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            Abstract
Mammalian telomeres protect chromosome ends from aberrant DNA repair1. TRF2, a component of the telomere-specific shelterin protein complex, facilitates end protection through sequestration of the terminal telomere repeat sequence within a lariat T-loop structure2,3. Deleting TRF2 (also known as TERF2) in somatic cells abolishes T-loop formation, which coincides with telomere deprotection, chromosome end-to-end fusions and inviability3,4,5,6,7,8,9. Here we establish that, by contrast, TRF2 is largely dispensable for telomere protection in mouse pluripotent embryonic stem (ES) and epiblast stem cells. ES cell telomeres devoid of TRF2 instead activate an attenuated telomeric DNA damage response that lacks accompanying telomere fusions, and propagate for multiple generations. The induction of telomere dysfunction in ES cells, consistent with somatic deletion of Trf2 (also known as Terf2), occurs only following the removal of the entire shelterin complex. Consistent with TRF2 being largely dispensable for telomere protection specifically during early embryonic development, cells exiting pluripotency rapidly switch to TRF2-dependent end protection. In addition, Trf2-null embryos arrest before implantation, with evidence of strong DNA damage response signalling and apoptosis specifically in the non-pluripotent compartment. Finally, we show that ES cells form T-loops independently of TRF2, which reveals why TRF2 is dispensable for end protection during pluripotency. Collectively, these data establish that telomere protection is solved by distinct mechanisms in pluripotent and somatic tissues.
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                    Fig. 1: TRF2 is largely dispensable for telomere end protection and cell viability in ES cells.[image: ]


Fig. 2: The shelterin complex is required for telomere protection in ES cells.[image: ]


Fig. 3: TRF2-dependent chromosome end protection begins at the exit from pluripotency.[image: ]


Fig. 4: TRF2-null embryos are compromised as expanding blastocysts.[image: ]


Fig. 5: T-loop formation occurs independently of TRF2 in ES cells.[image: ]
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                Data availability

              
              The datasets generated during and/or analysed during the current study are included alongside the Article or are available from S.J.B and A.J.C on reasonable request. Data were searched against a recent copy of the UniProt M. musculus reference proteome UP000000589 (https://www.uniprot.org/proteomes/UP000000589). For gel source data, see Supplementary Fig. 1. All data are archived at the Francis Crick Institute or CMRI.Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 TRF2-null ES cells do not undergo telomere fusions and show only a mild growth defect.
a, b, Growth curves of Trf2f/f ES cells and ear fibroblasts after treatment with OHT or EtOH. Cells were counted and re-seeded every 2 or 3 days (meanÂ Â±Â s.d., nÂ =Â 3 biologically independent experiments). c, Bright-field images of the indicated cells 7 days after treatment with EtOH or OHT. d, Western blot of whole-cell extracts from Trf2f/f ES cells at the indicated times after treatment with EtOH or OHT. e, Flow cytometry determination of DNA content for the indicated cells 96 h after OHT or EtOH treatment (â‰¥10,000 cells per condition, nÂ =Â 3 independent experiments). f, Western blot of whole-cell extracts from indicated cells 96 h after treatment with EtOH or OHT. IR, 2 h post-treatment with 20 Gy ionizing radiation. g, Gating strategy for flow cytometry determination of DNA content. Example shown is Trf2f/f ear fibroblast EtOH sample from Fig. 1d. Similar strategies to gate live cells and singlets were applied for all flow cytometry experiments. h, Western blot of whole-cell extracts from three independently generated Trf2f/f ES cell clones 96 h after treatment with EtOH or OHT. i, Mitotic chromosome spreads from Trf2f/f ES cells 10 days after treatment with OHT or EtOH. The DNA is stained with DAPI (red) and the telomeres by FISH (green), with the mean percentage of telomere fusions from j indicated. Scale bar, 5 Î¼m, j, Quantification of the experiment shown in i. MeanÂ Â±Â s.d., â‰¥60 spreads per condition across 3 independent experiments, unpaired two-tailed t-test; ns, not significant. k. Western blot of whole-cell extracts from Trf2f/f ES cells 10 days after treatment with EtOH or OHT.
Source data


Extended Data Fig. 2 The telomeric DDR is attenuated in ES cells lacking TRF2.
a, In-gel hybridization assay for single-stranded telomeric G-overhang DNA after Trf2 deletion. Left, TelC signals under the native condition. Right, same gel re-hybridized after in situ denaturation of the DNA. Overhang signals (bottom) were normalized to the total telomeric signals (right) and compared to Trf2f/f ear fibroblasts treated with EtOH, which was given an arbitrary value of 1 in each of three independent experiments. The mean of these normalized values is shown for each condition (nÂ =Â 3 biologically independent experiments, representative example shown). bâ€“d, Quantification of telomere fragility (b), heterogeneity (c) and loss (d) from mitotic chromosome spreads shown in Fig. 1b. MeanÂ Â±Â s.d.,Â â‰¥70 spreads per condition across 3 independent experiments, unpaired two-tailed t-tests. e, Representative examples of the phenotypes quantified in bâ€“d with relevant abnormalities marked with arrows. The DNA is stained with DAPI (red) and the telomeres by FISH (green). f, IFâ€“FISH analysis to detect endogenous TRF2 in Trf2f/f ES cells 96 h after treatment with OHT or EtOH. TRF2 was detected by immunofluorescence (green), telomeric DNA with FISH (red) and the DNA with DAPI (blue). g, IFâ€“FISH analysis to detect exogenous MYCâ€“TRF2 in Trf2f/f ES cells stably expressing MYCâ€“TRF2 or a vector-only control 96 h after treatment with OHT. MYCâ€“TRF2 was detected by immunofluorescence (green), telomeric DNA with FISH (red) and the DNA with DAPI (blue). h, IFâ€“FISH analysis to detect TRF1 in Trf1f/f ES cells 48 h after treatment with OHT or EtOH. TRF1 was detected by immunofluorescence (green), telomeric DNA with FISH (red) and the DNA with DAPI (blue). i, Cartoon depicting the SILACâ€“PICh workflow used in j, k. j, k, Results of SILACâ€“PICh mass spectrometry of Trf2f/f ES cells (j) and Trf2f/f ear fibroblasts (k) 96 h after OHT or EtOH treatment. Data are shown as the fold change of heavy/light ratio for each protein in duplicate experiments, for which opposite labelling with heavy/light isotopes was used. Shelterin subunits and select DNA repair factors are indicated in the plot. NA indicates protein was not detected in that experiment. l, Venn diagram showing overlap of the proteins identified by SILACâ€“PICh in wild-type Trf2f/f ES cells and Trf2f/f ear fibroblasts (EtOH conditions). m, IFâ€“FISH analysis to detect Î³H2AX TIF in Trf2f/f ES cells and Trf2f/f ear fibroblasts 96 h after treatment with OHT or EtOH. Î³H2AX was detected by immunofluorescence (red), telomeric DNA with FISH (white) and the DNA with DAPI (blue). n, Quantification of the experiment shown in m. MeanÂ Â±Â s.d.,Â â‰¥200 cells per condition across 3 independent experiments, one-way ANOVA. o, Quantification of the experiment shown in m. Each dot represents percentage of cells with >3 TIF in each of 3 independent experiments analysing around 100 cells per condition per experiment, bars represent meanÂ Â±Â s.d. of these values, one-way ANOVA. p, Quantification from experiment shown in Fig. 1g. Each dot represents percentage of cells with >3 TIF in each of 4 independent experiments analysing around 100 cells per condition per experiment, bars represent meanÂ Â±Â s.d. of these values, one-way ANOVA. q, Quantification of IFâ€“FISH to detect 53BP1 TIF in the indicated cells, 96 h after treatment with EtOH or OHT. 53BP1 was detected by immunofluorescence (green), telomeric DNA with FISH (red) and DNA with DAPI (blue). c1, c2 and c3 indicate three independently derived clones. MeanÂ Â±Â s.d.,Â â‰¥200 cells per condition across 3 independent experiments, one-way ANOVA. ns, not significant, ****PÂ â‰¤Â 0.0001. Scale bars, 5 Î¼m (eâ€“h, m).
Source data


Extended Data Fig. 3 The DDR and NHEJ are functional in ES cells.
a, Immunofluorescence to detect Î³H2AX (green) and 53BP1 (red) in untreated Trf2f/f ES cells and Trf2f/f ear fibroblasts or 1 h after treatment with 0.5 Gy ionizing radiation. DNA stained with DAPI (blue). b, Quantification from experiment shown in a. Each dot represents percentage of cells with >4 foci in each of 2 independent experiments analysingÂ â‰¥100 cells per condition per experiment, bars represent meanÂ Â±Â s.d. of these values, one-way ANOVA. c, Flow cytometry determination of DNA content for the indicated cells at the indicated times after ionizing radiation treatment, 96 h after treatment with EtOH or OHT. nÂ =Â 3 independent experiments,Â â‰¥10,000 cells per condition in each experiment. d, DNA from Trf2f/f ES cells and Trf2f/f MEFs was collected, subjected to pulsed-field gel electrophoresis and stained with EtBr at the indicated times after irradiation with 20 Gy. The band of DNA resulting from double-strand breaks (DSBs) is indicated. e, Quantification of the experiment in d. The DNA band resulting from DNA double-strand breaks was quantified and normalized to the unbroken DNA. The level of DNA resulting from double-strand breaks was subsequently compared to the sample collected 10 min after ionizing radiation from that condition, which was normalized as 100% double-strand breaks remaining. MeanÂ Â±Â s.d. nÂ =Â 3 biologically independent experiments for MEF samples, nÂ =Â 4 independent experiments for ES cell samples. f, Survival of non-targeting control, Ku70 knockout or Lig4-knockout Trf1f/f Trf2f/f ES cells after exposure to the indicated doses of ionizing radiation as measured using CellTiter-Glo, 4 days after ionizing radiation treatment. nÂ =Â 3 (NTC and Ku70 KO) or 2 (Lig4 KO) biologically independent experiments, meanÂ Â±Â s.e.m. Individual clonal knockout lines are denoted c1 and c2. g, h, Western blot of whole-cell extracts from the cells used in f. Asterisk indicates a non-specific band. i, Ninety-six h after treatment with EtOH or OHT, Trf2f/f ES cells were grown asynchronously or treated for 16 h with mimosine to induce G1 arrest. DNA content from these cells was determined using flow cytometry at 0 h, 4 h and 9 h after release from mimosine. j, Mitotic chromosome spreads from asynchronous cells and cells released from mimosine block for 9 h as in i. The DNA was stained with DAPI (red) and the telomeric DNA with FISH (green). The mean percentage of fused chromosomes from k is indicated. k, Quantification from experiment shown in i, j. MeanÂ Â±Â s.d.,Â â‰¥70 spreads per condition across 3 independent experiments, unpaired two-tailed t-test. l, Mitotic chromosome spreads from Trf2f/f ES cells 96 h after treatment with OHT and 24 h after mock treatment or treatment with 2 Gy ionizing radiation. Samples are stained as in j and the mean percentage of telomere fusions from m is indicated. m, Quantification of experiment shown in l. MeanÂ Â±Â s.d.,Â â‰¥50 spreads per condition across 2 independent experiments, unpaired two-tailed t-test. ns, not significant, ****PÂ â‰¤Â 0.0001. Scale bars, 5 Î¼m;.
Source data


Extended Data Fig. 4 TPP1 and TRF1 function are conserved in ES cell and somatic tissues.
a, Western blot of whole-cell extracts from indicated cells 96 h after EtOH or OHT treatment, and 72 h after siRNA transfection. b, TPP1 expression in the indicated cells analysed by RTâ€“qPCR. Data were normalized to the ES cell Trf2f/f EtOH control siRNA (siCon) condition, which was arbitrarily assigned a value of 1. MeanÂ Â±Â s.d., nÂ =Â 3 biologically independent experiments, one-way ANOVA. c, Quantification of 53BP1 TIF from cells shown in d. MeanÂ Â±Â s.d.,Â â‰¥300 cells per condition across 3 independent experiments, one-way ANOVA, **PÂ =Â 0.0013. d, 53BP1 TIF in the indicated cells. 53BP1 was detected by immunofluorescence (green), telomeres by FISH (red) and DNA with DAPI (blue). e, Mitotic chromosome spreads from indicated cells 96 h after OHT or EtOH treatment, and 72 h after siRNA transfection. Telomeres stained with FISH (green) and the DNA with DAPI (red). The mean percentage of fused telomeres from f is shown. f, Quantification of telomere fusions from e. MeanÂ Â±Â s.d., 90 spreads per condition across 4 independent experiments, one-way ANOVA. g, Flow cytometry determination of DNA content for the indicated cells 96 h after OHT or EtOH treatment. nÂ =Â 3,Â â‰¥10,000 cells per condition. h, Telomeric RPA-pSer33 foci in Trf1f/f ES cells 72 h after treatment with EtOH or OHT. RPA-pSer33 was detected by immunofluorescence (green), telomeres by FISH (red) and DNA with DAPI (blue). i, Quantification of the experiment in h. MeanÂ Â±Â s.d.,Â â‰¥300 cells per condition across 3 independent experiments, unpaired two-tailed t-test. j, 53BP1 TIF in Trf1f/f ES cells 72 h after treatment with OHT or EtOH. Samples are stained as in d. k, Quantification of j. MeanÂ Â±Â s.d.,Â â‰¥300 cells per condition across 3 independent experiments, unpaired two-tailed t-test. Scale bars, 5 Î¼m; ns, not significant, ****PÂ â‰¤Â 0.0001.
Source data


Extended Data Fig. 5 ES cells require shelterin for chromosome end protection.
a, Equal numbers of the indicated cells were seeded and treated with EtOH or OHT. The cells were counted at 72 h and the number of cells in each condition normalized to the ES cell Trf1+/+ Trf2f/f EtOH condition, which was given an arbitrary value of 1. MeanÂ Â±Â s.d., nÂ =Â 3 biologically independent experiments. b, Flow cytometry determination of DNA content for the indicated cells 48 or 72 h after OHT or EtOH treatment. nÂ =Â 3,Â â‰¥10,000 cells per condition. c, 53BP1 TIF in the indicated cells 72 h after treatment with OHT or EtOH. 53BP1 was detected by immunofluorescence (green), the telomeres with FISH (red) and DNA with DAPI (blue). Scale bar, 5 Î¼m. d, Quantification of the experiment shown in c. MeanÂ Â±Â s.d., roughly 300 cells per condition across 3 independent experiments, one-way ANOVA, ****PÂ â‰¤Â 0.0001. e, Western blot of whole-cell extracts from Trf2f/f ES cells at indicated times after treatment with 2 Gy or 20 Gy ionizing radiation.
Source data


Extended Data Fig. 6 Shelterin-free ES cells activate a full DDR equivalent to that in shelterin-free somatic cells.
a, Western blotting of whole-cell extracts from Trf1f/f Trf2f/f ES cells at indicated times after EtOH or OHT treatment. b, c, Quantification of telomere fusions (b) or Î³H2AX TIF (c) in Trf1f/f Trf2f/f ES cells at the indicated times after OHT or EtOH treatment. MeanÂ Â±Â s.d.,Â â‰¥70 mitotic spreads per condition for b or â‰¥175 cells per condition for c, across 3 independent experiments (nÂ =Â 2 for 12 h condition), one-way ANOVA. d, 53BP1 TIF in the indicated cells, 48 h after EtOH or OHT treatment or infection with AdGFP or AdCre. 53BP1 was detected by immunofluorescence (green), telomeres by FISH (red) and DNA with DAPI (blue). e, Quantification of the experiment shown in d. MeanÂ Â±Â s.d.,Â â‰¥200 cells per condition across 2 independent experiments, one-way ANOVA. f, Quantification of Î³H2AX TIF in the indicated cells 48 after treatment with EtOH or OHT or infection with AdGFP or AdCre. MeanÂ Â±Â s.d.,Â â‰¥180 cells per condition across 3 independent experiments, one-way ANOVA. g, Western blotting of whole-cell extracts from Trf1f/f Trf2f/f ES cells and Trf1f/f Trf2f/f MEFs at the indicated times after EtOH or OHT treatment or infection with AdGFP or AdCre. h, Quantification of telomere fragility from mitotic chromosome spreads shown in Fig. 2f, 72 h after EtOH or OHT treatment. MeanÂ Â±Â s.d.,Â â‰¥70 spreads per condition examined over 3 experiments, one-way ANOVA. i, Î³H2AX TIF in the indicated cells 36 h after EtOH or OHT treatment. Î³H2AX was detected by immunofluorescence (green) telomeric DNA with FISH (red) and the DNA with DAPI (blue). j, Quantification of the experiment shown in i. MeanÂ Â±Â s.d.,Â â‰¥250 cells per condition across 3 independent experiments, one-way ANOVA. Scale bars, 5 Î¼m; ns, not significant; ****PÂ â‰¤Â 0.0001.
Source data


Extended Data Fig. 7 Shelterin-free ES cell telomeres are substrates for both ATM and ATR kinases and fuse primarily via ATM signalling and NHEJ.
a, IFâ€“FISH analysis to detect telomeric ATM-pSer1987 foci in CSK-extracted Trf1f/f Trf2f/f ES cells 36 h after treatment with OHT or EtOH. ATM-pSer1987 was detected by immunofluorescence (green), telomeres by FISH (red) and DNA with DAPI (blue). b, Quantification from experiment shown in a. MeanÂ Â±Â s.d., nÂ =Â 2 independent experiments,Â â‰¥100 cells per condition per experiment, unpaired two-tailed t-test. c, IFâ€“FISH analysis to detect telomeric RPA-pSer33 foci in CSK-extracted Trf1f/f Trf2f/f ES cells 36 h after treatment with OHT or EtOH. RPA-pSer33 (green) was detected by immunofluorescence, telomeres by FISH (red) and DNA with DAPI (blue). d, Quantification from experiment shown in c. MeanÂ Â±Â s.d., nÂ =Â 4 independent experiments,Â â‰¥100 cells per condition per experiment, unpaired two-tailed t-test. e, IFâ€“FISH analysis to detect telomeric ATM-pSer1987 foci in CSK-extracted Trf1f/f Trf2f/f MEFs 48 h after infection with AdGFP or AdCre. ATM-pSer1987 was detected by immunofluorescence (green), telomeres by FISH (red) and DNA with DAPI (blue). f, Quantification from experiment shown in e. MeanÂ Â±Â s.d., nÂ =Â 2 independent experiments,Â â‰¥150 cells per condition per experiment, unpaired two-tailed t-test. g, IFâ€“FISH analysis to detect telomeric RPA-pSer33 foci in CSK-extracted Trf1f/f Trf2f/f MEFs 48 h after infection with AdGFP or AdCre. RPA-pSer33 was detected by immunofluorescence (green), telomeres by FISH (red) and DNA with DAPI (blue). h, Quantification from experiment shown in g. MeanÂ Â±Â s.d., nÂ =Â 2 independent experiments,Â â‰¥150 cells per condition per experiment, unpaired two-tailed t-test. i, Mitotic chromosome spreads from the indicated cells 72 h after treatment with OHT or EtOH, mock-treated or treated with an ATR inhibitor (ATRi). The DNA is stained with DAPI (red) and the telomeres by FISH (green). The mean percentage of fused chromosome ends from Fig. 2k is noted. j, Western blotting of whole-cell lysates from the indicated cells, 72 h after infection with AdGFP or AdCre. Asterisk indicates a non-specific band. k, Quantification of telomere fusions in the indicated cells 72 h after infection with AdGFP or AdCre. Cells were either mock-treated or treated with an ATRi. nÂ â‰¥Â 48 spreads per condition analysed over 2 biologically independent experiments, one-way ANOVA. ns, not significant; ****PÂ â‰¤Â 0.0001. l, Western blotting of whole-cell lysates from Ku70-knockout or non-targeting control Trf1f/f Trf2f/f ES cells 72 h after treatment with EtOH or OHT. m, Mitotic chromosome spreads from the indicated cells 72 h after treatment with OHT or EtOH. Cells were stained as in i and the mean percentage of fused chromosome ends from Fig. 2l is shown. n, Western blotting of whole-cell lysates from Lig4-knockout or non-targeting control Trf1f/f Trf2f/f ES cells 72 h after treatment with EtOH or OHT. Asterisk indicates a non-specific band. o, Mitotic chromosome spreads from the indicated cells 72 h after treatment with OHT or EtOH. Cells were stained as in i. The mean percentage of chromosome ends fused from Fig. 2m is noted. Scale bars, 5 Î¼m; ****PÂ â‰¤Â 0.0001. For b, d, f, g, each dot represents the value from each independent experiment, bars represent meanÂ Â±Â s.d. of these values.
Source data


Extended Data Fig. 8 TRF2 is required for telomere protection and viability upon loss of pluripotency.
a, Bright-field images of Trf2f/f epiblast stem cells 96 h after EtOH or OHT treatment. bâ€“f, Gene expression in the indicated cells analysed by RTâ€“qPCR 96 h after EtOH or OHT treatment. Data were normalized to expression in the ES cell Trf2f/f EtOH sample, which was arbitrarily assigned a value of 1 for each gene in each experiment. MeanÂ Â±Â s.d., nÂ =Â 2 biologically independent experiments. g, h, Î³H2AX TIF images (g) and quantification (h), 96 h hours after EtOH or OHT treatment. MeanÂ Â±Â s.d.Â â‰¥300 cells across 4 independent experiments, unpaired two-tailed t-test, **** PÂ â‰¤Â 0.0001. Î³H2AX was detected by immunofluorescence (green), telomeres by FISH (red) and DNA with DAPI (blue). i, 53BP1 TIF in Trf2f/f epiblast stem cells 96 h after OHT or EtOH treatment. 53BP1 was detected by immunofluorescence (green), telomeric DNA by FISH (red) and the DNA with DAPI. jâ€“n, Gene expression in the indicated cells analysed by RTâ€“qPCR from 2â€“5 days after initiating differentiation. Data were normalized as described for bâ€“f. â€˜Diff day xâ€™ refers to cells on day x of the differentiation protocol. MeanÂ Â±Â s.d., nÂ =Â 3 biologically independent experiments. oâ€“r, Gene expression in the indicated cells analysed by RTâ€“qPCR. Data were normalized as described in bâ€“f. MeanÂ Â±Â s.d., nÂ =Â 3 biologically independent experiments. s, Western blots of whole-cell extracts from Trf2f/f ES cells differentiated as in Fig. 3e. t, u, Nanog and Fgf5 gene expression in the indicated cells analysed by RTâ€“qPCR 96 h after treatment with EtOH or OHT. Data were normalized as described for bâ€“f. MeanÂ Â±Â s.d., nÂ =Â 3. v, Western blot of whole-cell extracts from the indicated cells 96 h after treatment with EtOH or OHT. Asterisk indicates a non-specific band. Scale bar, 5 Î¼m (h, i).
Source data


Extended Data Fig. 9 TRF2 is required for blastocyst development before implantation.
a, Quantification of Nanog-positive and Nanog-negative cells in each of the embryos assessed in Fig. 5e, f. MeanÂ Â±Â s.d., one-way ANOVA, ns, not significant. b, Maximal projection of z-stacks from Trf2âˆ’/âˆ’ embryos displaying pan-nuclear Î³H2AX-positive cells, which are highlighted with arrows. Î³H2AX (green) and Nanog (magenta) were detected by immunofluorescence, telomeres by FISH (red) and DNA with DAPI (blue). c, Quantification of percentage of cells within an embryo showing pan-nuclear Î³H2AX staining from experiment shown in b. MeanÂ Â±Â s.d., one-way ANOVA.
Source data


Extended Data Fig. 10 TRF2 is not required for T-loop formation in ES cells.
a, IFâ€“FISH analysis to detect telomeric ATM-pSer1987 foci in Trf2f/f ES cells 96 h after treatment with OHT or EtOH. ATM-pSer1987 was detected by immunofluorescence (green), telomeres by FISH (red) and DNA with DAPI (blue). b, Quantification from experiment shown in a. MeanÂ Â±Â s.d.,Â â‰¥300 cells across 3 independent experiments, unpaired two-tailed t-test. c, Schematic of TRF1 and the TRF2 variants used in this study21. d, Western blots of whole-cell extracts from Trf2f/f ES cells expressing wild-type, mutant or hybrid Trf2 alleles 96 h after treatment with EtOH or OHT. e, IFâ€“FISH detection of Î³H2AX TIF in the indicated cells 96 h after treatment with OHT or EtOH. Î³H2AX was detected by immunofluorescence (green), telomeric DNA by FISH (red) and DNA with DAPI (blue). f, Quantification of the experiment shown in e. MeanÂ Â±Â s.d.,Â â‰¥300 cells across at least 3 independent experiments, two-tailed t-test. g, Quantification (top) of the cross-linking efficiency test (bottom) in Trf2f/f ES cells 96 h after treatment with EtOH or OHT. MeanÂ Â±Â s.e.m., nÂ =Â 3 biologically independent experiments, unpaired two-tailed t-test. h, Measurement of linear and T-loop molecules shown in Fig. 5f. MeanÂ Â±Â s.e.m., nÂ =Â 3 biological replicates scoringÂ â‰¥2,804 molecules per replicate. T-loop measurements are a sum of the loop and tail portions of the molecule. Scale bar, 5 Î¼m (a, e). ns, not significant, ****PÂ â‰¤Â 0.0001.
Source data





Supplementary information
Reporting Summary

Peer Review File




Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Fig. 5

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9

Source Data Extended Data Fig. 10




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Ruis, P., Van Ly, D., Borel, V. et al. TRF2-independent chromosome end protection during pluripotency.
                    Nature 589, 103â€“109 (2021). https://doi.org/10.1038/s41586-020-2960-y
Download citation
	Received: 04 February 2020

	Accepted: 14 September 2020

	Published: 25 November 2020

	Issue Date: 07 January 2021

	DOI: https://doi.org/10.1038/s41586-020-2960-y


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        A non-genetic switch triggers alternative telomere lengthening and cellular immortalization in ATRX deficient cells
                                    
                                

                            
                                
                                    	Timothy K. Turkalo
	Antonio Maffia
	Dirk Hockemeyer


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Critically short telomeres derepress retrotransposons to promote genome instability in embryonic stem cells
                                    
                                

                            
                                
                                    	Nannan Zhao
	Guoxing Yin
	Lin Liu


                                
                                Cell Discovery (2023)

                            
	
                            
                                
                                    
                                        The neuro-protective role of telomerase via TERT/TERF-2 in the acute phase of spinal cord injury
                                    
                                

                            
                                
                                    	Dong-Gune Chang
	Jang-Woon Kim
	Kee-Yong Ha


                                
                                European Spine Journal (2023)

                            
	
                            
                                
                                    
                                        Connecting telomere maintenance and regulation to the developmental origin and differentiation states of neuroblastoma tumor cells
                                    
                                

                            
                                
                                    	Eun Young Yu
	Nai-Kong V. Cheung
	Neal F. Lue


                                
                                Journal of Hematology & Oncology (2022)

                            
	
                            
                                
                                    
                                        The landscape of aging
                                    
                                

                            
                                
                                    	Yusheng Cai
	Wei Song
	Guang-Hui Liu


                                
                                Science China Life Sciences (2022)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
