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Abstract

Autophagy regulates cell death both positively and negatively, but the molecular basis for this 

paradox remains inadequately characterized. We demonstrate here that transient cell-to-cell 

variations in autophagy can either promote cell death or survival depending on the stimulus and 

cell type. By separating cells with high and low basal autophagy by flow cytometry, we 

demonstrate that autophagy determines which cells live or die in response to death receptor 

activation. We have determined that selective autophagic degradation of the phosphatase Fap-1 

promotes Fas apoptosis in Type I cells. Conversely, autophagy inhibits apoptosis in Type II cells 

or upon treatment with TRAIL in either Type I or II cells. These data illustrate that differences in 

autophagy in a cell population determine cell fate in a stimulus- and cell type-specific manner. 

This example of selective autophagy of an apoptosis regulator may represent a general mechanism 

for context-specific regulation of cell fate by autophagy.

INTRODUCTION

Macroautophagy (hereafter autophagy) is a catabolic process that facilitates cell survival in 

response to stress by providing nutrients, biosynthetic monomers and by mitigating cellular 

damage1, 2. Several studies have suggested that autophagy is capable of regulating apoptosis 

but, surprisingly, autophagy can both promote or inhibit cell death in different cellular 

contexts3, 4. The molecular underpinnings of this duality remain poorly defined despite the 

fact that they have important implications in human disease5–7. Despite many links between 

specific proteins of the autophagy and apoptosis pathways, surprisingly little is known about 

how the overall process of autophagy determines whether cells live or die in response to cell 
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death stimuli8–11. Apoptosis is known to control autophagy (both positively and negatively) 

through molecular mechanisms that have been described12–14 and many autophagy 

regulators also control the apoptotic apparatus15–18. However, mechanisms responsible for 

regulation of apoptosis by the overall process of autophagy are less clear19–21. Except in the 

case of salivary gland cell death in Drosophila22 and the autophagic degradation of 

catalase23, precise mechanisms responsible for direct promotion of cell death by autophagy 

are unknown.

In populations of cells treated with apoptotic stimuli some cells will escape death for reasons 

that have only recently been addressed but which have important clinical consequences, 

particularly in cancer therapy. Non-genetic heterogeneity, stochastic state differences and 

variation in levels of apoptotic proteins between cells have recently received attention as 

determinants of cell fate that govern which cells live and which die in a population24–26 but 

underlying cellular processes that alter or regulate these activities have not been identified. 

We hypothesized that basal variability in autophagy could determine cell fate by altering 

levels of critical apoptosis regulators. Here, we reveal high steady-state variability in basal 

autophagy in a cell population, which acts as a non-genetic determinant of cell fate through 

the selective autophagic degradation of a key apoptosis regulatory protein. This provides an 

example of how variation in autophagy can regulate cell fate and identifies a specific 

mechanism by which autophagy can promote apoptosis in a cell type and stimulus-specific 

manner.

RESULTS

Quantitative cell-to-cell differences in basal autophagy in a homogeneous cell population

Differences in basal autophagy have been associated with certain oncogenes but the role of 

role of basal autophagy in cancer cell death has not been examined27, 28. Stochastic 

variability in critical apoptotic proteins has been identified as a determinant of cell fate24, 26. 

Therefore, variability in a cellular process capable of altering the levels of apoptotic proteins 

would also be predicted to determine cell fate. We sought to quantitate stochastic differences 

in basal autophagy in a cell population and determine the role of these differences in basal 

autophagy on cell death in response to specific apoptotic stimuli. To accomplish this, we 

used flow cytometry to sort cells based on their relative levels of autophagic flux using 

mCherry-EGFP-LC3 as a reporter29 (Supplementary Fig. 1a). This reporter for autophagic 

flux takes advantage of the higher sensitivity of EGFP fluorescence to the acidic 

environment of the autolysosome relative to mCherry30: cells with higher flux are less green 

due to autophagosome fusion with lysosomes, thereby increasing the mCherry/EGFP ratio 

(Fig. 1a, Supplementary Figs. 1a, b). This method to measure flux has been extensively 

validated and accurately quantitates autophagic flux induction by multiple stimuli and 

chemical and genetic inhibition of autophagy (Fig. 1, Supplementary Figs. 1, 2). To examine 

differences between high and low autophagic flux cells under basal conditions, BJAB B-cell 

lymphoma cells were maintained near log phase in growth medium, harvested and flow 

sorted into low and high flux populations (Fig. 1a). Immunoblots for LC3 and p62 

autophagy proteins confirmed the relative levels of flux present in the sorted cells (Fig. 1b,c) 

and quantitation of autophagosomes and lysosomes by saponin extraction31 followed by 
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flow cytometry revealed substantial differences in the lysosome and autolysosome number 

between the high and low flux subpopulations (Supplementary Fig. 1d–f). Furthermore, 

fluorescent and electron microscopy further substantiated that the cells differ in their levels 

of autophagic flux (Figs. 1d–g, Supplementary Figs. 2a, b), and that these differences in flux 

were independent of cell size, cell cycle or spontaneous apoptosis (sub-G1 events) 

(Supplementary Figs. 2c–f). Importantly, we found that differences in basal flux were 

transient, persisting for at least 4 hours after sorting but returning back to steady state by 24 

hours (Figs. 2a–c); this rapid reversion of the sorted cells indicates that genetic 

heterogeneity in the starting population was not responsible for differences in flux. 

Together, these data show that substantial differences in autophagic flux exist within cell 

populations, even under optimal growth conditions, likely due to transient stochastic 

fluctuations in the level or activity of key autophagy regulators.

Differences in basal autophagic flux dictate the apoptotic response

To establish whether cell-to-cell differences in basal autophagic flux control cell fate, we 

treated flow-sorted high and low autophagic flux populations with the death receptor 

agonists Fas ligand and TRAIL. BJAB cells with higher basal autophagic flux were more 

sensitive to Fas ligand-induced apoptosis than low flux cells (Figs. 2d, e, Supplementary 

Fig. 3a). Surprisingly, this was not found with TRAIL treatment– high and low autophagy 

cells (sorted at the same time from the same population) tended towards the opposite in their 

sensitivity to TRAIL (Figs. 2d, e, Supplementary Fig. 3b). Caspase-3/7 activity, AnnexinV 

staining and inhibition by the caspase inhibitor zVAD, all indicated that the cell death we 

observed was apoptotic (not necrotic or autophagic) but independent of Bid (Fig. 2f, 

Supplementary Figs. 3c–f, 4a, b). Similar to the transience of high and low autophagic flux 

observed in sorted cells (Figs. 2a–c), the differential response to Fas-induced apoptosis 

between sorted high and low flux populations persisted for 4–6 hours and returned to steady 

state by 24 hours (Fig. 2g). These data indicate that transient differences in the level of basal 

autophagy between cells in a population determine the response to death receptor agonists. 

Furthermore, autophagy modulated apoptosis in opposing directions depending on the 

stimulus; high autophagy cells were more sensitive to Fas ligand-induced apoptosis but less 

sensitive to TRAIL, while low autophagy cells showed the opposite. While the effect of 

autophagy on TRAIL-induced apoptosis was generally cytoprotective, the differences were 

less pronounced and consistent than those with Fas ligand.

Autophagy facilitates apoptosis in a stimulus and cell type-specific manner

Consistent with our results in sorted low autophagy cells, pharmacologic and genetic 

inhibition of autophagy in BJAB cells resulted in increased viability upon treatment with Fas 

ligand but not TRAIL or other cytotoxic drugs. To assess whether the effect of autophagy on 

Fas apoptosis was cell type-specific, we tested the effect of autophagy inhibition with 

chloroquine on Fas apoptosis in Jurkat A3 cells and found that, contrary to what we 

observed in BJAB cells, autophagy inhibition instead caused a modest decrease in cell 

viability in Jurkat cells treated with Fas ligand (Figs. 3a–c). Inhibition of autophagy by 

shRNA knockdown of Atg5 or Atg7 also resulted in significant inhibition of cell death 

induced by Fas ligand in the BJAB cells but had no substantial effect on TRAIL-induced 

killing (Figs. 3d–f). Knockdown of Atg5 or Atg7 led to no difference in cell death with 
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either Fas ligand or TRAIL in Jurkat cells (Figs. 3d–f). Furthermore, combined genetic and 

pharmacologic inhibition via Atg5 knockdown and chloroquine treatment had no additive 

effect on Fas ligand-induced death in BJAB cells (Supplementary Fig. 4e). Autophagy 

inhibition via transient overexpression of autophagy dominant-negative Atg4b-C74A or 

Rab7-Q79L mutants also reduced BJAB cell death in response to Fas ligand (Supplementary 

Fig. 4d). Conversely, treatment of BJAB cells with autophagy inducers (EBSS and 

trehalose) led to more cell death in response to Fas ligand treatment despite some reduced 

cell viability in the absence Fas ligand (Supplementary Figs. 4f, g). Together these data 

show that autophagy is necessary for efficient cell killing by Fas ligand (but not TRAIL) in 

BJAB cells, but autophagy is dispensable for Fas ligand-induced apoptosis in Jurkat cells 

and is dispensable for TRAIL-induced apoptosis in both cell types.

Autophagy modulates Fas-induced death via the phosphatase Fap-1

The tyrosine phosphatase Fap-1 (Fas-associated phosphatase 1 or PTPN13, PTP-L1) 

specifically modulates Fas but not TRAIL signaling through dephosphorylation of Fas, 

which reduces its cell surface expression and activity32–35. Fap-1 has been implicated in 

several cancers including liver cancer in which autophagy has been implicated as a tumor 

suppressor and Fas plays a major role in liver cell apoptosis36–39. Fas-induced apoptosis can 

occur in two ways – with (Type II) or without mitochondrial involvement (Type I)40–42. 

Reduced Fap-1 expression in Type II cells is responsible (at least in part) for phenotypic 

differences between Fas Type I and Type II cells39. Flow-sorted low autophagic flux BJAB 

cells (Type I) displayed higher Fap-1 levels than high flux cells that correlated with higher 

cell viability (Figs. 4a, b) and increased Fas receptor at the cell surface (Supplementary Fig. 

5a). This was not seen in Jurkat cells (Type II), which express nearly undetectable levels of 

Fap-143 (Figs. 4a, b). Type I SKW6.4 cells and Type II CEM-CCRF (CEM) cells displayed 

a similar pattern of cell viability with autophagy inhibition and Fas ligand treatment as the 

BJAB and Jurkat cells (Figs. 4c, d) and Fap-1 protein levels were substantially higher in the 

Type I cells than in the Type II cells (Fig. 4c). When autophagy was blocked by chloroquine 

or shRNA knockdown of Atg5, Atg7 or Vps34, Fap-1 levels increased in the Type I cells, 

correlating with the reduced level of Fas ligand-induced apoptosis (Figs. 4e, f). No Fap-1 

was detected with or without autophagy inhibition in the Type I Jurkat cells (Fig. 4c, f, 

Supplementary Fig. 5b). Conversely, autophagy acted in a cytoprotective manner in Jurkat 

cells with autophagy gene knockdown leading to decreased viability in response to Fas 

ligand. Together, these data led us to hypothesize that autophagy was modulating Fas 

apoptosis by selectively degrading Fap-1.

To determine the role for Fap-1 in autophagy modulation of autophagy we sought to 

determine whether removal of Fap-1 could make BJAB cells respond to Fas ligand like 

Type II cells and if exogenous expression of Fap-1 could make the Jurkat cells respond to 

Fas ligand like Type I cells. As predicted, overexpression of wild-type (WT) Fap-1 caused 

Jurkat cells to behave more like Type I cells in response to autophagy inhibition and Fas 

ligand, while expression of catalytically inactive (ΔCD) Fap-1 had no effect; WT or ΔCD 

Fap-1 had no effect on the BJAB cells (Figs. 5a, b). Conversely, Fap-1 shRNA knockdown 

abrogated the increase in cell death caused by chloroquine in response to Fas ligand in Type 

I BJAB cells (Figs. 5c–e, Supplementary Figs. 5c, d) but did not have a substantial effect on 
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TRAIL-induced viability (Figs. 5c). These results indicate that Fap-1 is necessary and 

sufficient for autophagy to modulate Fas-induced apoptosis.

Fap-1 is targeted for autophagic degradation via the selective autophagy adaptor p62

The adaptor protein p62/SQSTM1 and its family members regulate selective autophagy of 

specific cargoes5, 44–48. Furthermore, p62 associates with the death inducing signaling 

complex (DISC) and modulates death receptor signaling18, 44. To determine if Fap-1 

autophagic degradation occurs via p62, we depleted p62 protein, which resulted in increased 

Fap-1 and concomitant inhibition of Fas ligand-induced apoptosis (Figs. 6a, b). We were 

also able to co-immunoprecipitate endogenous Fap-1 and p62 in a chloroquine and Fas 

ligand-dependent manner (Fig. 6c, Supplementary Fig. 5e). Therefore, p62 associates 

directly with Fap-1 enabling it to recruit Fap-1 for autophagic degradation in response to Fas 

receptor activation. Together, these data show that p62-mediated recruitment of Fap-1 to 

autophagosomes regulates the apoptotic response to Fas activation.

DISCUSSION

Our results demonstrate that transient and significant differences in autophagic flux are 

present at baseline in a population of actively proliferating cells. This cell-to-cell variability 

in autophagy leads to substantial differences in apoptosis induced by Fas ligand and TRAIL 

such that high and low autophagy cells from the same population display opposing 

sensitivities to these two death ligands. These differences arise even under optimized cell 

culture conditions with clonally derived cells; we predict that such differences may be 

magnified in a more heterogeneous population of cells exposed to greater fluctuations in 

nutrients and environmental stresses that affect autophagy, such as those in a tumor.

Autophagy can thus determine which cells live and which cells die in a population but these 

effects are both stimulus- and cell type-specific. Our work addresses an area that has been 

confusing – does autophagy protect or kill cells?49 Our data show that even in the same 

population of cells, it can do both and it is the context (i.e. specific stimulus and cell type) 

that determines whether autophagy is pro- or anti-apoptotic. We don’t know specifically or 

generally how autophagy is able to generally protect against apoptosis in our system 

although it has been reported that autophagy can degrade activated Caspase-8 to protect 

against TRAIL-induced death in other contexts19. However, our work does reveal a defined 

mechanism by which autophagy promotes apoptosis in mammalian cells. For Fas ligand, 

autophagy-dependent differences in apoptotic response depend on p62-mediated selective 

autophagic degradation of Fap-1 (Fig. 6d). This model explains both the cell type specific 

differences whereby only Type I cells require autophagy for efficient apoptosis and the 

stimulus specific effect whereby autophagy promotes Fas-induced death but not TRAIL-

induced death. Our work here establishes a molecular mechanism for an autophagy-

dependent switch from apoptosis inhibition to promotion and provides an example whereby 

stochastic variability in autophagy can determine cell fate. These findings also underscore 

the importance of autophagy in cancer therapy, specifically in the case of cancers where 

Fap-1 is implicated50 and more generally by demonstrating that autophagy can switch from 

a death promoter to a death inhibitor in different contexts. Current attempts to modulate 
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autophagy in a clinical setting51 are focused on using autophagy inhibition combined with 

other anti-cancer drugs and are the focus of over three dozen clinical trials. Such trials 

should consider the implications of context-specific promotion and inhibition of apoptosis 

by autophagy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Log-phase proliferating cells in optimal growth media exhibit significant steady-state 
differences in autophagic flux
a, b, BJAB lymphoma cells stably expressing mCherry-GFP-LC3 were serially cultured at 

log phase followed by FACS sorting for cells with high and low autophagic flux using the 

ratio of mCherry/GFP (a). The high and low 20% were sorted (a), replated and treated with 

lysosomal protease inhibitors pepstatin and E-64d for 1 hour; lysates were then 

immunoblotted for the indicated proteins (b). c, Densitometry of LC3-II and p62 westerns 

(normalized to actin and hour 0, mean ± s.e.m., n=3 blots from 2 independent experiments, 

*p=0.051, **p=0.0091). d, e, HeLa Cherry-GFP-LC3 cells were sorted as in (a), cytospun 

onto slides, fixed and visualized by confocal microscopy (d); autophagic LC3 puncta were 

assessed by quantitative microscopy (e) (punctate area per cell, mean±s.e.m., n=50 fields, 

*p=0.010, **p=0.053). f, Electron micrographs of HeLa mCherry-GFP-LC3 cells sorted for 

autophagic flux as in (a). Yellow arrows denote autophagosomes; red arrows indicate 

autolysosomes. g, Quantitation of autophagosomes and autolysomes from electron 

micrographs (mean ± s.e.m., n=50 fields).
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Figure 2. Differences in basal autophagic flux are transient but determine apoptotic response in 
a stimulus-specific manner
a–c, BJAB lymphoma cells stably expressing mCherry-GFP-LC3 were serially cultured at 

log phase followed by FACS sorting for cells with high and low autophagic flux using the 

ratio of mCherry/GFP. Cells were then re-plated in growth medium and autophagic flux was 

again measured by flow cytometry at the indicated timepoints (median ratio of 

mCherry/GFP fluorescence ± s.e.m., n=3 wells). Lysates from cells harvested at the 

indicated timepoints were immunoblotted with the indicated antibodies (b). Representative 
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flow cytometry histograms for cells at 0 hours and 24 hours after sorting (c). d, BJAB 

mCherry-GFP-LC3 cells were sorted for autophagic flux as in (a) (top and bottom 20%). 

Following treatment with Fas ligand (1.5 ng/mL) or TRAIL (4 ng/mL), cell viability was 

determined by MTS assay at 24 hours (% of untreated control, mean ± s.e.m., n=3 wells, 

*p=2.3×10−4, **p=0.0036). e, Long term growth of BJAB mCherry-GFP-LC3 cells sorted 

for autophagic flux followed by treatment with Fas ligand (4 ng/mL) or TRAIL (15 ng/mL) 

for 24 hours. Cells were then re-plated and allowed to recover for 5 (Fas Ligand) or 6 

(TRAIL) days then assayed for viability (% of no ligand control, mean ± s.e.m., n=3 wells, 

*p=0.012). f, BJAB mCherry-GFP-LC3 cells were sorted for autophagic flux as above and 

apoptosis was measured at 1 hour by flow cytometry using AnnexinV and DAPI (mean ± 

s.e.m., n=3 wells, *p=0.0046). g, cells sorted as in (a), were re-plated and, starting at the 

indicated times following sorting, treated with Fas ligand (4 ng/mL) for 24 hours; cell 

viability was then determined by MTS (% of untreated control, mean ± s.e.m., n=3 wells).
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Figure 3. Autophagy inhibition suppresses Fas ligand induced cell killing in a cell type-specific 
manner
a, BJAB and Jurkat cells were treated with vehicle or chloroquine (BJAB 20 μM, Jurkat 10 

μM) for 16 hours followed by Fas ligand (1.5 ng/mL). Cell viability was determined by 

MTS 24 hours later (% of control (no ligand), mean ± s.e.m., n=3 wells, *p=0.0058). b, 

Immunoblots of cells in (a, c) probed for the indicated antibodies. c, BJAB and Jurkat cells 

were treated with chloroquine (BJAB 20 μM, Jurkat 10 μM) for 16 hours followed by 

treatment with Fas ligand (4 ng/mL) for 24 hours (same technical replicate as (a)). Cells 

were then re-plated at low density in growth media and allowed to recover for 5 days, then 

assayed for viability (% of no ligand control, mean ± s.e.m., n=3 wells, *p=0.0024). d, 

BJAB and Jurkat cells were transduced with the indicated lentiviral shRNA constructs, 

followed by 3 days of puromycin selection. Selected cells were plated and treated with Fas 

ligand (1.5 ng/mL) or TRAIL (4 ng/mL) for 24 hours and viability was assessed by MTS (% 

of control (no ligand), mean ± s.e.m., n=3, *p=1.7×10−4, **p=0.024). e, Immunoblots for 

Atg5, Atg7 and p62 confirm protein depletion and autophagy inhibition in (d, f). f, BJAB 

and Jurkat cells expressing control or Atg5 shRNA were treated with Fas ligand (15 ng/mL) 

or TRAIL (12.5 ng/mL) for 24 hours (same technical replicate as (d)). Cells were then re-

plated at low density and allowed to recover for 5–6 days then assayed for viability (% of no 
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ligand control, mean ± s.e.m., n=3 wells, *p=0.0089). Atg7 knockdown data were not 

included for long term viability due to growth suppressive effect of Atg7 knockdown in the 

absence of drug treatment.
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Figure 4. Autophagy facilitates Fas apoptosis in Type I cells and correlates with Fap-1 
expression
a–b, BJAB and Jurkat cells stably expressing mCherry-GFP-LC3 were flow sorted for high 

and low autophagic flux, treated with Fas ligand (1.5 ng/mL) for 24 hours and viability was 

assessed by MTS (a) (% of no ligand control, mean ± s.e.m., n=3 wells, *p=0.0046). b, 

Immunoblots following sorting of the samples in (a). c–d, The indicated cell lines were 

treated with chloroquine (BJAB, CEM 20 μM; SKW6.4, 25 μM; Jurkat, 10 μM) for 16 

hours, followed by Fas ligand (BJAB, 12.5 ng/mL; SKW6.4, 50 ng/mL; Jurkat, 0.4 ng/mL; 
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CEM, 40 ng/mL). Lysates from cells harvested after chloroquine treatment were 

immunoblotted with the indicated antibodies (c). Cell viability was assessed by MTS 24 

hours following Fas ligand treatment (d) (% of control (no ligand), mean ± s.e.m., n=3 

wells, *p=2.7×10−4, **p=1.6×10−4). e–f, BJAB and Jurkat cells were transduced with 

control, Atg5, Atg7 or Vps34 shRNA lentiviruses, followed by 3 days of puromycin 

selection. Cells were then treated with Fas ligand (1.25 ng/mL) or TRAIL (1.25 ng/mL) for 

24 hours and viability was assessed by MTS (e) (% of control (no ligand), mean ± s.e.m., 

n=3 wells, *p=1.4×10−6, **p=2.3×10−5, 

***p=3.9×10−5, §p=9.2×10−6, §§p=3.4×10−6, §§§p=1.7×10−5). Immunoblots demonstrate 

Atg5, Atg7 and Vps34 knockdown, autophagy inhibition and altered Fap-1 levels (f).
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Figure 5. Autophagy facilitates apoptosis via selective degradation of Fap-1
a–b, BJAB and Jurkat cells expressing the indicated Fap-1 wild-type (WT) and catalytically-

inactive (ΔCD) constructs were treated with chloroquine (BJAB, 20 μM; Jurkat, 10 μM) for 

16 hours followed by Fas ligand (BJAB, 1.5 ng/mL; Jurkat 15 ng/mL) for 24 hours. Cell 

viability was determined by MTS (a) (% of control (no ligand), mean ± s.e.m., n=3 wells, 

*p=2.7×10−4, **p=2.4×10−5, ***p=0.0024). Cell lysates were blotted and probed with the 

indicated antibodies (b). c–e, BJAB cells expressing control or Fap-1 shRNAs were treated 

with 20 µM chloroquine for 16 hours followed by Fas ligand (12.5 ng/mL) or TRAIL (25 
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ng/mL) for 24 hours; cell viability was then determined by MTS (c) (% of control (no 

ligand), mean ± s.e.m., n=3 wells, *p=4.8×10−6, **p=8.1×10−5, ***p=8.0×10−4, §p=0.013, 

n.s. p>0.05). Immunoblots of lysates harvested following chloroquine treatment (d). Long 

term growth was assessed in cells from (c) by re-plating at low density and allowing to 

recover for 5 days, followed by viability assay (% of untreated control, mean ± s.e.m., n=3 

wells, *p=0.043) (e).
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Figure 6. p62 is required for Fap-1 degradation by autophagy and p62 and Fap-1 interact 
directly
a–b, Cell viability was determined by MTS assay following Fas ligand (4 ng/mL) treatment 

in BJAB cells expressing control or p62 lentiviral shRNAs (a) (% of control (no ligand), 

mean ± s.e.m., n=3 wells, *p=3.2×10−5, **p=1.8×10−6). Immunoblots confirm p62 

depletion and Fap-1 levels (b). c, Co-immunoprecipitation of endogenous p62 and Fap-1 in 

BJAB cells treated with 20 µM chloroquine for 16 hours, followed by treatment with Fas 

ligand (50 ng/mL) for 2 hours at 4 °C. d, Model of the mechanism for autophagy promotion 

of Fas apoptosis in Type I cells.
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