left. For gel source data, see Supplementary Fig. 1. Experiment was performed twice.


Extended Data Fig. 10 Isogenic Cbx knockout ES cell lines.
a, Western blot demonstrating depletion of HP1α protein in Cbx5fl/fl mouse ES cell line after treatment with 4-hydroxytamoxifen (4-OHT). b, Western blot demonstrating depletion of HP1β protein in three independent Cbx1−/− ES cell lines. c, Western blot demonstrating depletion of HP1γ protein in Cbx3fl/fl ES cell line after treatment with 4-OHT. d, Western blot demonstrating depletion of HP1β and HP1γ proteins in three independent Cbx1−/−Cbx3fl/fl double-knockout cell lines after treatment with 4-OHT. n = 3 independent 4-OHT treatments. e, qRT–PCR demonstrating depletion of Cbx5, Cbx1 and Cbx3 mRNAs in the Cbx1−/−Cbx3fl/flCbx5fl/fl triple-knockout cell line upon treatment with 4-OHT. f, Western blot demonstrating depletion of HP1γ protein in three independent Cbx1Flag-AviTag/Flag-AviTag cell lines. g, Western blot demonstrating depletion of HP1β protein in three independent Cbx3Flag-AviTag/Flag-AviTag cell lines. For gel source data shown, see Supplementary Fig. 1. Experiments were performed twice.
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