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SUMMARY

The proteolytic arm of the protein homeostasis network is maintained by both the ubiquitin-

proteasome system (UPS) and autophagy. A well-balanced crosstalk between the two catabolic 

pathways ensures energy efficient maintenance of cellular function. Our current understanding of 

the crosstalk between the UPS and autophagy is centered around substrate ubiquitination. Herein 

we report an additional method of crosstalk involving ubiquitin-independent 20S proteasome 

regulation of autophagosome-lysosome fusion. We found that enhancement of 20S proteasome 

activity increased the degradation of the disordered soluble N-ethylmaleimide-sensitive factor 

activating protein receptor (SNARE) proteins, synaptosomal-associated protein 29 (SNAP29) and 

syntaxin 17 (STX17), but not vesicle-associated membrane protein 8 (VAMP8). This resulted in a 

reduction of autophagosome-lysosome fusion, which was ameliorated upon overexpression of both 

SNAP29 and STX17. In all, we herein present a mechanism of crosstalk between the proteasome 

and autophagy pathway that is regulated by ubiquitin-independent 20S proteasome-mediated 

degradation of SNAP29 and STX17.
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INTRODUCTION

The ubiquitin-proteasome system (UPS) and the autophagy pathway are two complementary 

proteolytic systems that have evolved to degrade redundant, damaged and misfolded 

proteins, and worn-out organelles (Cohen-Kaplan et al., 2016). The UPS targets the 
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degradation of mostly soluble, short-lived nuclear and cytosolic proteins, whereas the 

autophagy pathway enables cells to degrade protein complexes, protein aggregates and 

cellular organelles in a lysosome-dependent mechanism (Dikic, 2017).

In the UPS, the 26S proteasome is the main protease responsible for the degradation of 

proteins. The 26S proteasome is capped on each end with a 19S regulatory cap, which 

recognizes, unfolds and transports substrates into the cylindrical 20S core particle for 

degradation (Glickman and Ciechanover, 2002, Finley et al., 2016). While the 26S 

proteasome primarily degrades ubiquitinated substrates, the uncapped 20S core particle is 

limited to the degradation of unfolded proteins (i.e. intrinsically disordered and oxidatively 

damaged proteins) in a ubiquitin- and ATP- independent manner (Ben-Nissan and Sharon, 

2014). The assembly and disassembly of the 26S and 20S proteasome complexes therefore 

exist as a dynamic equilibrium to address specific proteolytic needs (Bhattacharyya et al., 

2014).

Autophagy is an intracellular lysosome-dependent degradation pathway characterized by the 

formation of an autophagosome (Kaur and Debnath, 2015, Glick et al., 2010). In the initial 

step, an isolated membrane forms through specific autophagy effectors such as the 

microtubules-associated protein light chain 3 (LC3) that engulfs its targeted protein 

aggregates or damaged organelles. Elongation and closure of the crescent-shaped structure 

(phagophore) forms the autophagosome. Fusion of the autophagosome with the lysosome is 

regulated by various SNARE proteins (Itakura et al., 2012), to form the autolysosome. Upon 

fusion, several hydrolases act as endopeptidases under the highly acidic condition (pH 4.5–

5.0) of the autolysosome and degrade the cargo (Mindell, 2012).

At the protein level, autophagy appears to be induced to compensate for cellular stresses not 

addressed by proteasomal clearance (Cohen-Kaplan et al., 2016). A well-balanced crosstalk 

between the two catabolic pathways ensures energy efficient maintenance of cellular 

function and the cell’s amino acid reserve(Kwon and Ciechanover, 2017, Ji and Kwon, 

2017). Dysregulation of these complementary proteolytic systems has been implicated in 

many human diseases, including cancer and neurodegenerative disorders (Limanaqi et al., 

2018, Chung et al., 2018, Mooneyham and Bazzaro, 2017, Boland et al., 2018, Schmidt and 

Finley, 2014). A more complete understanding of the crosstalk between these two pathways 

may reveal new targets that can be explored for the treatment of proteostasis diseases 

(Onorati et al., 2018).

Our current understanding of the crosstalk between the UPS and autophagy is centered 

around substrate ubiquitination (Ji and Kwon, 2017, Peng et al., 2017). Shuttle proteins 

recognize ubiquitinated substrates and direct them towards either or both proteolytic 

pathways. For example, lysine-48 (K-48)-linked polyubiquitinated substrates are 

preferentially directed to the 26S proteasome by UB-associated (UBA)-Ub-Like (UBL) 

shuttling proteins, while p62/SQSTM-1 and neighbor of BRCA1 (NBR1) shuttle K-63-

linked polyubiquitinated substrates to autophagic vacuoles(Cohen-Kaplan et al., 2016). 

Crosstalk is evident when improper processing of ubiquitin substrates by the 26S 

proteasome triggers an autophagic response. For example, accumulation of ubiquitinated 

proteins, following proteasome inhibition, results in ER stress, unfolded protein response 
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(UPR), p53 and HDAC6 signaling, with ensuing activation of downstream pathways and 

upregulation of autophagy (ATG) genes (Zhu et al., 2010, Lee et al., 2003, Vousden and 

Ryan, 2009, Pandey et al., 2007). Induced clearance of ubiquitinated substrates, by 

inhibition of the de-ubiquitinase USP14, triggers conflicting outcomes in autophagic flux 

(Kim et al., 2018, Xu et al., 2016, Chakraborty et al., 2018).

The role of the 20S proteasome in autophagy regulation is largely unexplored, yet support 

for its relevance exists (Gao et al., 2010). In the present study, we report a previously 

unrecognized mechanism of cross-talk that implicates the 20S proteasome as a regulator of 

the autophagic SNARE proteins, SNAP29 and STX17. To elucidate the role of the 20S in 

autophagy regulation, we used the small molecule probe, TCH-165. TCH-165 is a 20S 

activator that enhances 20S-mediated proteolysis (Njomen et al., 2018). TCH-165 was also 

shown to regulate the equilibrium between 26S and 20S proteasome sub-complexes, in favor 

of the 20S, in a manner that does not involve induction of oxidative stress (Njomen et al., 

2018). This regulation only significantly affects ubiquitin-dependent proteolysis at high 

concentration (≥30 μM) where the 26S proteasome is completely depleted. At ≤10 μM, 

residual 26S proteasome is maintained and the enhanced activity of the 20S proteasome 

could be monitored without significant perturbation of the ubiquitin-dependent pathway.

The enhanced 20S proteolytic activity allowed us to discover 20S-mediated regulatory 

events in cells and provide insight in the role of the 20S proteasome on proteasome-

autophagy crosstalk. Herein, we report for the that the SNARE proteins SNAP29 and STX17 

are degraded through a ubiquitin-independent pathway that is primarily mediated by the 20S 

proteasome. Enhancement of 20S proteasome activity, by TCH-165, decreased SNAP29 and 

STX17 protein levels and reduced autophagosome-lysosome fusion. Overexpression of both 

SNAP29 and STX17, but not the individual proteins ameliorated the effect of TCH-165-

enhanced 20S proteolysis on autophagy. Collectively, our data suggest that the 20S 

proteasome regulation of SNAP29 and STX17 is a previously unrecognized mechanism of 

proteasome - autophagy crosstalk.

RESULTS

20S proteasome enhancer induces the accumulation of autophagic vacuoles

During autophagosome formation, microtubule-associated protein 1 light chain 3 (LC3B-I) 

is converted to LC3B-II via the conjugation of phosphatidylethanolamine (PE) to the C-

terminal glycine of LC3B-I. LC3-II is then recruited to autophagosomal membranes and 

degraded upon autolysosome formation. Thus, the turnover of the autophagosomal substrate 

LC3B-II reflects autophagic activity (Kaur and Debnath, 2015, Glick et al., 2010). To 

elucidate the effect of proteasome activation on autophagy flux, glioblastoma cells (U-87 

MG)(Jiang et al., 2009) were treated with the 20S proteasome enhancer, TCH-165, and the 

level of LC3B-II quantified by immunoblot and confocal microscopy. TCH-165 significantly 

increases the levels of LC3B-II in a concentration (Fig. 1A and 1B) and time (Fig. 1C and 

1D) dependent manner. Furthermore, LC3B-I displays a diffuse staining pattern within the 

cytoplasm, while LC3B-II appears as small punctae in autophagic vacuoles (AVs)(Klionsky 

et al., 2016). Confocal immunofluorescence with anti-LC3B further confirmed the 

accumulation of LC3B positive vacuoles in cells treated with TCH-165 (10 μM) for 16h 
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(Fig. 1E and 1F). Furthermore, staining the cells with antibody against lysosome associated 

membrane protein 1 (LAMP 1) showed increase in lysosome dilation (Fig. 1G).

20S proteasome enhancer inhibits autophagic flux

Increased levels of LC3B-II and accumulation of AVs could result from increased upstream 

autophagosome formation (activation) or impaired downstream degradation of basal level 

autophagosome (inhibition)(Mizushima et al., 2010). To distinguish between these two 

scenarios, we measured LC3B-II accumulation in the presence of the late stage autophagy 

inhibitor, bafilomycin A1 (BafA1, a V-ATPase inhibitor) (Mauvezin et al., 2015). Treatment 

with BafA1 or TCH-165 led to a significant increase in LC3B-II (Fig. 2A). As anticipated, 

the combination of BafA1 and autophagy activator torin1 (Zhao et al., 2015) increases 

LC3B-II levels (Fig. 2A, last two lanes vs. lane 1). However, treatment with TCH-165 for 

16h followed by BafA1 for 4h did not increase LC3B-II levels above that induced by 

TCH-165 alone (Fig. 2A and S1), suggesting that TCH-165 inhibits autophagic flux.

20S proteasome enhancer inhibits late-stage autophagy

To determine whether the 20S proteasome enhancer, TCH-165, affects late stage autophagy, 

we evaluated the compound’s ability to inhibit torin1 or starvation (using Earle’s balanced 

salt solution, EBSS) induced autophagy. The combination of a late stage inhibitor and 

autophagy activators should significantly increase LC3B-II levels (Bjorkoy et al., 2009). As 

seen in Fig. 2B, TCH-165 treatment of U-87 MG cells increases the accumulation of LC3B-

II in both torin1 and starvation induced autophagy. Furthermore, the combination of a late 

stage inhibitor and an autophagy activator should significantly increase the formation of 

AVs. For this study, U-87 MG cells expressing EGFP-LC3B were treated with torin1 and 

TCH-165 for 16h. Treatment with torin1 induced modest accumulation of AVs, while the 

combination of TCH-165 and torin1 significantly increased the number of AVs (Fig. 2C and 

2D). This suggests that TCH-165 blocks the degradation of autophagosome induced by 

torin1. Similar activities were observed in HeLa (Fig. 2E), RPMI-8226 and HEK293T cells 

(Fig. S2A).

We evaluated the effects of TCH-165 on the autophagy substrate, p62. During autophagy, 

p62/SQSTM1 is incorporated into autophagosome via interaction with LC3B, where it 

serves as a receptor for the delivery of polyubiquitinated proteins to autophagosomes.

(Pankiv et al., 2007, Johansen and Lamark, 2011). As such, its clearance also serves as a 

measure of autophagic flux. Treatment of U-87 MG cells with TCH-165 resulted in an 

increase in p62 in a concentration (Fig. 2F and 2G) and time (Fig. 2H and 2I) dependent 

manner. These data were further confirmed by confocal immunofluorescent imaging 

showing increased in p62 punctae following TCH-165 treatment (Fig. 2J). The accumulated 

p62 were found to be co-localized with LC3B in AVs (Fig. S2B). This further confirmed 

inhibition of autophagic flux in response to the 20S proteasome enhancer, TCH-165.

20S proteasome enhancer inhibits autophagosome-lysosome fusion

Increase in LC3B-II levels and accumulation of p62 in autophagic vacuoles implies that the 

20S proteasome activator TCH-165 may inhibit late stage autophagy by targeting either the 

lysosome and/or autophagosome-lysosome fusion. To differentiate between the two 
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plausible target sites, we used a tandem RFP-GFP-LC3B autophagy sensor to determine 

whether TCH-165- inhibits autophagy by interfering with autolysosome formation.

By combining an acid insensitive RFP with an acid sensitive GFP, the conversion of an 

autophagosome (neutral pH, indicated by yellow fluorescence) to an autolysosome (acidic 

pH, indicated by red fluorescence) can be visualized by monitoring the specific loss of the 

GFP fluorescence (increase in the ratio of RFP to GFP positive punctae) upon acidification 

of the autophagosome following lysosomal fusion (Barth et al., 2010). U-87 MG (Fig. 3A 

and 3B) or HEK293T (Fig. S3) cells transiently expressing RFP-GFP-LC3B retained similar 

levels of GFP and RFP positive vacuoles upon TCH-165 treatment. This suggests that 

TCH-165 inhibits autophagy flux by interfering with autolysosome formation, a mechanism 

distinct from inhibition of lysosomal hydrolases (leupeptin as positive control, Fig. S3). 

Consistent with torin 1 promoting autophagy flux, torin 1 treated samples had significant 

increase in RFP to GFP punctae, which was reduced in the presence of TCH-165 (Fig. 3B). 

However, GFP and RFP positive punctae could also represent de-acidified autolysosome 

(Homewood et al., 1972), as seen with chloroquine treatment (Fig. S3). Thus, to distinguish 

inhibition of autolysosome formation from lysosome deacidification, we looked for changes 

in lysosomal pH using the acidotropic dye, lysotracker red, in cells expressing GFP-LAMP1. 

Unlike BafA1, which neutralizes the lysosome and reduces lysotracker red fluorescence, 

TCH-165 or torin 1 did not reduce lysotracker red signal. Consistent with dilation of the 

lysosome seen in Fig 1G, TCH-165 treatment results in a slight increase in red fluorescence 

(Fig. 3C and 3D). Cathepsin D maturation is sensitive to changes in lysosomal pH that might 

not be detectable by lysotracker red. Accordingly, we confirmed the lack of perturbation of 

lysosomal pH by measuring cathepsin D and E activity in cells treated with TCH-165 for 

24h. Unlike chloroquine which alters lysosomal pH, or pepstatin A which directly inhibits 

cathepsin activity, TCH-165 did not affect cathepsin D activity (Fig. 3E). Consistently, 

immunofluorescence of LC3B and LAMP1 showed lack of co-localization between the 

autophagosome (LC3B) and the lysosome (LAMP1) in TCH-165 samples (Fig. 3F). 

Collectively, our data suggest that the 20S proteasome regulates autophagy flux at the 

autolysosome stage, through a mechanism that does not involve neutralization of lysosomal 

pH.

The 20S agonist regulates autophagosome-lysosome fusion through enhanced 
degradation of SNAP29 and STX17

To elucidate the mechanism by which TCH-165 inhibits autophagic flux, we evaluated some 

of the SNAREs and HOP proteins involve in autophagosome-lysosome fusion to identify 

those that are potential 20S substrates. For this, predictor of natural disorder region 

(PONDR) was used to identify the degree of disorder in these proteins (Xue et al., 2010).

These predictive calculations indicated that at least three of these proteins have a minimum 

of 40% overall disorder, with SNAP29 (87.6%) being almost completely disordered (Fig.

4A) and thus was anticipated to be a plausible 20S proteasome substrate. Therefore, the 

cellular degradations of these proteins were evaluated. HeLa cells were treated with vehicle 

or torin1, with or without TCH-165. Interestingly, TCH-165 significantly reduced the 

protein levels of SNAP29 and STX17, but not VAMP8. However, VAMP8 was significantly 
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reduced in torin1 treatment, but accumulated when torin1 was combined with TCH-165 

(Fig. 4B). These observations suggest that unlike SNAP29 and STX17, VAMP8 is likely an 

autophagy substrate. These data are consistent with previous studies demonstrating that 

rapamycin, an autophagy inducer, promotes VAMP8 degradation (Fu et al., 2018). Similar 

results were obtained in HEK293T and RPMI-8226 cells (Fig.4C), suggesting that the 

observed effect is not cell type dependent.

We investigated whether the changes in STX17 and SNAP29 were occurring post-

translationally and at the level of the proteasome. Protein synthesis was pulsed with 

cycloheximide in the presence of vehicle, TCH-165, bortezomib (BTZ; proteasome 

inhibitor) or a combination of TCH-165 and BTZ for 8h. Immunoblot analyses indicated a 

significant increase in the degradation of SNAP29 and STX17 in TCH-165 treated sample, 

which was blocked by BTZ (Fig. 4D, 4E and 4F). These observations suggested that the 

change in the protein levels of SNAP29 and STX17 were due to enhanced degradation, most 

likely at the level of the proteasome. To be more certain, U-87 MG cells were treated with 

vehicle or TCH-165 for 8h or 24h and assayed for changes in total mRNA by RT-qPCR. At 

8h, no significant changes were observed in the mRNA levels of STX17, SNAP29 and 

VAMP8. However, at 24h, the mRNA for SNAP29 and STX17 increased by about 3-fold for 

TCH-165 treated cells (Fig. 4G). These increases in mRNA levels were likely a feedback 

response to the enhanced degradation of these proteins. The mRNA level of VAMP8 was 

also upregulated by 2-fold, at 24h, probably in response to accumulation of AVs. As 

controls, the mRNA levels of LC3B and p62 were also quantified. Both genes showed 

significant upregulation in mRNA at both time points (Fig. 4G). Remarkably, changes in the 

mRNA of LC3B was more significant at 8h than at 24h. Given this significant upregulation 

in p62 and LC3B mRNAs at 8h, we immunoblotted for changes in protein levels of p62 and 

LC3B-II, following inhibition of protein synthesis with cycloheximide (CHX). As shown in 

Fig. 4D, both p62 and LC3B still accumulate when protein synthesis is blocked, suggesting 

that the upregulation in mRNA does not significantly contribute to the changes in protein 

levels of p62 and LC3B-II seen with TCH-165 treatment. However, the accumulation of p62 

and LC3B-II are not as robust as in the absence of CHX. This could be due to limited level 

of basal autophagy as a result of limited protein synthesis (Watanabe-Asano et al., 2014). 

The upregulation of p62 and LC3B genes could therefore be a response to the accumulation 

of AVs or a general response to an exogenous stressor, given that these genes are 

components of a stress response pathway. Collectively, we have demonstrated that TCH-165 

enhances proteasomal degradation of SNAP29 and STX17.

Co-overexpression of the intrinsically disordered fusion proteins, SNAP29 and STX17 
restores autophagic flux

To verify that proteasomal degradation of SNAP29 and STX17 plays a role in regulating 

autophagy, SNAP29, STX17 or both were overexpressed in HeLa cells and autophagic flux 

monitored in the presence and absence of TCH-165. Here, we observed that overexpression 

of the individual proteins increased LC3B-II levels, probably due to increase flux, as p62 

levels went down (Fig. 5A and B). When cells overexpressing either SNAP29 or STX17 

were treated with TCH-165, LC3B-II accumulated further (Fig. 5A and B). However, when 

both proteins were overexpressed, TCH-165 failed to significantly increase LC3B-II nor p62 
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levels (Figs. 5A, 5B and S4) over the vehicle control. This suggests that their production 

outpaced their enhanced proteasomal degradation and autophagic flux was restored. 

Together, our data suggest that the 20S proteasome regulates autophagosome-lysosome 

fusion via proteolytic control of the critical fusion proteins, SNAP29 and STX17.

The degradation of SNAP29 and STX17 are ubiquitin-independent

Some proteins are susceptible to both ubiquitin-dependent and ubiquitin-independent 

proteasomal degradation (Yang et al., 2004, Tsvetkov et al., 2010). To verify whether STX17 

and SNAP29 belong to this group of proteins, SNAP29 and STX17 were pulled-down and 

probed for K-48 ubiquitin, which is the form recognized by the 26S proteasome for 

degradation. For this, cells expressing either Flag-SNAP29 (Fig. 5C) or Flag-STX17 (Fig.

5D) were treated with either vehicle, TCH-165, bortezomib (BTZ; proteasome inhibitor) or 

their combinations. Consistently, SNAP29 and STX17 were rapidly degraded in the presence 

of TCH-165 but accumulated in the presence of bortezomib, with or without TCH-165 (Fig. 

5C, and 5D), further implicating the proteasome as its target protease. Moreover, pull-down 

with anti-Flag revealed free SNAP29 and STX17, but not their ubiquitin conjugates upon 

immunoblotting with anti-K-48.

Although ubiquitin-independent degradation is primarily mediated by the 20S, ubiquitin-

independent degradation by the 26S proteasome cannot necessarily be excluded, yet. 

Therefore, to determine the possible involvement of the 26S proteasome in the degradation 

of SNAP29 and STX17, siRNA knockdown of the 19S cap of the 26S proteasome was used. 

Knockdown of the 19S PSMD2 (Rpn1) subunit has been validated by others in the 

determination of 19S-dependent degradation of proteins (Winkler et al., 2013). For this 

study, HeLa cells were transfected with either control siRNA or Rpn1 siRNA for 72h and 

then treated with either vehicle or TCH-165 for 16h. Immunoblot revealed significant 

stabilization of SNAP29 in vehicle control of Rpn1 knockdown sample. However, under the 

knockdown condition, the degradation of SNAP29 was still enhanced by TCH-165 (Fig. 

5E). This suggests that although the 26S proteasome may contribute in the degradation of 

SNAP29, the 20S is primarily responsible for its proteolysis. Surprising, STX17 which is 

less disordered than SNAP29 was not stabilized in the Rpn1 knockdown/vehicle control. 

This suggests that STX17 is primarily degraded by the 20S proteasome. Furthermore, Rpn1 

knockdown/TCH-165 treatment showed a more robust enhanced degradation of STX17 

compared to control siRNA/TCH-165 sample (Fig. 5E). This is consistent with an increasing 

pool (with Rpn1 knockdown) of activated 20S proteasome (upon TCH-165 exposure). 

Consistent with the role of STX17 in autophagy flux, LC3B II accumulated more in Rpn1 

knockdown/TCH-165 compared to control siRNA/TCH-165. Predictably, Rpn1 knockdown 

(26S inhibition) lead to p62 (also a 26S substrate) accumulation compared to the control 

siRNA.

20S proteasome activity inversely parallels autophagic flux

We used three different imidazoline analogues to determine whether 20S proteasome 

enhancement parallels autophagy inhibition. For this, we used TCH-165 (potent 20S 

agonist), TCH-023 (inactive analogue) and TCH-013 (weak 20S agonist) (Fig. 6A) (Njomen 

et al., 2018, Lansdell et al., 2013). Indeed, the ability of these molecules to enhance 20S-
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mediated proteolysis of the peptide substrate, Suc-LLVY-AMC (Fig. 6B), directly correlates 

with the degradation of SNAP29, STX17 and the accumulation of autophagic substrates; 

LC3B-II and p62 (Fig. 6C). Predictably, pull-down experiment to verify the interaction of 

these proteins with the proteasome was unproductive, given that the interaction is likely 

weak and transient. However, immunofluorescence of cells expressing Flag-SNAP29 or 

STX17 revealed significant overlap with the proteasome (Fig. 6D–F). Considering that 

SNAP29 is readily available, its interaction with the 20S proteasome as well as its ubiquitin-

independent proteolysis was confirmed by in an in vitro biochemical assay. SNAP29 

containing a C-terminal myc- tag was degraded by purified 20S proteasome, as observed by 

immunoblot (Fig. 6G) and by Coomassie staining (Fig. 6H). Moreover, the degradation of 

SNAP29 in this assay was enhanced by TCH-165 and blocked by the proteasome inhibitor, 

bortezomib (Fig. 6I). Together, these data suggest that the SNARE proteins, SNAP29 and 

STX17, are 20S substrates and that ubiquitin-independent 20S proteasome-mediated 

proteolysis of these proteins regulates, at least in part, autophagic flux.

Reversibility of cellular effects following TCH-165 treatment

We previously published that TCH-165 has low single digit micromolar potency against 

U-87 MG and other cancer cell lines (Njomen et al., 2018). To evaluate the reversibility of 

TCH-165 on cell viability, U-87 MG cells were treated with different concentrations of 

TCH-165. Cells were either unwashed (control) or washed at 8h or 24h and cultured for a 

total of 72h. Washing off TCH-165 after 8h incubation (but not 24h) reduces its 72-hour 

cytotoxicity by about 3-fold (Fig. S5A and S5B). Furthermore, washing the cells at 4h, 8h 

and 12h post treatment and allowing it to culture for a total of 24h (Fig. S5C) reduces 

LC3BII and p62 accumulation, compared to 24h treatment (Fig. S5D–F). At the level of 

LC3B, the cells appear to be recovering from TCH-165 treatment, as the unwashed controls 

at those same time points have higher LC3B accumulation (Fig. S5E). However, this result 

should be interpreted with caution, as this could also be the result of a reduced amount of 

TCH-165 present in the cells post-washing.

Considering the abundance and predominance of 20S-mediated proteolysis under conditions 

of oxidative stress, we next investigated whether the degradation of SNAP29 and STX17 are 

enhanced by hydrogen peroxide (H2O2). In this study, treatment of HeLa cells with 50 μΜ 
H2O2 significantly reduces the level of assembled 26S proteasome (Fig. S6A), with a 

corresponding increase in oxidized proteins (Fig. S6B). TCH-165 (at 10 μM) also reduced 

the level of 26S in HeLa cells (Fig. S6A) and in U-87 MG cells (Fig. S6C), while 

maintaining a significant amount of single capped 20S, as previously reported (Njomen et 

al., 2018). However, the degradation of SNAP29 and STX17, as well as changes in 

autophagy markers, LC3BII and p62, were not as robust following oxidative damage, 

compared to TCH-165 treatment (Fig. S6B). Consistent with 20S activation and the role of 

20S in the degradation of oxidatively damaged proteins (Dal Vechio et al., 2014, 

Shringarpure et al., 2001), TCH-165 was able to enhance the degradation of oxidized 

proteins under basal conditions (Fig. S6B, lane 2). The combination of TCH-165 with H2O2 

resulted in milder effects on the degradation of the SNARE proteins, and the accumulation 

of LC3BII and p62 (Fig. S6B, lane 4), compared to TCH-165 treatment only. This 
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observation is most likely due to increase in proteasomal load (oxidized proteins) as a result 

of exposure to H2O2.

DISCUSSION

Our results described herein indicate that enhancement of 20S proteasome activity by 

TCH-165 reduces autophagic flux by preventing autophagosome-lysosome fusion. In the 

fusion step, the Qa soluble N-ethylmaleimide-sensitive factor attachment protein receptor 

(Qa-SNARE), syntaxin 17 (STX17), is only recruited to completed autophagosome 

membrane (most likely from the cytosol) by immunity-related GTPase M (IRGM) (Kumar 

et al., 2018). STX17 then binds to its interacting partner SNAREs, snaptosomal-associated 

protein 29 (SNAP29, a Qbc-SNARE) and vesicle-associated membrane protein 8 (VAMP8, 

an R-SNARE) and promote autophagosome-lysosome fusion) (Itakura et al., 2012). 

Components of the homotypic fusion and protein sorting (HOPS)–tethering complex, 

vacuolar protein sorting 33A (VPS33A), VPS16, and VPS39 also assist in autophagosome-

lysosome fusion, through interactions with STX17 (Jiang et al., 2014). We found that 

enhancement of 20S proteasome activity resulted in enhanced degradation of the disordered 

SNARE proteins SNAP29 and STX17, but not VAMP8. Overexpression of both SNAP29 

and STX17, but not the individual proteins were needed to ameliorate the effect on 

autophagic flux. This amelioration is indicative of the reinstatement of the fusion process 

once production outpaces 20S degradation.

Although many of the proteins involved in the fusion process are membrane bound, 

SNAP29, is a cytosolic and highly disordered (87%) protein and therefore a likely candidate 

for unremitted 20S proteasome regulation (Tsvetkov and Shaul, 2012, Asher et al., 2006). 

STX17 does not appear as a typical 20S substrate as it is commonly thought of as a 

membrane associated protein. However, the relative susceptibility of disordered proteins to 

20S-mediated proteolysis is dictated by their level of disorder, protein sequence, cellular 

compartmentalization and proteolytic accessibility (Biran et al., 2017, Tsvetkov and Shaul, 

2012, Tsvetkov et al., 2009, Tsvetkov et al., 2008, Asher et al., 2006). Due to the poor 

hydrophobic nature of STX17’s membrane binding domain, a good fraction of STX17 are 

cytosolic and are only incorporated into the membrane of completed autophagosomes 

(Kumar et al., 2018, Jiang et al., 2014, Itakura et al., 2012, Minton, 2013). Furthermore, 

STX17 is recycled after autolysosome formation instead of being degraded like other 

autophagosome membrane proteins such as LC3B-II and p62 (Jiang et al., 2014). These 

observations in part suggest that STX17 is degraded through a non-lysosomal pathway. 

Moreover, the lack of their (SNAP29 and STX17) degradation following autophagy 

induction with mTOR inhibitors, as observed here and by others (Fu et al., 2018) further 

suggests a non-lysosomal mechanism of degradation. Indeed, we have shown here that 

STX17 and SNAP29 are 20S proteasome substrates. We further demonstrated that 

promoting the degradation of SNAP29 and STX17 through pharmacological stimulation of 

the 20S proteasome reduces autophagy flux by regulating autophagosome-lysosome fusion.

In terms of 20S proteasome target selectivity, the relative susceptibility of disordered 

proteins to 20S-mediated proteolysis is far more limited than perhaps anticipated, because it 

is dictated by the level of substrate disorder, protein sequence, cellular compartmentalization 
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and proteolytic accessibility(Biran et al., 2017, Tsvetkov and Shaul, 2012, Tsvetkov et al., 

2009, Tsvetkov et al., 2008, Asher et al., 2006). Moreover, small molecule 20S activation 

involves the induction of conformational changes that may be unique for each agonist, with 

the possibility of disparate pool of select target proteins for proteolytic degradation (Njomen 

and Tepe, 2019). Therefore, it is possible or perhaps likely, that different classes of 20S 

agonists may exert different substrate selectivity amongst proteolytically susceptible IDPs. 

Herein, we have used TCH-165 as a probe to implicate the 20S proteasome as an integral 

component of the autophagosome-lysosome fusion step. A schematic of the proposed 

signaling pathways consistent with our findings is depicted in in the graphical abstract.

In conclusion, we herein present an alternative mechanism of crosstalk between proteasome 

and autophagy pathway that is regulated by ubiquitin-independent, 20S proteasome-

mediated degradation of SNAP29 and STX17.

SIGNIFICANCE

Proteins continually undergo degradation to maintain biological homeostasis. A well-

balanced crosstalk between the ubiquitin-proteasome system (UPS) and the autophagy 

pathway ensures an energy efficient maintenance of cellular function via the degradation of 

reductant or damaged proteins and organelles. Pharmacological manipulation of this 

crosstalk has been recognized as a potential approach to treat many disorders including 

cancer and neurodegenerative disorders. A better understanding of the crosstalk between the 

two systems can identify alternative targets or maximize current therapeutic treatments of 

proteotoxic diseases. Our current understanding of the crosstalk between the UPS and 

autophagy is centered around substrate ubiquitination. We report herein an additional 

method of crosstalk involving ubiquitin-independent 20S proteasome regulation of 

autophagosome-lysosome fusion. In this work, we identified the disordered soluble N-

ethylmaleimide-sensitive factor activating protein receptor (SNARE) proteins, 

synaptosomal-associated protein 29 (SNAP29) and syntaxin 17 (STX17), but not vesicle-

associated membrane protein 8 (VAMP8) as 20S proteasome substrates. This provides a 

previously unrecognized mechanism of crosstalk between the two catabolic pathways.

Star Methods

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to Tepe Jetze 

(tepe@chemistry.msu.edu).

Data and Code Availability—This study did not generate and/or analyze datasets or 

code. No data/code is deposited in repositories.

Experimental model and subject details

Cell culture: Human embryonic kidney cells (HEK293), HeLa or U-87 MG cells were 

maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% 

Fetal Bovine Serum, and 100 U/mL Penicillin/Streptomycin, at 37°C with 5% CO 2. Human 
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B lymphocyte (RPMI 8226) were maintained in RPMI-1640 medium supplemented with 

10% Fetal Bovine Serum, and 100 U/mL Penicillin/Streptomycin, at 37°C with 5% CO 2.

Method details

Transient transfection: BacMam plamids (Premo Autophagy Tandem Sensor RFP-GFP-

LC3B and CellLight™ Lysosomes-GFP, BacMam 2.0) were directly added to cells in cover 

glass chamber 16h or 24h before treatment. For other transfections, the following protocol 

was followed. For plasmid transfection, plasmid to transfection reagent (sinofection reagent) 

was maintained at ratio of 1:6 (μg:μL). For siRNA transfection, a ratio of 2.5:1 (nM: μL) was 

used. Flag-SNAP29 and FLAGSTX17 were used at concentrations of 5 μg/million cells for 

overexpression experiments to ameliorate the effect of TCH-165 and at 2 μg/million cells for 

all other experiments. PSMD2 siRNA and control siRNA were used at concentrations of 250 

nM. HeLa or U-87 MG cells were seeded at a density of 1million in 60 mm or 2.5 million in 

100 mm dish overnight. Plasmids or oligonucleotides were mixed with 1 mL of serum free-

DMEM medium. Sinofection transfection reagent was also mixed with 1 mL of serum free 

medium in a separate vial. The separate mixtures were combined and allowed to sit at RT for 

15 minutes. For 60 mm dish, the mixture was directly added to the cells. For 100 mm dish, 

the mixture was further diluted with 2 mL medium before adding to cells, to cover the entire 

surface area. After incubating for 4h at 37°C, 5% CO 2, in a tissue culture incubator, fresh 

medium (4 mL for 60 mm and 10 mL for 100 mm dish) with 10%FBS was then added and 

allowed to culture. For Flag-SNAP29 and or STX-17 transfection, cells were cultured for a 

further 20h, then split into 60 mm dish each and cultured for 8h before treatment (at 32h 

post-transfection).For EGFP-LC3B, cells were cultured for a further 24h then split into 

cover glass chamber and cultured for 24h before treatment (at 48h post-transfection). For 

siRNA knockdown, cells were cultured for a further 48h then split into 60 mm dish each and 

cultured for 24h before treatment (at 72h post-transfection).

Immunoprecipitation: HeLa cells transiently transfected with Flag-SNAP29 (2 μg, 

plasmid) or Flag STX17 (2 μg, plasmid) in 60 mm dish (see transient transfection above) 

were pretreated with vehicle or bortezomib(20 μM) for 2h, followed by treatment with 

vehicle or TCH-165 (10 μM) for a further 16h. Cells were washed 2x with chilled DPBS 

buffer and scrapped with 200 μL of lysis buffer (50 mM TrisHCl pH 7.5, 150 mM NaCl, 1 

mM EDTA, 1% Triton X-100, 1 mM PMSF, 1 mM Na3VO4, 1x sigmafast protease inhibitor 

cocktail). Cells were completely lyzed by sonication. Lysates were clarified by spinning at 

14,000g for 20 minutes and supernatant collected into new tubes. Total protein was 

quantified by bicinchoninic acid (BCA) assay following standard protocol. Samples were 

normalized with lysis buffer to 0.5 mg/mL with lysis buffer. Lysates (200 μL or 100 μg) 

were mixed with 4 μL of Flag antibody (Cell Signaling Technology: 14793) and incubated at 

4°C overnight with shaking. Pre-washed Pierce Protein A/G Magnetic Beads (25 μL or 0.25 

mg) was then added and incubated at RT with shaking for 1h. Beads were collected with 

magnetic stand and washed 4x with 1 mL of lysis buffer. Flag-tagged proteins were eluted 

by shaking beads overnight at 4°C with 200 μL of 4 mg/mL 3x flag peptide in 50 mM Tris-

HCl pH 7.5, 150 mM NaCl. Samples were collected with magnetic stand and boiled with 5x 

SDS buffer and blotted for SNAP29, STX17, and K-48 ubiquitin. Input lysates were also 

immunoblotted for Flag, K-48 ubiquitin, LC3B, P62, and GAPDH as above.

Njomen and Tepe Page 11

Cell Chem Biol. Author manuscript; available in PMC 2020 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Immunoblot: Wild type or transfected cells at 70–80% confluency was treated with test 

compounds at the reported concentrations and time as indicated in figure legends. Samples 

meant for immunoblot only were washed 3x with warm DPBS buffer and scrapped with 

chilled RIPA buffer supplemented with protease inhibitor cocktail. Samples were briefly 

sonicated, spun and supernatant assayed for total protein with bicinchoninic acid (BCA) 

assay. Normalized and boiled samples were resolved on 4–20% Trisglycine SDS-PAGE and 

blotted onto a PVDF membrane. Membranes were blocked in 5% non-fat milk in TBST 

buffer for 60 minutes at RT. Membranes were then incubated with primary antibody in 2% 

non-fat milk TBST buffer, overnight at 4°C. Membranes were then washed 5x for 5 minutes 

each and incubated in secondary antibody at RT for 60 minutes. Membranes were washed 

again as above and developed with ECL clarity reagent. Images were captured with Hyblot 

films. All primary antibodies were used at a dilution of 1:1000, except for SNAP29 (1:2000) 

and STX17 (1:500). Goat anti-rabbit HRP and Goat anti-mouse HRP were also used at 

1:1000.

OxyBlot (protein carbonyl quantification): HeLa cells at 70% confluency in 100 mm dish 

were treated with vehicle, TCH-165(10 μM), H2O2 (50 μM), or a combination of TCH-165 

(10 μM) and H2O2 (50 μM) for 16h.Cells were washed with warm DPBS and collected by 

trypsinization. Pellets were washed 3x with chilled DPBS buffer and split into two parts. 

One part was used for proteasome native gel as previously reported (Njomen et al., 2018) 

and the second half lyzed by sonication in RIPA buffer supplemented with sigmafast 

protease inhibitor cocktail and used for oxyblot. Lysates were clarified by spinning at 

14,000g for 20 minutes and supernatant collected into new tubes. Total protein was 

quantified by bicinchoninic acid (BCA) assay following standard protocol. Samples were 

normalized with lysis buffer to 2 mg/mL with lysis buffer. One-part cell lysate (20 μL) was 

mixed with one part 12% SDS (20 μL) and incubated at RT for 10 minutes. Two parts (40 

μL) 20 mM DNPH (2, 4-Dinirtophenylhyd solution in 10% TFA was then added, mixed and 

incubated at RT for 20 minutes. Reaction was then quenched with 1.5 part (35 μL) 2 M 

Tris/30% glycerol. Samples were resolved on 4–20% Tris/glycine gel at 4 °C, blotted onto 

PVDF membrane and probed with mouse anti DNP (SigmaAldrich, D8406 1:500) and anti-

mouse HRP (1:1000). Underivatized lysates were boiled with SDS buffer and 

immunoblotted as above.

SiRNA knock down of PSMD2 (19S proteasome subunit): HeLa cells were transfected 

with control and PSMD2 siRNA as described under transient transfection. Post-transfection 

(72h), cells were treated with either vehicle or TCH-165 (10 μM) for 16h. Samples were 

collected and immunoblotted as described under immunoblot.

qRT-PCR: Glioblastoma (U-87 MG) cells were treated with either vehicle or TCH-165 (10 

μM) for 8h or 24h. Total mRNA was isolated by Trizol extraction and purified on a RNeasy 

column. Residual contaminating genomic DNA was digested with TURBO DNase and 

samples were cleaned with RNA clean-up columns. The cDNA was prepared from 200 ng of 

mRNA with random hexamers using iScript cDNA synthesis kit as per manufacturer 

instructions. cDNA (2 μL of PCR product) levels were then measured by quantitative real-

time PCR (qRT–PCR) with 500 nM of forward and reverse primers each, using iTaq 
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universal SYBR Green supermix on a Viia7 lightCycler (Applied Biosystems). Signals were 

normalized to that of GAPDH and quantified by the ΔΔCt method. Data are means ± SD of 

two independent experiments each ran in triplicates.

Proteasome activity assay: Activity assays were carried out in a 150 μL reaction volume. 

Imidazolines (10 μM) or DMSO (vehicle) were added to a black flat/clear bottom 96-well 

plate containing 1 nM of human 20S proteasome in 20 mM Tris-HCl, 100 mM NaCl, pH 7.4 

and allowed to sit for 10 minutes at RT. The fluorogenic peptide substrate Suc-LLVY-AMC 

(10 μM) was then added and the enzymatic activity measured at 37°C on a SpectraMax M5e 

spectrometer by measuring increase in fluorescence unit per minute for 1h at 380/460 nm. 

The fluorescence units for the vehicle control was set to 100%, allowing for calculation of 

per cent activation as a ratio of drug-treated to vehicle control.

Cathepsin D and E Activity: U-87 MG or HeLa cells at ~70% confluency in 100 mm dish 

were treated with vehicle, TCH-165 (10 μM), Torin 1(100 nM), Pepstatin A (5 μM) or 

Chloroquine (100 μM) for 24h. Cells were washed 2x with chilled DPBS buffer and 

scrapped with 500 μL of lysis buffer (100 mM NaCl, 100 mM NaOAc, 1 mM EDTA, 1% 

Triton X-100, pH 5.0) into an Eppendorf tube. Cells were then lyzed by rocking the tubes on 

a shaker for 1h at 4οC. Lysates were clarified by spinning at 14,000g for 20 minutes and 

supernatant collected into new tubes. Total protein was quantified by bicinchoninic acid 

(BCA) assay following standard protocol. Samples were normalized with lysis buffer to 1 

mg/mL, and then diluted to 0.1 mg/mL in assay buffer (100 mM NaCl, 100 mM NaOAc, pH 

5.0). Each sample (100 μL or 10 μg) was transferred into quadruplicate well of a black-clear 

bottom 96 well plate. Cathepsin D and E substrate (BML-P145–0001, Mca-Gly-Lys-Pro-Ile-

Leu-Phe-Phe-Arg-Leu-Lys (Dnp)-D-Arg-NH2 [Mca= (7-methoxycoumarin-4-yl)acetyl; 

Dnp=dinitrophenyl]) was then diluted in assay buffer and 50 μL added to the wells to a final 

concentration of 20 μM. Plate was incubated at 37οC for 1h and fluorescence reading taken 

at 330/460 nm on a SpectraMax M5e. Data are presented as means ± SD of three 

independent experiments.

Cell viability assay (CellTiter-Glo): U-87MG cells were seeded in a white solid bottom 96 

well plate at a density of 5.0 × 103 cells/well and cultured overnight. Cells were treated with 

different concentrations of TCH-165 (or 1% DMSO). Cells were either not washed (control 

treatment) or washed with warm DPBS buffer at 8h or 24h and cultured in fresh medium 

alongside the control for a total of 72h. Cells were equilibrated to RT and CellTiter-Glo 

solution (100 μL) added and incubated with shaking for 10 minutes at RT. Assay plate was 

then allowed to equilibrate for 5 minutes at RT and luminescent readings taken on a 

SpectraMax M5e. Data are presented as a percentage of the vehicle control for each 

experimental condition.

In vitro degradation of SNAP29-c-Myc/DDK: Digestion of SNAP29-c-Myc/DDK was 

carried out in a 50 μL reaction volume made of 20 mM HEPES pH 7.4, 2 mM EDTA, 1 mM 

EGTA, 200 nM SNAP29, 20 nM purified human 20S proteasome with or without the test 

compounds. Briefly, 20S proteasome was diluted to 23 nM in the reaction buffer. Test 

compounds or vehicle (1 μL of 50x stock) were added to 44 μL of 23 nM 20S and incubated 
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at RT for 20 minutes. The substrate (5 μL of 2 μM SNAP29-c-Myc/DDK) was then added to 

the reaction mixture and incubated at 37°C. Aliquots of 10 uL were taken out and mixed 

with 2x SDS loading buffer, at the indicated time. Samples were boiled and immunoblotted.

Confocal immunofluorescent: All reagents used for sample staining, except for methanol 

were from the immunofluorescence application solutions kit (Cell Signaling Technology 

cat# 12727). U87-MG or HeLa cells were plated in complete medium at 2.5×104 cells/well 

of a four-chamber glass slide overnight. Fresh medium (500 μL) containing the test 

compound was added and allowed to incubate for the desire time under cell culture 

conditions. Cells were washed with chilled immunofluorescent (IF) wash buffer (1x PBS, 

pH 8.0) and fixed with methanol at −20°C for 10 minutes. Cells were then washed 2x with 

IF wash buffer and incubated in blocking buffer (1x PBS, 5% normal goat serum, 0.3% 

Triton X-100 pH 8.0) for 60 minutes at RT. Blocking buffer was replaced with primary 

antibody diluted in dilution buffer (1x PBS, 1%BSA, 0.3%Triton X-100 pH 8.0) overnight 

(1:200) at 4°C. Primary antibody was washed off 3x and incubated in anti-rabbit Alexa Fluor 

488 (1:500) and/or anti-mouse Alexa Fluor 594 for 60 minutes in the dark, at RT. Secondary 

antibodies were then washed off (3x) and nuclei stained with Hoechst (4 μg/mL) at RT, for 

20 minutes. DNA dye was rinsed off and slides mounted in Prolong Gold and allowed to 

cure overnight at RT, in the dark. Slides were sealed with nail polish, and LC3B, LAMP1 

and/or p62 puncta or fluorescence detected with a 60x Plan Apo oil objective on a Nikon 

C2+ or Nikon A1 confocal laser scanning microscope. For Flag SNAP29 or Flag-STX17 co-

staining with proteasome β5, untreated cells were fixed with 4% paraformaldehyde at RT for 

10minutes, and immunostained as above with rabbit anti-Flag/ Alexa Fluor 488 and mouse 

anti-β5/ Alexa Fluor 546.

Confocal Live imaging: For autophagosome-lysosome fusion, U-87MG or HEK293 cells 

cultured on cover glass slide were transduced with 30 particles per cell of tandem-RFP-GFP-

LC3B and cultured for 24h. Cells were then incubated with either vehicle, TCH-165 (10 

μM), chloroquine (100 μM) leupeptin A (200 μM), torin 1 (100 nM), or combination of torin 

1 and TCH-165 for a further 24h. Cells were Imaged on an upright Nikon A1 confocal 

microscope using a 60x Plan Apo oil objective with standard filter sets for GFP and RFP. 

For LC3B puncta, U-87 MG cells were transiently transfected with EGFP-LC3B (2 μg/

1million cells) using sinofection reagent as described above. Cells were then split at 24h 

post-transfection and seeded on cover glass slide for a further 24h. Cells were then treated 

with either vehicle, TCH-165 (10 μM), torin 1 (200 nM), or combination of torin 1 and 

TCH-165 for a further 16h and imaged as above with GFP filter. For lysosome pH, U-87 

MG cells were seeded in a four-chamber cover glass overnight. Cells were treated with 

either vehicle, TCH-165 (10 μM) Bafilomycin A1 (50 nM) or Torin1 (100 nM) for 16h. 

Culture medium was replaced with fresh medium containing 50 nM Lysotracker red and 

allowed to incubate for 15 minutes under cell culture conditions. Cells were then imaged on 

an upright Nikon A1 confocal microscope using a 60x Plan Apo oil objective with an 

excitation and emission wavelengths of 560 nm and 570–620 nm, respectively. For co-

staining with LAMP1, Cells were transduced with 30 particles per cell of CellLight™ 

Lysosomes-GFP, BacMam 2.0 and cultured for 24h, before treatment and lysotracker red 

staining.
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Quantification and statistical analysis: Data are presented as mean ± standard deviation 

(SD). For each figure, the number of replicates is indicated in the figure legends. Statistical 

analysis was only performed on experiments with three or more n (biological replicates for 

cellular experiments or individual experiment for biochemical assays). Western blots and 

immunofluorescence (total fluorescence or puncta) quantification were performed with 

imageJ and colocalization (Mander’s overlab and pearson’s correlation) with Nikon 

software. For total fluorescence/colocalization, measurements were taken from an entire 

field of view. For puncta or AVs, mean puncta for an entire field of view per cell number in 

that field was used for each experiment. statistical analysis was performed with GraphPad 

Prism 7 software. Unpaired Student’s t-test was used for two samples while one-way 

analysis of variance with post hoc Bonferroni test was used for multiple comparisons of 

means. Effect was considered significant for *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The cells eliminate unwanted proteins through two major protein degradation systems 

called the proteasome and autophagy pathways. Njomen et al found that the ubiquitin-

independent 20S proteasome system is a key regulator of the autophagy pathway. Using a 

small molecule activator of the 20S proteasome, the authors demonstrated that this new 

mechanism of crosstalk is achieved through 20S-mediated degradation of two key 

autophagy proteins; SNAP29 and STX17. These findings will likely open new area of 

drug discovery research for protein-associated disorders.
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HIGHLIGHTS

• Autophagosome-lysosome fusion is regulated, in part, by the 20S proteasome

• SNAP29 and STX17 are degraded in a ubiquitin-independent manner

• SNAP29 and STX17 are proteolytic substrates of the 20S proteasome

• Crosstalk between the 20S proteasome and autophagy
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Figure 1: TCH-165 induces the accumulation of LC3B II and autophagic vacuoles in U-87 MG 
cells:
(A) U-87 MG cells were treated with different concentrations of TCH-165 and 

immunoblotted with LC3B-specific antibody. (B) Image J quantification of A. (C) U-87 MG 

cells were treated with TCH-165 (10 μM) for 0, 6, 15, and 24h. Cell lysates were 

immunoblotted with LC3B-specific antibody and anti-GAPDH as a loading control. (D) 
Image J quantification of (C). (E) Confocal immunofluorescent analysis of U-87 MG cells, 

vehicle-treated (16h, top) or TCH-165-treated (10 μM, 16h; bottom) using rabbit anti-

LC3B /Alexa Fluor 488 secondary (green). Blue = Hoechst (fluorescent DNA dye). (F) 
Mean LC3B punctae/cell for U-87 MG cells treated with vehicle or TCH-165 (E) was 

quantified by image J. (G) Confocal immunofluorescent analysis of U-87 MG cells, vehicle-

treated (24h, left) or TCH-165-treated (10 μM, 24h; right) using rabbit anti-LAMP1 

antibody/Alexa Fluor 488 secondary (pseudo red). Blue = Hoechst. All statistical analyses 

were performed on densitometry data (image J) of individual experiments. Data are graphed 

as mean ± SD (n=4 for B and D, n= 3 for F) and were analyzed by One-Way ANOVA with 

Bonferroni’s multiple comparison test (B and D or by unpaired student t-test (F) (ns=not 

significant, *p<0.05, **p<0.01, ***p<0.001).
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Figure 2: TCH-165 inhibits autophagic flux in different cell lines:
(A) U-87 MG cells were treated with either vehicle, torin1 (500 nM) or TCH-165 (10 μM) 

for 16h, followed by treatment with bafilomycin A1 (100 nM) for 4h. Cell lysates were 

immunoblotted for LC3B, p62 and GAPDH. (B) U-87 MG cells were pre-treated with either 

vehicle or torin1 in complete medium or with vehicle in Earle’s Balanced Salt Solution, 

EBSS (starved), for 4h. TCH-165 (10 μM) was then added (+) and cells cultured for an 

additional 16h. Cell lysates were immunoblotted for LC3B, p62 and GAPDH. (C) Confocal 

immunofluorescence of EGFP-LC3B in U-87 MG cells; U-87 MG cells were treated with 

either vehicle, torin1 (200 nM), TCH-165 (10 μM) or a combination of torin 1/ TCH-165 for 

16h and live-imaged with Nikon A1 confocal microscope using GFP settings. (D) 
Quantification of C by image J. (E) HeLa cells were treated with either vehicle, torin1 (200 

nM), TCH-165 (10 μM) or combinations for 16h. Cell lysates were immunoblotted for 

LC3B and GAPDH. (F) U-87 MG cells were treated with different concentrations of 

TCH-165 and immunoblotted with p62-specific antibody. GAPDH was immunoblotted as a 

loading control. (G) Image J quantification of F. (H) U-87 MG cells were treated with 

TCH-165 (10 μM) for 0, 6, 15, and 24h. Cell lysates were immunoblotted with p62-specific 

antibody and anti-GAPDH as a loading control. (I) Image J quantification of H. (J) Confocal 

immunofluorescent analysis of U-87 MG cells, vehicle-treated (24h, left) or TCH-165-

treated (10 μM, 24h; right) using mouse anti-p62 antibody/Alexa Fluor 594 secondary (red) 
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and nuclei (blue) with Hoechst DNA dye. All statistical analyses were performed on 

densitometry data (image J) of three to five individual experiments. Data are graphed as 

mean ± SD (n=3 for D and 4 for G and I) and were analyzed by One-Way ANOVA with 

Bonferroni’s multiple comparison test (ns=not significant, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001). White boxes indicate zoom in area (Fig. 2C) or inserts (Fig 2J). See also 

figure S1 and S2.
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Figure 3: TCH-165 interferes with autolysosome formation:
(A) U-87 MG cells were transduced with 30 particles per cell of tandem-RFP-GFP-LC3B 

and cultured for 24h. Cells were then incubated with either vehicle, TCH-165 (10 μM), torin 

1 (200 nM) or a combination of TCH-165 and torin1 for an additional 24h and imaged. (B) 
Quantification of RFP to GFP positive punctae of A (mean ± SD, n=3). (C) U-87 MG cells 

were transduced with 30 particles per cell of CellLight® Lysosomes-GFP (GFP-LAMP1) 

and cultured for 24h. Cells were treated with either vehicle, TCH-165 (10 μM), torin 1(100 

nM) or Bafilomycin A1 (50 nM) for 16h. Cells were stained with 50 nM lysotracker red and 

imaged. (D) U-87 MG cells were treated with either vehicle, TCH-165 (10 μM), torin 1 (100 

nM) or Bafilomycin A1 (50 nM) for 16h. Cells were stained with 50 nM lysotracker red and 

imaged. Data are presented as mean fluorescence ± SD (n=2) quantified by image J. (E) 
U-87 MG or HeLa Cells were treated with either vehicle, TCH-165 (10μM), torin 1 (100 

nM), chloroquine (100μM) or pepstatin A (5 μM) for 24h. Cell lysates were assayed for 

cathepsin D and E activity using fluorogenic peptide substrate (mean ± SD, n=3). (F) U-87 

MG cells were treated with either vehicle or TCH-165 (10 μM) for 24h and immunostained 

with rabbit anti-LC3B specific/Alexa Fluor 488 (green) antibody, mouse anti-LAMP1 

specific/Alexa Fluor 594 (red) antibody and Hoechst DNA dye (blue). White arrows indicate 

colocalization of AVs with the lysosome(autolysosome), only present in vehicle control. All 

images were taken with an upright Nikon A1 confocal microscope using a 60x Plan Apo oil 
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objective with standard filter sets for GFP and RFP. (ns=not significant, *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001). See also figure S3
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Figure 4: TCH-165 stimulates proteasomal degradation of SNAP29 and STX17:
(A) Percent disorder in autophagy fusion proteins were predicted using predictor of natural 

disorder region (PONDR) software(Xue et al., 2010). (B) HeLa cells were treated with either 

vehicle, torin1 (200 nM), TCH-165 (10 μM) or combinations for 16h. Cell lysates were 

immunoblotted for STX17, SNAP29, VAMP8 and GAPDH. (C) HEK293T or RPMI-8226 

cells were treated with either vehicle or TCH-165 (10 μM) for 16h and whole cell lysates 

immunoblotted for STX17, SNAP29, VAMP8 and GAPDH. (D) U-87 MG cells were treated 

with cycloheximide (100 μg/mL) plus vehicle, TCH-165 (10 μM), bortezomib (BTZ; 5 μΜ) 

or combinations for 8h. Whole cell lysates were immunoblotted for STX17, SNAP29, p62, 

LC3B and GAPDH. The degradation of SNAP29 (E) and STX17 (F) were quantified with 

image J software. Statistical analyses were performed on four independent experiments 

(n=4) using unpaired t-test on GraphPad Prism7. (G) U-87 MG cells were treated with 

vehicle or TCH-165 (10 μM) for 8h or 24h and mRNA quantified by RT-qPCR. Data are 

presented as mean ± SD of two independent experiments (n=2), each ran in triplicate. See 

also supplemental table S1
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Figure 5: TCH-165 inhibits autophagy flux by enhancing ubiquitin-independent proteasomal 
degradation of SNAP29 and STX17.
(A) HeLa cells were transfected with N-terminal FLAG-SNAP29, N-terminal FLAG-STX17 

or both. Transfected and wild type cells were treated with vehicle or TCH-165 (10 μM) for 

16h and whole cell lysate immunoblotted with anti-FLAG, anti-LC3B, anti-p62 and anti-

GAPDH. (B) Image J quantification of LC3BII and GAPDH in A. Statistical analyses were 

performed on three independent experiments (mean ±SD, n=3) using unpaired t-test on 

GraphPad Prism7 (ns=not significant, *p<0.05, **p<0.01, ***p<0.001). (C) HeLa cells 

expressing N-terminal FLAG-SNAP29 were pretreated with either vehicle or bortezomib (20 

μM) for 2h, followed by treatment with vehicle or TCH-165 (10 μM) for 16h. Whole cell 

lysates were immunoprobed with anti-Flag, anti-GAPDH or anti-K-48 ubiquitin (left 

column). Samples were also immunoprecipitated (IP) with anti-Flag and immunoblotted 

(IB) with anti-SNAP29 or anti-K-48 ubiquitin (right column). (D) Same as in C, except with 

cells expressing N-terminal FLAG-STX17. (E) HeLa cells were transfected with either 

control siRNA or PSMD2 (Rpn1) siRNA for 72h, followed by treatment with vehicle or 

TCH-165 for 16h. Whole cell lysates were immunoblotted for the indicated proteins. 

Numbers are densitometry of signal as a percentage of vehicle/control siRNA treatment. LE: 

Long exposure, SE: Short exposure. See also figure S4
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Figure 6: TCH-165 stimulates 20S proteasomal degradation of SNAP29 and STX17.
(A) Chemical structures of imidazolines TCH-165 (a potent 20S agonist), TCH-023 

(inactive analogue) and TCH-013 (a moderate 20S agonist). (B) Degradation of the 

chymotrypsin-like fluorogenic peptide substrate, Suc-LLVY-AMC (10 μM) with 20S 

proteasome (1 nM) treated with vehicle (control) or 10 μM of TCH-165, TCH-023 or 

TCH-013. Data are presented as percentage of vehicle control. (C) HeLa cells were treated 

with vehicle or 10 μM of TCH-165, TCH-023 or TCH-013 and whole cell lysate 

immunoblotted for LC3B, p62, SNAP29, STX17 and GAPDH. (D) HeLa cells expressing 

Flag-SNAP29 or Flag-STX17 were immunostained with mouse anti-β5/Alexa fluor 546 

(red) and rabbit anti-Flag/ Alexa Fluor 488 (green) and imaged with an upright Nikon A1 

confocal microscope using a 60x Plan Apo oil objective. Arrows indicate areas of 

colocalization visible by naked eye. (E) Sample 2-D intensity histogram for D. (F) Pearson’s 

correlation and Mander’s overlap for SNAP29/ β5 and STX17/ β5 were quantified with 

Nikon software. (G) Purified c-myc/DDK-SNAP29 (200 nM) was degraded with 20S 

proteasome (20 nM) for 0h, 2h, 6h and 24h and analyzed by immunoblot with anti-SNAP29. 

(H) Purified c-myc/DDK-SNAP29 (200 nM) was degraded with 20S proteasome (20 nM) 

for 4h and analyzed by Coomassie instant blue staining following SDS-PAGE. (I) Purified c-

myc/DDK-SNAP29 (200 nM) was degraded with 20S proteasome (20 nM) treated with 
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vehicle, TCH-165 (3 μM), bortezomib (5 μM), or combinations, for 2h and 4 h and analyzed 

by immunoblot with anti-SNAP29.
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Key Resource Table

REAGENT OR RESOURCES SOURCE IDENTIFIER

Antibodies

LC3B (D11) XP rabbit mAb Cell Signaling Technology Cat# 3868, RRID:AB_2137707

SQSTM1/p62 (D5L7G) mouse mAb Cell Signaling Technology Cat# 88588, RRID:AB_2800125

SQSTM1/P62 (D5E2) rabbit mAb Cell Signaling Technology Cat# 8025, RRID:AB_10859911

LAMP1 (D2D11) XP rabbit mAb Cell Signaling Technology Cat# 9091, RRID:AB_2687579

LAMP1 (D4O1S) mouse mAb Cell Signaling Technology Cat# 15665, RRID:AB_2798750

SNAP29 (D-8) mouse mAb Santa Cruz Biotechnology Cat# sc-390801, RRID:AB_2800552

STX17 rabbit pAb Abcam Cat# ab116113, RRID:AB_10903821

VAMP8 rabbit pAb Cell Signaling Technology Cat# 13060, RRID:AB_2798103

20S proteasome α-3 (A-9) mouse mAb Santa Cruz Biotechnology Cat# sc-166205, RRID:AB_2253046

20S proteasome β-5 (A-10) mouse mAb Santa Cruz Biotechnology Cat# sc-393931, RRID:AB_2800553

PSMD2 (A-11) mouse mAb Santa Cruz Biotechnology Cat# sc-271775, RRID:AB_10708257

GAPDH (0411) HRP mouse mAb Santa Cruz Biotechnology Cat# sc-47724, RRID:AB_627678

FLAG (D6W5B) rabbit mAb Cell Signaling Technology Cat# 14793, RRID:AB_2572291

Goat anti-rabbit IgG HRP-linked Cell Signaling Technology Cat# 7074, RRID:AB_2099233

Horse anti-mouse IgG HRP-linked Cell Signaling Technology Cat# 7076, RRID:AB_330924

anti-rabbit IgG (H+L), F(ab’)2 Fragment (Alexa Fluor 
488 Conjugate)

Cell Signaling Technology Cat# 4412, RRID:AB_1904025

anti-mouse IgG (H+L), F(ab’)2 Fragment (Alexa Fluor 
594 conjugate)

Cell Signaling Technology Cat# 8890, RRID:AB_2714182

Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 546

Thermo Fisher Scientific Cat# A10036, RRID:AB_2534012

Chemicals, Peptides, and Recombinant Proteins

TCH-165, TCH-023, TCH-013 (Njomen et al., 2018) N/A

Chloroquine Cell Signaling Technology Cat# 14774

Torin 1 Cell Signaling Technology Cat# 14379

Cycloheximide Cell Signaling Technology Cat# 2112

Sigmafast inhibitor cocktail Sigma Aldrich Cat# S8820

Bafilomycin A1 Sigma Aldrich Cat# B1793

Sinofection transfection reagent Sino Biological Cat# STF02

3X FLAG Peptide APExBIO Cat# A6001

N-Succinyl-Leu-Leu-Val-Tyr-7amido-4-methylcoumarin BostonBiochem Cat# S280

Cathepsin D & E substrate (fluorogenic) Enzo Life Sciences Cat# BML-P145–0001

Pepstatin A (synthetic) Enzo Life Sciences Cat# ALX-260–085-M005

Human 20S proteasomes BostonBiochem Cat# E-360

Bortezomib Cayman Chemical Cat# 10008822

leupeptin Sigma Aldrich Cat# L2884

Recombinant human SNAP29 with c-Myc tag Origene Cat# TP302179

LysoTracker red ThermoFisher Scientific Cat# L7528
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REAGENT OR RESOURCES SOURCE IDENTIFIER

TRIzol Reagent ThermoFisher Scientific Cat# 15596026

Pierce™ Protein A/G Magnetic Beads ThermoFisher Scientific Cat# 88802

TURBO DNase-free kit ThermoFisher Scientific Cat# AM1907

iTaq universal SYBR green Supermix Bio-Rad Cat# 172–5120

Fetal bovine serum Sigma Aldrich F2442

RPMI-1640 Medium ATCC Cat# ATCC® 30–2001

DMEM medium ThermoFisher Scientific Cat# 11965092

Penicillin-Streptomycin ThermoFisher Scientific Cat# 15140122

Critical Commercial Assays

BCA assay ThermoFisher Scientific Cat# 23225

Immunofluorescence Application Solutions Kit Cell Signaling Technology Cat# 12727

iScript cDNA synthesis kit Bio-Rad Cat# 1708891

CellTiter-Glo® Luminescent Cell Viability Assay Promega Cat# G7570

Experimental Models: Cell Lines

U-87 MG cells ATCC Cat# HTB-14, RRID:CVCL_0022

RPMI 8226 ATCC Cat# CRM-CCL-155, RRID:CVCL_0014

HeLa ATCC Cat# CCL-2, RRID:CVCL_0030

HEK293 ATCC Cat# CRL-1573, RRID:CVCL_0045

Oligonucleotides

PSMD2 siRNA (h) Santa Cruz Biotechnology Cat# sc-62900

Signal Silence®Control siRNA (Unconjugated) Cell Signaling Technology Cat# 6568

Premo Autophagy Tandem Sensor RFP-GFP-LC3B ThermoFisher Scientific Cat# P36239

CellLight™ Lysosomes-GFP, Bac-Mam 2.0 ThermoFisher Scientific Cat# C10507

N-FLAG-SNAP29 Noboru Mizushima et al 2012 Addgene plasmid # 45915

N-FLAG-STX17 Noboru Mizushima et al 2012 Addgene plasmid # 45911

EGFP-LC3B Karla Kirkegaard et al 2005 Addgene plasmid # 11546

Primers for SNAP29, STX17, VAMP8, LC3B, p62 and 
GAPDH; see Table S1

This paper N/A

Software and Algorithms

PONDR Molecular Kinetics, Inc., 2003 http://www.pondr.com/

Image J NIH https://imagej.nih.gov/ij/

GraphPad Prism 7 GraphPad software https://www.graphpad.com/scientific-software/
prism/

ChemDraw Professional 17.1 PerkinElmer http://www.cambridgesoft.com/support/
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