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            Abstract
Poor prognosis in neuroblastoma is associated with genetic amplification of MYCN. MYCN is itself a target of let-7, a tumour suppressor family of microRNAs implicated in numerous cancers. LIN28B, an inhibitor of let-7 biogenesis, is overexpressed in neuroblastoma and has been reported to regulate MYCN. Here we show, however, that LIN28B is dispensable in MYCN-amplified neuroblastoma cell lines, despite de-repression of let-7. We further demonstrate that MYCN messenger RNA levels in amplified disease are exceptionally high and sufficient to sponge let-7, which reconciles the dispensability of LIN28B. We found that genetic loss of let-7 is common in neuroblastoma, inversely associated with MYCN amplification, and independently associated with poor outcomes, providing a rationale for chromosomal loss patterns in neuroblastoma. We propose that let-7 disruption by LIN28B, MYCN sponging, or genetic loss is a unifying mechanism of neuroblastoma development with broad implications for cancer pathogenesis.
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                    Figure 1: The LIN28B/let-7/MYCN axis is intact in neuroblastoma.[image: ]


Figure 2: LIN28B is dispensable in human MYCN amplified neuroblastoma cells.[image: ]


Figure 3: MYCN mRNA is a ceRNA for let-7.[image: ]


Figure 4: Loss of let-7a2 and let-7g is common in neuroblastoma.[image: ]


Figure 5: The MYCN aceRNA model predicts let-7 chromosomal loss patterns in neuroblastoma.[image: ]
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Extended data figures and tables

Extended Data Figure 1 MYCN is a highly conserved let-7 target.
a, Schematic of human MYCN ORF and 3′ UTR, indicating let-7 sites 1 and 2 and their approximate location. b, Predicted base pairing patterns of let-7a, let-7f, and let-7g with MYCN let-7 sites 1 and 2. A–G base pairs, common in RNA, are represented by an asterisk. c, Alignments of let-7 sites 1 and 2 in 100 vertebrate MYCN 3′ UTRs (ENCODE, https://genome.ucsc.edu/ENCODE/).


Extended Data Figure 2 LIN28B expression and function in neuroblastoma.
a, MYCN, LIN28B, and LIN28A mRNA expression levels in neuroblastoma (n = 649; see Source Data (ED Fig 2) in Supplementary Information). b, Immunoblot for indicated proteins in human embryonic carcinoma cells (PA1), normal human fibroblasts (HF), SK-N-SH (SH), SK-N-AS (AS), SK-N-F1 (F1), BE2C (BE), SK-N-DZ (DZ), Kelly (Ke), and human chronic myeloid leukaemia cells (K5). For gel source data, see Supplementary Figures. c, Representative LIN28B immunohistochemical staining of human neuroblastoma by stage (left), percentage LIN28B positive neuroblastoma by disease stage (right); (n = 36). GNB, ganglioneuroblastoma. d, LIN28B expression by neuroblastoma stage (n = 64; Source Data (ED Fig 2)). e, Immunoblot for LIN28B in inducible LIN28B SH-SY5Y cells and GFP- or LIN28B-expressing SK-N-AS cells (left) and corresponding qPCR analysis of relative let-7 family levels (right) (mean plus s.e.m. of three independent experiments shown). f, Relative growth rate (BrdU incorporation, right) of SH-SY5Y and SK-N-AS neuroblastoma cells from d (*P < 0.05, n = 3 independent experiments).

                          Source data
                        


Extended Data Figure 3 Short hairpin knockdown of LIN28B in neuroblastoma.
a, Immunoblot for indicated proteins MYCN and LIN28B in MYCN-amplified cells infected with LIN28B targeting lentiviral shRNAs. For gel source data, see Supplementary Figures. b, Cell proliferation analysis of cells described in a (n = 3 independent experiments). c, Average tumour size of human–mouse subcutaneous xenograft tumour analysis 3 weeks after injection of 2 × 106 cells infected with a LIN28B targeting lentiviral shRNA (n = 6 mice for BE(2)C, n = 3 mice for SK-N-DZ; Supplementary Figures and Source Data (ED Fig 3)). d, qPCR analysis of let-7a, let-7b, and let-7i levels in cells described in a (mean plus s.e.m. of three independent experiments shown). e, Cell proliferation analysis of BE(2)C cells stably expressing red fluorescence protein (RFP), Flag-tagged LIN28B ORF, or shRNA resistant Flag-tagged LIN28B (LIN28B shRes) infected with LIN28B lentiviral shRNAs targeting the LIN28B 3′ UTR (ShL28B-UTR) or the LIN28B open-reading frame (ShL28B-ORF). Cell counts were performed 7 days after lentiviral shRNA infection (mean plus s.e.m. of three independent experiments shown). f, Immunoblot for indicated proteins in cells described in e. For gel source data, see Supplementary Figures.

                          Source data
                        


Extended Data Figure 4 Small interfering RNA knockdown of LIN28B in neuroblastoma.
a, Schematic of approximate siRNA target sites within the LIN28B mRNA. b, qPCR analysis of LIN28B mRNA levels in BE(2)C cells 48 h after transfection with the indicated LIN28B targeting siRNAs (mean of two independent experiments shown). c, Immunoblot analysis of LIN28B in cells from a. For gel source data, see Supplementary Figures. d, qPCR analysis of indicated let-7 levels in cells from a (mean of two independent experiments shown). e, Immunoblot analysis of MYCN and LIN28B in serially transfected MYCN-amplified cells for 6 or 9 days. Identical transfections were performed on days 0, 3, and 6. For gel source data, see Supplementary Figures. f, Day 9 qPCR analysis of the let-7 family in the cells from a (n = 3 independent experiments, mean plus s.e.m. shown). g, Cell growth analysis of day 0 to day 6 cells from a (BrdU incorporation, n = 3 independent experiments, mean plus s.e.m. shown). h, Lentiviral CRISPR-Cas9/LIN28B gRNA strategy targeting LIN28B at four distinct exon/intron junctions used in b–g.


Extended Data Figure 5 Relative levels of let-7 targets in neuroblastoma.
a, mRNA-seq let-7 target table (as percentage let-7 target-site pool). b, qPCR analysis of indicated let-7 targets in neuroblastoma cells, PA1 embryonic carcinoma cells (EC), and normal human fibroblasts (hFib). Expression relative to β-ACTIN (ΔCT method) (mean of two biological replicates shown).


Extended Data Figure 6 Heat map of let-7 and small RNA spike reads.
Heat map of three BE(2)C and three Kelly sRNA-seq samples depicting the relative reads per million of the let-7 family, miR-17, and the six small RNA spikes added in equimolar amounts per sample (spikes miR-Neg, LET7A2, and LET7I were used to determine let-7 copies per cell from the small RNA sequencing data set). RPM, reads per million.


Extended Data Figure 7 qPCR quantification of MYCN and let-7 copies per cell.
a, Total let-7 sites per cell provided by MYCN mRNA in BE(2)C, Kelly, normal human fibroblasts (NHF), and embryonic carcinoma cells (EC) (mean plus s.e.m. of three biological replicates shown). b, Total let-7 copies per cell in cells from a, presented as stacked graphs of all let-7 family members (mean of three biological replicates shown). c, Total let-7 copies per cell in wild-type or LIN28B knockout BE(2)C and Kelly cells, presented as stacked graphs of all let-7 family members (values derived from let-7 copies per cell in b and average let-7 fold change described in Fig. 2f, g).


Extended Data Figure 8 Luciferase reporter and gain of function constructs.
a, Luciferase constructs used in the luciferase assays in Fig. 3d and Extended Data Fig. 8e. b, Schematic of the luciferase transfection protocols used in Fig. 3d. c, Schematic of the luciferase protocol used in Extended Data Fig. 8e. d, pcDNA3.1 constructs used in Extended Data Fig. 8e, f. e, Top: relative luciferase ratio in 293T cells co-transfected with the indicated 3′ UTR luciferase and pcDNA3.1 vectors in the presence of either control miRNA or let-7a mimic. Bottom: relative luciferase ratio in 293T cells co-transfected with the indicated 3′ UTR luciferase and pcDNA3.1 vectors in the presence of either a control miRNA or let-7a mimic. Mean of four independent experiments plus s.e.m. shown (*P < 0.05 relative to empty vector, unpaired t-test). f, Immunoblot analysis of MYCN in SK-N-AS cells stably expressing a MYCN ORF + 3′ UTR transgene and transfected with the indicated pcDNA3.1 vector. For gel source data, see Supplementary Figures.


Extended Data Figure 9 MYCN mRNA sponges let-7.
a, Immunoblot analysis of indicated proteins in BE(2)C cells transfected for 2.5 days with control, MYCN-1 (M1), or MYCN-2 (M2) siRNA and either control microRNA or let-7a inhibitor. For gel source data, see Supplementary Figures. b, qPCR analysis of DICER1, HK2, IMP1, LIN28B, and MYCN in cells transfected as in a. c, qPCR analysis of let-7a, let-7b, and let-7i in BE(2)C cells transfected for 2.5 days with control siRNA, siM1, or siM2 (n = 3 independent experiments, mean plus s.e.m. shown). d, Immunoblot analysis of indicated proteins in cells infected with indicated Cas9-gRNA lentivirus. For gel source data, see Supplementary Figures. e, Expression levels of let-7 targets in BE(2)C:MYCN cells transfected with siCon or siMYCN-3′ UTR. f, Relative let-7 expression in BE(2)C:MYCN cells co-transfected with siCon or siMYCN (3′ UTR) siRNA and miRCon or let-7a mimic. A 16-fold increase in let-7a results in an approximately eightfold increase in total let-7, owing to let-7a making up almost half of the total cellular pool (Fig. 3c, lower). g, Relative expression levels of let-7 targets in siCon and siMYCN cells transfected with let-7a mimic (data represent one round of mRNA-seq, ***P < 0.001, one-tailed Wilcoxon test, GSE81497, see Source Data F3).


Extended Data Figure 10 Neuroblastoma patient and ENCODE data.
a, Detail of the incidence of chromosome 3p21 and 11q23 loss and MYCN amplification as determined by analysis of the indicated retrospective chromosomal aberration studies on neuroblastoma. b, List of the ENCODE sRNA-seq samples analysed (with associated GEO accession numbers) for the relative expression of mature let-7 in Fig. 5c. c, List of let-7 family host transcripts, transcript class, and let-7 location within the transcript. d, List of the ENCODE mRNA-seq samples analysed (with associated University of California, Santa Cruz submission identifier numbers) for the relative expression of let-7 host transcripts in Fig. 5d. e, Relative expression of let-7a2, let-7f2, and let-7g host genes by microarray in MYCN-amplified and non-amplified neuroblastoma. ACTB shown as control. *P < 0.05, **P < 0.01, ***P < 0.001, unpaired t-test, n = 643, Source Data (ED Fig 10). f, Schematic showing the several mechanisms that impair let-7 biogenesis and function in neuroblastoma (chromosome images created at http://www.ncbi.nlm.nih.gov/genome/tools/gdp/).

                          Source data
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