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            Abstract
The human genome encodes some 350 Krüppel-associated box (KRAB) domain-containing zinc-finger proteins (KZFPs), the products of a rapidly evolving gene family that has been traced back to early tetrapods1,2. The function of most KZFPs is unknown, but a few have been demonstrated to repress transposable elements in embryonic stem (ES) cells by recruiting the transcriptional regulator TRIM28 and associated mediators of histone H3 Lys9 trimethylation (H3K9me3)-dependent heterochromatin formation and DNA methylation3,4,5,6,7,8,9. Depletion of TRIM28 in human or mouse ES cells triggers the upregulation of a broad range of transposable elements4,10,11, and recent data based on a few specific examples have pointed to an arms race between hosts and transposable elements as an important driver of KZFP gene selection5. Here, to obtain a global view of this phenomenon, we combined phylogenetic and genomic studies to investigate the evolutionary emergence of KZFP genes in vertebrates and to identify their targets in the human genome. First, we unexpectedly reassigned the root of the family to a common ancestor of coelacanths and tetrapods. Second, although we confirmed that the majority of KZFPs bind transposable elements and pinpoint cases of ongoing co-evolution, we found that most of their transposable element targets have lost all transposition potential. Third, by examining the interplay between human KZFPs and other transcriptional modulators, we obtained evidence that KZFPs exploit evolutionarily conserved fragments of transposable elements as regulatory platforms long after the arms race against these genetic invaders has ended. Together, our results demonstrate that KZFPs partner with transposable elements to build a largely species-restricted layer of epigenetic regulation.
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                    Figure 1: A map of KZFP evolution in vertebrate genomes.[image: ]


Figure 2: Census of human KZFP genomic targets.[image: ]


Figure 3: Relative evolutionary ages of transposable elements and bound KZFPs.[image: ]


Figure 4: KZFP-recognized transposable elements as regulatory hubs.[image: ]
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Extended data figures and tables

Extended Data Figure 1 A force-directed network of KZFP similarity based on zinc-fingerprints.
a, Zoomed-out overview. Each KZFP is represented by a circle (‘node’) and linked to a large node of the same colour representing its species of origin. The colours were randomly assigned for each species. Weighted links between any two KZFP nodes are based on significant homology (≥60%) between their ZNF signatures. The topology of the network is established by a force-directed process that follows certain rules: all nodes repel each other and are attracted to the centre by artificial ‘gravity’, and nodes with links attract each other, which leads to the formation of clusters when many KZFPs share homology. Species-specific KZFPs aggregate close to the corresponding species node and highly conserved clusters tend to radiate out of the centre. b–g, Zoom-in on indicated taxonomic regions. The restricted cluster of a guinea pig stood out for its very high content of duplicated KZFPs (e), suggestive of ongoing amplification, a phenomenon only seen, to a lesser extent, in a few other genomes (notably the mouse, c). Clusters specific to amphibians, lizards, snakes, turtles and crocodilians were clearly delineated (g), with very few KZFPs from these groups being shared with mammals. Nevertheless, a bridge between humans and birds or lizards could be established via highly conserved KZFPs, corresponding in human to ZNF777 and ZNF282 (g, top right).


Extended Data Figure 2 Reproducibility of ChIP–exo data.
Venn diagrams of ChIP–exo replicates indicating the number of peaks found in either or both experiments, along with their percentage overlap.


Extended Data Figure 3 Overlap between TRIM28 and KZFP ChIP–exo in different cellular contexts illustrating similar profiles.
a, Number of high quality peaks retained for all tested KZFPs in 293T cells (log scale) with colour code for KRAB domain configuration. b, ChIP–exo of ZFP57 and PRDM9, illustrating the single base-pair resolution of the technique. Top, alignments of genomic targets, using a four-colour code for nucleotides (C, yellow; G, red; A, green; T, blue). Bottom, forward (red) and reverse (blue) strand 5′ end read counts from ChIP–exo data, with the area of overlap (purple) corresponding to the formaldehyde-fixed interface between protein and DNA. c, Evolutionary distribution of KZFPs according to their preferential binding to transposable elements or near TSSs (within 2.5 kb). Dots are coloured according to KRAB domain configuration (blue, KRAB-ZNF; green, SCAN-KRAB-ZNF; red, DUF3669-KRAB-ZNF). d, Proportion of transposable elements bound by 0, 1 or 2+ KZFPs per class (top) or within a panel of LINE1 elements (bottom). e, Overview of a genomic region with tracks of TRIM28 ChIP–exo in H1 ES cells (purple) and indicated KZFPs in 293T cells (green) along with corresponding total input controls. f, Percentage of overlap for each ChIP–exo of KZFPs with ChIP–exo data for endogenous TRIM28 in H1 ES cells. g, Superimposition of ChIP–exo at overlap between endogenous TRIM28 in human ES cells (bottom) and indicated HA-tagged KZFPs in 293T cells (middle), with bound regions aligned on top. Colours are representative of distinct DNA bases: C, yellow; G, red; A, green; T, blue. The base pair-resolution footprint of each factor is represented by areas in which forward (red) and reverse (blue) reads overlap (purple). For ZNF675 in the TRIM28 signal, one can observe a peak not present in HEK293 ChIP–exo—this represents signal from another endogenous factor cobinding in close proximity. In this particular case, the extraneous signal overlaps with ZNF765 (Extended Data Fig. 4b).


Extended Data Figure 4 KZFPs can recognize different classes of transposable elements.
a, Network analysis of interactions between KZFPs and transposable elements. Strength of links between KZFPs (grey) and transposable element families, based on data illustrated in Fig. 2c. The weakest illustrated link corresponds to P < 1 × 10−20. Some KZFP–transposable element relationships are very exclusive (at the edge of the network), but a high level of promiscuity is also apparent, with some KZFPs recognizing multiple subfamilies, or even multiple classes of transposable elements (for example SINEs and ERVs). b, ChIP–exo of ZNF765, which significantly recognizes both LINEs (L1PA) and ERVs (THE1) through the indicated consensus motif, also found in some non-repeat sequences. ZNF765 is indicated by a black arrow in a.


Extended Data Figure 5 Proximity-binding analysis of KZFPs.
a, Proximity-binding plot of human KZFPs. The colour scale represents the fraction of peaks from two KZFPs binding significantly close to one another (P < 0.05, IntervalStats software). The cluster in the lower right corner corresponds to KZFPs co-recruited in various combinations at promoters. Other pairs of closely binding KZFPs can be detected, many in transposable elements as illustrated in Figs 2, 3. b, Genome browser view of KZFPs binding in close proximity at promoters. c, Signal overlay of selected pairs of promoter-binding KZFPs. Some (for example, ZNF282 and ZNF398) systematically bind in close proximity to one another, while others (for example, ZKSCAN2 and ZNF263) are recruited at less inter-dependent distances from the TSS.


Extended Data Figure 6 Two KZFPs specifically recognize DNA encoding zinc-finger domains.
a, Recruitment of ZNF75D and ZNF274 to 3′ ZNF-encoding exons of ZNF proteins, illustrated at the ZNF180 locus, with overlapping but distinct consensus binding motifs. b, Proportion of non-KRAB-ZFP (top) or KZFP protein-coding (bottom) genes bound by ZNF75D, ZNF274 or both. For KZFP-bound genes, there was no clear preference for young or old members of the family. c, Motif and ChIP–exo signal for ZNF75D and ZNF274, with links to the C2H2 zinc-finger protein motif. Bound sequences overlap with highly conserved amino acids and some overrepresented subsequences in the motif (GK, QR) directly correspond to the DNA sequence required to recruit the protein.


Extended Data Figure 7 Binding of KZFPs on primate-specific L1s.
a, Sequence logos of KRAB-bound sequences of each subfamily of L1PA elements. Gaps are represented by black squares and each letter is proportional in height to its prevalence. Specific mutations correlating with the loss of binding for specified KZFPs are highlighted by black arrows and the motif is displayed at the top. A plus–minus system on the chart illustrates the level of binding of the specific KZFP to each subfamily of L1PAs. b, Binding dynamics of selected KZFPs within L1PA families, illustrating a wave-like pattern of recruitment. However, when the ages of KZFPs and mutation profiles are taken into account, paradoxical scenarios of arms-race dynamics (ZNF141, ZNF765, ZNF93 and ZNF649) and positive selection (ZNF382 and ZNF84) can be observed.


Extended Data Figure 8 KZFP-recognized transposable elements as regulatory hubs.
Additional examples of KZFP binding to domesticated retroelements. Notably, the non-KRAB-ZFP chromatin-looping factor ZNF143 was significantly enriched with the KZFP ZNF317 at ancient LINE1 integrants. Also, FOXA1 within L1 co-occurred with multiple KZFPs binding L1PA elements. Finally, ZNF808 within MER11B elements and transcription factor GATA3, with signs of possible enhancer effects with significant association with EP300 at the same loci.


Extended Data Figure 9 Non-KZFP-recognized transposable elements are less epigenetically active and shorter; association of KZFPs with H3K9me3 in NIH Roadmap.
a, Proportion of histone modifications in non-KRAB recognized transposable elements. The number of elements is displayed in parenthesis. When compared to the proportions observed for KZFP-recognized transposable elements in Fig. 4b, we can observe that the latter are more susceptible to be decorated with either active or repressive histone marks. b, The length in base pairs of transposable elements is plotted and subdivided by class and by KZFP binding status. c, Transposable element-specific H3K9me3 enrichment within 127 cell types from NIH Roadmap and KZFPs from our dataset. However, as many KZFPs bind in close proximity to one another, it can be difficult to associate H3K9me3 status to a particular KZFP. Other sources of H3K9me3 targeting transposable elements can also add noise to the signal. d, For each transposable element, we sum the expression values (RPKM) of KZFPs binding it from RNA-seq in the NIH Roadmap dataset. Transposable elements bound by highly expressed KZFPs are on average more susceptible to be covered by H3K9me3. ***P < 1 × 10−50, Wilcoxon signed-rank test.


Extended Data Figure 10 KZFPs can induce repression in a cell-type-specific fashion.
a, Strategy used to assay the repressive potential of selected KZFPs, with details for each candidate target. These were selected on the basis of a few criteria, namely high signal for both TRIM28 and H3K9me3 in H1 ES cells and strong binding by KZFP in 293T. b, Confirmation of the repression-recruiting capabilities of the cloned motifs in H1 ES cells. In all four cases, repression is naturally observed with the constructs containing the cloned motifs without the need to overexpress the KZFP targeting the sequence. c, Repression of cloned motifs in 293T cells. For three out of the four constructs, endogenous TRIM28 binding data in 293T are negative and repression was neither expected nor observed. However, TRIM28 is recruited at the original genomic ZNF675-targeted sequence in 293T and spontaneous repression was gradually observed over time in our reporter system. We then induced expression of the cognate KZFPs by addition of doxycycline and could observe repression of all four constructs. The kinetics for ZNF675 were in this case slightly faster than those observed with endogenous repression. The data presented are representative of two independent experiments.





Supplementary information
Supplementary Table 1
A list of all vertebrate genomes analyzed along with their assembly version, common names, Latin names, taxonomic class and order, as well as the count of detected KZFP genetic units (genes + pseudogenes) displayed to Figure 1a. (XLSX 25 kb)


Supplementary Table 2
A list of zinc fingers genes / pseudogenes we annotated in vertebrate genomes along with clustering information based on zinc finger signatures, domain configuration, genomic localization and others. In this table, data within parentheses indicate domains (zinc fingers, KRAB domains) outside of current annotation. There are also some units annotated as ZNFs clustering with KRABs, but manual inspection of a lot of these units show incomplete sequencing upstream of the zinc finger array. KZFPs with the same cluster # (last column) are considered to be DNA binding orthologs based on ZNF similarity. (XLSX 9511 kb)


Supplementary Table 3
Data presented in figure 1c, which represents the average proportion of shared KZFP genetic units between species according to our ZNF signature clustering. (XLSX 358 kb)


Supplementary Table 4
A list of all the KZFPs for which we obtained ChIP-exo data, along with Ensembl identifiers, KRAB domain configuration, estimate evolutionary origin according to our functional clustering, as well as the DNA coding sequence we cloned in our expression vectors. (XLSX 141 kb)


Supplementary Table 5
Data presented in Figure 2b, which shows the percentage of overlap between KZFP ChIP datasets and various genomic structures and transposable element classes. (XLSX 32 kb)


Supplementary Table 6
Data presented in Figure 2f, which represents the enrichment of KZFPs within precise transposable element subfamilies. The score is -log 10 of the pvalue and the maximum achievable is 320. (XLSX 359 kb)


Supplementary Table 7
Data presented in Extended Data 5a, the association of different KZFP datasets based on a proximity analysis. The score is the percentage of peaks found significantly close at p < 0.05. (XLSX 415 kb)


Supplementary Table 8
Data presented in Figure 4a – the enrichment between KZFP peaks and transcription factors from ENCODE. The score is -log 10 of the pvalue and the maximum achievable is 320. Only the subset of data for which there is at least one significant interaction is shown. (XLSX 419 kb)


Supplementary Table 9
Data presented in Extended Data 9c – enrichment between KZFP peaks and H3K9me3 from the NIH roadmap dataset. The score is -log 10 of the pvalue and the maximum achievable is 320. Only the subset of data for which there is at least one significant interaction is shown. (XLSX 324 kb)


Supplementary Table 10
Data presented in Figure 4d – expression values in tags per million from the FANTOM5 dataset (XLSX 7138 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Imbeault, M., Helleboid, PY. & Trono, D. KRAB zinc-finger proteins contribute to the evolution of gene regulatory networks.
                    Nature 543, 550–554 (2017). https://doi.org/10.1038/nature21683
Download citation
	Received: 03 May 2016

	Accepted: 02 February 2017

	Published: 08 March 2017

	Issue Date: 23 March 2017

	DOI: https://doi.org/10.1038/nature21683


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        A zinc finger transcription factor enables social behaviors while controlling transposable elements and immune response in prefrontal cortex
                                    
                                

                            
                                
                                    	Natalie L. Truby
	R. Kijoon Kim
	Peter J. Hamilton


                                
                                Translational Psychiatry (2024)

                            
	
                            
                                
                                    
                                        ZNF689 deficiency promotes intratumor heterogeneity and immunotherapy resistance in triple-negative breast cancer
                                    
                                

                            
                                
                                    	Li-Ping Ge
	Xi Jin
	Yi-Zhou Jiang


                                
                                Cell Research (2024)

                            
	
                            
                                
                                    
                                        Transposable elements mediate genetic effects altering the expression of nearby genes in colorectal cancer
                                    
                                

                            
                                
                                    	Nikolaos M. R. Lykoskoufis
	Evarist Planet
	Emmanouil T. Dermitzakis


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Statistical learning quantifies transposable element-mediated cis-regulation
                                    
                                

                            
                                
                                    	Cyril Pulver
	Delphine Grun
	Didier Trono


                                
                                Genome Biology (2023)

                            
	
                            
                                
                                    
                                        THE1B may have no role in human pregnancy due to ZNF430-mediated silencing
                                    
                                

                            
                                
                                    	Zheng Zuo


                                
                                Mobile DNA (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Evolution of KZFPs across vertebrate genomes
KRAB domain-containing zinc-finger proteins (KZFPs) are a rapidly evolving gene family, and previous studies have suggested co-evolution with transposable elements in an arms race model. Didier Trono and colleagues now report genomic analyses to infer the evolutionary emergence of KZFPs across a broad range of vertebrates and identify their transposable element targets in the human genome. They find some support for co-evolution, but also observe that many KZFPs do not retain transposition potential, and suggest that these proteins may have contributed to evolution of gene regulatory networks.
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