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            Abstract
A fundamental question regarding autophagosome formation is how the shape of the double-membrane autophagosomal vesicle is generated. Here we show that in mammalian cells assembly of an actin scaffold inside the isolation membrane (the autophagosomal precursor) is essential for autophagosomal membrane shaping. Actin filaments are depolymerized shortly after starvation and actin is assembled into a network within the isolation membrane. When formation of actin puncta is disrupted by an actin polymerization inhibitor or by knocking down the actin-capping protein CapZβ, isolation membranes and omegasomes collapse into mixed-membrane bundles. Formation of actin puncta is PtdIns(3)P dependent, and inhibition of PtdIns(3)P formation by treating cells with the PI(3)K inhibitor 3-MA, or by knocking down Beclin-1, abolishes the formation of actin puncta. Binding of CapZ to PtdIns(3)P, which is enriched in omegasomes, stimulates actin polymerization. Our findings illuminate the mechanism underlying autophagosomal membrane shaping and provide key insights into how autophagosomes are formed.
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                    Figure 1: Formation of actin puncta during autophagy.[image: ]


Figure 2: Actin puncta are co-localized with isolation membranes.[image: ]


Figure 3: Actin puncta localize inside the central cavity of isolation membranes/autophagosomes.[image: ]


Figure 4: Actin puncta contain branched actin networks.[image: ]


Figure 5: CapZ regulates autophagy.[image: ]


Figure 6: CapZβ regulates isolation membrane shaping.[image: ]


Figure 7: CapZ and PtdIns(3)P are required for actin puncta formation in isolation membranes.[image: ]


Figure 8: Provisional model of autophagosomal membrane shaping.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Actin puncta are co-localized with LC3 puncta.
(a) GFP-LC3 expressing NRK cells were starved for 4 h and time-lapse images were acquired with a NIKON A1 confocal microscope. The number of autophagosomes at the indicated time points was quantified. (n = 3 independent experiments; 50 cells per time point were assessed per independent experiment.) Data represent mean ± s.d. (b) NRK cells were starved for 4 h then stained with phalloidin (to detect polymerized actin) and antibody to LC3. Regions of LC3 puncta that colocalize with phalloidin are outlined with white dashed lines and are magnified to the right. Scale bars in full panels and zoomed panels correspond to 5 μm and 1 μm, respectively.


Supplementary Figure 2 CapZ regulates autophagy.
(a) RNAi knockdown efficiency for Capzb. Cells were transfected with non-specific (NS) RNAi or two different RNAis against the Capzb gene. 60 h after transfection, the Capzb mRNA level was measured by qPCR. Data shown are from one experiment. The experiment was repeated 3 times. (b) NRK cells were transfected with nonspecific- (NS) or Capzb-RNAi. Cells were starved for 0 or 2 h and analyzed by western blot with an antibody to actin or LC3. Uncropped images of blots are shown in Supplementary Fig. 9. (c) NRK cells were transfected with nonspecific- (NS) or Capzb-RNAi-2. Cells were starved for 4 h and stained with antibody to LC3. Scale bar, 5 μm. (d) Cells from (c) were assessed for abnormal tubular LC3 puncta in a blinded fashion and quantified. (n = 3 independent experiments; 50 cells were assessed per independent experiment.) Data represent mean ± s.d. ∗P < 0.05 (two-tailed t-test). (e) GFP-LC3-expressing NRK cells were transfected with nonspecific- (NS) or Capzb-RNAi. Cells were starved for 4 h and stained with antibody to GFP. Cells were quantified for total LC3 puncta. (n = 3 independent experiments; 50 cells were assessed per independent experiment). Data represents mean ± s.d. NS, no significant (two-tailed t-test). (f) Raw cells were transfected with nonspecific- (NS) or Capzb-RNAi. Cells were starved for 4 h and stained with antibody to LC3. Scale bar, 5 μm. (g) Cells from (f) were assessed for abnormal tubular LC3 puncta in a blinded fashion and quantified. (n = 3 independent experiments; 100 cells were assessed per independent experiment.) Data represent mean ± s.d. ∗∗∗P < 0.001 (two-tailed t-test). (h) Stable Capzb knockdown NRK cells were transfected with CapZβ-Myc. Cells were starved for 0 or 4 h and stained with antibody to LC3. Scale bar, 5 μm. (i) The expression level of CapZβ-Myc was verified by western blot. Uncropped images of blots are shown in Supplementary Fig. 9. (j) Cells from (h) were assessed for abnormal tubular LC3 puncta in a blinded fashion and quantified. (n = 3 independent experiments; 100 cells were assessed per independent experiment.) Data represent mean ± s.d. ∗P < 0.05 (two-tailed t-test).


Supplementary Figure 3 CapZ regulates autophagy.
(a) GFP-DFCP1-expressing NRK cells were transfected with nonspecific- (NS) or Capzb-RNAi. Cells were starved for 4 h and stained with antibodies to GFP. Regions outlined with white dashed lines are magnified. Scale bars in full panels and zoomed panels correspond to 5 μm and 2 μm, respectively. (b) GFP-DFCP1-expressing NRK cells were transfected with nonspecific- (NS) or Capzb-RNAi. Cells were stained with antibodies to GFP and LC3. Scale bar, 5 μm.


Supplementary Figure 4 Formation of abnormal LC3 puncta in CK666-treated cells.
(a) NRK cells were starved for 2 h, then 100 μM CK666 was added to the starvation medium for 1 h. Cells were stained with antibody to LC3. Scale bar, 5 μm. (b) Cells from (a) were assessed for abnormal tubular LC3 puncta in a blinded fashion and quantified. (n = 3 independent experiments; 100 cells were assessed per independent experiment.) Data represent mean ± s.d. ∗P < 0.05 (two-tailed t-test. (c) GFP-DFCP1-expressing NRK cells were starved for 2 h, then 100 μM CK666 was added to the starvation medium for 1 h. Cells were stained with antibodies to GFP and LC3. Scale bar, 5 μm. (d) Cells from (c) were assessed for DFCP1/LC3 double-positive puncta in a blinded fashion and quantified. (n = 3 independent experiments; 50 cells were assessed per independent experiment.) Data represent mean ± s.d. ∗P < 0.05 (two-tailed t-test). (e) NRK cells were starved for 2 h, then 100 μM CK666 was added to the starvation medium for 1 h. Cells were observed by TEM. Scale bar, 1 μm. (f) Cells from (e) were assessed for abnormal autophagosomes in a blinded fashion and quantified. (n = 3 independent experiments; 60 cells were assessed per independent experiment.) Data represent mean ± s.d. ∗∗P < 0.01 (two-tailed t-test).


Supplementary Figure 5 CapZ regulates actin puncta formation.
(a) NRK cells were transfected with nonspecific- (NS) or Capzb-RNAi. Cells were starved for 0 or 4 h and stained with phalloidin and antibody to LC3. Scale bar, 5 μm. (b) Cells from (a) were quantified for phalloidin-positive LC3 puncta. (n = 3 independent experiments; 50 cells were assessed per independent experiment.) Data represent mean ± s.d. ∗∗P < 0.01 (two-tailed t-test). (c) Stable Capzb knockdown NRK cells were transfected with CapZβ-Myc, then starved for 0 or 4 h and stained with antibody to LC3 and phalloidin. Regions outlined with white dashed lines are magnified. Scale bars in full panels and zoomed panels correspond to 5 μm and 1 μm, respectively. (d) Cells from (c) were quantified for phalloidin-positive LC3 puncta. (n = 3 independent experiments; 100 cells were assessed per independent experiment). Data represent mean ± s.d. ∗∗∗P < 0.001 (two-tailed t-test).


Supplementary Figure 6
(a) CapZ mutant has impaired binding activity to PI3P. Co-sedimentation assay with PI3P micelles and recombinant WT CapZαCapZβ and CapZα(K256A, R260A)CapZβ(R225A). Proteins in supernatant (S) and precipitate (P) were visualized by SDS-polyacrylamide gel electrophoresis and stained with Coomassie brilliant blue. The experiment was repeated 3 times. Uncropped images of gels are shown in Supplementary Fig. 9. (b) GFP-DFCP1-expressing NRK cells were transfected with wild type or mutant CapZα(K256A, R260A)-Myc and CapZβ(R225A)-Myc. Cells were then starved for 2 h and stained with antibodies to GFP and Myc. Regions outlined with white dashed lines are magnified. Scale bars in full panels and zoomed panels correspond to 5 μm and 1 μm, respectively. (c) Cells from (b) were quantified for CapZ-positive DFCP1 puncta. (n = 3 independent experiments; 50 cells were assessed per independent experiment.) Data represent mean ± s.d. ∗∗P < 0.01 (two-tailed t-test).


Supplementary Figure 7 Co-sedimentation assay of CapZαCapZβ/Cofilin with liposomes containing 20% PI3P or PI(4,5)P2.
Proteins in supernatant (S) and precipitate (P) were visualized by SDS-polyacrylamide gel electrophoresis and stained with Coomassie brilliant blue. The experiment was repeated 3 times. Uncropped images of gels are shown in Supplementary Fig. 9.


Supplementary Figure 8
(a) Uncapping efficiency of PI3P is dose-dependent. Uncapping assays were performed with 2 μMα-actin and 10 nM CapZ. The indicated concentrations of PI3P were added to the reactions 20 min after the start point. Uncapping efficiency was measured by the increase in the rate of actin polymerization. (b) Comparison of the effects of PI(4,5)P2 and PI3P on uncapping of actin filaments. Uncapping assays were performed with 2 μMα-actin and 10 nM CapZ. 90 μM PI3P (cyan curve) or PI(4,5)P2 (blue curve) was added to the reactions. Both PI3P and PI(4,5)P2 induced a large increase in the rate of actin polymerization from capped actin filaments.


Supplementary Figure 9 Scans of original Western Blot analyses and SDS-PAGE followed by Coomassie brilliant blue analysis.
Cropped regions are indicated by the red boxes. Molecular weights are reported.
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The kinetic of serum/glutamine starvation induced autophagy.
GFP-LC3-expressing NRK cells were starved for 4 h in serum/glutamine starvation medium. Cells were observed by spinning disc microscope. Time interval, 10 min. (AVI 5677 kb)
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