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      Abstract

      
    

  
      Autophagy is a catabolic process for bulk degradation of cytosolic materials mediated by double-membraned autophagosomes. The membrane determinant to initiate the formation of autophagosomes remains elusive. Here, we establish a cell-free assay based on LC3 lipidation to define the organelle membrane supporting early autophagosome formation. In vitro LC3 lipidation requires energy and is subject to regulation by the pathways modulating autophagy in vivo. We developed a systematic membrane isolation scheme to identify the endoplasmic reticulum–Golgi intermediate compartment (ERGIC) as a primary membrane source both necessary and sufficient to trigger LC3 lipidation in vitro. Functional studies demonstrate that the ERGIC is required for autophagosome biogenesis in vivo. Moreover, we find that the ERGIC acts by recruiting the early autophagosome marker ATG14, a critical step for the generation of preautophagosomal membranes.
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      eLife digest

      
    

  
      Cells continually adapt their behavior to accommodate changes in their environment. For example, when nutrients are abundant, cells can grow or proliferate; in times of scarcity, however, they must conserve resources for essential tasks. In particular, during periods of starvation, cells can cannibalize themselves in a process called autophagy, which literally means ‘self-eating’. Structures called autophagosomes engulf bits of cytoplasm and carry the contents to the digestive compartment of the cell, the lysosome, to be broken down into their constituent parts. This can include the degradation of proteins into amino acids, which can then be recycled into other proteins needed by the cell.

In cells, proteins are shipped to their destinations—which can be the plasma membrane or a specific organelle within the cell—via a delivery system known as the secretory pathway. This pathway begins in the endoplasmic reticulum (ER), where many of these proteins are made. From the ER, the proteins move to a compartment called the Golgi apparatus, which then sends them to their destinations, or to the lysosome to be broken down. Between the ER and Golgi they pass through a structure called the ER–Golgi intermediate compartment (ERGIC).

Although the signaling pathways that initiate autophagy are known, less is understood about the actual formation of the autophagosomes. Now, Ge et al. have developed an in vitro system to study their formation, and gone on to identify a membrane that is both necessary and sufficient to create these structures.

Previous studies have implicated a variety of membranes—including the plasma membrane and the membranes belonging to the ER, the Golgi apparatus, the lysosome and various other organelles—in the formation of autophagosomes. To identify which of these membranes might be involved, Ge et al. focused on a protein called LC3 that is a key marker for the formation of the autophagosome. This protein is recruited to the growing autophagosome by a lipid, so discovering which membranes can add a lipid to LC3 should shed light on the assembly process.

By separating the full range of organelles in a cell lysate into fractions (a process called fractionation), Ge et al. found that the ERGIC was the most active membrane to attach lipid to LC3. Additionally, the lipid was only added when signaling pathways that stimulate autophagy—such as the PI3K pathway—were activated. Together, these results provide insight into the mechanism of autophagosome formation, and the structures in the cell that participate in this process.
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      Introduction

      
    

  
      Autophagy is a conserved catabolic process underlying the self-digestion of cytoplasmic components through the formation of double-membraned vesicles termed autophagosomes. One basic role of autophagy is to turn over damaged proteins and organelles to maintain cellular homeostasis. Autophagy also allows cells to cope with stresses such as starvation, hypoxia, and pathogen infection (Mizushima et al., 2008; Burman and Ktistakis, 2010; Levine, 2005; Yang and Klionsky, 2010; Weidberg et al., 2011).

In the process of starvation-induced autophagy, several upstream signals are triggered, including inhibition of the mechanistic target of rapamycin (MTOR), and activation of the Jun N-terminal kinase (JNK) and AMP kinase (AMPK) (Noda and Ohsumi, 1998; Wei et al., 2008; Kim et al., 2011; Rubinsztein et al., 2012; Kim et al., 2013). These signals are conveyed to activate the serine/threonine-protein kinase complex containing the Atg1 homologs ULK1/2, ATG13, FIP200 (RB1CC1) and ATG101 (C12orf44) (Mizushima, 2010). Together with upstream signals, this complex promotes the formation and membrane docking of the class III phosphatidylinositol 3 (PtdIns3)-kinase (PI3K) complex consisting of ATG14 (ATG14L/Barkor), the Atg6 homologue BECN1 (Beclin1), VPS34 (PIK3C3) and VPS15 (p150) for phosphatidylinositol 3-phosphate (PI3P) production (Obara and Ohsumi, 2011). Subsequently, DFCP1 (ZFYVE1), an endoplasmic reticulum (ER)-associated PI3P binding protein, is recruited to the site of newly-generated PI3P to form omegasomes (Axe et al., 2008). This is followed by two ubiquitin-like conjugation systems to produce the ATG12–ATG5 conjugate and phosphatidylethanolamine (PE)-lipidated ATG8/LC3, which initiates the formation of a preautophagosomal organelle termed the phagophore or isolation membrane (Mizushima et al., 1998a, 1998b; Ichimura et al., 2000; Geng and Klionsky, 2008). The membrane then expands and engulfs cytoplasmic components. Finally, the crescent-shaped tubular membrane seals to form a double-membraned autophagosome with cytoplasmic components enclosed within the inner membrane. Fusion of the autophagosome with the lysosome leads to the breakdown of the inner membrane together with the trapped cytosolic material (Mizushima et al., 1998a; Burman and Ktistakis, 2010; Yang and Klionsky, 2010; Weidberg et al., 2011; Rubinsztein et al., 2012).

A long-standing quest in the autophagy field has been to define the origin of the autophagosomal membrane. Recent data suggest a multi-membrane source model for autophagosome biogenesis. The endoplasmic reticulum (ER) supports PI3P-dependent formation of the omegasome, a cradle for phagophore generation and elongation (Axe et al., 2008; Hayashi-Nishino et al., 2009; Yla-Anttila et al., 2009). The outer membrane of the mitochondrion may also supply lipids for the phagophore and autophagosome (Hailey et al., 2010). Recently, a study by Hamasaki et al. (Hamasaki et al., 2013) indicates the ER–mitochondrial junction as being required for autophagosome biogenesis, possibly reconciling these two origins. In addition, clathrin-coated vesicles from the plasma membrane have been shown to promote phagophore expansion through the SNARE protein VAMP7 and its partner SNAREs (Ravikumar et al., 2010; Moreau et al., 2011). Moreover, ATG9-positive vesicles cycle between distinct cytoplasmic compartments to deliver membrane to a developing autophagosome or, in yeast, to phagophore assembly sites (PAS) (Young et al., 2006; Sekito et al., 2009; Mari et al., 2010; Nair et al., 2011; Orsi et al., 2012; Yamamoto et al., 2012). Autophagosomes may also acquire membrane from other sources including Golgi (Geng et al., 2010; Ohashi and Munro, 2010; Yen et al., 2010; van der Vaart et al., 2010), early endosomes (Longatti et al., 2012) and vesicles budding from the ER and Golgi (Hamasaki et al., 2003; Zoppino et al., 2010; Guo et al., 2012). Although tremendous progress has been made, a direct functional link between a membrane source and autophagosome biogenesis has not been established. Furthermore, the identity of the membrane determinant that responds to a stress signal to initiate autophagosome formation is unknown.

A variety of visual techniques have been developed to define the origin of the autophagosome membrane. Here, we developed a functional approach relying on the lipidation of LC3 to assay an early stage in autophagosome biogenesis. We establish a cell-free system that reflects many of the physiological and biochemical landmarks of early events in the autophagic pathway and define the ER–Golgi intermediate compartment (ERGIC), a membrane compartment between ER and Golgi for cargo sorting and recycling (Appenzeller-Herzog and Hauri, 2006), as a key membrane determinant for autophagosome biogenesis.






  





                
                    

    
      Results

      
    

  
      

    
      Establishment of a regulated in vitro LC3 lipidation assay

      
    

  
      A key step in autophagosome biogenesis is the generation of PE-lipidated LC3 by a ubiquitin-like conjugation system (Ichimura et al., 2000; Kabeya et al., 2000). The level of LC3 lipidation has long been a reliable measure of autophagy activity in vivo (Klionsky et al., 2012). In vitro LC3 lipidation has recently been reconstituted with synthetic liposomes, recombinant LC3 and other components including the ATG12–ATG5 conjugate, ATG7 and ATG3 (Sou et al., 2006; Hanada et al., 2007; Oh-oka et al., 2008; Shao et al., 2007; Gao et al., 2010). We sought to capture this modification in a more physiological context by relying on native membranes and cytosol to provide the core components of LC3 lipidation as well as any regulatory proteins that may be required for early autophagosome formation.

To establish such an assay, we mixed autophagosome precursor-deficient membranes with cytosol from normal and starved cells. Cells lacking ATG5 are deficient in starvation-induced autophagy and phagophore formation (Mizushima et al., 2001). Hence they only contain unmodified LC3 (LC3-I) in both cytosol and membrane fractions (Figure 1A). Cytosols derived from WT cells (including WT MEF [mouse embryonic fibroblast], COS-7 [Cercopithecus aethiops fibroblast-like kidney cells], and HEK293T [human embryonic kidney 293T cells]) were highly enriched in LC3-I whereas the lipidated form of LC3 (LC3-II) sedimented with membranes (Kabeya et al., 2000 and Figure 1A). We incubated membranes from Atg5 KO MEFs with cytosol from WT MEFs in the presence of GTP and an ATP regeneration system (Figure 1B) and observed the formation of LC3-II in a time- (Figure 1B) and ATP-dependent manner (Figure 1C).
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                  In vitro reconstitution of endogenous LC3 lipidation.

                
                
                (A) The distribution of LC3-I and LC3-II between the cytosol (C) and membrane (M) fractions from indicated cells. Cytosol and membranes from indicated cells were separated and evaluated by immunoblot (IB) with indicated antibodies. TFR, transferrin receptor (B) cell-free reconstitution of LC3 lipidation. Membranes from Atg5 knockout (KO) MEFs were incubated with cytosol from wild type (WT) cells plus GTP and an ATP regeneration system (ATPR) for the indicated times. Then SDS-PAGE and immunoblot were performed to detect the generation of lipidated LC3 (LC3-II). (C) ATP dependence of in vitro LC3 lipidation. Reactions similar to (B) were performed in the absence or presence of indicated reagents followed by SDS-PAGE and immunoblot. (D) Delipidation of LC3 by ATG4B. A reaction similar to (B) was performed and the 16,000×g membranes were sedimented and solubilized with 1% TritonX-100. The indicated concentrations of ATG4B were incubated with the samples for 30 min followed by SDS-PAGE and immunoblot. Asterisk, non-specific band.
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We compared the fractionation and biochemical properties of the in vitro-generated LC3-II to its in vivo counterpart. In a crude fractionation study, we found that the in vitro-generated LC3-II partitioned in the 16,000×g membrane fraction (Figure 1—figure supplement 1A). Moreover, the in vitro product resisted extraction with urea or Na2CO3 (Figure 1—figure supplement 1B) and was delipidated to LC3-I by ATG4B (Figure 1D), a cysteine protease that cleaves the C-terminal tail of LC3 and removes PE from LC3-II (Tanida et al., 2004). These properties are shared with LC3-II generated in vivo (Kabeya et al., 2000; Tanida et al., 2004).

Starvation-induced lipidation of LC3 requires the ATG12–ATG5 conjugate (Mizushima et al., 2001). To test the ATG5 dependence and starvation effect on in vitro LC3 lipidation, we incubated cytosols from either untreated or starved WT cells or Atg5 KO MEFs with the corresponding membranes from Atg5 KO MEFs (Figure 2A). LC3-II formation was stimulated about threefold in incubations containing cytosol from starved WT MEFs and membranes from starved Atg5 KO MEFs, compared to incubations containing cytosol and membranes from non-starved MEFs (Figure 2A). Cytosol from Atg5 KO MEFs did not generate LC3-II when combined with membranes from Atg5 KO MEFs (Figure 2A). In addition, cytosols from COS-7 and HEK293T cells also reconstituted starvation-induced lipidation of LC3 (Figure 2—figure supplement 1). These data suggest that the cell-free LC3 lipidation is regulated by starvation-induced components in cells and is dependent on ATG5.
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                  The in vitro lipidation of LC3 is regulated by ATG5, starvation and PI3K.

                
                
                (A) Starvation-promoted and ATG5-dependent lipidation of LC3. Indicated cells were either untreated or starved for 30 min. The in vitro lipidation reaction with the indicated combination of cytosols and membranes was performed. The formation of LC3-II was analyzed by SDS-PAGE and immunoblot. Asterisk, non-specific band (B) PI3K inhibitors 3-methyladenine (3-MA) and wortmannin (Wtm) inhibit LC3 lipidation. The in vitro lipidation reaction, with cytosol from starved WT MEFs and membrane from Atg5 KO MEFs, was performed in the absence or presence of the indicated concentrations of 3-MA and wortmannin for 60 min. LC3 lipidation was analyzed by SDS-PAGE and immunblot. (C) PI3P dependence of in vitro LC3 lipidation. The in vitro lipidation reaction similar to (B) was performed in the absence or presence of increasing concentrations of GST-FYVE or FYVE (C/S) proteins for the indicated times. SDS-PAGE and immunoblot were performed to analyze the level of LC3-II. Quantification of lipidation activity was shown as the ratio of LC3-II to LC3-I (II/I).
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To test the physiological relevance of the cell-free reaction, we examined the effect of inhibitors of autophagy on the lipidation of LC3 in vitro. Starvation-induced autophagosome biogenesis requires the class III PI3K complex which contains ATG14, BECN1, VPS15, and the PI3K subunit VPS34 (Burman and Ktistakis, 2010; Obara and Ohsumi, 2011). Inhibition of the PI3K activity prevents autophagy. LC3 lipidation was inhibited in a dose-dependent manner by 3-methyladenine (3-MA) and wortmannin, two PI3K inhibitors of different potency but which act in the same concentration ranges to block autophagy in intact cells (Figure 2B and Klionsky et al., 2012).

In starved cells, downstream effector proteins recognize the PI3P generated by the autophagy-specific VPS34 PI3 kinase. The FYVE domain binds to PI3P (Stenmark and Aasland, 1999) and when expressed in excess blocks autophagy in the cell by sequestering PI3P (Axe et al., 2008). To study the role of PI3P in the in vitro reaction, we isolated a FYVE domain derived from FENS-1 (WDFY1), an endosomal protein (Ridley et al., 2001; Axe et al., 2008), and included the peptide in a lipidation reaction mixture (Figure 2—figure supplement 2A,B; Figure 2C). As reported in intact cells, the FYVE domain peptide inhibited LC3 lipidation in a dose-dependent manner whereas a cysteine to serine (C/S) mutation, which abolishes the ability of FYVE to bind PI3P (Figure 2—figure supplement 2A,C and Axe et al., 2008), had no effect on lipidation (Figure 2C).

One technical limitation is that the lipidation reaction relies on the conversion of endogenous LC3-I to LC3-II. In order to control the level of substrate, we isolated tagged recombinant LC3 expressed in Escherichia coli. LC3 is synthesized as a precursor that is processed by ATG4 cleavage to expose a glycine at position 120, the site of PE attachment (Tanida et al., 2004). Cell-free lipidation of recombinant T7-LC3 (aa1-120) required the glycine at position 120 and responded in a cytosol- and membrane concentration-dependent manner (Figure 3—figure supplement 1A,B and C). Lipidated T7-LC3 sedimented along with membranes at 16,000×g, a property shared with the endogenous LC3-II generated in vitro (Figure 3—figure supplement 1D and Figure1—figure supplement 1A).

We next evaluated the physiological requirements for lipidation using the T7-LC3 substrate. Cytosol and membranes isolated from starved cells stimulated T7-LC3 lipidation in vitro (Figure 3A), just as we observed with endogenous LC3 (Figure 2A). Likewise, PI3K inhibitors, 3-MA and wortmannin, and the PI3P blocking peptide, FYVE, blocked in vitro T7-LC3 lipidation in a dose-dependent manner (Figure 3B,C). Furthermore, cytosol deficient in ATG7, ATG3 or ATG5, key factors in the ubiquitin-like pathway for LC3 lipidation, failed to generate lipidated T7-LC3 in vitro (Figure 3D,E and F).
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                  Recapitulation of the major regulatory pathways for autophagy by in vitro lipidation of T7-LC3.

                
                
                (A) Starvation-induced lipidation of T7-LC3. HEK293T and Atg5 KO MEF cells were either untreated or starved for 90 min. The in vitro lipidation reaction was performed by incubating T7-LC3 with HEK293T cytosols and Atg5 KO MEF membranes with indicated treatments for the indicated times followed by SDS-PAGE and immunoblot. (B) 3-methyladenine and wortmannin inhibit T7-LC3 lipidation. The in vitro lipidation reaction was performed by incubating T7-LC3 with cytosol from starved HEK293T and Atg5 KO MEF membranes in the absence or presence of the indicated drugs for 60 min followed by SDS-PAGE and immunoblot. (C) PI3P dependence of in vitro T7-LC3 lipidation. In vitro lipidation reactions similar to (B) were performed in the absence or presence of the indicated concentrations of GST-FYVEs for 60 min followed by SDS-PAGE and immunoblot. (D) Dependence on ATG5 for T7-LC3 lipidation. The in vitro lipidation reaction was performed by incubating T7-LC3 with starved cytosols as indicated and Atg5 KO MEF membranes for 60 min followed by SDS-PAGE and immunoblot to analyze LC3-II in the membrane fraction. (E) Dependence on ATG3 for T7-LC3 lipidation. A similar experiment was performed using cytosols from Atg3 KO and WT MEFs, and membrane from Atg3 KO MEFs. (F) Dependence on ATG7 for T7-LC3 lipidation. A similar experiment was performed using cytosols from Atg7 KO and WT MEFs, and membrane from Atg7 KO MEFs. (G) Dependence on ULK1 for starvation-induced T7-LC3 lipidation. The in vitro lipidation reaction was performed by incubating T7-LC3 with untreated or starved cytosols as indicated and Ulk1 KO MEF membranes for 60 min followed by SDS-PAGE and immunoblot of the membrane fraction. (H) Rapamycin-induced lipidation of T7-LC3. Cells were treated with 1 µM rapamycin or a control solution for 2 hr and cytosol was incubated with membranes as in (A). (I) Torin 1-induced lipidation of T7-LC3. Cells were treated with 200 nM Torin 1 or a control solution for 90 min and incubated with membranes as above. Quantification of lipidation activity was shown as the ratio of LC3-II to LC3-I (II/I).
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Starvation induces autophagy through an MTORC1-ULKI protein kinase regulatory scheme (Kim et al., 2011). We found that cytosol from starved or untreated Ulk1 KO MEFs reduced lipidation two to threefold relative to cytosol from WT cells (Figure 3G). Furthermore, T7-LC3 lipidation was stimulated two to threefold by two MTOR inhibitors, rapamycin (Heitman et al., 1991) and Torin 1 (Liu et al., 2010), known to induce autophagy (Figure 3H,I). Thus, for endogenous and recombinant LC3, the cell-free reaction reflects and responds to the major regulatory pathways of autophagy.






  





    
      Identification of the ERGIC as the membrane determinant that triggers in vitro LC3 lipidation

      
    

  
      We employed the cell-free reaction as an assay to isolate the membrane responsible for LC3 lipidation. For this purpose, we devised a three-step membrane fractionation procedure and monitored enrichment of the lipidation activity with respect to a variety of membrane marker proteins and the lipid donor PE, in relation to a bulk membrane marker, phosphatidylcholine (PC) (Figure 4).
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                  Membrane fractionation scheme.

                
                
                Briefly, Atg5 KO MEFs were homogenized and the lysates were subjected to differential centrifugations with indicated g forces. The ability of each fraction to trigger T7-LC3 lipidation was examined. The 25,000×g (25k) pellet, which had the most activity, was selected and a sucrose gradient ultracentrifugation was performed to separate the 25k pellet to L (light) and P (pellet) fractions. The L fraction, which contained the majority of the activity to promote T7-LC3 lipidation, was further resolved on an OptiPrep gradient after which ten fractions from the top were collected and the lipidation activity was examined in each.
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In order to separate cellular membranes, we first performed differential centrifugation to obtain four membrane pellets containing different membrane markers (Figures 4 and 5). The PC level of each fraction was measured and normalized so that the lipidation activity for equal amounts of PC (specific activity) could be determined (Figure 5A,B and C). The 25k and 100k fractions had significant lipidation activity (Figure 5A,B). The total activity contained in each fraction was calculated by multiplying the specific activity by the PC level (Figure 5D). The 25k pellet contained most (>70%) of the total activity, whereas the 100k pellet had little (<10%) total activity due to low levels of membrane. The 25k membrane was enriched in peroxisomes (PMP70/ABCD3), late endosomes (LAMP2) and cis-Golgi (GM130/GOLGA2). This fraction also contained membranes from the ERGIC (SEC22B and ERGIC53/LMAN1), plasma membrane/early endosomes (PM/Endo, TFR), ER (RPN1), ER exit sites (ERES, active sites on the ER that generate COPII-coated vesicles, SEC12), lysosomes (Cathepsin D), and ATG9 vesicles. Low levels of a mitochondrial marker (Prohibitin 1) and almost no trans-Golgi (TGN38/TGOLN2) or nuclear (Histone H4) compartments (Figure 5A) were detected.
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                  Separation of the total membrane by differential centrifugations.

                
                
                (A–D) A differential centrifugation experiment was performed as depicted in Figure 4. The total PC of each fraction was measured and presented as a percentage of the total membrane (C) and adjusted to a concentration of 0.6 mg/ml. The T7-LC3 lipidation activity of each fraction was tested and immunoblot was performed to examine the generation of lipidated T7-LC3 as well as the distribution of the indicated membrane markers (A). The level of each marker in the 25k pellet fraction was calculated as a percentage of the total membrane (A). The specific activity (the ability of each membrane fraction to induce LC3 lipidation with the equal amount of PC) of each membrane fraction to trigger T7-LC3 lipidation was measured as a ratio of lipidated to unlipidated T7-LC3s (B). The total activity recovered from each fraction was calculated by multiplying the specific activity by the corresponding PC level of each fraction and shown as a percentage of the total membrane (D). Error bars represent standard deviations of at least three experiments. RPN1, Ribophorin1; TFR, Transferrin receptor; Mem, membrane; Endo, endosome.
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To further fractionate the 25k membrane, we performed sucrose step gradient ultracentrifugation (Figure 4). This separated the 25k membrane to two distinct fractions, a light (L) fraction between the 1.1 M and 0.25 M layers of sucrose, and a pellet (P) fraction that sedimented to the bottom (Figure 4). The specific and total activity was determined as described above (Figure 6). Interestingly, the lipidation activity was almost exclusively retained in the L fraction, which was enriched in ERGIC, cis-Golgi, ATG9 vesicles and plasma membrane/early endosomes (Figure 6A,B and D). In contrast, the P fraction, which mainly consisted of ER, ERES, mitochondria, lysosomes and peroxisomes, induced very little T7-LC3 lipidation (Figure 6A,B and D).
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                  Separation of the 25k pellet fraction by sucrose gradient ultracentrifugation.

                
                
                (A–D) A sucrose step gradient ultracentrifugation to further separate the 25k pellet fraction was performed as depicted in Figure 4. The total PCs of each fraction were measured and presented as a percentage of the 25k pellet membrane (C) and adjusted to a concentration of 0.6 mg/ml. The T7-LC3 lipidation activities of the L and P fraction were tested and immunoblot was performed as in Figure 5A. The level of each marker in the L fraction was calculated as a percentage of the total membrane (A). The specific activity of each membrane fraction was measured as in Figure 5B. The total activity recovered from each fraction was calculated by multiplying the specific activity by the PC level of each fraction and shown as the percentage of 25k pellet membrane (D). Error bars represent standard deviations of at least three experiments.
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To further refine the membrane source of T7-LC3 lipidation activity, we centrifuged the L fraction on an OptiPrep gradient and collected ten fractions from the top (Figure 4). The lipidation activity was distributed in fractions two through four which co-distributed with SEC22B and ERGIC53 (Figure 7), two ERGIC markers (Zhang et al., 1999; Appenzeller-Herzog and Hauri, 2006). Intriguingly, PE, the substrate for LC3 lipidation, was not enriched in the fractions that triggered T7-LC3 lipidation (Figure 7B). The high activity of these membrane fractions was not caused by selective enrichment of the autophagic factors directly contributing to LC3 lipidation, as all of these factors are enriched in the cytosol, or by influencing the formation of the ATG5–12–16 complex essential for LC3 lipidation (Fujita et al., 2008) compared with other membrane fractions (Figure 7—figure supplement 1). These data indicate that factors other than those directly involved in catalyzing LC3 lipidation contribute to the high lipidation activity of these membranes. We further found that the lipidation reaction triggered by the ERGIC-enriched membranes was enhanced by cytosol from starved cells and was inhibited by wortmannin and FYVE peptide (Figure 7—figure supplement 2). These data suggest that the lipidation activity of the isolated membranes is controlled by the pathway(s) that regulate autophagy in vivo.
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                  Separation of the L fraction by OptiPrep gradient ultracentrifugation.

                
                
                (A–B) An OptiPrep gradient ultracentrifugation was used to resolve membranes in the L fraction, as depicted in Figure 4. 10 fractions were collected. The total PCs of each fraction were measured and adjusted to a concentration of 0.6 mg/ml. The T7-LC3 lipidation activities of each fraction were tested and immunoblot was performed as in Figure 5A. The specific activity of each membrane fraction was measured similar to Figure 5. The PE level of each normalized fraction was determined. A heat map showing the relative levels of the specific activity, PE and each of the indicated markers was generated (B). In each group the fraction with the highest value was defined as 1.
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The data from membrane fractionation indicate that an ERGIC-enriched membrane fraction induces LC3 lipidation. To determine if ERGIC is indeed the essential membrane for LC3 lipidation, we immunodepleted ERGIC from the L fraction with an anti-SEC22B antibody (Figure 8A). After immunodepletion, both SEC22B and ERGIC53 membranes were reduced, whereas the plasma membrane/endosome membranes, indicated by transferrin receptor, were not affected. Significantly, the ability of the L fraction to induce T7-LC3 lipidation was reduced more than threefold (Figure 8A), suggesting that ERGIC contributes to the high activity of LC3 lipidation in the L fraction.
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                  ERGIC directly triggers in vitro LC3 lipidation.

                
                
                (A) Immunodepletion of ERGIC membrane from L fraction reduces in vitro lipidation activity. The L fraction was prepared as shown in Figures 4 and 5. An immunodepletion experiment with indicated combinations of anti-SEC22B antibody (Ab) and blocking peptide (pep) was performed. The membranes from the flow-through were collected and the in vitro lipidation reaction was performed. Equal amounts of membrane from each group were used for the lipidation reaction. T, total membrane from the L fraction. (B) Enrichment of lipidation activity on the SEC22B-positive membranes. Immunoisolation of SEC22B positive membranes from the L fraction of Atg5 KO MEFs was performed and the in vitro lipidation reaction was conducted with membranes bound to the beads as well as the total membrane (T) from the L fraction. The total membrane used was adjusted to the same amount of the membranes (based on PC content) specifically bound to the beads in the reaction. (C) Enrichment of lipidation activity on KDEL Receptor (KDELR)-positive membranes. Atg5 KO MEFs were transfected with a plasmid encoding the Flag-tagged KDELR protein. 48 hr after transfection, KDELR-positive membranes were immunoisolated with anti-Flag agarose and assayed for lipidation activity as in (B). (D–F) Lipidation activity was not enriched in late endosome/lysosome, plasma membrane/endosome or ER membranes. Atg5 KO MEFs were transfected with plasmids encoding LAMP1-Flag (D), Vangl2-Myc (E) or Flag-GFP-ER-TM (F). 48 hr after transfection, the 25k pellet fractions (for LAMP1-Flag and Flag-GFP-ER-TM) or the L fraction were collected and immunoisolations were performed with anti-Flag agarose or anti-Myc agarose as described above and assayed for lipidation activity. Quantification of lipidation activity was shown as the ratio of LC3-II to LC3-I (II/I).
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To test the direct role of ERGIC on LC3 lipidation, we immunoisolated SEC22B or KDEL receptor (KDELR, another ERGIC marker [Capitani and Sallese, 2009])-positive membranes (Figure 8B,C) for use in the in vitro lipidation assay. In both experiments, the immunoisolated membranes had substantially increased activity (about twofold or more than fivefold in the SEC22B or KDELR immunoisolated membranes, respectively) compared to the total input membrane (Figure 8B,C). In contrast, immunoisolation of lysosomes, plasma membrane/endosomes or ER did not enrich the lipidation activity compared to the total input membrane (Figure 8D,E and F). Therefore the data suggest that ERGIC is the most active membrane substrate for LC3 lipidation.

A recent report suggested that starvation induces the recruitment of ATG14 to a zone of adhesion between the ER and mitochondria, termed mitochondrial-associated endoplasmic reticulum membranes (MAM; Hamasaki et al., 2013). Hamasaki et al. suggested that this zone of adhesion might trigger the formation of the autophagosome (Hamasaki et al., 2013). Such a specialized patch of the ER could be an immediate precursor of the autophagosome. Markers of this adhesion were separated from the ERGIC fraction and the adhesion membrane isolated by the protocol of Wieckowski et al. (Wieckowski et al., 2009) contained little lipidation activity (Figure 8—figure supplement 1), suggesting this membrane alone may not be the direct template for LC3 lipidation. Consistent with Hamasaki et al., a fraction of ATG14 appeared on MAM in a starvation-stimulated manner (Figure 8—figure supplement 1B).






  





    
      ERGIC is a key membrane determinant for LC3 lipidation

      
    

  
      To further test the importance of ERGIC in LC3 lipidation, we used inhibitors to deplete ERGIC in cultured cells. H89 is a protein kinase A (PKA) inhibitor that blocks COPII-coated vesicle assembly by preventing SAR1 binding to ER membrane when used at a high concentration (Chijiwa et al., 1990; Aridor and Balch, 2000). Brefeldin A (BFA) is a fungal metabolite that inhibits ARF1 activation (Peyroche et al., 1999). Treatment of cells with a high concentration of H89 (100 µM) led to the dispersal of ERGIC53 whereas GM130, a cis-Golgi marker, remained in the perinuclear region, suggesting that the ERGIC is disrupted but not the cis-Golgi (Figure 9—figure supplement 1). A low concentration of H89 (10 µM), which is enough to inhibit PKA, did not affect the localization of either ERGIC53 or GM130 (Figure 9—figure supplement 1). BFA treatment collapsed the Golgi into puncta colocalizing with ERGIC53 (Figure 9—figure supplement 1). Treatment of cells with 100 µM H89 after BFA treatment dispersed both ERGIC53 and GM130 (Figure 9—figure supplement 1).

To assess the membrane fractions for retention of lipidation activity, we treated cells with the indicated drugs and the total membrane from each sample was collected and incubated with cytosol from starved cells (Figure 9). Membrane from cells treated with a high but not a low concentration of H89 (100 µM vs 10 µM) lost the ability to activate LC3 lipidation (Figure 9A). Membranes from BFA-treated cells did not show diminished lipidation activity, nor did BFA mitigate or enhance the effect of H89 treatment on lipidation activity (Figure 9A). Clofibrate is a peroxisome-proliferator activated receptor (PPAR) agonist that inhibits ER-to-Golgi transport and promotes retrograde transport of Golgi vesicles back to the ER through an unknown mechanism independent of PPAR activation (de Figueiredo and Brown, 1999). Clofibrate treatment led to the dispersal of ERGIC53 and GM130 (Figure 9—figure supplement 1). Like H89, membranes from clofribate-treated cells failed to promote LC3 lipidation (Figure 9B). As controls, kbNB142-70, a PKD inhibitor (Bravo-Altamirano et al., 2011), had no affect and Pitstop 2, a clathrin inhibitor (von Kleist et al., 2011), only moderately decreased in vitro LC3 lipidation (Figure 9B).
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                  ERGIC is required for in vitro LC3 lipidation.

                
                
                (A and B) In vivo depletion of ERGIC abolishes the in vitro lipidation of LC3. Atg5 KO MEFs were treated without or with 10 µg/ml Brefeldin A (BFA) for 30 min and then incubated with the indicated concentrations of H89 for 10 min (A). Alternatively, cells were directly treated with the indicated drugs: 100 µM H89, 500 µM clofibrate, 50 µM kbNB142-70 and 50 µM Pitstop2 (B). Total membranes from the cells were collected, the lipidation reaction with T7-LC3 was performed and the products evaluated by SDS-PAGE and immunoblot. Ctr, control (C) Blocking ERGIC disruption preserved the in vitro lipidation of LC3. Atg5 KO MEFs were treated with control, H89 or clofibrate (Clofi) in the absence or presence of nocodazole (Noco). Lipidation reactions with the total membranes from the treated cells were performed. (D–F) The in vitro lipidation of LC3 recovers with restoration of ERGIC. Atg5 KO MEF cells were treated with BFA followed by 100 µM H89. Cells were then washed with fresh medium to remove the drugs and, at indicated intervals, samples were collected for immunofluorescence (D) or total membrane collection for the in vitro lipidation reaction (E). Quantification of the recovery of lipidation activity, ERGIC and Golgi are shown in (F). Bar, 10 µm. Quantification of lipidation activity was shown as the ratio of LC3-II to LC3-I (II/I).
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Retrograde transport to the ER requires microtubules. Disruption of microtubules by nocodazole inhibited the retrograde transport of ERGIC53 towards ER induced by H89 or clofibrate, preserving its punctate localization (Figure 9—figure supplement 1). Correspondingly, the inhibitory effects of H89 and clofibrate were reversed in respect to the cell-free lipidation activity (Figure 9C). To examine the reversibility of these effects, we treated cells with BFA and H89 for 20 min and then washed the cells into fresh medium for periods up to 40 min (Puri and Linstedt, 2003). ERGIC53 puncta began to reappear within 2 min and the normal localization was fully restored by 20 min. Cis-Golgi regeneration, indicated by the perinuclear accumulation of GM130, was slower and was completed by about 30 min (Figure 9D,F). Aliquots examined in the cell-free LC3 lipidation assay displayed a rapid return of activity correlating with the kinetics of ERGIC recovery (Figure 9E,F). These results support our membrane fractionation results concerning the role of the ERGIC in lipidation of LC3.






  





    
      ERGIC is required for autophagosome biogenesis

      
    

  
      To test the role of ERGIC in autophagosome formation, we starved cells in the presence or absence of ERGIC-depleting drugs H89 and clofibrate (Figure 10A). We then monitored autophagosome biogenesis by immunofluorescence analysis of LC3 puncta formation (Klionsky et al., 2012). Under normal conditions, LC3 is dispersed in the cell, indicating a low level of autophagy (Figure 10A). Starvation-induced LC3 puncta formation was abolished by H89 (100 µM) and clofibrate (Figure 10A,B). Depressed formation of LC3 puncta was not due to enhanced autophagosome turnover because chloroquine, which blocks a late step in autophagy (Klionsky et al., 2012), did not mitigate the effect of H89 (100 µM) or clofibrate (Figure 10A,B). Puncta formation of another phagophore marker, ATG16 (Fujita et al., 2008), was also blocked by ERGIC depletion (Figure 10—figure supplement 1).
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                  ERGIC is required for starvation-induced LC3 puncta formation.

                
                
                (A) Drugs that disrupt ERGIC inhibit LC3 puncta formation. MEFs were transfected with plasmids encoding Myc-LC3. After transfection (24 hr), the cells were either non-starved (NT) or starved (ST) in the absence or presence of the indicated drugs followed by immunofluorescence using anti-Myc antibody. Bar, 10 µm. (B) Quantification of the cells shown in (A). Error bars represent standard deviations of three experiments. (C) Genetically disrupting ERGIC inhibits LC3 puncta formation. MEF cells were co-transfected with plasmids encoding Myc-LC3 and the indicated SAR1A variants. After transfection (24 hr), the cells were starved in the absence or presence of chloroquine followed by immunofluorescence using anti-Myc antibody. Bar, 10 µm. (D) Quantification of the cells shown in (C). Error bars represent standard deviations of three experiments.



          
                  
                      
                    https://doi.org/10.7554/eLife.00947.020
                      
                  
          
              
          
          
          
          
          
    
    
    

In addition to inhibiting vesicle traffic from the ER, H89 is a potent inhibitor of PKA. In order to determine whether the observed decrease in the number of LC3 puncta could be due to PKA inhibition and not loss of ERGIC, we tested a low concentration of H89 that inhibits PKA but has no effect on the ERGIC (Figure 9—figure supplement 1). In contrast to the effect of a high concentration of H89 (100 µM), cells treated with the low concentration (10 µM) showed a moderate increase in LC3 puncta with or without chloroquine (Figure 10A,B). A recent study also reported that PKA inhibition promotes autophagy (Cherra et al., 2010), thus PKA inhibition appears not to be the basis of the effect of H89 on autophagy.

As an additional test of the role of ERGIC in autophagosome formation, we introduced mutant forms of the SAR1A GTPase to inhibit the generation of COPII vesicles. A GTP-bound mutant of SAR1A (H79G) locks COPII membrane cargos on the ERES and a GDP-bound mutant, SAR1A T34N, completely blocks COPII coat formation (Ward et al., 2001). Overexpression of either SAR1A H79G or T34N led to dispersed ERGIC53 localization (Figure 10—figure supplement 2) and inhibited starvation-induced LC3 puncta formation in both control and chloroquine-treated cells (Figure 10C,D). We conclude that the ERGIC is a precursor of or contributes to the formation of the autophagosome.






  





    
      ERGIC recruits ATG14 and DFCP1, two early markers of autophagosome formation

      
    

  
      ATG14 is the key mediator bridging upstream cytosolic signals and the autophagic membrane reorganization response. Upon starvation, ATG14 is recruited to a membrane along with the rest of the class III PI3K complex to generate PI3P (Matsunaga et al., 2009; Sun et al., 2008; Zhong et al., 2009; Matsunaga et al., 2010). These events can be visualized by the localization of ATG14 and DFCP1 to puncta in starved cells (Axe et al., 2008; Matsunaga et al., 2010). To test the role of ERGIC in this pathway, we treated starved cells with H89. As shown in Figure 11, 100 µM H89 but not 10 µM H89 prevented the formation of both ATG14 and DFCP1 puncta (Figure 11A,B). Similar inhibition was also observed in starved cells expressing the two SAR1A mutants, H79G and T34N (Figure 11C,D).
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                  ERGIC is required for the starvation-induced localization of ATG14 and DFCP1 to puncta.

                
                
                (A) H89 inhibits ATG14 and DFCP1 puncta formation. MEF cells were transfected with plasmids encoding EGFP-tagged ATG14 or DFCP1. After transfection (24 hr), cells were starved in the absence or presence of the indicated concentrations of H89 followed by fixation and direct visualization of the EGFP signal. Bar, 10 µm. (B) Quantification of the cells shown in (A). Error bars represent standard deviations of three experiments. (C) Expression of SAR1A mutants inhibits the formation of puncta that contain ATG14 and DFCP1. MEF cells were co-transfected with plasmids encoding EGFP-tagged ATG14 or DFCP1 and indicated SAR1A-DsRed variants. After transfection (24 hr), cells were starved followed by fixation and direct visualization of EGFP signal. Bar, 10 µm. (D) Quantification of the cells shown in (C). Error bars represent standard deviations of three experiments.
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We developed a cell-free approach to measure the recruitment of ATG14 and DFCP1 to ERGIC membranes. Atg5 KO MEFs were treated with or without H89 (100 µM). Cells were lysed and membranes from a post-nuclear supernatant fraction were mixed with cytosol from starved HEK293 cells transfected with tagged forms of ATG14 and DFCP1. The mixes were incubated in the presence of ATP and a regeneration system. Membranes were resolved on an OptiPrep buoyant density step gradient. We observed recruitment of tagged ATG14 and DFCP1 to a buoyant membrane fraction from untreated but much less from H89-treated cells (Figure 12). Recruitment was dependent on membranes, and stimulated by starvation (Figure 12—figure supplement 1). In starved cells, ATG14 acts upstream of PI3K activity whereas DFCP1 puncta formation requires PI3P generation (Itakura and Mizushima, 2010). Correspondingly, membranes from cells treated with PI3K inhibitors recruited ATG14 but not DFCP1 (Figure 12—figure supplement 1B and C). In addition to the membrane recruitment result, immunofluorescence studies showed colocalization of ATG14 and DFCP1 with ERGIC53 after starvation (Figure 12—figure supplement 2). We conclude that the ERGIC membrane is an early site for the assembly of proteins responsible for the formation of the phagophore membrane.
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                  ERGIC is required for membrane recruitment of ATG14 and DFCP1.

                
                
                (A) Disruption of ERGIC inhibits membrane recruitment of ATG14 and DFCP1. Atg5 KO MEFs were either untreated or treated with H89. Membranes were collected and incubated with cytosol of HEK293T cells expressing ATG14-HA and EGFP-DFCP1. A buoyant density flotation assay was performed followed by immunoblot. (B) Quantification of the floated markers shown in (A). The quantification of samples from the buoyant density gradient was calculated as the ratio of chemiluminescence in the first two fractions to the sum of all fractions. Error bars represent standard deviations of three experiments.
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      Discussion

      
    

  
      In this study, we have identified the ERGIC as a key membrane determinant in the biogenesis of autophagosomes. We first developed a cell-free assay based on in vitro LC3 lipidation to measure autophagosome biogenesis (Figures 1–3). By combining this assay with membrane fractionation, we identified an ERGIC-enriched fraction as the most active membrane to trigger LC3 lipidation (Figures 4–7). Next we used organelle immuno-/inhibitor depletion and immunoisolation to demonstrate that the ERGIC is necessary and sufficient to support LC3 lipidation (Figures 8 and 9). Finally, we provided evidence that the ERGIC membrane acts by recruiting ATG14 to initiate PI3K activity, an early step essential for autophagosome biogenesis (Figures 10–12).

Numerous morphological studies have indicated several possible sources of the autophagosomal membrane (Burman and Ktistakis, 2010; Mari et al., 2011; Weidberg et al., 2011; Rubinsztein et al., 2012). Indeed, it is improbable that one organelle contributes all the membrane constituents that become part of a mature autophagosome. Nonetheless, it seems likely that one membrane responds to the signal that triggers autophagosome formation and the identity of that membrane has remained elusive. Our isolation of the ERGIC as the locus of LC3 lipidation is in line with morphological studies that describe an omegasome structure projecting directly from the ER membrane (Axe et al., 2008; Hayashi-Nishino et al., 2009). However, our results show clearly that the bulk ER membrane is not the site of lipidation, thus if the omegasome arises from the ER, it must become modified in some way to be active for LC3 lipidation.

Starvation induces the membrane localization of soluble oligomeric proteins including ATG14 and the PI3K complex, followed by the recruitment of DFCP1 to generate the omegasome (Axe et al., 2008; Matsunaga et al., 2009; Sun et al., 2008; Zhong et al., 2009; Matsunaga et al., 2010). This process occurs upstream of phagophore generation (Itakura and Mizushima, 2010). Our data show that in starved cells and in isolated membranes, the presence of ERGIC is required for the efficient membrane recruitment of ATG14 and DFCP1 (Figures 11 and 12). Thus the ERGIC may play a role in an early stage of phagophore formation by providing a platform to recruit the class III PI3K complex and provide precursor membranes for phagophore initiation, which may be further expanded in a special subdomain of ER.

How and why the ERGIC is used to trigger phagophore formation remains unclear. Perhaps the tubular and curved structure of the ERGIC (Appenzeller-Herzog and Hauri, 2006) in mammalian cells favors recruitment of the ATG14 complex and subsequently of other components. ATG14 has been reported to sense membrane curvature via an amphipathic alpha helix located in a C-terminal ‘BATS’ domain (Fan et al., 2011). In yeast, it has been shown that highly curved membranes positive for ATG9 are delivered to the PAS (Mari et al., 2010; Nair et al., 2011; Yamamoto et al., 2012). Subsequently, the curvature sensing protein Atg1 recruits Atg13 and the Atg17–31–29 protein complex to initiate the formation of the phagophore (Ragusa et al., 2012). The suggested requirement for a tubular membrane together with the possible existence of an integral membrane protein(s) that triggers ATG14 recruitment are now open for biochemical analysis.

The cell-free LC3 lipidation reaction responds to a starvation signal, likely originating in the cytosolic fraction. Fractionation of the cytosol should reveal the full range of biochemical requirements including regulatory components induced by starvation as well as the core proteins essential for LC3 lipidation. Furthermore, this approach could be exploited to evaluate the maturation of the phagophore through subsequent stages of morphological transformation including envelope closure and fusion with the lysosome.






  





                
                    

    
      Materials and methods

      
    

  
      

    
      Materials, antibodies, and plasmids

      
        Request a detailed protocol
    

  
      We obtained horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit IgG from Jackson ImmunoResearch Laboratories (West Grove, PA); fluorescent secondary antibodies and Earle’s Balanced Salt Solution (EBSS) from Invitrogen (Grand Island, NY); PIP Strips from Echelon (Salt Lake City, UT); 3-methyladenine (3-MA), wortmannin, rapamycin, H89 and clofibrate from Sigma (St. Louis, MO); ATG4B from Boston Biochem (Cambridge, MA); SEC22B antibody blocking peptides (sequence CG+HSEFDEQHGKKVPTVSRPYSFIEFDT) from David King (University of California, Berkeley); Torin 1 and kbNB142-70 from Tocris (Minneapolis, MN); Pitstop 2 from Abcam (Cambridge, MA); reagents for PE measurement as described by Hokazono et al. (Hokazono et al., 2011) and other reagents from previously described sources (Ge et al., 2008, 2011). Amine oxidase was kindly provided by Eisaku Hokazono (Kyushu University, Higashi-ku, Japan).

Mouse anti-GM130, transferrin receptor, PMP70 and rabbit anti-Prohibitin-1, SEC22B and Ribophorin 1 antibodies were described before (Ge et al., 2008; Schindler and Schekman, 2009; Ge et al., 2011). We purchased mouse anti-Flag, rabbit anti-ERGIC53, anti-LC3, anti-LAMP2, anti-ULK1, anti-ATG14 and anti-BECN1 antibodies from Sigma (St. Louis, MO); mouse anti-T7 antibody from EMD (Billerica, MA); hamster anti-ATG9, mouse anti-tubulin, rabbit anti-FACL4 and HRP-labeled anti-GST antibodies from Abcam (Cambridge, MA); rabbit anti-Cathepsin D from Epitomics (Burlingame, CA); rabbit anti-TGN38 from Novus Biologicals (Littleton, CO); mouse anti-ATG7, anti-ATG3, anti-ATG5 and anti-ATG16 from MBL (Woburn, MA); goat anti-SEC12 antibody from R&D Systems (Minneapolis, MN); mouse anti-Myc antibodies from Cell Signaling (Boston, MA); mouse anti-GFP antibody from Santa Cruz (Dallas, Texas); rabbit anti-Histone H4 antibody from the Robert Tjian lab (University of California, Berkeley).

The plasmids encoding ATG14-EGFP, ATG14-HA, Myc-LC3 and ATG16-Myc were kindly provided by Qing Zhong lab (University of California, Berkeley). The EGFP-DFCP1 plasmid was kindly provided by Nicholas Ktistakis lab (Babraham Institute, UK). And the LAMP1-RFP-Flag plasmid was from Addgene (provided by the Sabatini lab, Whitehead Institute). The GST-FYVE, GST-FYVE(C/S) and T7-LC3 plasmids were constructed by subcloning the indicated inserts from the GFP-TM-FYVE, GFP-TM-FYVE(C/S) constructs (Nicholas Ktistakis, Babraham Institute, UK) and Myc-LC3 plasmids into pGEX4T1 and pET28a vectors. The encoded proteins were expressed in E. coli BL21 and affinity purified with glutathione or Ni Sepharose (GE Healthcare Life Sciences, Piscataway, NJ). The Flag-GFP-ER-TM plasmid was generated by PCR insertion of a Flag tag into the GFP-ER-TM plasmid (Nicholas Ktistakis, Babraham Institute, UK). The human Vangl2-myc plasmid was described before (Guo et al., 2013). Inserts from the pGEX-Sar1As (Kim et al., 2005) were subcloned into the DsRed-Monomer-N1 vector to generate DsRed-tagged SAR1A plasmids.






  





    
      Cytosol preparation

      
        Request a detailed protocol
    

  
      The cells were cultured to confluence and either untreated or starved in EBSS (for lipidation using endogenous LC3, MEF cells were starved for 30 min while HEK293T and COS-7 cells for 1 hr; for lipidation using T7-LC3, HEK293T cells were starved for 1.5 hr). Then the cells were harvested by scraping and centrifuging at 600×g for 5 min, washed with PBS followed by another 600×g-spin for 5 min and homogenized by passing through a 22 G needle in a 1.5× cell pellet volume of B88 buffer (20 mM HEPES-KOH, pH 7.2, 250 mM sorbitol, 150 mM potassium acetate and 5 mM magnesium acetate) plus cocktail protease inhibitors (Roche, Indianapolis, IN), phosphatase inhibitors (Roche) and 0.3 mM DTT. The cell homogenates were centrifuged at 160,000×g for 30 min, supernatant fractions were collected and the centrifugation was repeated three times to achieve a clarified fraction (approximately 6–10 mg/ml of protein) which was used in the lipidation reaction.






  





    
      Purification of HisT7-LC3 and HisT7-LC3 (G/A)

      
        Request a detailed protocol
    

  
      E. coli BL21 cells with the indicated expression plasmids were cultured at 37°C overnight. The overnight culture was inoculated at 1:50 dilution to a one liter volume and shaken at 37°C to an OD600 of 0.6–0.8. Protein expression was induced with 100 µM IPTG at 23°C for 5 hr and the cells were collected by centrifuging at 10,000×g for 10 min. The pellet was washed with 0.1 M PBS and suspended with 20 ml 0.2 M PBS (pH 7.4) with 15 mM imidazole and 1x protease inhibitors (Roche). Lysozyme was added to the cells at a concentration of 0.5 mg/ml and the digestion was performed on ice for 30 min after which Triton X-100 was added to a concentration of 0.5%. The cell suspension was sonicated with five to seven 15 s bursts until the solution was not viscous and the lysate was centrifuged at 100,000×g for 30 min. The supernatant was collected and incubated with 1 ml Ni Sepharose (packed beads) at 4°C for 2 hr. Then the beads were collected and washed with 70 vol of cold 0.2 M PBS with 25 mM imidazole and 0.2% Tween-20 followed by 10 vol of 0.2 M PBS with 25 mM imidazole. The bound proteins were eluted with 0.2 M PBS with 250 mM imidazole, buffer exchanged to 0.1 M PBS (pH 7.4) and stored at −80°C. Thrombin digestion was performed in the presence of 1 U/ml of thrombin (Roche) at room temperature for 1 hr followed by adding 1 mg/ml AEBSF (Santa Cruz) to deactivate thrombin.






  





    
      In vitro lipidation assay

      
        Request a detailed protocol
    

  
      For each reaction, cytosol (2 mg/ml final concentration), ATP regeneration system (40 mM creatine phosphate, 0.2 mg/ml creatine phosphokinase, and 1 mM ATP), GTP (0.15 mM) (Kim et al., 2005), 0.2 µg HisT7-LC3 (1-120) or T7-LC3 (1-120) generated by thrombin digestion and different membrane fractions (0.2 mg/ml PC content final concentration) were incubated in a final volume of 30 µl. The reactions were performed at 30°C for the indicated times. Where indicated, compounds or proteins were added to the reactions.






  





    
      Membrane fractionation

      
        Request a detailed protocol
    

  
      Cells (ten 15-cm dishes) were cultured to confluence, harvested and homogenized in a 2.7× cell pellet volume of buffer containing 20 mM HEPES-KOH, pH 7.2, 400 mM sucrose and 1 mM EDTA by passing through a 22 G needle until ∼85% lysis analyzed by Trypan Blue staining. Homogenates were either centrifuged at 100,000×g for 45 min to collect total membranes or subjected to sequential differential centrifugation at 1,000×g (10 min), 3,000×g (10 min), 25,000×g (20 min) and 100,000×g (30 min, TLA100.3 rotor, Beckman) to collect the membranes sedimented at each speed. The PC content of each fraction was measured as described before (Ge et al., 2011). Membrane fractions containing equal amounts of PC were used to test LC3 lipidation activity. The 25,000×g membrane pellet, which contained the highest activity, was suspended in 0.75 ml 1.25 M sucrose buffer and overlayed with 0.5 ml 1.1 M and 0.5 ml 0.25 M sucrose buffer (Golgi isolation kit; Sigma). Centrifugation was performed at 120,000×g for 2 hr (TLS 55 rotor, Beckman), after which two fractions, one at the interface between 0.25 M and 1.1 M sucrose (L fraction) and the pellet on the bottom (P fraction), were separated. Activities of the two fractions were then tested as described above, and the L fraction was selected and suspended in 1 ml 19% OptiPrep for a step gradient containing 0.5 ml 22.5%, 1 ml 19% (sample), 0.9 ml 16%, 0.9 ml 12%, 1 ml 8%, 0.5 ml 5% and 0.2 ml 0% OptiPrep each. Each density of OptiPrep was prepared by diluting 50% OptiPrep (20 mM Tricine-KOH, pH 7.4, 42 mM sucrose and 1 mM EDTA) with a buffer containing 20 mM Tricine-KOH, pH 7.4, 250 mM sucrose and 1 mM EDTA. The OptiPrep gradient was centrifuged at 150,000×g for 3 hr (SW 55 Ti rotor, Beckman) and subsequently ten fractions, 0.5 ml each, were collected from the top. Fractions were diluted with B88 buffer and membranes were collected by centrifugation at 100,000×g for 1 hr. The activity of each fraction was determined and the distribution of the activity was compared with that of each membrane marker. Membranes containing an equal amount of PC from each fraction were also measured for PE content using an enzymatic assay (Hokazono et al., 2011).






  





    
      Immunoisolation

      
        Request a detailed protocol
    

  
      Cells (ten 15-cm dishes) expressing indicated protein markers were cultured to confluence and harvested as indicated in the ‘Membrane fractionation’ section. Membranes from either the 25,000×g membrane pellet (for Flag-GFP-ER-TM or LAMP1-RFP-Flag immunoisolation) or the L fraction (for SEC22B, KDELR-Flag or Vangl2-myc immunoisolation) were collected, suspended in immunoisolation buffer containing 25 mM HEPES, pH 7.4, 140 mM potassium chloride, 5 mM sodium chloride, 2.5 mM magnesium acetate, 50 mM sucrose and 2 mM EGTA (Zoncu et al., 2011), and diluted to a PC content of 0.2 mg/ml. Anti-Flag (100 µl, packed volume) or anti-Myc agarose (Sigma) was added to a 1 ml membrane suspension with or without 0.2 mg/ml blocking peptides (3xFlag peptide and Myc peptide; Sigma) and mixed by rotation at 4°C overnight. For immunoisolation of endogenous SEC22B vesicles, 20 µl rabbit anti-SEC22B antibody was added to a 1 ml L fraction membrane suspension with or without 0.2 mg/ml SEC22B antibody blocking peptide and incubated for 3 hr at 4°C followed by addition of 100 µl (packed volume) Protein A Sepharose for overnight incubation at 4°C. Beads with the associated membranes were washed with 1 ml immunoisolation buffer three times and membranes bound to the beads were eluted by incubating with 0.5 mg/ml of the indicated competing peptides for 0.5 hr at room temperature. The eluted membranes were collected by ultracentrifugation. The sedimented activities were determined and compared to input membrane of equal PC content.






  





    
      Membrane recruitment assay

      
        Request a detailed protocol
    

  
      For cytosol preparation, HEK293T cells were transfected with plasmids encoding the genes for the indicated proteins by X-tremeGene HP (Roche). At 48 hr post-transfection, the cytosols were harvested as described above.

For membrane preparation, Atg5 KO MEF cells were treated with indicated compounds and the cells were lysed. After a 1,000×g centrifugation, the total membranes from the supernatant were sedimented at 100,000×g for 1 hr. Similar reactions containing the cytosols, ATP regeneration system, GTP and the total membranes from different treatments were carried out in a final volume of 50 µl at 30°C for 1 hr.

After the reaction, a membrane flotation experiment was performed. OptiPrep (200 µl of 50%) diluted in B88 was added to the reaction mixture to make a 40% solution which was overlayed with 200 µl 35% OptiPrep and 50 µl B88. The gradient was centrifuged at 150,000×g for 1.5 hr. Seven fractions, 80 µl each, were collected from the top. The bottom fractions no. 5 to 7 were combined and evaluated by SDS-PAGE and immunoblot to examine the distribution of indicated protein markers.






  





    
      Immunofluorescence microscopy, immunoblot and dot blot

      
        Request a detailed protocol
    

  
      Immunofluorescence was performed as previously described (Ge et al., 2008, 2011). Images were acquired with a Zeiss LSM 710 laser confocal scanning microscope. ERGIC recovery quantification was described previously (Puri and Linstedt, 2003). Golgi recovery was quantified by manually counting the percent of cells displaying a perinuclear location of GM130. For each sample, more than 100 cells were counted. Immunoblot was performed as previously described (Ge et al., 2008, 2011) and dot blot was carried out according to the PIP Strip user manual (Echelon). Images were acquired and bands were quantified with Chemidoc MP Imaging System (Bio-Rad).






  





    
      Cell culture

      
        Request a detailed protocol
    

  
      HEK293T cells were grown in a tissue culture facility. Atg5 KO and control MEFs (Kuma et al., 2004), Atg3 KO, Atg7 KO and control MEFs (Komatsu et al., 2005; Sou et al., 2008), and Ulk1 KO and control MEFs (Kundu et al., 2008) were generously provided by Noboru Mizushima (Tokyo Medical and Dental University, Japan), Masaaki Komatsu (Tokyo Metropolitan Institute of Medical Science, Japan) and Kundu Mondira (St. Jude Children’s Research Hospital). The cells were grown in monolayer at 37°C in 5% CO2 and maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS. For starvation, the cells were incubated in EBSS for the indicated times in the absence or presence of the drugs indicated in the manuscript.






  








  





                
                    
  Add a comment
  + Open annotations. The current annotation count on this page is being calculated.



                
                    

    
      References

      
    

  
      	
      
          	
                Appenzeller-Herzog C
	
                Hauri HP


          (2006)
      
      
            The ER-Golgi intermediate compartment (ERGIC): in search of its identity and function
      
      
      
      
          J Cell Sci 119:2173–2183.

      
          
              
            https://doi.org/10.1242/jcs.03019
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Aridor M
	
                Balch WE


          (2000)
      
      
            Kinase signaling initiates coat complex II (COPII) recruitment and export from the mammalian endoplasmic reticulum
      
      
      
      
          J Biol Chem 275:35673–35676.

      
          
              
            https://doi.org/10.1074/jbc.C000449200
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Axe EL
	
                Walker SA
	
                Manifava M
	
                Chandra P
	
                Roderick HL
	
                Habermann A


          et al. (2008)
      
      
            Autophagosome formation from membrane compartments enriched in phosphatidylinositol 3-phosphate and dynamically connected to the endoplasmic reticulum
      
      
      
      
          J Cell Biol 182:685–701.

      
          
              
            https://doi.org/10.1083/jcb.200803137
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Bravo-Altamirano K
	
                George KM
	
                Frantz MC
	
                Lavalle CR
	
                Tandon M
	
                Leimgruber S


          et al. (2011)
      
      
            Synthesis and structure-activity relationships of benzothienothiazepinone inhibitors of protein kinase D
      
      
      
      
          ACS Med Chem Lett 2:154–159.

      
          
              
            https://doi.org/10.1021/ml100230n
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Burman C
	
                Ktistakis NT


          (2010)
      
      
            Autophagosome formation in mammalian cells
      
      
      
      
          Semin Immunopathol 32:397–413.

      
          
              
            https://doi.org/10.1007/s00281-010-0222-z
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Capitani M
	
                Sallese M


          (2009)
      
      
            The KDEL receptor: new functions for an old protein
      
      
      
      
          FEBS Lett 583:3863–3871.

      
          
              
            https://doi.org/10.1016/j.febslet.2009.10.053
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Cherra SJ III
	
                Kulich SM
	
                Uechi G
	
                Balasubramani M
	
                Mountzouris J
	
                Day BW


          et al. (2010)
      
      
            Regulation of the autophagy protein LC3 by phosphorylation
      
      
      
      
          J Cell Biol 190:533–539.

      
          
              
            https://doi.org/10.1083/jcb.201002108
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Chijiwa T
	
                Mishima A
	
                Hagiwara M
	
                Sano M
	
                Hayashi K
	
                Inoue T


          et al. (1990)
      
      
      
      
            Inhibition of forskolin-induced neurite outgrowth and protein phosphorylation by a newly synthesized selective inhibitor of cyclic AMP-dependent protein kinase, N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide (H-89), of PC12D pheochromocytoma cells

      
      
          J Biol Chem 265:5267–5272.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                de Figueiredo P
	
                Brown WJ


          (1999)
      
      
            Clofibrate inhibits membrane trafficking to the Golgi complex and induces its retrograde movement to the endoplasmic reticulum
      
      
      
      
          Cell Biol Toxicol 15:311–323.

      
          
              
            https://doi.org/10.1023/A:1007667802497
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Fan W
	
                Nassiri A
	
                Zhong Q


          (2011)
      
      
            Autophagosome targeting and membrane curvature sensing by Barkor/Atg14(L)
      
      
      
      
          Proc Natl Acad Sci USA 108:7769–7774.

      
          
              
            https://doi.org/10.1073/pnas.1016472108
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Fujita N
	
                Itoh T
	
                Omori H
	
                Fukuda M
	
                Noda T
	
                Yoshimori T


          (2008)
      
      
            The Atg16L complex specifies the site of LC3 lipidation for membrane biogenesis in autophagy
      
      
      
      
          Mol Biol Cell 19:2092–2100.

      
          
              
            https://doi.org/10.1091/mbc.E07-12-1257
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Gao Z
	
                Gammoh N
	
                Wong PM
	
                Erdjument-Bromage H
	
                Tempst P
	
                Jiang X


          (2010)
      
      
            Processing of autophagic protein LC3 by the 20S proteasome
      
      
      
      
          Autophagy 6:126–137.

      
          
              
            https://doi.org/10.4161/auto.6.1.10928
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ge L
	
                Qi W
	
                Wang LJ
	
                Miao HH
	
                Qu YX
	
                Li BL


          et al. (2011)
      
      
            Flotillins play an essential role in Niemann-Pick C1-like 1-mediated cholesterol uptake
      
      
      
      
          Proc Natl Acad Sci USA 108:551–556.

      
          
              
            https://doi.org/10.1073/pnas.1014434108
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ge L
	
                Wang J
	
                Qi W
	
                Miao HH
	
                Cao J
	
                Qu YX


          et al. (2008)
      
      
            The cholesterol absorption inhibitor ezetimibe acts by blocking the sterol-induced internalization of NPC1L1
      
      
      
      
          Cell Metab 7:508–519.

      
          
              
            https://doi.org/10.1016/j.cmet.2008.04.001
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Geng J
	
                Klionsky DJ


          (2008)
      
      
            The Atg8 and Atg12 ubiquitin-like conjugation systems in macroautophagy. ‘Protein modifications: beyond the usual suspects’ review series
      
      
      
      
          EMBO Rep 9:859–864.

      
          
              
            https://doi.org/10.1038/embor.2008.163
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Geng J
	
                Nair U
	
                Yasumura-Yorimitsu K
	
                Klionsky DJ


          (2010)
      
      
            Post-Golgi Sec proteins are required for autophagy in Saccharomyces cerevisiae
      
      
      
      
          Mol Biol Cell 21:2257–2269.

      
          
              
            https://doi.org/10.1091/mbc.E09-11-0969
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Guo Y
	
                Chang C
	
                Huang R
	
                Liu B
	
                Bao L
	
                Liu W


          (2012)
      
      
            AP1 is essential for generation of autophagosomes from the trans-Golgi network
      
      
      
      
          J Cell Sci 125:1706–1715.

      
          
              
            https://doi.org/10.1242/jcs.093203
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Guo Y
	
                Zanetti G
	
                Schekman R


          (2013)
      
      
            A novel GTP-binding protein-adaptor protein complex responsible for export of Vangl2 from the trans Golgi network
      
      
      
      
          eLife 2:e00160.

      
          
              
            https://doi.org/10.7554/eLife.00160
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Hailey DW
	
                Rambold AS
	
                Satpute-Krishnan P
	
                Mitra K
	
                Sougrat R
	
                Kim PK


          et al. (2010)
      
      
            Mitochondria supply membranes for autophagosome biogenesis during starvation
      
      
      
      
          Cell 141:656–667.

      
          
              
            https://doi.org/10.1016/j.cell.2010.04.009
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Hamasaki M
	
                Furuta N
	
                Matsuda A
	
                Nezu A
	
                Yamamoto A
	
                Fujita N


          et al. (2013)
      
      
            Autophagosomes form at ER-mitochondria contact sites
      
      
      
      
          Nature 495:389–393.

      
          
              
            https://doi.org/10.1038/nature11910
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Hamasaki M
	
                Noda T
	
                Ohsumi Y


          (2003)
      
      
            The early secretory pathway contributes to autophagy in yeast
      
      
      
      
          Cell Struct Funct 28:49–54.

      
          
              
            https://doi.org/10.1247/csf.28.49
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Hanada T
	
                Noda NN
	
                Satomi Y
	
                Ichimura Y
	
                Fujioka Y
	
                Takao T


          et al. (2007)
      
      
            The Atg12–Atg5 conjugate has a novel E3-like activity for protein lipidation in autophagy
      
      
      
      
          J Biol Chem 282:37298–37302.

      
          
              
            https://doi.org/10.1074/jbc.C700195200
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Hayashi-Nishino M
	
                Fujita N
	
                Noda T
	
                Yamaguchi A
	
                Yoshimori T
	
                Yamamoto A


          (2009)
      
      
            A subdomain of the endoplasmic reticulum forms a cradle for autophagosome formation
      
      
      
      
          Nat Cell Biol 11:1433–1437.

      
          
              
            https://doi.org/10.1038/ncb1991
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Heitman J
	
                Movva NR
	
                Hall MN


          (1991)
      
      
            Targets for cell cycle arrest by the immunosuppressant rapamycin in yeast
      
      
      
      
          Science 253:905–909.

      
          
              
            https://doi.org/10.1126/science.1715094
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Hokazono E
	
                Tamezane H
	
                Hotta T
	
                Kayamori Y
	
                Osawa S


          (2011)
      
      
            Enzymatic assay of phosphatidylethanolamine in serum using amine oxidase from Arthrobacter sp
      
      
      
      
          Clin Chim Acta 412:1436–1440.

      
          
              
            https://doi.org/10.1016/j.cca.2011.04.023
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ichimura Y
	
                Kirisako T
	
                Takao T
	
                Satomi Y
	
                Shimonishi Y
	
                Ishihara N


          et al. (2000)
      
      
            A ubiquitin-like system mediates protein lipidation
      
      
      
      
          Nature 408:488–492.

      
          
              
            https://doi.org/10.1038/35044114
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Itakura E
	
                Mizushima N


          (2010)
      
      
            Characterization of autophagosome formation site by a hierarchical analysis of mammalian Atg proteins
      
      
      
      
          Autophagy 6:764–776.

      
          
              
            https://doi.org/10.4161/auto.6.6.12709
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Kabeya Y
	
                Mizushima N
	
                Ueno T
	
                Yamamoto A
	
                Kirisako T
	
                Noda T


          et al. (2000)
      
      
            LC3, a mammalian homologue of yeast Apg8p, is localized in autophagosome membranes after processing
      
      
      
      
          EMBO J 19:5720–5728.

      
          
              
            https://doi.org/10.1093/emboj/19.21.5720
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Kim J
	
                Hamamoto S
	
                Ravazzola M
	
                Orci L
	
                Schekman R


          (2005)
      
      
            Uncoupled packaging of amyloid precursor protein and presenilin 1 into coat protein complex II vesicles
      
      
      
      
          J Biol Chem 280:7758–7768.

      
          
              
            https://doi.org/10.1074/jbc.M411091200
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Kim J
	
                Kim YC
	
                Fang C
	
                Russell RC
	
                Kim JH
	
                Fan W


          et al. (2013)
      
      
            Differential regulation of distinct Vps34 complexes by AMPK in nutrient stress and autophagy
      
      
      
      
          Cell 152:290–303.

      
          
              
            https://doi.org/10.1016/j.cell.2012.12.016
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Kim J
	
                Kundu M
	
                Viollet B
	
                Guan KL


          (2011)
      
      
            AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1
      
      
      
      
          Nat Cell Biol 13:132–141.

      
          
              
            https://doi.org/10.1038/ncb2152
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Klionsky DJ
	
                Abdalla FC
	
                Abeliovich H
	
                Abraham RT
	
                Acevedo-Arozena A
	
                Adeli K


          et al. (2012)
      
      
            Guidelines for the use and interpretation of assays for monitoring autophagy
      
      
      
      
          Autophagy 8:445–544.

      
          
              
            https://doi.org/10.4161/auto.19496
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Komatsu M
	
                Waguri S
	
                Ueno T
	
                Iwata J
	
                Murata S
	
                Tanida I


          et al. (2005)
      
      
            Impairment of starvation-induced and constitutive autophagy in Atg7-deficient mice
      
      
      
      
          J Cell Biol 169:425–434.

      
          
              
            https://doi.org/10.1083/jcb.200412022
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Kuma A
	
                Hatano M
	
                Matsui M
	
                Yamamoto A
	
                Nakaya H
	
                Yoshimori T


          et al. (2004)
      
      
            The role of autophagy during the early neonatal starvation period
      
      
      
      
          Nature 432:1032–1036.

      
          
              
            https://doi.org/10.1038/nature03029
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Kundu M
	
                Lindsten T
	
                Yang CY
	
                Wu J
	
                Zhao F
	
                Zhang J


          et al. (2008)
      
      
            Ulk1 plays a critical role in the autophagic clearance of mitochondria and ribosomes during reticulocyte maturation
      
      
      
      
          Blood 112:1493–1502.

      
          
              
            https://doi.org/10.1182/blood-2008-02-137398
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Levine B


          (2005)
      
      
            Eating oneself and uninvited guests: autophagy-related pathways in cellular defense
      
      
      
      
          Cell 120:159–162.

      
          
              
            https://doi.org/10.1016/j.cell.2005.01.005
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Liu Q
	
                Chang JW
	
                Wang J
	
                Kang SA
	
                Thoreen CC
	
                Markhard A


          et al. (2010)
      
      
            Discovery of 1-(4-(4-propionylpiperazin-1-yl)-3-(trifluoromethyl)phenyl)-9-(quinolin-3-yl)benz o[h][1,6]naphthyridin-2(1H)-one as a highly potent, selective mammalian target of rapamycin (mTOR) inhibitor for the treatment of cancer
      
      
      
      
          J Med Chem 53:7146–7155.

      
          
              
            https://doi.org/10.1021/jm101144f
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Longatti A
	
                Lamb CA
	
                Razi M
	
                Yoshimura S
	
                Barr FA
	
                Tooze SA


          (2012)
      
      
            TBC1D14 regulates autophagosome formation via Rab11- and ULK1-positive recycling endosomes
      
      
      
      
          J Cell Biol 197:659–675.

      
          
              
            https://doi.org/10.1083/jcb.201111079
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Mari M
	
                Griffith J
	
                Rieter E
	
                Krishnappa L
	
                Klionsky DJ
	
                Reggiori F


          (2010)
      
      
            An Atg9-containing compartment that functions in the early steps of autophagosome biogenesis
      
      
      
      
          J Cell Biol 190:1005–1022.

      
          
              
            https://doi.org/10.1083/jcb.200912089
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Mari M
	
                Tooze SA
	
                Reggiori F


          (2011)
      
      
            The puzzling origin of the autophagosomal membrane
      
      
      
      
          F1000 Biol Rep 3:25.

      
          
              
            https://doi.org/10.3410/B3-25
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Matsunaga K
	
                Morita E
	
                Saitoh T
	
                Akira S
	
                Ktistakis NT
	
                Izumi T


          et al. (2010)
      
      
            Autophagy requires endoplasmic reticulum targeting of the PI3-kinase complex via Atg14L
      
      
      
      
          J Cell Biol 190:511–521.

      
          
              
            https://doi.org/10.1083/jcb.200911141
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Matsunaga K
	
                Saitoh T
	
                Tabata K
	
                Omori H
	
                Satoh T
	
                Kurotori N


          et al. (2009)
      
      
            Two Beclin 1-binding proteins, Atg14L and Rubicon, reciprocally regulate autophagy at different stages
      
      
      
      
          Nat Cell Biol 11:385–396.

      
          
              
            https://doi.org/10.1038/ncb1846
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Mizushima N


          (2010)
      
      
            The role of the Atg1/ULK1 complex in autophagy regulation
      
      
      
      
          Curr Opin Cell Biol 22:132–139.

      
          
              
            https://doi.org/10.1016/j.ceb.2009.12.004
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Mizushima N
	
                Levine B
	
                Cuervo AM
	
                Klionsky DJ


          (2008)
      
      
            Autophagy fights disease through cellular self-digestion
      
      
      
      
          Nature 451:1069–1075.

      
          
              
            https://doi.org/10.1038/nature06639
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Mizushima N
	
                Noda T
	
                Yoshimori T
	
                Tanaka Y
	
                Ishii T
	
                George MD


          et al. (1998a)
      
      
            A protein conjugation system essential for autophagy
      
      
      
      
          Nature 395:395–398.

      
          
              
            https://doi.org/10.1038/26506
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Mizushima N
	
                Sugita H
	
                Yoshimori T
	
                Ohsumi Y


          (1998b)
      
      
            A new protein conjugation system in human. The counterpart of the yeast Apg12p conjugation system essential for autophagy
      
      
      
      
          J Biol Chem 273:33889–33892.

      
          
              
            https://doi.org/10.1074/jbc.273.51.33889
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Mizushima N
	
                Yamamoto A
	
                Hatano M
	
                Kobayashi Y
	
                Kabeya Y
	
                Suzuki K


          et al. (2001)
      
      
            Dissection of autophagosome formation using Apg5-deficient mouse embryonic stem cells
      
      
      
      
          J Cell Biol 152:657–668.

      
          
              
            https://doi.org/10.1083/jcb.152.4.657
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Moreau K
	
                Ravikumar B
	
                Renna M
	
                Puri C
	
                Rubinsztein DC


          (2011)
      
      
            Autophagosome precursor maturation requires homotypic fusion
      
      
      
      
          Cell 146:303–317.

      
          
              
            https://doi.org/10.1016/j.cell.2011.06.023
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Nair U
	
                Jotwani A
	
                Geng J
	
                Gammoh N
	
                Richerson D
	
                Yen WL


          et al. (2011)
      
      
            SNARE proteins are required for macroautophagy
      
      
      
      
          Cell 146:290–302.

      
          
              
            https://doi.org/10.1016/j.cell.2011.06.022
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Noda T
	
                Ohsumi Y


          (1998)
      
      
            Tor, a phosphatidylinositol kinase homologue, controls autophagy in yeast
      
      
      
      
          J Biol Chem 273:3963–3966.

      
          
              
            https://doi.org/10.1074/jbc.273.7.3963
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Obara K
	
                Ohsumi Y


          (2011)
      
      
            Atg14: a key player in orchestrating autophagy
      
      
      
      
          Int J Cell Biol 2011:713435.

      
          
              
            https://doi.org/10.1155/2011/713435
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Oh-oka K
	
                Nakatogawa H
	
                Ohsumi Y


          (2008)
      
      
            Physiological pH and acidic phospholipids contribute to substrate specificity in lipidation of Atg8
      
      
      
      
          J Biol Chem 283:21847–21852.

      
          
              
            https://doi.org/10.1074/jbc.M801836200
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ohashi Y
	
                Munro S


          (2010)
      
      
            Membrane delivery to the yeast autophagosome from the Golgi-endosomal system
      
      
      
      
          Mol Biol Cell 21:3998–4008.

      
          
              
            https://doi.org/10.1091/mbc.E10-05-0457
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Orsi A
	
                Razi M
	
                Dooley HC
	
                Robinson D
	
                Weston AE
	
                Collinson LM


          et al. (2012)
      
      
            Dynamic and transient interactions of Atg9 with autophagosomes, but not membrane integration, are required for autophagy
      
      
      
      
          Mol Biol Cell 23:1860–1873.

      
          
              
            https://doi.org/10.1091/mbc.E11-09-0746
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Peyroche A
	
                Antonny B
	
                Robineau S
	
                Acker J
	
                Cherfils J
	
                Jackson CL


          (1999)
      
      
            Brefeldin A acts to stabilize an abortive ARF-GDP-Sec7 domain protein complex: involvement of specific residues of the Sec7 domain
      
      
      
      
          Mol Cell 3:275–285.

      
          
              
            https://doi.org/10.1016/S1097-2765(00)80455-4
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Puri S
	
                Linstedt AD


          (2003)
      
      
            Capacity of the golgi apparatus for biogenesis from the endoplasmic reticulum
      
      
      
      
          Mol Biol Cell 14:5011–5018.

      
          
              
            https://doi.org/10.1091/mbc.E03-06-0437
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ragusa MJ
	
                Stanley RE
	
                Hurley JH


          (2012)
      
      
            Architecture of the Atg17 complex as a scaffold for autophagosome biogenesis
      
      
      
      
          Cell 151:1501–1512.

      
          
              
            https://doi.org/10.1016/j.cell.2012.11.028
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ravikumar B
	
                Moreau K
	
                Jahreiss L
	
                Puri C
	
                Rubinsztein DC


          (2010)
      
      
            Plasma membrane contributes to the formation of pre-autophagosomal structures
      
      
      
      
          Nat Cell Biol 12:747–757.

      
          
              
            https://doi.org/10.1038/ncb2078
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ridley SH
	
                Ktistakis N
	
                Davidson K
	
                Anderson KE
	
                Manifava M
	
                Ellson CD


          et al. (2001)
      
      
      
      
            FENS-1 and DFCP1 are FYVE domain-containing proteins with distinct functions in the endosomal and Golgi compartments

      
      
          J Cell Sci 114:3991–4000.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Rubinsztein DC
	
                Shpilka T
	
                Elazar Z


          (2012)
      
      
            Mechanisms of autophagosome biogenesis
      
      
      
      
          Curr Biol 22:R29–R34.

      
          
              
            https://doi.org/10.1016/j.cub.2011.11.034
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Schindler AJ
	
                Schekman R


          (2009)
      
      
            In vitro reconstitution of ER-stress induced ATF6 transport in COPII vesicles
      
      
      
      
          Proc Natl Acad Sci USA 106:17775–17780.

      
          
              
            https://doi.org/10.1073/pnas.0910342106
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Sekito T
	
                Kawamata T
	
                Ichikawa R
	
                Suzuki K
	
                Ohsumi Y


          (2009)
      
      
            Atg17 recruits Atg9 to organize the pre-autophagosomal structure
      
      
      
      
          Genes Cells 14:525–538.

      
          
              
            https://doi.org/10.1111/j.1365-2443.2009.01299.x
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Shao Y
	
                Gao Z
	
                Feldman T
	
                Jiang X


          (2007)
      
      
      
      
            Stimulation of ATG12–ATG5 conjugation by ribonucleic acid

      
      
          Autophagy 3:10–16.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Sou YS
	
                Tanida I
	
                Komatsu M
	
                Ueno T
	
                Kominami E


          (2006)
      
      
            Phosphatidylserine in addition to phosphatidylethanolamine is an in vitro target of the mammalian Atg8 modifiers, LC3, GABARAP, and GATE-16
      
      
      
      
          J Biol Chem 281:3017–3024.

      
          
              
            https://doi.org/10.1074/jbc.M505888200
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Sou YS
	
                Waguri S
	
                Iwata J
	
                Ueno T
	
                Fujimura T
	
                Hara T


          et al. (2008)
      
      
            The Atg8 conjugation system is indispensable for proper development of autophagic isolation membranes in mice
      
      
      
      
          Mol Biol Cell 19:4762–4775.

      
          
              
            https://doi.org/10.1091/mbc.E08-03-0309
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Stenmark H
	
                Aasland R


          (1999)
      
      
      
      
            FYVE-finger proteins–effectors of an inositol lipid

      
      
          J Cell Sci 112:4175–4183.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Sun Q
	
                Fan W
	
                Chen K
	
                Ding X
	
                Chen S
	
                Zhong Q


          (2008)
      
      
            Identification of Barkor as a mammalian autophagy-specific factor for Beclin 1 and class III phosphatidylinositol 3-kinase
      
      
      
      
          Proc Natl Acad Sci USA 105:19211–19216.

      
          
              
            https://doi.org/10.1073/pnas.0810452105
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Tanida I
	
                Sou YS
	
                Ezaki J
	
                Minematsu-Ikeguchi N
	
                Ueno T
	
                Kominami E


          (2004)
      
      
            HsAtg4B/HsApg4B/autophagin-1 cleaves the carboxyl termini of three human Atg8 homologues and delipidates microtubule-associated protein light chain 3- and GABAA receptor-associated protein-phospholipid conjugates
      
      
      
      
          J Biol Chem 279:36268–36276.

      
          
              
            https://doi.org/10.1074/jbc.M401461200
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                van der Vaart A
	
                Griffith J
	
                Reggiori F


          (2010)
      
      
            Exit from the Golgi is required for the expansion of the autophagosomal phagophore in yeast Saccharomyces cerevisiae
      
      
      
      
          Mol Biol Cell 21:2270–2284.

      
          
              
            https://doi.org/10.1091/mbc.E09-04-0345
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                von Kleist L
	
                Stahlschmidt W
	
                Bulut H
	
                Gromova K
	
                Puchkov D
	
                Robertson MJ


          et al. (2011)
      
      
            Role of the clathrin terminal domain in regulating coated pit dynamics revealed by small molecule inhibition
      
      
      
      
          Cell 146:471–484.

      
          
              
            https://doi.org/10.1016/j.cell.2011.06.025
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ward TH
	
                Polishchuk RS
	
                Caplan S
	
                Hirschberg K
	
                Lippincott-Schwartz J


          (2001)
      
      
            Maintenance of Golgi structure and function depends on the integrity of ER export
      
      
      
      
          J Cell Biol 155:557–570.

      
          
              
            https://doi.org/10.1083/jcb.200107045
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Wei Y
	
                Pattingre S
	
                Sinha S
	
                Bassik M
	
                Levine B


          (2008)
      
      
            JNK1-mediated phosphorylation of Bcl-2 regulates starvation-induced autophagy
      
      
      
      
          Mol Cell 30:678–688.

      
          
              
            https://doi.org/10.1016/j.molcel.2008.06.001
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Weidberg H
	
                Shvets E
	
                Elazar Z


          (2011)
      
      
            Biogenesis and cargo selectivity of autophagosomes
      
      
      
      
          Annu Rev Biochem 80:125–156.

      
          
              
            https://doi.org/10.1146/annurev-biochem-052709-094552
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Wieckowski MR
	
                Giorgi C
	
                Lebiedzinska M
	
                Duszynski J
	
                Pinton P


          (2009)
      
      
            Isolation of mitochondria-associated membranes and mitochondria from animal tissues and cells
      
      
      
      
          Nat Protoc 4:1582–1590.

      
          
              
            https://doi.org/10.1038/nprot.2009.151
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Yamamoto H
	
                Kakuta S
	
                Watanabe TM
	
                Kitamura A
	
                Sekito T
	
                Kondo-Kakuta C


          et al. (2012)
      
      
            Atg9 vesicles are an important membrane source during early steps of autophagosome formation
      
      
      
      
          J Cell Biol 198:219–233.

      
          
              
            https://doi.org/10.1083/jcb.201202061
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Yang Z
	
                Klionsky DJ


          (2010)
      
      
            Mammalian autophagy: core molecular machinery and signaling regulation
      
      
      
      
          Curr Opin Cell Biol 22:124–131.

      
          
              
            https://doi.org/10.1016/j.ceb.2009.11.014
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Yen WL
	
                Shintani T
	
                Nair U
	
                Cao Y
	
                Richardson BC
	
                Li Z


          et al. (2010)
      
      
            The conserved oligomeric Golgi complex is involved in double-membrane vesicle formation during autophagy
      
      
      
      
          J Cell Biol 188:101–114.

      
          
              
            https://doi.org/10.1083/jcb.200904075
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Yla-Anttila P
	
                Vihinen H
	
                Jokitalo E
	
                Eskelinen EL


          (2009)
      
      
            3D tomography reveals connections between the phagophore and endoplasmic reticulum
      
      
      
      
          Autophagy 5:1180–1185.

      
          
              
            https://doi.org/10.4161/auto.5.8.10274
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Young AR
	
                Chan EY
	
                Hu XW
	
                Kochl R
	
                Crawshaw SG
	
                High S


          et al. (2006)
      
      
            Starvation and ULK1-dependent cycling of mammalian Atg9 between the TGN and endosomes
      
      
      
      
          J Cell Sci 119:3888–3900.

      
          
              
            https://doi.org/10.1242/jcs.03172
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Zhang T
	
                Wong SH
	
                Tang BL
	
                Xu Y
	
                Hong W


          (1999)
      
      
            Morphological and functional association of Sec22b/ERS-24 with the pre-Golgi intermediate compartment
      
      
      
      
          Mol Biol Cell 10:435–453.

      
          
              
            https://doi.org/10.1091/mbc.10.2.435
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Zhong Y
	
                Wang QJ
	
                Li X
	
                Yan Y
	
                Backer JM
	
                Chait BT


          et al. (2009)
      
      
            Distinct regulation of autophagic activity by Atg14L and Rubicon associated with Beclin 1-phosphatidylinositol-3-kinase complex
      
      
      
      
          Nat Cell Biol 11:468–476.

      
          
              
            https://doi.org/10.1038/ncb1854
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Zoncu R
	
                Bar-Peled L
	
                Efeyan A
	
                Wang S
	
                Sancak Y
	
                Sabatini DM


          (2011)
      
      
            mTORC1 senses lysosomal amino acids through an inside-out mechanism that requires the vacuolar H(+)-ATPase
      
      
      
      
          Science 334:678–683.

      
          
              
            https://doi.org/10.1126/science.1207056
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Zoppino FC
	
                Militello RD
	
                Slavin I
	
                Alvarez C
	
                Colombo MI


          (2010)
      
      
            Autophagosome formation depends on the small GTPase Rab1 and functional ER exit sites
      
      
      
      
          Traffic 11:1246–1261.

      
          
              
            https://doi.org/10.1111/j.1600-0854.2010.01086.x
              
          
      
      
          	
            Google Scholar
          


      

    







  





                
                    

    
      Article and author information

      
    

  
      Author details

	

  Liang Ge


    
        Department of Molecular and Cell Biology, Howard Hughes Medical Institute, University of California, Berkeley, Berkeley, United States
    
    
        Contribution

        LG, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or revising the article, Contributed unpublished essential data or reagents
    
    
        Competing interests

        No competing interests declared.
    







	

  David Melville


    
        Department of Molecular and Cell Biology, Howard Hughes Medical Institute, University of California, Berkeley, Berkeley, United States
    
    
        Contribution

        DM, Acquisition of data, Drafting or revising the article
    
    
        Competing interests

        No competing interests declared.
    







	

  Min Zhang


    
        Department of Molecular and Cell Biology, Howard Hughes Medical Institute, University of California, Berkeley, Berkeley, United States
    
    
        Contribution

        MZ, Acquisition of data, Contributed unpublished essential data or reagents
    
    
        Competing interests

        No competing interests declared.
    







	

  Randy Schekman


    
        Department of Molecular and Cell Biology, Howard Hughes Medical Institute, University of California, Berkeley, Berkeley, United States
    
    
        Contribution

        RS, Conception and design, Analysis and interpretation of data, Drafting or revising the article
    
    
        For correspondence

        schekman@berkeley.edu
    
    
        Competing interests

        RS: Editor-in-Chief, eLife.
    











    
      Funding

      
    

  
      

    
      Howard Hughes Medical Institute

      
    

  
      

    	Randy Schekman








  





    
      University of California, Berkeley Miller Institute

      
    

  
      

    	Randy Schekman








  





    
      Human Frontier Science Program (LT000003/2012)

      
    

  
      

    	Liang Ge








  





    
      Jane Coffin Childs Fund

      
    

  
      

    	Liang Ge








  



The funders had no role in study design, data collection and interpretation, or the decision to submit the work for publication.






  





    
      Acknowledgements

      
    

  
      We thank Qing Zhong, Nicholas Ktistakis, Noboru Mizushima, Masaaki Komatsu, David King, Kundu Mondira, Eisaku Hokazono, and Jennifer Lippincott-Schwartz (NICHD) for reagents; Bob Lesch, Ann Fisher, Xiaozhu Zhang and Amita Gorur (University of California, Berkeley) for technical assistance; Qing Zhong, Jeremy Thorner (University of California, Berkeley), Ta-Yuan Chang (Dartmouth Medical School), David Sabatini, Roberto Zoncu (Whitehead Institute) and Xuejun Jiang (Memorial Sloan-Kettering Cancer Center) for helpful information and advice on the study; and Daniel Klionsky (University of Michigan) and Livy Wilz (University of California, Berkeley) for manuscript editing. LG was supported by a fellowship from the Human Frontier Science Program (HFSP) and the Jane Coffin Childs Fund (JCCF). DM and MZ are HHMI Associates. RS is an Investigator of the HHMI and a Senior Fellow of the University of California, Berkeley Miller Institute.






  





    
      Version history

      
    

  
      
    	Received: May 15, 2013
	Accepted: July 3, 2013
	Version of Record published: August 6, 2013 (version 1)









  





    
      Copyright

      
    

  
      © 2013, Ge et al.
This article is distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use and redistribution provided that the original author and source are credited.





  








  





                
                    

    
      Metrics

      
    

  
      	
      	
          9,737
        
	
          Page views
        


    
	
      	
          1,732
        
	
          Downloads
        


    
	
      	
          308
        
	
          Citations
        


    








Article citation count generated by polling the highest count across the following sources: Crossref, PubMed Central, Scopus.






  





                
                    

    
      Download links

      
    

  
      
  A two-part list of links to download the article, or parts of the article, in various formats.


    
      Downloads (link to download the article as PDF)



      	


                  Article PDF


            
	


                  Figures PDF


            


    

    
      Open citations (links to open the citations from this article in various online reference manager services)



      	


                  Mendeley


            
	


                  


            


    

    
      Cite this article (links to download the citations from this article in formats compatible with various reference manager tools)


        
    	
          Liang Ge
	
          David Melville
	
          Min Zhang
	
          Randy Schekman


    (2013)



      The ER–Golgi intermediate compartment is a key membrane source for the LC3 lipidation step of autophagosome biogenesis




    eLife 2:e00947.


    
      https://doi.org/10.7554/eLife.00947
    








      	


                  Download BibTeX


            
	


                  Download .RIS


            


    









  





                
                    

    
      Share this article

      
    

  
      
    
  https://doi.org/10.7554/eLife.00947
    


	
    
      
          
              
              
          
      
    
  
	
    
      
        
            
            
        
      
    
  
	
    
      
          
              
                  
                  
              
          
      
    
  
	
    
      
        
            
                
                
            
        
    
    
  
	
    
      
          
              
                  
                  
              
          
      
    
  
	
    
      
          
              
                  
                  
              
          
      
    
  








  





                
                    


  


    
      Categories and tags

      	
            Research Article
	
            Biochemistry and Chemical Biology
	
            Cell Biology
	
            autophagy
	
            ER–Golgi intermediate compartment
	
            LC3 lipidation
	
            autophagosome


    


    
      Research organisms

      	
            Human
	
            Mouse


    


  





                
                
            
        

        


        
    





    

        
            

    
    
        

  

    

        
          Further reading

        


      	
            

              
              
                  	Biochemistry and Chemical Biology
	Cell Biology


              
                
                  
                    Phosphatidylinositol 3-kinase and COPII generate LC3 lipidation vesicles from the ER-Golgi intermediate compartment
                  

                

              
                  Liang Ge, Min Zhang, Randy Schekman

              
                  
                    
                    
                        Research Advance
                    
                    
                        
                         Updated Dec 12, 2014
                    

                  

              
              
              
                Formation of the autophagosome requires significant membrane input from cellular organelles. However, no direct evidence has been developed to link autophagic factors and the mobilization of membranes to generate the phagophore. Previously, we established a cell-free LC3 lipidation reaction to identify the ER-Golgi intermediate compartment (ERGIC) as a membrane source for LC3 lipidation, a key step of autophagosome biogenesis (Ge et al., eLife 2013; 2:e00947). We now report that starvation activation of autophagic phosphotidylinositol-3 kinase (PI3K) induces the generation of small vesicles active in LC3 lipidation. Subcellular fractionation studies identified the ERGIC as the donor membrane in the generation of small lipidation-active vesicles. COPII proteins are recruited to the ERGIC membrane in starved cells, dependent on active PI3K. We conclude that starvation activates the autophagic PI3K, which in turn induces the recruitment of COPII to the ERGIC to bud LC3 lipidation-active vesicles as one potential membrane source of the autophagosome.


              

          
	
            

              
              
                  	Biochemistry and Chemical Biology
	Cancer Biology


              
                
                  
                    DePARylation is critical for S phase progression and cell survival
                  

                

              
                  Litong Nie, Chao Wang ... Junjie Chen

              
                  
                    
                    
                        Research Article
                    
                    
                        
                         Apr 5, 2024
                    

                  

              
              
              
                Poly(ADP-ribose)ylation or PARylation by PAR polymerase 1 (PARP1) and dePARylation by poly(ADP-ribose) glycohydrolase (PARG) are equally important for the dynamic regulation of DNA damage response. PARG, the most active dePARylation enzyme, is recruited to sites of DNA damage via pADPr-dependent and PCNA-dependent mechanisms. Targeting dePARylation is considered an alternative strategy to overcome PARP inhibitor resistance. However, precisely how dePARylation functions in normal unperturbed cells remains elusive. To address this challenge, we conducted multiple CRISPR screens and revealed that dePARylation of S phase pADPr by PARG is essential for cell viability. Loss of dePARylation activity initially induced S-phase-specific pADPr signaling, which resulted from unligated Okazaki fragments and eventually led to uncontrolled pADPr accumulation and PARP1/2-dependent cytotoxicity. Moreover, we demonstrated that proteins involved in Okazaki fragment ligation and/or base excision repair regulate pADPr signaling and cell death induced by PARG inhibition. In addition, we determined that PARG expression is critical for cellular sensitivity to PARG inhibition. Additionally, we revealed that PARG is essential for cell survival by suppressing pADPr. Collectively, our data not only identify an essential role for PARG in normal proliferating cells but also provide a potential biomarker for the further development of PARG inhibitors in cancer therapy.


              

          
	
            

              
              
                  	Biochemistry and Chemical Biology
	Cancer Biology


              
                
                  
                    Water-soluble 4-(dimethylaminomethyl)heliomycin exerts greater antitumor effects than parental heliomycin by targeting the tNOX-SIRT1 axis and apoptosis in oral cancer cells
                  

                

              
                  Atikul Islam, Yu-Chun Chang ... Pin Ju Chueh

              
                  
                    
                    
                        Research Article
                    
                    
                        
                         Apr 3, 2024
                    

                  

              
              
              
                The antibiotic heliomycin (resistomycin), which is generated from Streptomyces resistomycificus, has multiple activities, including anticancer effects. Heliomycin was first described in the 1960s, but its clinical applications have been hindered by extremely low solubility. A series of 4-aminomethyl derivatives of heliomycin were synthesized to increase water solubility; studies showed that they had anti-proliferative effects, but the drug targets remained unknown. In this study, we conducted cellular thermal shift assays (CETSA) and molecular docking simulations to identify and validate that heliomycin and its water-soluble derivative, 4-(dimethylaminomethyl)heliomycin (designated compound 4-dmH) engaged and targeted with sirtuin-1 (SIRT1) in p53-functional SAS and p53-mutated HSC-3 oral cancer cells. We further addressed the cellular outcome of SIRT1 inhibition by these compounds and found that, in addition to SIRT1, the water-soluble 4-dmH preferentially targeted a tumor-associated NADH oxidase (tNOX, ENOX2). The direct binding of 4-dmH to tNOX decreased the oxidation of NADH to NAD+ which diminished NAD+-dependent SIRT1 deacetylase activity, ultimately inducing apoptosis and significant cytotoxicity in both cell types, as opposed to the parental heliomycin-induced autophagy. We also observed that tNOX and SIRT1 were both upregulated in tumor tissues of oral cancer patients compared to adjacent normal tissues, suggesting their clinical relevance. Finally, the better therapeutic efficacy of 4-dmH was confirmed in tumor-bearing mice, which showed greater tNOX and SIRT1 downregulation and tumor volume reduction when treated with 4-dmH compared to heliomycin. Taken together, our in vitro and in vivo findings suggest that the multifaceted properties of water-soluble 4-dmH enable it to offer superior antitumor value compared to parental heliomycin, and indicated that it functions through targeting the tNOX-NAD+-SIRT1 axis to induce apoptosis in oral cancer cells.


              

          




    


  






    
    


            

                            

  

      
        Be the first to read new articles from eLife

      

            Sign up for email alerts

      
        Privacy notice
      

  




            
                              
    
          
            
              Skip to Content
            

            
              
                
                [image: eLife logo]
              
              eLife home page
            
          

    

    
        Menu

        	
            Home
          
	
            Magazine
          
	
            Community
          
	
            About
          
	
            Research categories
          
	
            Inside eLife
          
	
            Search
          
	
            Subscribe to alerts
          
	
            Submit your research
          
	
            Author guide
          
	
            Reviewer guide
          


      Back to top
    
  


	

      
        
            
            
            
            [image: Howard Hughes Medical Institute]
        
      


    
	

      
        
            
            
            
            [image: Wellcome Trust]
        
      


    
	

      
        
            
            
            
            [image: Max-Planck-Gesellschaft]
        
      


    
	

      
        
            
            
            
            [image: Knut and Alice Wallenberg Foundation]
        
      


    





  

    

      
        	
            About
          
	
            Jobs
          
	
            Who we work with
          
	
            Alerts
          
	
            Contact
          
	
            Terms and conditions
          
	
            Privacy notice
          
	
            Inside eLife
          
	
            Monthly archive
          
	
            For the press
          
	
            Resources
          
	
            XML and Data
          


      

      
        	
            
              
              
                  
                  
              
          
            
          
	
            
              
                
              
            
          
	
            
              
                
              
            
          
	
            
              
                
              
            
          
	
            
              
                
              
            
          
	
            
              
                  
                      
                          
                              
                          
                      
                  
              
            
          


      

      
      
        
          
            
              
                
              
            
          
          Find us on GitHub

        
      

      
      
        
          [image: Positive Planet - Certified Carbon Neutral]
        
      


    


    

      
        eLife is a non-profit organisation inspired by research funders and led by scientists. Our mission is to help scientists accelerate discovery by operating a platform for research communication that encourages and recognises the most responsible behaviours in science.
        eLife Sciences Publications, Ltd is a limited liability non-profit non-stock corporation incorporated in the State of Delaware, USA, with company number 5030732, and is registered in the UK with company number FC030576 and branch number BR015634 at the address:

        
          eLife Sciences Publications, Ltd

          Westbrook Centre, Milton Road

          Cambridge CB4 1YG

          UK
        

      


      
        © 2024 eLife Sciences Publications Ltd. Subject to a Creative Commons Attribution license, except where otherwise noted. ISSN: 2050-084X
      


    


  




            
        


    

        

    



