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            Abstract
One in four women suffers from uterine leiomyomas (ULs)—benign tumours of the uterine wall, also known as uterine fibroids—at some point in premenopausal life. ULs can cause excessive bleeding, pain and infertility1, and are a common cause of hysterectomy2. They emerge through at least three distinct genetic drivers: mutations in MED12 or FH, or genomic rearrangement of HMGA23. Here we created genome-wide datasets, using DNA, RNA, assay for transposase-accessible chromatin (ATAC), chromatin immunoprecipitation (ChIP) and HiC chromatin immunoprecipitation (HiChIP) sequencing of primary tissues to profoundly understand the genesis of UL. We identified somatic mutations in genes encoding six members of the SRCAP histone-loading complex4, and found that germline mutations in the SRCAP members YEATS4 and ZNHIT1 predispose women to UL. Tumours bearing these mutations showed defective deposition of the histone variant H2A.Z. In ULs, H2A.Z occupancy correlated positively with chromatin accessibility and gene expression, and negatively with DNA methylation, but these correlations were weak in tumours bearing SRCAP complex mutations. In these tumours, open chromatin emerged at transcription start sites where H2A.Z was lost, which was associated with upregulation of genes. Furthermore, YEATS4 defects were associated with abnormal upregulation of bivalent embryonic stem cell genes, as previously shown in mice5. Our work describes a potential mechanism of tumorigenesis—epigenetic instability caused by deficient H2A.Z deposition—and suggests that ULs arise through an aberrant differentiation program driven by deranged chromatin, emanating from a small number of mutually exclusive driver mutations.
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                    Fig. 1: Mutations in SRCAP complex genes identified as a driver of UL.[image: ]


Fig. 2: H2A.Z binding on chromatin is changed in UL.[image: ]


Fig. 3: Clues to the pathogenesis of UL derived from expression data.[image: ]


Fig. 4: Chromatin changes emerge at the locus containing CBX2, CBX4 and CBX8 in ULs.[image: ]
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              The peak level data used in the study are available for research use through Zenodo (https://doi.org/10.5281/zenodo.4745433). Genetic data presented in this manuscript have been deposited at the European Genome–phenome Archive (EGA; https://www.ebi.ac.uk/ega/) under accession number EGAS00001004499. A data access committee (DAC) has been established from two University of Helsinki representatives that are independent of the authors of the current study. See Supplementary Table 26 for EGA dataset accession numbers. Requests for the data should be sent to the DAC via email (dac-finlandmyomastudy@helsinki.fi). The DAC ensures that the intended use of data as detailed in the request is compatible with the requirements of the European General Data Protection Regulation (GDPR), consistent with the consents given and otherwise ensures the protection of data subjects’ rights as required by the GDPR. The DAC will always grant access to the data if the University is legally allowed to do so without infringing the rights and freedoms of data subjects. Subject to the requirements of the GDPR, the DAC grants access to the genetic data to non-commercial academic research on neoplasia and chromatin. Roadmap Epigenomics ChIP−seq and DNase–seq data (https://egg2.wustl.edu/roadmap/data/byFileType/peaks/consolidated/narrowPeak/) provided in the LOLA extended and core databases were downloaded from http://cloud.databio.org/regiondb/. Chromatin states provided in mnemonics bed files by the Roadmap Epigenomics project were downloaded from https://egg2.wustl.edu/roadmap/data/byFileType/chromhmmSegmentations/ChmmModels/coreMarks/jointModel/final/. GWAS cohort material was downloaded from http://jenger.riken.jp/en/ (accessed on 2 September 2020) and https://finngen.gitbook.io/documentation/v/r3/ (accessed on 2 September 2020). UK Biobank material access can be applied for at https://www.ukbiobank.ac.uk/. For RNA-seq, the reference annotation for GRCh37 was downloaded from Ensembl (ftp://ftp.ensembl.org/pub/release-75/gtf/homo_sapiens/) and for GRCh38 from GenBank (accession: GCA_000001405.15). For RNA-seq variant calling, the SNP and indel resources were downloaded from Broad institute (https://console.cloud.google.com/storage/browser/gcp-public-data–broad-references/hg19/v0). DAR annotation data are available from http://homer.ucsd.edu/homer/data/genomes/hg19.v6.4.zip. Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Overview of study material and somatic allelic imbalance.
a, The sequential stages of UL subclass detection. Denominators are numbers of tumours screened at each stage; see Methods for a detailed description of data used at each stage. Percentages refer to proportions among all 2,263 tumours. HMGA1 subclass comprised 67 tumours without any other known driver change. Three tumours with an SRCAP complex gene mutation are shown here as one MED12 and two HMGA2 tumours as they also showed these driver changes. b, Germline LoF variants (blue; UK Biobank WES) compiled with somatic LoF (red) and missense (black) variants. Green boxes represent protein domains from Pfam. c–e, Overview of genome-wide somatic allelic imbalance in 2,186 SNP-arrayed ULs. c, y-axis gives the total length of the genome affected by somatic loss and gain aberrations per tumour, stratified by subclass (logarithmic and truncated to 105 bp). Dashed lines show the overall and subclass-specific mean values. Percentage units refer to the proportion of chromosomally stable tumours within each subclass. d, Estimated numbers of somatic DSBs. e, Subclass-specific enrichment of allelic loss: x-axis gives log-transformed, one-sided tests of loss-event enrichment in each subclass compared to the rest of the tumours (truncated to 1.0 × 10−20). y-axis indicates the genomic position (autosomes and X). See Supplementary Table 6 for detailed statistics.
Source data


Extended Data Fig. 2 H2AZ staining in myometrium, MED12, HMGA, FH, OM and YEATS4 tumours.
a, Representative immunostaining of non-acetylated H2A.Z in normal myometrium and MED12, HMGA2, HMGA1, FH and YEATS4 ULs. The intensity of immunoreaction is given in parentheses: 0 = negative or weak, 1 = moderate, 2 = strong. YEATS4 mutated myoma displays negative or weak H2A.Z staining in neoplastic cells, but preserved staining in endothelial, perivascular and scattered inflammatory cells. 40× magnification. The scores for all the stained samples are given in b (left). MED12 (n = 95), HMGA2 (n = 68), HMGA1 (n = 58), FH (n = 10), OM (n = 14), YEATS4 (n = 19). b, Distribution of staining scores on non-acetylated H2A.Z antibody (left) and acetylated H2A.Z (H2A.Zac) antibody (right). c, H2A.Z (top) and H2A.Zac (bottom) staining intensity in HMGA2, HMGA1, HMGA2 and HMGA1 combined (HMGA2&1), YEATS4 and OM tumours compared to MED12 tumours (GEE-model). Nominal two-sided P values are shown. d, Western blot analysis of H2A.Z (left), H2A.Zac (right) and TBP (for both, as loading control) in chromatin fraction from MED12 and YEATS4 tumours and related normal myometrium, all from the same individual. Molecular weights of the protein ladder are indicated. Owing to the limited amount of the respective myometrium tissue as control, it was possible to perform the western blots only once. Uncropped blot available in Supplementary Fig. 30.
Source data


Extended Data Fig. 3 Reduction in acetylated H2A.Z in MED12, HMGA, FH and YEATS4 tumours.
Representative immunostaining of H2A.Zac in normal myometrium and MED12, HMGA, FH and YEATS4 ULs. The intensity of immunoreaction is shown in parentheses: 0 = negative or weak, 1 = moderate, 2 = strong. 40× magnification. The scores for all the stained samples are presented in Extended Data Fig. 2b (right). MED12 (n = 96), HMGA2 (n = 68), HMGA1 (n = 58), FH (n = 9), OM (n = 14), YEATS4 (n = 19).


Extended Data Fig. 4 Differences in H2A.Z binding between UL subclasses and normal samples.
log2 FC and average binding strength (normalized read concentration) were calculated on each H2A.Z peak region and are represented by a dot. a–d, MED12 (n = 3) (a), HMGA2 (n = 4) (b), FH (n = 4) (c) and OM (n = 3) (d) tumours were separately compared to all normal samples (n = 11). H2A.Z peak regions were stratified by five-state genome annotations from myometrium. States were annotated as bivalent TSS regions (TssBiv marked by both H3K4me3 and H3K27me3), active TSS regions (TssA marked by both H3K4me3 and H3K27ac), active chromatin outside TSS regions (OtherA marked by H3K27ac), repressed chromatin (Repr marked by H3K27me3) and other chromatin (Other).


Extended Data Fig. 5 Differential H2A.Z binding between tumours and myometria.
Volcano plots displaying differences in H2A.Z binding for MED12 (n = 2), YEATS4 (n = 2), HMGA2 (n = 2), HMGA1 (n = 4), OM (n = 2) and FH (n = 2) tumours against normal samples (n = 4) from the spike-in ChIP–seq experiments. FDR (y-axis) and log2FC (x-axis) from DESeq2 analysis as implemented in the DiffBind R package. Violet dots represent differential H2A.Z binding sites (FDR < 0.05, |log2FC| > 1). The highlighted peaks (pink dots) are located close to CBX8 and named as S with distance in kilobases from the CBX8 TSS.


Extended Data Fig. 6 H2A.Z occupancy associates with chromatin opening and DNA methylation.
a, Chromatin accessibility as a function of H2A.Z occupancy. Chromatin accessibility log2FC (y-axis) was measured by DESeq2-normalized ATAC–seq Tn5 insertion counts in MED12 (n = 4), HMGA2 (n = 4), FH (n = 4) and YEATS4 (n = 4) tumours compared with normal samples (n = 15) at H2A.Z peaks stratified into increased, no change and decreased binding. b, c, Pileup of H2A.Z ChIP fragments from pooled myometrium data at DARs shown by composite plots and heatmaps. DARs in each UL subclass (b) or in YEATS4 tumours stratified by overlap with other UL subclasses (c) are represented by heatmap rows over which mean H2A.Z fragment coverage is calculated. d, Differences in H2A.Z binding at DARs in UL subclasses as compared to normal samples. Violet dots represent differential H2A.Z binding sites (FDR < 0.05, |log2FC| > 1). The highlighted peaks (pink dots) are located close to CBX8 and named as S with distance in kilobases from the CBX8 TSS. e, Mean sample-wise DNA methylation differences in MED12 (n = 11), HMGA2 (n = 26), FH (n = 6), YEATS4 (n = 14) and OM (n = 8) tumours compared with respective normal samples at H2A.Z peaks stratified into increased, no change and decreased binding. H2A.Z binding differences in a, d, e are from the spike-in ChIP–seq experiments comparing two tumours from each subclass to four normal samples. Increased, no change and decreased binding were defined using FDR < 0.05 and |log2FC| > 1 cutoffs. Boxplots show the median and the first and third quartiles. Error bars extend up to 1.5 IQR beyond the quartiles.


Extended Data Fig. 7 DNA methylation displays distinct patterns in UL subclasses.
a, Overall genome-wide DNA methylation in ULs and normal myometrium. Each dot represents a sample. b, Enrichment of hyper- and hypomethylated loci in different tumour subclasses on five chromatin states from normal myometrium. ORs and P values (log_pvalue stands for –log10(P value)) from one-sided Fisher’s exact test implemented in the LOLA R package. c–g, Overall DNA methylation on active (c) and bivalent (d) TSSs, other active chromatin (e), repressed/poised chromatin (f) and other, quiescent, chromatin regions (g). Significance of methylation difference against normals evaluated by ordinary least squares regression: ***P < 0.0001, **P < 0.001, *P < 0.01. Test controlled by global methylation levels. Sample sizes: normal 96, MED12 13, HMGA1 21, HMGA2 28, YEATS4 11, OM 9, FH 6, Unknown 14. Box covers the central two quartiles of the distribution. Median is highlighted. Whiskers extend to the minimum and maximum of the distribution or at most 1.5× IQR from the edge of the box, whichever is closer. Multiple testing correction was not performed. h, Mean sample-wise DNA methylation in ULs and normal myometrium at H2A.Z binding sites derived from pooled normal myometrium tissue samples. Asterisks, box-and-whiskers plots and sample sizes are as in c–g.


Extended Data Fig. 8 Clustering of RNA-seq samples.
a, log2FC of genes for which decreased (FDR < 0.05, FC < −1), increased (FDR < 0.05, FC > 1) or no-change H2A.Z peaks are located at the TSS. log2FC measured by differential expression analysis of tumours (MED12 (n = 38), HMGA2 (n = 44), HMGA1 (n = 62), FH (n = 15), OM (n = 15) and YEATS4 (n = 16)) against normal myometrium (n = 162). H2AZ binding differences are from the spike-in ChIP experiments comparing MED12 (n = 2), YEATS4 (n = 2), HMGA2 (n = 2), HMGA1 (n = 4), OM (n = 2) and FH (n = 2) tumours against normal samples (n = 4). Boxplots show the median and the first and third quartiles. Error bars extend up to 1.5× IQR beyond the quartiles. b, Heatmap presentation of 426 genes that separate myoma subclasses, selected on the basis of linear discriminant analysis. The ordering of samples and genes is based on an unsupervised hierarchical clustering of the 5% (n = 1,355) most variable genes. Two genes per gene cluster are highlighted on the basis of the highest absolute value in discriminant vectors. Patients from whom more than one tumour entered the analysis are highlighted in separate colours. All 426 genes are presented in Supplementary Table 20. c, Consensus clustering of RNA-seq samples. x-axis is sorted by subclass (from left to right: FH, HMGA1, HMGA2, MED12, normal myometrium, OM, YEATS4, and unknown; subclass labels are shown for reference). Item consensus is the mean consensus of an item with all the other items in the same cluster. For each sample, the item consensus value corresponding to each cluster (k = 26) is represented by a colour. For example, all FH samples have the largest item consensus on cluster 2, represented by dark green. Both YEATS4 and OM samples cluster predominantly to cluster 12, represented by blue. Unknown samples form several small clusters. The item consensus value (ei) of each cluster (k) is presented on the y-axis. It is defined as: \({m}_{i}(k)\,=\,\frac{1}{{N}_{k}-1\{{e}_{i}\in {I}_{k}\}}\sum _{j\in {I}_{k},j\ne i}M(i.j)\), where M is distance matrix and Nk is the number of items in the cluster. See Monti et al.55 for further details.
Source data


Extended Data Fig. 9 Canonical IPA pathway comparison analyses.
Pathways are relevant to multiple UL subclasses. Pathways with the highest total score (P values; right-tailed Fisher’s exact test) across the set of subclasses are sorted to the top. Heat map cells with insignificant P values (−log101.3) are marked with a dot.


Extended Data Fig. 10 H2A.Z ChIP–seq fragment pileup for individual samples at the locus harbouring CBX2, CBX4 and CBX8.
Pink squares depict differential H2A.Z binding sites close to CBX8 and the name of each of these sites refers to distance from the CBX8 TSS in kilobases. UL subclasses are colour-coded as in the main Figures. Coordinates in GRCh38.
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Reporting Summary

Supplementary Table 1
Anonymized patient identifiers and background information. First eight columns give the patient identifier, sample series and denote (YES/NO) which of the myometrium tissue data types were generated per patient. Next two columns give patients’ ancestry based on SNP chip genotypes (YES/NO; outliers identified in a principal components analysis, PLINK v1.90) and self-reported ancestry. The rest of the columns denote age at hysterectomy (years), height (cm), weight (kg), BMI (kg/m2), menopause status (pre/post/current hormone replacement therapy), parity, family history of ULs (YES/NO) and previous use of oral contraceptives (YES/NO). Note that all values were not available for all patients (empty fields denote missing data).


Supplementary Table 2
Tumour specimens utilized in the study. First three columns give the tumour identifier and subclass and denote which of the tumours were selected (YES/NO) for statistical analyses that rely on independent observations (one tumour per subclass per patient; see details in Methods). Next fourteen columns denote (YES/NO) which of the data types were generated per tumour and per paired-normal myometrium tissue. Patient identifiers (column J) refer to Supplementary Table 1. Next seven columns give the mutation statuses, and the following thirteen columns specify the mutation statuses used in the mutual exclusivity analysis. Next two columns specify, if available, tumour size (mm) and type (submucous/intramural/subserous). The rest of the columns summarize the WGS material (batch, sequencing platform, library size, sequencing coverage at SRCAP complex genes, software versions).


Supplementary Table 8
Summary statistics of the gene-based UL association results. The columns give the p-values (SKAT-O test; combined burden and SKAT test, sidedness is not applicable), MAC distribution, and a list of LoF variants (at MAF≤ 1%) identified in each gene. The results are based on the discovery set (50k UKBiobank). All genes with sum(MAC)≥3 among discovery set females of European ancestry were included. No adjustment for multiple comparisons.


Supplementary Table 13
Promoter-proximal open chromatin regions in YEATS4 tumours. Differentially more accessible regions annotated to genes (RefSeq TSS + 1kb flank). Coordinates are in GRCh37.


Supplementary Table 14
Differentially expressed genes (FDR < 0.05) where significantly decreased (FDR < 0.05, Fold < -1) H2A.Z binding peak is located at TSS in YEATS4 tumours.


Supplementary Table 19
Per subclass differential expression of genes with differential HiCHIP links bridging (see Supplementary Figure 22b) a H2A.z peak and a TSS of the gene. Links (DiffLink) were derived from FitHiChIP differential analysis using FDR < 0.05 and fold change (FC) >= log2(2) thresholds for EdgeR v3.26.5 statistics. The differential expression (DE) values were calculated with DESeq2 v1.22.2 utilizing Wald statistics.


Supplementary Table 20
The 426 genes that separate myoma subclasses (MED12, HMGA1, HMGA2, FH, YEATS4 + OM, and unknown) from each other based on linear discriminant analysis.


Supplementary Table 21
List of the differentially expressed (DE) genes in MED12, HMGA1, HMGA2, YEATS4, OM and FH UL subclasses as well as in all UL subclasses combined against myometrium. The values were calculated with DESeq2 v.1.22.2 utilizing Wald statistics.


Supplementary Table 22
Supplementary Tables 22.1 – 22.6 list the enriched pathways in MED12, HMGA1, HMGA2, YEATS4, OM and FH uterine leiomyoma subclasses. P-values were calculated with right-tailed Fisher’s exact test and presented for each pathway on logarithmic scale.


Supplementary Table 24
Summary of allele-specific gene expression, including subclass-specific numbers. Table is sorted by genes with enrichment of ASE among tumours (log2 fold-change with a pseudocount 1). The RNA-seq observations of tumours and normals were divided into five categories: i) allele-specific gene expression (ASE), ii) balanced gene expression (balancedE), iii) low gene expression (<16 coverage, lowE), iv) somatic allelic imbalance (AI), and v) no heterozygous markers to measure (homozygous), where the category iv) is applicable only among the tumour samples. Additionally, the number of tumors with ASE in each subclass and their proportions (prop; proportion of ASE per subclass after excluding chromosomal instability, low expression and homozygous samples) were listed. Genes with ASE in at least ten tumours were included in the table.


Supplementary Table 25
Meta-analysis results (P<1e-6) from three independent cohorts: FINNGEN (R3), UK Biobank and Biobank Japan. Each SNP was annotated for the nearest DAR (among the common 156 DARs) and nearest entry in the GWAS catalog (v1.0 “uterine fibroid”; accessed on October 1, 2020) if any were found within a 3Mbp distance. Allele frequency (AF) and regression coefficient (BETA) base on the alternative allele. Coordinates are in GRCh37.


Supplementary Table 26
Summary of EGA study and dataset accession numbers. First spreadsheet gives the total numbers of samples. For the rest of the spreadsheets, rows follow the patient and tumour listing in Supplementary Table 1 and 2, respectively, and columns match the data type columns in Supplementary Table 1 and 2.


Source Data
This file contains Source Data for Supplementary Fig. 1.
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