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            Abstract
Tandem DNA repeats vary in the size and sequence of each unit (motif). When expanded, these tandem DNA repeats have been associated with more than 40 monogenic disorders1. Their involvement in disorders with complex genetics is largely unknown, as is the extent of their heterogeneity. Here we investigated the genome-wide characteristics of tandem repeats that had motifs with a length of 2â€“20 base pairs in 17,231 genomes of families containing individuals with autism spectrum disorder (ASD)2,3 and population control individuals4. We found extensive polymorphism in the size and sequence of motifs. Many of the tandem repeat loci that we detected correlated with cytogenetic fragile sites. At 2,588 loci, gene-associated expansions of tandem repeats that were rare among population control individuals were significantly more prevalent among individuals with ASD than their siblings without ASD, particularly in exons and near splice junctions, and in genes related to the development of the nervous system and cardiovascular system or muscle. Rare tandem repeat expansions had a prevalence of 23.3% in children with ASD compared with 20.7% in children without ASD, which suggests that tandem repeat expansions make a collective contribution to the risk of ASD of 2.6%. These rare tandem repeat expansions included previously undescribed ASD-linked expansions in DMPK and FXN, which are associated with neuromuscular conditions, and in previously unknown loci such as FGF14 and CACNB1. Rare tandem repeat expansions were associated with lower IQ and adaptive ability. Our results show that tandem DNA repeat expansions contribute strongly to the genetic aetiology and phenotypic complexity of ASD.
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                    Fig. 1: Genome analysis of tandem repeats.[image: ]


Fig. 2: Functional analysis of rare tandem repeat expansions (frequency of <0.1% in the 1000 Genomes Project).[image: ]


Fig. 3: Clinical analysis of rare tandem repeat expansions in individuals with ASD.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Study design.
a, Schematic workflow of the tandem repeat detection and analyses. 1Tandem repeats here are defined as those with 2â€“20-bp repeat motifs that span at least 150Â bp. 2Rare expansions here are defined as tandem repeat expansions that are outliers according to size and occur in <0.1% of population controls from the 1000G. Note that EHdn only approximates the size and location of a given tandem repeat; thus, we use the term â€˜regionâ€™ to refer to a genomic segment detected in this way, and reserve â€˜locationâ€™ or â€˜locusâ€™ for sites that have been more precisely mapped. b, Genome-sequencing cohorts used for each analysis performed in this study. Numbers above each cohort represent the number of samples that remained after curation (Supplementary Notes).


Extended Data Fig. 2 Distribution of the number of tandem repeats detected by EHdn.
The number of tandem repeats detected by EHdn in a given sample is stratified by cohort, sequencing platform and DNA library preparation method (a; nÂ =Â 2,504, 594, 1,220, 6,634 and 9,096 for 1000G/Illumina NovaSeq/PCR-free, MSSNG/Illumina HiSeq 2000 or 2500/PCR-based, MSSNG/Illumina HiSeq X/PCR-based, MSSNG/Illumina HiSeq X/PCR-free and SSC/Illumina HiSeq X/PCR-free, respectively) and predicted ancestry for samples in the â€˜MSSNG/Illumina HiSeq X/PCR-freeâ€™ category (b; nÂ =Â 157, 301, 247, 287, 4,841, 687 and 114 for admixed, AFR, AMR, EAS, EUR, OTH and SAS, respectively). Ancestry designations were derived from the 1000G â€˜super populationsâ€™ (https://www.internationalgenome.org/category/population): AFR, African; AMR, admixed American; EAS, East Asian; EUR, European; OTH, other; SAS, South Asian. The centre of each box plot indicates the median, the lower and upper hinges correspond to the first and third quartiles, and the minima and maxima are 1.5Ã— the interquartile range below or above the median, respectively.
Source data


Extended Data Fig. 3 Quality control for the detection of tandem repeats.
aâ€“c, Histogram (left) and normal QQ plots (right) of the number of tandem repeats detected by EHdn for all samples (a), samples for which the number of tandem repeats was within meanÂ Â±Â 2Â s.d. (b) and samples for which the number of tandem repeats was within meanÂ Â±Â 3Â s.d. (c). Of the three distributions, data in c are the closest to a normal distribution.
Source data


Extended Data Fig. 4 The number of unique motifs in each repeat-containing region.
The number of unique motifs (y axis) in each repeat-containing region (x axis) is shown for all autosomal chromosomes and chromosomes X and Y.


Extended Data Fig. 5 Distributions of gnomAD gene constraints.
The distributions of gnomAD observed/expected (o/e) upper bounds are shown for genes with rare tandem repeat expansions near TSSs (nÂ =Â 32 genes) and splice junctions (nÂ =Â 80 genes), compared with other genes (nÂ =Â 19,567 genes) (one-sided Wilcoxon rank-sum test). The minima and maxima indicate 3Ã— the interquartile range-deviated o/e upper bounds from the median and the centre indicates the median of the o/e upper bounds.
Source data


Extended Data Fig. 6 Transmission tests.
aâ€“c, Odds ratios calculated as ratios of the transmission events of genic large tandem repeats and those in intergenic regions. Only individuals with ASD of European ancestry in SSC (a; nÂ =Â 1,808), MSSNG (b; nÂ =Â 2,010) and both SSC and MSSNG (c; nÂ =Â 3,818) were considered. dâ€“f, Odds ratios calculated as ratios of the transmission events of large tandem repeats (99th percentile of length distribution) in a particular functional element to those in intergenic regions. Only individuals with ASD of European ancestry in SSC (d), MSSNG (e) and both SSC and MSSNG (f) were considered. Fisherâ€™s exact tests were used to estimate the odds ratios and 95% confidence intervals are shown as error bars.
Source data


Extended Data Fig. 7 Transmission gene-set enrichment.
Odds ratios calculated as ratios of the transmission events of large tandem repeats (99th percentile of length distribution) in particular gene sets to those in intergenic regions. Only individuals with ASD of European ancestry in SSC (a; nÂ =Â 1,808), MSSNG (b; nÂ =Â 2,010) and both SSC and MSSNG (c; nÂ =Â 3,818) were considered. Gene sets that were enriched in the burden analysis of rare tandem repeat expansions between children with ASD and their siblings without ASD in SSC are labelled. Red bars indicate significant enrichment in individuals with ASD (FWERÂ <Â 25%). Fisherâ€™s exact tests were used to estimate the odds ratios and 95% confidence intervals are shown as error bars.
Source data


Extended Data Fig. 8 Methods for sizing of the CTG repeat in DMPK.
a, Although short CTG repeats were correctly sized by ExpansionHunter (the results were perfectly matched with fragment analysis), slight discrepancies were observed in the estimates for premutation alleles between ExpansionHunter (EH) and PCR-based fragment analysis. Note that the length of the premutation CTG repeats (42Â CTGs) was close to the read length of the HiSeq X platform (150Â bp). N/A, not available. b, Predictions of the presence of longer CTG repeats were validated by repeat-primed PCR, although the estimated size by ExpansionHunter was shown to be an underestimate (the saw-tooth pattern of repeat-primed PCR extended longer than the predicted size). Repeat-primed PCR experiments were consistently reproduced at least three times for the large expansions. Repeat sizing experiments of PCR-amplifiable samples were consistently reproduced at least twice.


Extended Data Fig. 9 Validation of tandem repeats detected by EHdn.
aâ€“d, Tandem repeats detected in CACNB1. eâ€“h, Tandem repeats detected in FXN. a, e, Integrative Genomics Viewer read pile-up showing the reads aligning to the loci in CACNB1 and FXN in two families for which tandem repeat expansions were detected in the child (bottom). In both families, the expansion is transmitted from the mother to the child (samples highlighted in red in b and f). b, f, Image of the gel electrophoresis showing two bands that correspond to the expanded and unexpanded alleles in the mother and child. The father has only the unexpanded allele. Results from PCR and gel electrophoresis were consistently reproduced at least twice for CACNB1 and FXN loci (Supplementary Fig. 9). c, g, Chromatogram of the Sanger sequencing analysis of the expanded non-reference tandem repeat in the mother. d, h, Chromatogram of the Sanger sequencing analysis of the expanded non-reference tandem repeat in the child. Sanger sequencing was performed using the DNA of the expanded alleles, which was extracted from the gels.


Extended Data Table 1 Molecularly unmapped rare folate-sensitive fragile sites overlapped with GC-rich tandem repeatsFull size table
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