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            Abstract
Macroautophagy (hereafter referred to as autophagy) is a catabolic membrane trafficking process that degrades a variety of cellular constituents and is associated with human diseases1,2,3. Although extensive studies have focused on autophagic turnover of cytoplasmic materials, little is known about the role of autophagy in degrading nuclear components. Here we report that the autophagy machinery mediates degradation of nuclear lamina components in mammals. The autophagy protein LC3/Atg8, which is involved in autophagy membrane trafficking and substrate delivery4,5,6, is present in the nucleus and directly interacts with the nuclear lamina protein lamin B1, and binds to lamin-associated domains on chromatin. This LC3â€“lamin B1 interaction does not downregulate lamin B1 during starvation, but mediates its degradation upon oncogenic insults, such as by activated RAS. Lamin B1 degradation is achieved by nucleus-to-cytoplasm transport that delivers lamin B1 to the lysosome. Inhibiting autophagy or the LC3â€“lamin B1 interaction prevents activated RAS-induced lamin B1 loss and attenuates oncogene-induced senescence in primary human cells. Our study suggests that this new function of autophagy acts as a guarding mechanism protecting cells from tumorigenesis.
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                    Figure 1: LC3 interacts with nuclear lamina protein lamin B1.[image: ]


Figure 2: LC3 associates with LADs on chromatin.[image: ]


Figure 3: Lamin B1 is an autophagy substrate in response to oncogene activation.[image: ]


Figure 4: Inhibiting autophagy or the LC3â€“lamin B1 interaction impairs lamin B1 degradation.[image: ]


Figure 5: LC3â€“lamin B1 interaction is required for lamin B1 degradation and cellular senescence.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Characterization of LC3 and lamin B1 association.
a, Protein gel staining of purified lamin B1 protein. b, c, Purified lamin B1 protein was subjected to GST pull-down. d, Endogenous LC3 immunoprecipitation in HEK293T cells. e, IMR90 stably expressing GFPâ€“LC3 constructs were starved and imaged. f, Endogenous co-IP in wild-type and Atg5 knockout mouse embryonic fibroblasts. g, Nuclear fractions of control and Atg7 knockdown IMR90 cells were analysed by LC3 immunoprecipitation. hâ€“j, BiFC analysis of LC3â€“lamin B1 interaction. HeLa cells were transfected with the indicated combination of split Venus constructs and analysed as follows. h, Cells were fixed and imaged. i, Lysates were analysed by immunoblotting. j, Cells were scored for Venus positivity. Bars, meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰4, with over 500 cells; *Pâ€‰<â€‰0.001; unpaired two-tailed Studentâ€™s t-test.


Extended Data Figure 2 LC3 interacts with LADs on chromatin.
a, b, ChIPâ€“qPCR of proliferating IMR90. c, ChIPâ€“qPCR of LC3 knockdown IMR90. Bars, meanâ€‰Â±â€‰s.e.m. (a, b), s.d. (c); nâ€‰=â€‰3; *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.005, ***Pâ€‰<â€‰0.0001; NS, non-significant; unpaired two-tailed Studentâ€™s t-test. dâ€“i, ChIP-sequencing analyses. d, Related to Fig. 2c, a zoom-in window of chromosome 3. e, f, Analyses of two replicates at LADs and LC3ADs. g, Per-nucleotide overlap of published data sets with the LADs called from this study. Number unit: megabases. h, Enrichment over LC3ADs. *Pâ€‰<â€‰2.2â€‰Ã—â€‰10âˆ’16; one-sided Wilcoxon test. i, Analysis of our lamin B1 and LC3 ChIP-seq at LADs defined by other studies, and randomly sampled non-LAD loci (Ctrl). *Pâ€‰<â€‰2.2 Ã— 10âˆ’16; one-sided Wilcoxon test.


Extended Data Figure 3 Lamin B1 degradation upon HRasV12-induced senescence.
a, Related to Fig. 3b. Immunoblotting of immortalized IMR90. b, GFPâ€“lamin B1 stably expressing IMR90 cells were treated as indicated and imaged. Cytoplasmic signals are indicated by arrows. câ€“e, TEM analyses of IMR90. Nu, nucleus. f, IMR90 cells stably expressing mCherryâ€“GFPâ€“lamin B1 were imaged and quantified. g, Cells as in f were treated with bafilomycin A1 and imaged under confocal microscopy.


Extended Data Figure 4 Imaging analyses of mCherryâ€“GFPâ€“lamin B1 HRasV12 cells.
a, Related to Fig. 3c. mCherryâ€“GFPâ€“lamin B1 HRasV12 cells stably expressing IMR90 were imaged by three-dimensional super-resolution microscopy. Sections shown span the top, middle, and bottom layers of the cell. The mCherry channel was deliberately under-exposed to prevent over-saturation of the cytoplasmic signals. Scale bar, 5â€‰Î¼m. The insets are presented in Fig. 3c. b, Live-cell imaging of mCherryâ€“GFPâ€“lamin B1 HRasV12 IMR90. Images shown are the maximum-projection combining all z-sections. Nucleus-to-cytoplasm transport events are labelled sequentially as indicated. Note the initial yellow signal, followed by disappearance of GFP then mCherry, in events 1 and 3; event 2 was not yet degraded by the end of the imaging.


Extended Data Figure 5 CCF and lamin B1 are targeted by autophagy.
a, b, IMR90 cells stably expressing GFPâ€“LC3 and HRasV12 were stained with indicated antibodies and imaged under confocal microscopy. Cytoplasmic events are labelled by arrows. c, HRasV12 IMR90 cells were stained with LC3 antibody. d, Related to Fig. 3e, immuno-TEM analysis of GFPâ€“lamin B1 IMR90 cells. Cells were stained with a GFP antibody and conjugated with 10 nm gold particles. Gold particles are indicated by arrows.


Extended Data Figure 6 Knockdown of Atg7 attenuates lamin B1 downregulation.
a, Related to Fig. 4a, quantification of lamin B1 immunoblots. Bars, meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰3; *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.005, ***Pâ€‰<â€‰0.0001, compared with sh-NTC day 0; NS, non-significant. b, Reverse transcribed qPCR of cells as in Fig. 4a. Data are the mean normalized to GAPDHâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰3. c, d, IMR90 cells were treated as indicated and analysed by immunoblotting. e, BJ cells were treated with etoposide and analysed by immunoblotting. f, g, Atg7 knockdown inhibits mCherryâ€“GFPâ€“lamin B1 nucleus-to-cytoplasm transport. Bars are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰4, over 100 cells; *Pâ€‰<â€‰0.0001. h, i, ER:HRasV12 BJ cells stably expressing Dox-inducible GFP or GFPâ€“lamin B1 were either left uninduced (bars 1 and 2), or induced with 4-OHT for 3 weeks (3â€“6). Cells were then induced with Dox (in the presence of 4-OHT) for an additional 2 weeks (5 and 6). i, Quantification of Î²-gal positivity. Bars, meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰4, over 200 cells. j, Related to Fig. 4a, quantification of p16 immunoblots. Bars, meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰3; *Pâ€‰<â€‰0.05, compared with corresponding sh-NTC controls. k, ER:HRas IMR90 cells were scored for Î²-gal positivity. Bars, meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰4, over 200 cells; *Pâ€‰<â€‰0.0005, **Pâ€‰<â€‰0.0001. One-way ANOVA coupled with Tukeyâ€™s post hoc test for a and i; all other tests were unpaired two-tailed Studentâ€™s t-tests.


Extended Data Figure 7 LC3 R10 and R11 are essential for lamin B1 binding.
a, b, HEK293T cells were transfected as indicated and analysed by co-IP. câ€“e, BiFC analyses in HeLa cells transfected with the indicated combination of split Venus constructs. Bars, meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰4, over 500 cells; *Pâ€‰<â€‰0.0001. f, IMR90 cells stably expressing the indicated constructs were analysed by Flag ChIP. Bars, meanâ€‰Â±â€‰s.e.m.; *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.005; unpaired two-tailed Studentâ€™s t-test for e and f. g, LC3 R10 and R11 are necessary for co-localization with CCF in HRasV12 IMR90. CCFs are indicated with arrows.


Extended Data Figure 8 Mapping of LC3â€“lamin B1 interaction.
a, HEK293T cells transfected with indicated constructs were analysed by GSTâ€“LC3B pull-down. b, c, In vitro translated constructs were subjected to GSTâ€“LC3B pull-down. d, e, Evolutionary analyses of vertebrate lamin B1 and the corresponding regions of other lamin isoforms. e, Number of conserved residues normalized to total residues. f, Bacterially purified fragments were analysed by GSTâ€“LC3B pull-down. g, mCherryâ€“GFPâ€“lamin B1 370â€“458 localizes to the nucleus. h, Cells were starved and analysed by immunoblotting. i, j, Related to Fig. 4f, quantification of lamin B1 and p16 immunoblots; nâ€‰=â€‰3. k, ER-HRasV12 IMR90 cells were scored for Î²-gal positivity; nâ€‰=â€‰4, over 200 cells. Bars, meanâ€‰Â±â€‰s.e.m. (i, j), s.d. (k); NS, non-significant; *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.0005; ***Pâ€‰<â€‰0.0001; unpaired two-tailed Studentâ€™s t-test.


Extended Data Figure 9 Additional characterization of lamin B1 substitution mutant.
aâ€“f, Related to Fig. 5a, in vitro translated proteins were analysed by GSTâ€“LC3B pull-down. g, LC3 immunoprecipitation in HEK293T cells transfected as indicated. The remaining interaction with the mutant is probably due to the endogenous lamin B1 that interacts with LC3 and the mutant, as shown in j. h, i, IMR90 cells were imaged under confocal microscopy and quantified. Bars, meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰4, over 200 cells; *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.005, ***Pâ€‰<â€‰0.0001; unpaired two-tailed Studentâ€™s t-test. j, HEK293T transfected cells were analysed by immunoprecipitation. k, ER:HRasV12 IMR90 cells were induced with OHT and harvested for immunoblotting. l, IMR90 cells were quantified for Î²-gal positivity. Bars, meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰4, over 200 cells; *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ****Pâ€‰<â€‰0.0001, NS, non-significant; one-way ANOVA coupled with Tukeyâ€™s post hoc test.


Extended Data Figure 10 Lamin B1 370â€“458 fragment extends cellular lifespan.
a, In vitro translated proteins were analysed by GSTâ€“LC3B pull-down. b, ER:HRasV12 IMR90 cells were quantified for Î²-gal positivity. Bars, meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰4, over 200 cells; *Pâ€‰<â€‰0.05; NS, non-significant; one-way ANOVA coupled with Tukeyâ€™s post hoc test. c, d, Related to Fig. 5f, representative images of Î²-gal. e, Related to Fig. 5g, cells were fixed and stained with DAPI. CCFs are indicated by arrows.
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Much is known about degradation of the cytoplasmic content by the process of autophagy. Shelly Berger and colleagues provide evidence that the nuclear content is also subject to such cellular clearance. The authors show that, in response to cancer-associated stress such as the activated oncogene RAS, the autophagy protein LC3 interacts with the nuclear lamina protein lamin B1 and binds to lamin-associated domains on chromatin. Lamin B1 is then shuttled to the cytoplasm for degradation within lysosomes. Inhibiting this process led to delay in oncogene-induced senescence, hinting that cells might degrade nuclear components to prevent tumorigenesis.
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