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            Abstract
In parallel to the genetic code for protein synthesis, a second layer of information is embedded in all RNA transcripts in the form of RNA structure. RNA structure influences practically every step in the gene expression program1. However, the nature of most RNA structures or effects of sequence variation on structure are not known. Here we report the initial landscape and variation of RNA secondary structures (RSSs) in a human family trio (mother, father and their child). This provides a comprehensive RSS map of human coding and non-coding RNAs. We identify unique RSS signatures that demarcate open reading frames and splicing junctions, and define authentic microRNA-binding sites. Comparison of native deproteinized RNA isolated from cells versus refolded purified RNA suggests that the majority of the RSS information is encoded within RNA sequence. Over 1,900 transcribed single nucleotide variants (approximately 15% of all transcribed single nucleotide variants) alter local RNA structure. We discover simple sequence and spacing rules that determine the ability of point mutations to impact RSSs. Selective depletion of â€˜riboSNitchesâ€™ versus structurally synonymous variants at precise locations suggests selection for specific RNA shapes at thousands of sites, including 3â€² untranslated regions, binding sites of microRNAs and RNA-binding proteins genome-wide. These results highlight the potentially broad contribution of RNA structure and its variation to gene regulation.
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                    Figure 1: PARS reveals the landscape of human RNA structure.


Figure 2: RSS signatures of post-transcriptional regulation.


Figure 3: PARS identifies riboSNitches genome-wide.


Figure 4: Genetic evidence for functional RSS elements in the transcriptome.
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Extended data figures and tables

Extended Data Figure 1 PARS data accurately maps to known structures.
a, RNase V1 and S1 nucleases were titrated to single hit kinetics in structure probing. Gel analysis of structure probing of yeast RNA in the presence of 1 Âµg of total human RNA using different dilutions of RNase V1 (lanes 4, 5), and S1 nuclease (lanes 6, 7), cleaved at 37 Â°C for 15 min. In addition, RNase T1 ladder (lane 2), alkaline hydrolysis (lane 1), and no nuclease treatment (lane 3) are shown. Dilution of V1 nuclease by 1:500 and S1 nuclease by 1:50 results in mostly intact RNA. b, PARS signal obtained for the P9â€“9.2 domain of Tetrahymena ribozyme using the double-strand enzyme RNase V1 (red line) or the single-strand enzyme S1 nuclease (green line) accurately matches the signals obtained by traditional footprinting (blue lines). c, Top 10th percentile of PARS scores (double-stranded, red arrows) and bottom 10th percentile of PARS score (single-stranded, green arrows) were mapped to the secondary structure of the Tetrahymena ribozyme.


Extended Data Figure 2 PARS data are reproducible between biological replicates.
a, Scatter plot of mRNA abundance between the cell lines GM12878, GM12891 and GM12892 indicates that gene expression between the cells is highly correlated (R > 0.9). b, Cumulative frequency distribution of the Pearson correlation of PARS scores in 20 nucleotide windows, with a coverage of at least 10 reads per base, in transcripts between the cells GM12878 versus GM12891, GM12878 versus GM12892 and GM12891 versus GM12892. The black dotted lines indicate the fraction of windows that are positively correlated. c, Cumulative frequency distribution of the Pearson correlation of PARS scores in 20 nucleotide windows, with a coverage of at least 10 reads per base, between GM12878 refolded transcripts versus biological replicate 1 of GM12878 native deproteinized transcripts, GM12878 refolded transcripts versus biological replicate 2 of GM12878 native deproteinized transcripts, as well as between the two biological replicates of native deproteinized transcripts.


Extended Data Figure 3 PARS can be applied to native deproteinized RNAs.
a, Schematic of PARS on native deproteinized transcripts. b, Gel analysis of structure probing of yeast RNA using RNase V1 in RNA structure buffer (lane 3), RNase V1 in lysis buffer containing 1% NP40, 0.1% SDS and 0.25% Na deoxycholate (lanes 5 and 6), S1 nuclease in RNA structure buffer (lane 4) and S1 nuclease in lysis buffer (lanes 7 and 8). In addition, RNase T1 ladder (lane 2) and alkaline hydrolysis (lane 1) are shown. The enzymes appear to cleave similarly in lysis buffer and in structure buffer. c, Structure probing of native deproteinized snoRNA74A. Top 10th percentile of PARS scores (high, red arrows) and bottom 10th percentile of PARS score (low, green arrows) were mapped onto the secondary structure model of snoRNA74A. d, Deep sequencing and mapping of PARS reads on native deproteinized transcripts provided structural information for thousands of transcripts, including coding and non-coding RNAs. e, We compared Pearson correlations of 20 nucleotide windows with a coverage of at least 100 reads (coverageâ€‰â‰¥â€‰5) between transcripts that were refolded and native deproteinized. The y axis indicates the fraction of negatively correlated windows (R < 0) over the total number of windows for each RNA class. f, PARS scores across exonâ€“exon junctions, averaged across all native deproteinized transcripts (loadâ€‰â‰¥â€‰1). Percentage of nucleotide C plus G was averaged across the transcripts.


Extended Data Figure 4 Increased accessibility 5â€² of miRNA-target sites influences AGO binding.
a, Bases that show significantly different PARS scores between AGO bound and non-bound sites in PAR-CLIP. Base 0 is the most 5â€² position of the mRNA that directly base-pairs with the miRNA seed region. The y axis indicates log10 of the P value, calculated by the Wilcoxon rank-sum test. b, Metagene analysis of the average AGO-bound reads using iCLIP in predicted miRNA-target sites that are single-stranded (green) or double-stranded (red) from bases âˆ’3 to 1. c, d, Average PARS score is calculated for bases âˆ’3 to 1 for each Targetscan-predicted site. Change in gene expression is plotted for genes with most accessible (100) and least accessible (100) sites, upon overexpression of miRNA142 (c) and miRNA148 (d). P value is calculated using the Wilcoxon rank-sum test. Whiskers of box plots indicate extreme values.


Extended Data Figure 5 PARS identified riboSNitches in the human transcriptome.
a, Cumulative frequency plot of PARS score differences between SNVs (GM12891 versus GM12892), doped in controls and structured RNAs including ribosomal RNAs (rRNAs), small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs). Dotted black line indicates the threshold beyond which we call an SNV a riboSNitch. The x axis indicates the absolute change in PARS score between GM12891 and GM12892. b, Absolute change in PARS score around heterozygous, homozygous riboSNitches and biological noise. The red line indicates the change in PARS score between sequences that are the same (noise) across individuals. The blue line indicates the change in PARS score between two sequences that have a riboSNitch. The purple line indicates the change in PARS score between homozygous riboSNitches. c, Cumulative frequency plot of the eSDC for transcripts that contain or do not contain SNVs eSDC = (1âˆ’ Pearson correlation)â€‰Ã—â€‰sqrt(transcript length). d, Transcripts are ranked according to eSDC score and classified into the top 2,000 most and least structurally disrupted transcripts. The most structurally disrupted transcripts are more likely to contain SNVs, whereas the least structurally disrupted transcripts are less likely to contain SNVs. e, Pie chart showing the distribution of structurally changing bases (P = 0.05, FDR = 0.1) in transcripts with SNVs, riboSNitches, indels and no SNVs and no indels. 78.2% of these bases reside in transcripts with either SNVs or indels, indicating that nucleotide sequence is important for RNA structure. f, Number of riboSNitches identified by PARS between each pair of individuals in the trio. Grey indicates non-structurally-changing SNVs, red indicates riboSNitches.


Extended Data Figure 6 Footprinting validation of a riboSNitch in 5â€² UTRs of MRPS21 identified by PARS.
a, Gel analysis of 150mer fragments of MRPS21 RNA using S1 nuclease (lanes 5 (father), 6 (mother)), and SHAPE probing ((lanes 9 (father), 10 (mother)). In addition, sequencing lanes (lanes 1, 2), uncut (lane 3 (father), lane 4 (mother), and DMSO-treated lanes (lane 7 (father), lane 8, (mother)) are also shown. Black arrows indicate the change in structure between the fatherâ€™s and motherâ€™s alleles. b, Top, the sequence of a portion of the transcript containing the riboSNitch was shown. The riboSNitch is in red. Bottom, single-strand profile by S1 sequencing of the fatherâ€™s and motherâ€™s alleles. The y axis indicates the percentage of signal at each base over the total signal in the region. c, d, Semi-automated footprinting analysis (SAFA) quantification of manual structure probing of both MRPS21 alleles using S1 nuclease (c) and SHAPE (d). e, S1 sequencing reads are mapped uniquely to either the A or C allele in the child. The grey box indicates the bases that show structural differences by allele-specific mapping in the child. f, Gel analysis of 150-mer fragments of MRPS21 RNA using DMS footprinting (lanes 1, 2 and 3 (father), 4, 5 and 6 (mother)). Black arrows indicate the change in structure between fatherâ€™s and motherâ€™s alleles. g, Quantification of DMS footprinting of both MRPS21 alleles using SAFA.


Extended Data Figure 7 Footprinting validation of a riboSNitch in HLA-DRB1 transcript identified by PARS.
a, The sequence of a portion of the transcript containing the riboSNitch was shown. The riboSNitch is in red. Gel analysis of two fragments of HLA-DRB1 RNA A and G alleles using S1 nuclease (lanes 5 (mother), 6 (father)), and SHAPE probing ((lanes 9 (mother), 10 (father)). In addition, sequencing lanes (lanes 1, 2), uncut lanes (lane 3 (mother), lane 4 (father)), and DMSO treated lanes (lane 7 (mother), lane 8, (father)) are also shown. Black arrows indicate the change in structure between the fatherâ€™s and motherâ€™s alleles. b, S1 sequencing reads across the riboSNitch for both father and mother. c, d, SAFA quantification of the RNA footprinting of both alleles using S1 nuclease (c) and SHAPE (d). e, Gel analysis of two fragments of HLA-DRB1 RNA A and G alleles using DMS (lanes 1, 3 and 4 (mother), 2, 5 and 6 (father)). Black arrows indicate the change in structure between fatherâ€™s and motherâ€™s alleles. f, Quantification of DMS footprinting of both HLA-DRB1 alleles using SAFA. g,h, Secondary structure models of the G alelle (g) and A allele (h) of HLA-DRB1, using SeqFold guided by PARS data. The two alleles of the riboSNitch are shown in orange and blue respectively. The red and green circles indicate bases with PARS scoresâ€‰â‰¥â€‰1 andâ€‰â‰¤â€‰âˆ’1, respectively.


Extended Data Figure 8 Footprinting validation of a riboSNitch in WSB1 transcript identified by PARS.
a, The sequence of a portion of the WSB1 transcript containing the riboSNitch was shown. The riboSNitch is in red. Gel analysis of two fragments of WSB1 RNA T and C alleles using RNase V1 (lanes 5 (mother), 6 (father)), S1 nuclease (lanes 7 (mother), 8 (father)), and SHAPE probing ((lanes 9 (mother), 10 (father)). In addition, sequencing lanes (lanes 1, 2), DMSO uncut lanes (lane 3 (mother), lane 4 (father)) are also shown. Black arrow indicates the change in structure between the fatherâ€™s and motherâ€™s alleles. b, Fraction of S1 sequencing reads over total S1 sequencing reads in the region, across the riboSNitch for both father and mother. c, d, SAFA quantification of the RNA footprinting of both alleles using S1 nuclease (c) and SHAPE (d).


Extended Data Figure 9 Additional footprinting validation of riboSNitches.
a, Top, gel analysis of fragments of fatherâ€™s and motherâ€™s alleles of HLA-DQA1, hnRNP-AB, HLA-DRA, LDHA, XRCC5, FNBP1 and YWHAB using SHAPE (lanes 4 (father), 6 (mother)). In addition, DMSO controls (lanes 3 (father), 5 (mother)) and ladder lanes (lanes 1 (T ladder), 2 (G ladder)) are also shown. The black line indicates the position of the SNV. The yellow bar along the side of the gel indicates the region that is changing between the father's and mother's alleles. Bottom, difference in PARS signal between father (GM12891) and mother (GM12892), centred at the riboSNitch. Positive PARS score indicates double stranded RNA, and should correspond to lower SHAPE signal. Negative PARS score indicates unpaired RNA with correspondingly higher SHAPE signal. Six out of seven cloned RNAs are validated by SHAPE in vitro. hnRNP-AB showed multiple differences surrounding the SNV; SHAPE data confirmed the riboSNitch and showed the structural rearrangement is more complex than indicated by PARS. SHAPE data of YWHAB did not show the predicted RSS difference. b, Bar graphs showing the number of homozygous SNVs in parents that are validated (in red) and not validated (grey) in the child by allele specific mapping. Homozygous riboSNitches between the father and mother are mapped to both the renatured child RNA (in vitro; child) and the native deproteinized child RNA (native deproteinized; child). As the depth of coverage is lower in native deproteinized samples, we detect fewer (31) SNVs that were homozygously different in the parents.


Extended Data Figure 10 Properties of riboSNitches.
a, b, Average PARS-score difference around SNVs that originally reside in increasingly single-stranded (a) or increasingly double-stranded (b) region. c, Average PARS-score difference around SNVs that were flanked by both double-stranded bases, both single-stranded bases, or one single- and one double-stranded base on each side. d, Density of other SNVs centred around riboSNitches versus a control group of 2,450 non-structure-changing SNVs. P value calculated by Kolmogorovâ€“Smirnov test. e, Distribution of top 10% most structurally disruptive riboSNitches, calculated by biggest structural difference between the two alleles, versus a control group of 1,855 SNVs that do not change structure in 5â€² UTRs, CDS and 3â€² UTRs. f, Different genomic features or annotations of 993 unique riboSNitches are compared to 1,009 control SNVs. For each genomic annotation, the fraction of riboSNitches that reside in the genomic region covered by the annotation (for example, histone mark) was compared to the fraction of control SNVs by Studentâ€™s t-test. A cutoff value of P = 0.05 (t-test) was used.
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        Editorial Summary
Probing the in vivo RNA structurome
Being single-stranded, RNA can adopt a diversity of secondary structures via inter- and intramolecular base-pairing. Three studies published in this issue of Nature provide an in-depth view of the variety, dynamics and functional influence of RNA structures in vivo. Sarah Assmann and colleagues map the in vivo RNA structure of over 10,000 transcripts in the model plant Arabidopsis thaliana. Their struc-seq (structure-seqence) approach incorporates in vivo chemical (DMS) probing and next-generation sequencing to provide single-nucleotide resolution on a genome-wide scale. Distinct patterns of structure are found to be correlated with coding regions, splice sites and polyadenylation sites. Comparison of these results with those obtained by earlier technologies reveals that, although predictions for some classes of genes were fairly accurate, others, such as those involved in stress response, were poorly predicted and may reflect changes that made them more adapted to that condition. Jonathan Weissman and colleagues have also developed a DMS-seq method to globally monitor RNA structure to single-nucleotide precision in yeast and mammalian cells. Comparing their findings with in vitro data, the authors conclude that there is less structure within cells than expected. Even thermostable RNA structures can be denatured in cells, highlighting the importance of cellular processes in regulating RNA structure. Howard Chang and colleagues asked a different question: how does RNA secondary structure change on a transcriptome-wide level in related individuals? By calculating the RNA secondary structures of two parents and their child, they find that about 15% of transcribed single-nucleotide variants affect local secondary structure. These 'RiboSNitches' are depleted in certain locations, suggesting that a particular RNA structure at that site is important. This study illustrates that there is much to be learned about how changes in RNA structure, particularly as imparted by genetic variation, can alter gene expression.
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