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            Abstract
Long noncoding RNAs (lncRNAs) are prevalent genes with frequently precise regulation but mostly unknown functions. Here we demonstrate that lncRNAs guide the organismal DNA damage response. DNA damage activated transcription of the DINO (Damage Induced Noncoding) lncRNA via p53. DINO was required for p53-dependent gene expression, cell cycle arrest and apoptosis in response to DNA damage, and DINO expression was sufficient to activate damage signaling and cell cycle arrest in the absence of DNA damage. DINO bound to p53 protein and promoted its stabilization, mediating a p53 auto-amplification loop. Dino knockout or promoter inactivation in mice dampened p53 signaling and ameliorated acute radiation syndrome in vivo. Thus, inducible lncRNA can create a feedback loop with its cognate transcription factor to amplify cellular signaling networks.
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                    Figure 1: DINO encodes a p53-dependent DNA damage-induced transcript.[image: ]


Figure 2: Loss of DINO abrogates DNA-damage-induced gene regulation and cell cycle arrest.[image: ]


Figure 3: p53 is a DINO-binding protein.[image: ]


Figure 4: DINO stabilizes p53 and enhances regulation of its target genes.[image: ]


Figure 5: Germline disruption of mouse Dino impairs p53-dependent, DNA-damage-induced apoptosis.[image: ]


Figure 6: Dino regulates the DNA damage response in both a p21-dependent and p21-independent manner.[image: ]


Figure 7: Model of DINO function in p53 signaling.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Identification of a DNA damage-inducible lncRNA.
(a) DINO tracks from RNA-seq of diploid human fibroblasts treated with doxorubicin and untreated controls (from ref. 16). DINO and CDKN1A exon 1 diagramed below. (b) DINO tracks from RNA-seq of TP53+/+ HCT116 cells treated with 5-fluorouracil and untreated control (from ref. 17). DINO and CDKN1A exon 1 diagramed below. (c) Northern blot of poly(A) selected RNA from human primary diploid fibroblasts treated with doxorubicin (16 h). Antisense RNA probe to DINO. (d) ChIP-qPCR results for DINO, CCNB1, and GAPDH loci in DNA damaged and untreated cells. Mean + standard deviation (s.d.) are shown for all bar graphs, n = 3. (e) Silver stained peptide gel of in vitro translation products from negative control (control), GFP, and DINO constructs. (f) Quantification of DINO copy number using an IVT DINO standard. (g) qRT-PCR of DINO in fibroblasts treated with indicated DNA damaging agents (16 h) or serum starvation (24 h). Below: western blot of p53 and Î²-actin after 6 h of treatment. Mean +/- s.d. plotted, n = 3. (h) qRT-PCR of DINO across a time course of DNA damage in U2OS cells. Mean +/- s.d. are shown for all bar graphs, n = 3. (i) DINO expression in TP53 -/- H1299 cells transfected with indicated p53 expression constructs +/- Dox (16 h). Mean +/- s.d. plotted, n = 3. (j) qRT-PCR of DINO induction at the indicated hours of doxorubicin treatment in cancer cell lines with known Li-Fraumeni p53 mutations. MDA-MB 468 (breast adenocarcinoma) and SW 636 (ovarian adenocarcinoma). Mean +/- s.d. plotted for all bar graphs, n = 3.


Supplementary Figure 2 Evolutionary conservation of a DNA damage-inducible lncRNA
(a) Location of Dino (green bar) is syntenic to human DINO. Grey bars indicate location of PCR primers tiling the Cdkn1a transcription start site. RNA transcripts were identified for forward strand, but not for the reverse strand. 3â€™ RACE reveals a poly(A) sequence at 3â€™ of Dino, indicating this transcript is not a splice variant of Cdkn1a. Below left: Genome browser snapshot of 3-seq in wild-type or Trp53-null MEFs +/- doxorubicin. Biological triplicates shown. Red box indicates mouse Dino reads. Location of mouse Dino (green bar) is shown above (3-seq dataset from ref. 18). Below right: Dino tracks of strand specific 3-seq demonstrated that Dino reads map to the forward strand. (b) qRT-PCR of Trp53, Cdkn1a and Dino expression in mouse ES V6.5 cells 6 h after doxorubicin. Mean +/- s.d. plotted, n = 3. (c) Northern blot with total RNA from ES V6.5 cells +/- doxorubicin (24 h) shows that mDino is an unspliced transcript. The 28S ribosome demonstrates equal total RNA loading in each lane. (d) Genomic context of zebrafish CDKN1A. Grey bars indicate PCR primer amplicons. (e) qRT-PCR of TP53 and CDKN1A in zebrafish embryos treated with UV at 18 hpf and harvested at 24 hpf. Letters correspond to grey bars in d. Mean +/- s.d. plotted, n = 3. (f) qRT-PCR of regions along the zebrafish CDKN1A promoter +/- UV. Mean +/- s.d. plotted, n = 3. (g) Map of conserved regions of DINO microhomology across eight species. All DINO orthologs are oriented with 5â€™ end of DINO on the left and 3â€™ end on the right. Direction of DINO ortholog transcription is established by qRT-PCR or RNA-seq in human, mouse, and zebrafish, and predicted based on nearest orthologs in marmoset, rat, elephant, horse, and rabbit. Ten highly conserved, strand-specific motifs were identified across eight species. Five motifs (*) map to domains of human DINO that interact with p53 on CLIP (Fig. 3c). All DINO orthologs contain each of these five motifs, with the exception of marmoset and zebrafish, which each contain four of the five motifs. Above: DINO diagram (from Fig. 3c), blue box indicating major p53 binding region on p53 CLIP. (h) Conserved motifs associated with regions of microhomology diagramed in g, motifs mapping to p53 interacting domains of human DINO (*). Motifs labeled 1 correspond to p53 CLIP domain â€œBâ€� and the motif labeled 2 maps near p53 CLIP domain â€œDâ€� (Fig. 3c). (i) Predicted DNA strand encoding DINO and CDKN1A in eight species.


Supplementary Figure 3 DINO regulates the DNA damage response
(a) DINO qRT-PCR in DNA damaged diploid human fibroblasts transfected with control or each of three DINO ASOs. Mean +/- s.d. plotted for all bar graphs, n = 3. (b) Heatmap of ATAC-seq signal at p53 response elements in human fibroblasts with indicated treatment conditions (corresponds to Fig. 2c). (c) qRT-PCR of DINO in U2OS cells stably expressing the indicated shRNAs. Mean +/- s.d. plotted, n = 3. (d) Doxorubicin (12 h) DNA damage-induced p53 occupancy of the indicated promoters in U2OS cells harboring control or shRNAs targeting p53 or DINO, as measured by ChIP-qPCR of p53. Mean +/- s.d. plotted, n = 3. (e) FACS plots of BrdU/PI labelled U2OS cells stably expressing indicated shRNA after 26 h of treatment with doxorubicin or untreated control. Black boxes indicate gates for quantification of each phase of the cell cycle and with percentage of cells in each phase displayed. (f) FACS plots of BrdU/PI labelled human fibroblasts treated with siDINO or siControl follow by doxorubicin for 24 h or left untreated. Black boxes indicate gates for quantification of each phase of the cell cycle and with percentage of cells in each phase displayed.


Supplementary Figure 4 DINO specifically interacts with p53
(a) RNA chromatography with DINO retrieves p53, but not SUZ12, from whole cell lysate of DNA damaged fibroblasts while LacZ mRNA does not; 2, 6 and 12 pmols of RNA were used. (b) RNA chromatography with DINO reveals no interaction with selected nuclear proteins. (c) qRT-PCR of RNA retrieval with indicated ChIRP probe pools from doxorubicin treated MCF10A cells. Mean +/- s.d. plotted, n = 3. (d) DINO ChIRP-qPCR in doxorubicin treated MCF10A cells demonstrates both RNA-dependent and RNA-independent retrieval of the DINO locus. Mean +/- s.d. plotted. *P < 0.05, n = 4. (e) DINO ChIRP-qPCR at ten p53-regulated (left) and five p53-independent loci (right) using two probe pools (even and odd). RNase pretreated chromatin (+RNase) for each probe pool serves as a negative control. Mean +/- s.d. plotted, n = 4.


Supplementary Figure 5 Structure and function of DINOâ€™s p53 binding domain
(a) Normalized SHAPE reactivity of segment spanning the region of DINO enriched in the UV-CLIP-qPCR. (b) Secondary structure prediction of the enriched region of the DINO RNA. (c) Overexpression of DINOÎ”320-450 fails to increase p53 protein stability above that of vector control in a cycloheximide chase analysis.


Supplementary Figure 6 Mouse Dino regulates DNA damage-induced apoptosis
(a) qRT-PCR of multiple genes in thymocytes from Dino+/+ and Dinogfp/gfp mice 6 h after indicated treatment. Mean +/- s.d. plotted for each graph, n = 3. (b) Fraction of Dino+/+ and Dinogfp/gfp thymocytes in early apoptosis 6 h after indicated dose of radiation. Mean +/- s.d. plotted, n = 3. (c) Early apoptotic fraction of CD4+/CD8+ thymocytes 6 h after indicated dose or radiation, *P < 0.05 by Studentâ€™s t test. Mean +/- s.d. plotted, n = 3.


Supplementary Figure 7 Mouse Dino binds and stabilizes p53 to regulate the cell cycle
(a) Trp53 expression in early passage MEFs of the indicated genotypes. Mean +/- s.d. plotted for each graph, n = 3. (b) Gene expression heatmap of p53-responsive gene in the DNA damage response in early passage Dino+/+ and Dinolox/lox MEFs. (c) qRT-PCR of p53-dependent genes in early passage p21+/+ and p21-/- MEFs. Mean +/- s.d. plotted, n = 3. (d) qRT-PCR of p53-dependent genes in early passage MEFs of indicated genotypes culture in 0.1% serum. Mean +/- s.d. plotted, n = 3. (e) Quantification of p53 protein accumulation in early passage MEFs of the indicated genotype treated with increasing doses of doxorubicin. (f) Quantitative p53 protein abundance in Dino+/+ and Dinogfp/gfp MEFs with and without proteasome inhibitor MG-132 (10 Î¼M). Mean +/- s.d. plotted, n = 3. (g) p53 UV-CLIP in MEFs of indicate genotypes following treatment with 0.2 Î¼g/mL doxorubicin. Mean +/- s.d. plotted, n = 3.
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