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            Abstract
Neuroblastoma is a paediatric malignancy that typically arises in early childhood, and is derived from the developing sympathetic nervous system. Clinical phenotypes range from localized tumours with excellent outcomes to widely metastatic disease in which long-term survival is approximately 40% despite intensive therapy. A previous genome-wide association study identified common polymorphisms at the LMO1 gene locus that are highly associated with neuroblastoma susceptibility and oncogenic addiction to LMO1 in the tumour cells1. Here we investigate the causal DNA variant at this locus and the mechanism by which it leads to neuroblastoma tumorigenesis. We first imputed all possible genotypes across the LMO1 locus and then mapped highly associated single nucleotide polymorphism (SNPs) to areas of chromatin accessibility, evolutionary conservation and transcription factor binding sites. We show that SNP rs2168101 G>T is the most highly associated variant (combined Pâ€‰=â€‰7.47â€‰Ã—â€‰10âˆ’29, odds ratio 0.65, 95% confidence interval 0.60â€“0.70), and resides in a super-enhancer defined by extensive acetylation of histone H3 lysine 27 within the first intron of LMO1. The ancestral G allele that is associated with tumour formation resides in a conserved GATA transcription factor binding motif. We show that the newly evolved protective TATA allele is associated with decreased total LMO1 expression (Pâ€‰=â€‰0.028) in neuroblastoma primary tumours, and ablates GATA3 binding (Pâ€‰<â€‰0.0001). We demonstrate allelic imbalance favouring the G-containing strand in tumours heterozygous for this SNP, as demonstrated both by RNA sequencing (Pâ€‰<â€‰0.0001) and reporter assays (Pâ€‰=â€‰0.002). These findings indicate that a recently evolved polymorphism within a super-enhancer element in the first intron of LMO1 influences neuroblastoma susceptibility through differential GATA transcription factor binding and direct modulation of LMO1 expression in cis, and this leads to an oncogenic dependency in tumour cells.
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                    Figure 1: Imputation-based GWAS and epigenomic profiling by ENCODE identifies rs2168101 as a candidate functional SNP at LMO1.[image: ]


Figure 2: RNA expression of LMO1 associates with rs2168101 genotype consistent with regulation in cis.[image: ]


Figure 3: The rs2168101 protective T allele disrupts GATA3 binding and negatively associates with the LMO1 super-enhancer in neuroblastoma cells.[image: ]
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Extended data figures and tables

Extended Data Figure 1 The imputed SNP, rs2168101, is associated with neuroblastoma, and the risk â€˜Gâ€™ allele is enriched in neuroblastoma cases.
Ternary density plots of genotype probability vectors [P(G/G), P(G/T), P(T/T)] output from IMPUTE2 for rs2168101 in the European-American cohort. Vertices represent â€˜perfectâ€™ confidence calls in which P(genotype)â€‰=â€‰1; dotted lines represent decision boundaries for genotype calling based on most probable genotype. All plots were normalized by the total number of individuals studied and subjected to 2D Gaussian kernel smoothing. Left, 2,101 cases (red); centre, 4,202 controls (blue); right, difference between cases and controls highlights enrichment of G/G genotype (homozygous risk) in cases and of G/T and T/T genotypes in controls. Validation efforts using PCR-based genotyping in 146 out of 2,101 European-American cases confirmed an 86% concordance with imputation based on most probable genotypes (Supplementary Table 1).


Extended Data Figure 2 Conditional analysis reveals a single neuroblastoma association signal at the LMO1 locus and that rs2168101 is the most associated variant.
a, Imputation-based neuroblastoma association study conditional on rs2168101. No variants remain significant after conditioning on rs2168101 (most significant variant: rs34544683, nominal Pâ€‰=â€‰9.0â€‰Ã—â€‰10âˆ’4, Bonferroni Pâ€‰=â€‰1). b, Reciprocal analysis conditioned on each of 27 SNPs with a nominal Pâ€‰<â€‰1â€‰Ã—â€‰10âˆ’5. For rs2168101, the maximum (least significant) P value across all non-rs2168101 conditional tests is shown, in order to illustrate the extent to which the signal at rs2168101 can be accounted for by other variants (a similar maximum P value statistic is plotted for other variants). Notably, rs2168101 remained significant (worst-case nominal Pâ€‰=â€‰2.6â€‰Ã—â€‰10âˆ’7, Bonferroni Pâ€‰=â€‰0.002) across all tests. These results are consistent with a single underlying signal at the LMO1 locus, and re-affirm that rs2168101 is the single best causal SNP candidate because its association with neuroblastoma cannot be accounted for by other single variants.


Extended Data Figure 3 The risk G allele of rs2168101 is associated with decreased event-free and overall survival in the European-American discovery cohort.
Because genotypes for rs2168101 are imputed within the European-American discovery cohort, the most likely genotype for each neuroblastoma case was called based on the maximum of P(G/G), P(G/T) and P(T/T) from IMPUTE2. P values reflect Cox proportional hazards regressions adjusted for MYCN amplification status and the first 20 MDS components to adjust for population stratification. a, Kaplanâ€“Meier plot for event-free survival. Neuroblastoma cases with rs2168101â€‰=â€‰G/G versus rs2168101â€‰=â€‰G/T or T/T showed significantly worse event-free survival (Pâ€‰=â€‰0.0004). b, Kaplanâ€“Meier plot for overall survival. Neuroblastoma cases with rs2168101â€‰=â€‰G/G versus rs2168101â€‰=â€‰G/T or T/T showed significantly worse overall survival (Pâ€‰=â€‰0.0004). Censored data points are shown as black crosses. Number of at risk patients at every time point for both event-free survival and overall survival are plotted below each respective Kaplanâ€“Meier plot.


Extended Data Figure 4 rs2168101 genotype is associated with total and allele-specific LMO1 expression in neuroblastoma cell lines and primary tumours, and allele-specific expression differences are not driven by somatic DNA copy number alterations.
a, Neuroblastoma cell line LMO1 mRNA expression as quantified by Affymetrix U95Av2 oligonucleotide arrays and normalized as described11 was significantly higher in cell lines harbouring homozygous risk alleles (G/G) compared to heterozygous alleles (G/T) (Pâ€‰=â€‰0.047, Mannâ€“Whitney two-tailed). b, Allele-specific expression measured by RNA-seq from primary neuroblastoma tumours. Since rs2168101 is an intronic SNP that is spliced out in mRNA, the synonymous exonic SNP rs3750952 was used as a surrogate for measuring allele-specific expression in 39 primary tumours which are heterozygous for rs3750952 (C/G genotype). The DNA allelic fraction for rs3750952 determined by whole-exome sequencing is plotted on the x axis, whereas the RNA allele fraction for rs3750952 determined by mRNA-seq is plotted on the y axis. The solid line indicates where DNA and RNA allele fractions are equal and dotted lines indicate the boundary where DNA and RNA allele fractions are within 10% of each other. Tumours that are heterozygous for rs2168101 (G/T genotype, red dots) exhibit greater RNA allelic imbalance (Pâ€‰=â€‰5.3â€‰Ã—â€‰10âˆ’5) than homozygous controls (rs2168101â€‰=â€‰G/G genotype, black dots). By contrast, DNA allelic imbalance is no different between G/T versus G/G tumours (Pâ€‰=â€‰0.79), indicating that a cis-acting regulatory mechanism, rather than somatic DNA alterations, drives LMO1 allelic expression differences.


Extended Data Figure 5 Expression of LMO1 and GATA-family transcription factors in neuroblastoma primary tumours and cell lines.
a, RPKM expression measurements from mRNA-seq are summarized via boxplots for 127 primary neuroblastoma tumours for paralogues GATA1 through GATA6. Both GATA2 (median RPKM: 56) and GATA3 (median RPKM: 110) are more highly expressed by 1â€“4 orders of magnitude on average compared to other members of the GATA family in neuroblastoma. b, Neuroblastoma cell lines were lysed for protein and resolved by SDSâ€“PAGE as previously described21. Jurkat T-ALL cells are shown as a positive control for LMO1 and GATA3 expression. Data are representative of at least three independent blots. The rs2168101 genotype is shown below individual cell lines.


Extended Data Figure 6 The LMO1 super-enhancer is observed in neuroblastoma cell lines containing the G allele of rs2168101 and is highly tissue-specific.
a, H3K27ac signal across all enhancers in SHSY5Y (MYCN not amplified; rs2168101â€‰=â€‰G/G), BE2 (MYCN-amplified; rs2168101â€‰=â€‰G/T) and NGP (MYCN-amplified; rs2168101â€‰=â€‰G/T) is shown. Enhancers are ranked by their signal of H3K27ac minus input signal and are geometrically divided into two populations (see Methods). Super-enhancers are those at the high end of the population and are associated with key genes in neuroblastoma, highlighted on the curve. LMO1-associated super-enhancers were identified in BE2, KELLY and SHSY5Y cells, which all contain the G allele of rs2168101, but not in BE2C cells in which the G allele is absent. b, H3K27ac ChIP-seq in the Jurkat cell line. c, All ENCODE non-neuroblastoma cell lines with H3K27ac ChIP-seq profiling. All non-neuroblastoma cell lines considered showed little to no evidence for an active enhancer element within the first intron of the LMO1 gene locus, consistent with a tissue and disease-specific enhancer overlying the neuroblastoma causal SNP rs2168101.


Extended Data Figure 7 Depletion of GATA3 results in suppression of cell growth that is rescued by forced LMO1 expression in neuroblastoma.
Neuroblastoma cells SHSY5Y, KELLY, KELLY overexpressing control vector (EV) and KELLY with forced LMO1 overexpression (LMO1-1 and LMO1-2) were treated with non-targeted (siControl) or GATA3-targeting (siGATA3-1, siGATA3-2) siRNAs and cells were counted at 24, 48 and 72 h after transfection. Rescue of suppressed cell growth after GATA3 depletion by forced LMO1 expression in LMO1-1 and LMO1-2 after 72â€‰h is shown on the bottom. Growth curves over the time of 72â€‰h are shown (to accompany Fig. 3f). Error bars denoteâ€‰Â±s.e.m., nâ€‰=â€‰9 technical replicates.


Extended Data Table 1 Germline variants from 1000 Genomes Project with Pâ€‰<â€‰1â€‰Ã—â€‰10âˆ’5 association with neuroblastoma susceptibility from imputation-based SNPTEST analysis of European-American cohortFull size table


Extended Data Table 2 Clinical characteristics for patients in referenced sequencing data setsFull size table


Extended Data Table 3 Association of rs2168101 with clinical/biological co-variatesFull size table
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