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            Abstract
N6-methyladenosine (m6A), the most prevalent internal RNA modification on mammalian messenger RNAs, regulates the fates and functions of modified transcripts through m6A-specific binding proteins1,2,3,4,5. In the nervous system, m6A is abundant and modulates various neural functions6,7,8,9,10,11. Whereas m6A marks groups of mRNAs for coordinated degradation in various physiological processes12,13,14,15, the relevance of m6A for mRNA translation in vivo remains largely unknown. Here we show that, through its binding protein YTHDF1, m6A promotes protein translation of target transcripts in response to neuronal stimuli in the adult mouse hippocampus, thereby facilitating learning and memory. Mice with genetic deletion of Ythdf1 show learning and memory defects as well as impaired hippocampal synaptic transmission and long-term potentiation. Re-expression of YTHDF1 in the hippocampus of adult Ythdf1-knockout mice rescues the behavioural and synaptic defects, whereas hippocampus-specific acute knockdown of Ythdf1 or Mettl3, which encodes the catalytic component of the m6A methyltransferase complex, recapitulates the hippocampal deficiency. Transcriptome-wide mapping of YTHDF1-binding sites and m6A sites on hippocampal mRNAs identified key neuronal genes. Nascent protein labelling and tether reporter assays in hippocampal neurons showed that YTHDF1 enhances protein synthesis in a neuronal-stimulus-dependent manner. In summary, YTHDF1 facilitates translation of m6A-methylated neuronal mRNAs in response to neuronal stimulation, and this process contributes to learning and memory.
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                    Fig. 1: Impaired spatial learning and memory in Ythdf1-KO mice.[image: ]


Fig. 2: Deficient basal transmission and plasticity in Ythdf1-KO hippocampal synapses.[image: ]


Fig. 3: Selective YTHDF1 re-expression in the hippocampus rescues defects in memory and synaptic plasticity.[image: ]


Fig. 4: YTHDF1 facilitates translation of m6A-modified targets in response to neuronal stimulation.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Generation and evaluation of Ythdf1-KO mice.
a, Schematic diagram of the targeting strategy for generating Ythdf1-KO mice using CRISPRâ€“Cas9. Two sgRNAs (red) were designed to target the fourth exon (E4) of Ythdf1. PAM sequence, underlined, green; F1 and R1, genotyping primers. b, Genotyping PCR products of the seven founders co-injected with 20Â ng Cas9 mRNA and the two sgRNAs (5Â ng each). c, Genotypes of sequenced mice. PCR products were cloned and sequenced. Founder #4 with a 179-bp deletion was crossed with C57BL/6 wild-type mice for further analysis. d, Representative genotyping PCR products of offspring mice with different genotypes. e, Validation of Ythdf1 knockout by western blot using mouse hippocampal tissues. For gel source data, see Supplementary Fig.Â 1. f, Representative images of YTHDF1 immunostaining in the mouse basal lateral amygdala (BLA) and the cortex.


Extended Data Fig. 2 Ythdf1-KO mice are normal in hippocampal neurogenesis, cortical morphology, motor activities, anxiety-like behaviour, and depressive-like behaviour.
a, b, Representative images of Doublecortin (DCX, a marker of neurogenesis) immunostaining (a) and quantification of the number of DCX+ cells (b) in the dentate gyrus (DG) region of Ythdf1-KO and wild-type control mice at different postnatal development stages. Scale bar, 100Â Âµm. c, Representative images of cortical morphology staining using Hoechst in adult control and Ythdf1-KO mice. Scale bar, 200Â Âµm. d, Representative confocal immunostaining of CTIP2 (a marker for deep layer cortical neurons) and SATB2 (a marker for upper layer cortical neurons) in the cortex of adult control and Ythdf1-KO mice. Scale bar, 200Â Âµm. eâ€“h, Motor activities measured by various parameters as listed in the open-field test. iâ€“l, Anxiety-like behaviour measured by the lightâ€“dark box transition test (i, j) and the elevated-plus maze test (k, l). m, Depressive-like behaviour measured by tail suspension test. P values, two tailed t-test. Numbers in bars, numbers of mice. Data shown as meanâ€‰Â±â€‰s.e.m.

                          Source data
                        


Extended Data Fig. 3 MWM tests and fear conditioning tests in Ythdf1-KO mice.
a, Schematics of procedure of MWM training and MWM probe tests. b, c, Number of crossings over previous platform location (b) and swimming velocity (c) of control and Ythdf1-KO mice in MWM probe tests. d, Schematics of the fear conditioning procedures (left) and freezing responses measured at different stages (right). e, Titration curves of the freezing level of wild-type mice 24 h after training with different foot shock intensities. The conditioning protocols used in later experiments (moderate protocols) are indicated by arrows. f, Learning curves for auditory fear conditioning under moderate (left) or strong (right) training protocols. The training sessions were separated into two parts: baseline (base) and tone periods (tone). g, h, Auditory fear memory of control and Ythdf1-KO mice assessed 24Â h (g) and 2Â h (h) after the indicated training sessions. P values, two-way repeated measures ANOVA (d) and two tailed t-test (b, c, fâ€“h). Numbers in bars, numbers of mice. Data shown as meanâ€‰Â±â€‰s.e.m.

                          Source data
                        


Extended Data Fig. 4 PPRs, spine morphology, and total protein levels of various LTP-related genes in Ythdf1-KO mouse hippocampus.
Related to Fig.Â 2. a, b, PPR with different inter-stimulus intervals in CA1 neurons from wild-type control and Ythdf1-KO mice. c, d, Representative images of Lucifer yellow staining (c) and statistical analyses of spine density (d, left) and spine size (d, right) in CA1 neurons from adult control and Ythdf1-KO brains. e, Uncropped western blot images for Fig.Â 2g. f, Total protein levels of a set of LTP-related genes in control and Ythdf1-KO mouse hippocampus. For gel source data, see Supplementary Fig.Â 1. P values, two-way repeated measures ANOVA with post hoc two-tailed t-test (a) and two tailed t-test (b, d, f). Numbers in bars, numbers of slices (b), neurons/mice (d, left), spines (d, right), or mice (f). Data shown as meanâ€‰Â±â€‰s.e.m.

                          Source data
                        


Extended Data Fig. 5 Viral targeting in Ythdf1-KO mouse hippocampus and behavioural analyses of Ythdf1-KO mice injected with AAV virus. Related to Fig.Â 3.
a, Representative fluorescence images of brain slices from rostral to caudal positions dissected from a mouse injected with AAV-YTHDF1 virus. Hoechst, blue; YTHDF1 co-expressed with mCherry, red. b, Representative images of virus expression (mCherry, red) and YTHDF1 immunostaining (green) in the mouse hippocampus after AAV-control or AAV-YTHDF1 infection. Hoechst, blue. c, YTHDF1 protein overexpression level indicated by immunofluorescent signal intensity in the CA1 and DG regions. d, Number of crossings over the previous platform location for Ythdf1-KO mice injected with AAV-YTHDF1 or AAV-control in MWM probe tests. e, Anxiety-like behaviour of the injected mice measured as open-arm durations in elevated-plus maze. fâ€“h, Motor activities of the injected mice measured as total distance (f), number of moves (g), and average velocity (h) in the open-field test. P values, two tailed t-test (c-h). Numbers in bars, numbers of mice. Data shown as meanâ€‰Â±â€‰s.e.m.

                          Source data
                        


Extended Data Fig. 6 Impaired spatial learning and memory after selective knockdown of YTHDF1 in the hippocampus of wild-type mice.
a, Schematics of the AAV construct expressing YTHDF1 shRNA. b, Western blot and quantification of protein expression level of YTH proteins in N2A cells after YTHDF1-shRNA (RNAi) or control vector (Ctrl) transfection. For gel source data, see Supplementary Fig.Â 1. c, Spatial learning curves in the hidden-platform MWM training sessions for RNAi (red) and control (grey) mice. dâ€“f, Spatial memory performances measured by quadrant time (%) (d) and number of platform crossings (e), and motor activities (f) of RNAi (red) and control (grey) mice in MWM probe tests. g, i, Contextual (g) and auditory (i) fear memories assessed 24Â h after fear conditioning in RNAi and control mice. h, Anxiety level of mice assessed by open-arm durations in elevated-plus maze. P values, two-way repeated measures ANOVA with post hoc two-tailed t-test (c), two-way ANOVA with two-tailed t-test (comparison between group or to â€˜Targetâ€™) (d), and two tailed t-test (b, eâ€“i). Numbers in bars, numbers of biologically independent samples (b) and mice (dâ€“i). Data shown as meanâ€‰Â±â€‰s.e.m.

                          Source data
                        


Extended Data Fig. 7 Impaired spatial learning and memory after acute knockdown of METTL3 in the hippocampus of wild-type mice.
a, Representative western blot (left) and quantification (right) of METTL3 protein level in N2A cells transfected with METTL3-shRNA (RNAi) or control vector (Ctrl). For gel source data, see Supplementary Fig.Â 1. bâ€“d, Spatial learning curves in the hidden-platform MWM training sessions (b), and spatial memory performance measured by quadrant time (per cent) (c) and the number of platform crossings (d) in MWM probe tests, for METTL3-RNAi and control mice. e, Contextual (left) and auditory (right) fear memories measured by freezing levels 24Â h after fear conditioning in METTL3-RNAi and control mice. f, Motor activities of mice accessed in the open-field test. P values, two-way repeated measures ANOVA with post hoc two-tailed t-test (b), two-way ANOVA with two-tailed t-test (comparison between groups or to â€˜Targetâ€™) (c), and two tailed t-test (a, dâ€“f), Numbers in bars, numbers of biologically independent samples (a) and mice (câ€“f). Data shown as meanâ€‰Â±â€‰s.e.m.

                          Source data
                        


Extended Data Fig. 8 YTHDF1 binding sites and m6A sites in the hippocampus of adult mice, and YTHDF1-mediated effects of m6A on hippocampal transcriptome and proteome.
a, Peak overlap among three biological replicates of YTHDF1-CLIP-seq. b, Validation of immunoprecipitation efficiency for YTHDF1-CLIP-seq. The position of the gel slice cut during the step of proteinâ€“RNA complex size selection is indicated in red (seeÂ Methods). c, Consensus motif and its P value generated by HOMER40 of the three sets of hippocampal m6A sites from biological replicates of m6A-CLIP-seq. d, e, Distribution of m6A-CLIP peaks along the different regions of transcripts (d) and genome (e). f, Functional annotation of m6A-modified transcripts in the adult mouse hippocampus (number of mutations in m6A-CLIP-seqÂ â‰¥Â 5, nâ€‰=â€‰2,922). g, Peak overlap between high-confidence YTHDF1-CLIP peaks and high-confidence m6A-CLIP peaks. The percentage of YTHDF1-CLIP peaks overlapped is indicated. h, Integrative Genomics Viewer (IGV) screenshots of the piled mutated reads for the each of the biological triplicates of YTHDF1-CLIP-seq (red) and m6A-CLIP-seq (blue). Three examples of synaptic plasticity transcripts were presented; the overlapped peak regions are highlighted in orange. i, j, Box-plots of mRNA abundance (i) and protein abundance (j) log2 fold changes (Î”) between Ythdf1-KO hippocampus and wild-type control for all expressed genes (black), non-YTHDF1-CLIP transcripts (grey), YTHDF1-CLIP targets (red), transcripts with overlapped YTHDF1-CLIP peaks and m6A-CLIP peaks (pink), and m6A-modified transcripts (blue). Box-plot elements: centre line, median; box limits, upper and lower quartiles, whiskers, 1â€“99%; P values, two-sided unpaired Kolmogorovâ€“Smirnov test; number of genes and 95% confidence interval of mean are indicated for each box (i, j).

                          Source data
                        


Extended Data Fig. 9 Effects of YTHDF1 on nascent protein synthesis in cultured hippocampal neurons in response to KCl stimulus.
a, Additional representative images of nascent protein (Nascent-P) synthesis in cultured wild-type control and Ythdf1-KO hippocampal neurons before (sham) and 2Â h after KCl depolarization, related to Fig.Â 4e, f. b, c, Representative images (b) and quantification (c) of Nascent-P in wild-type control and Ythdf1-KO hippocampal neurons before (sham) and 4Â h after KCl depolarization. d, e, Representative images (d) and quantification (e) of Nascent-P in AAV-control and AAV-YTHDF1-RNAi treated hippocampal neurons before (sham), 2Â h, and 4Â h after KCl depolarization. Intensities of Nascent-P were normalized to that of wild-type control (c) or AAV-control (e) neurons under the sham condition. P values, two-tailed t-test (c, e). Numbers in bars, numbers of images/biologically independent samples. Data shown as meanâ€‰Â±â€‰s.e.m.

                          Source data
                        


Extended Data Fig. 10 Neuronal-stimulus-dependent functions of YTHDF1 in the mouse hippocampus and potential underlying mechanisms.
a, Representative western blot (left) and quantification (right) of the protein levels of BSN (top) and CAMK2A (bottom), in the whole hippocampus and the PSD fraction, respectively, before (Mock) and 2Â h after fear conditioning (FC). The protein quantification was normalized to the Mock condition for each genotype separately. For gel source data, see Supplementary Fig.Â 1. b, c, Representative western blot (b) and quantification of YTHDF1 protein level in the hippocampal postsynaptic density (PSD) fraction (c, left) and the whole hippocampus (c, right) before (Mock) and 2Â h after fear conditioning. For gel source data, see Supplementary Fig.Â 1. d, Schemes of the experimental design to quantify the change in the extent of m6A methylation for each transcript in the dentate gyrus region before (Mock) and 1Â h after ECT. e, A proposed mechanism for how YTHDF1 contributes to memory formation: YTHDF1 promotes translation of m6A-modified target transcripts, including transcripts related to synaptic transmission and LTP, in response to learning stimulus, thus facilitating synapse strength adequately for a memory to occur. P values, two-tailed t-test (a, c). Numbers in bars, numbers of biologically independent samples. Data shown as meanâ€‰Â±â€‰s.e.m.
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Supplementary Table 3
Sequencing data summary for m6A-CLIP-seq. Sheet 1 | List of high-confidence m6A-CLIP sites on the adult mouse hippocampal poly(A)+ RNA, including Gene ID, gene symbol, gene description, chromosome number, genomic coordinates of the peak (start and end, mm10), strand information, number of mutations detected under the peak, and location of the peak on the transcript. Sheet 2 | List of m6A-modified transcripts in the adult mouse hippocampus and their numbers of peaks and mutations identified in m6A-CLIP-seq. Sheet 3 | Functional annotation of the m6A-modified transcripts in the adult mouse hippocampus (number of mutations >= 5) (FDR < 0.05) generated by DAVID45,46. FDR values were calculated by modified Fisherâ€™s exact test followed by adjustments for multiple comparisons. Sheet 4 | Summary of percentages of peak overlap between YTHDF1-CLIP-seq and m6A-CLIP-seq. Sheet 5 | List of high-confidence YTHDF1-CLIP peaks that overlap with high-confidence m6A-CLIP peaks (>1 nt in peak location), including Gene ID, gene symbol, gene description, chromosome number, genomic coordinates of the peak (start and end, mm10), strand information, number of mutations detected under the peak, location of the peak on the transcript, and RefSeq number.


Supplementary Table 4
RNA-seq of adult WT control and Ythdf1-KO mouse hippocampus. This table contains rpkm value of WT and Ythdf1-KO hippocampal transcriptome (rpkm of WT samples >1).


Supplementary Table 5
Proteome of adult WT control and Ythdf1-KO mouse hippocampus. This table contains proteome data summary from WT (nâ€‰=â€‰3) and Ythdf1-KO (nâ€‰=â€‰2) hippocampus (Q-value < 1%). Protein name, number of unique peptides, and normalized intensities for each sample are highlighted. The P value adjusted using an optimized FDR approach, namely, the Q-value, was calculated by target-decoy approach with MaxQuant.


Supplementary Table 6
m6A-RIP-seq of poly(A)+ RNA from the dentate gyrus (DG) of adult WT mice before (Mock) and after electroconvulsive treatment (ECT). This table contains rpkm value of transcriptome and m6A-modified transcriptome of mouse DG before and after ECT respectively (rpkm > 1).





Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9

Source Data Extended Data Fig. 10




Rights and permissions
Reprints and permissions


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



Cite this article
Shi, H., Zhang, X., Weng, YL. et al. m6A facilitates hippocampus-dependent learning and memory through YTHDF1.
                    Nature 563, 249â€“253 (2018). https://doi.org/10.1038/s41586-018-0666-1
Download citation
	Received: 09 November 2017

	Accepted: 21 August 2018

	Published: 31 October 2018

	Issue Date: 08 November 2018

	DOI: https://doi.org/10.1038/s41586-018-0666-1


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
                        


Keywords
	Adult Mouse Hippocampus
	Contextual Fear Memory
	mM Methyl Methanethiosulfonate (MMTS)
	PBS With 0.1% Tween-20 (PBST)
	Protein Synthesis Assay







            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Multigenerational paternal obesity enhances the susceptibility to male subfertility in offspring via Wt1 N6-methyladenosine modification
                                    
                                

                            
                                
                                    	Yong-Wei Xiong
	Hua-Long Zhu
	Hua Wang


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Utilities of Isolated Nerve Terminals in Ex Vivo Analyses of Protein Translation in (Patho)physiological Brain States: Focus on Alzheimerâ€™s Disease
                                    
                                

                            
                                
                                    	Mohammad Jasim Ibrahim
	Viswanath Baiju
	Faraz Ahmad


                                
                                Molecular Neurobiology (2024)

                            
	
                            
                                
                                    
                                        The mechanism underlying redundant functions of the YTHDF proteins
                                    
                                

                            
                                
                                    	Zhongyu Zou
	Caraline Sepich-Poore
	Chuan He


                                
                                Genome Biology (2023)

                            
	
                            
                                
                                    
                                        The function and clinical implication of YTHDF1 in the human system development and cancer
                                    
                                

                            
                                
                                    	Wenjun Ren
	Yixiao Yuan
	Xiulin Jiang


                                
                                Biomarker Research (2023)

                            
	
                            
                                
                                    
                                        Role of N6-methyladenosine methylation in glioma: recent insights and future directions
                                    
                                

                            
                                
                                    	Chunlin Li
	Bowen Li
	Yuan Li


                                
                                Cellular & Molecular Biology Letters (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
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
