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ABSTRACT  

Lysosomes degrade cellular proteins and organelles, and regulate cell signaling by 

providing a surface for the formation of critical protein complexes, notably mTORC1. 

Striking differences in the lysosomes of cancer versus normal cells suggest that they 

could be targets for drug development. While the lysomotropic drugs chloroquine (CQ) 

and hydroxychloroquine (HCQ) have been widely investigated, studies have focused on 

their ability to inhibit autophagy. We synthesized a novel compound, called EAD1, which 

is structurally related to CQ but is a 14-fold more potent inhibitor of cell proliferation. 

Here we find that EAD1 causes rapid relocation, membrane permeabilization (LMP), 

and deacidification of lysosomes, induces apoptosis, and irreversibly blocks proliferation 

of human lung cancer H460, H520, H1299, HCC827 and H1703 cells. EAD1 causes 

dissociation of mTOR from lysosomes and increases mTOR’s perinuclear vs 

cytoplasmic localization, changes previously shown to inactivate mTORC1. The effect 

on mTOR was not seen with HCQ, even at >10-fold higher concentrations. 

Phosphorylation of a downstream target of mTORC1, ribosomal protein S6, was 

inhibited by EAD1. Although EAD1 also inhibited autophagy, it retained full 

antiproliferative activity in autophagy-deficient H1650 lung cancer cells, which have a 

biallelic deletion of Atg7, and in H460 Atg7-knockout cells. As Atg7 is critical for the 

canonical autophagy pathway, it is likely that inhibition of autophagy is not how EAD1 

inhibits cell proliferation. Further studies are needed to determine the relationship of 

LMP to mTORC1 disruption, and their relative contributions to drug-induced cell death. 

These studies support the lysosome as an underexplored target for new drug 

development.  
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INTRODUCTION  

The treatment of non-small cell lung cancer (NSCLC) has rapidly advanced in recent 

years with the incorporation of genomic sequencing of tumors and the availability of 

molecularly targeted drugs. While genome-driven therapy has demonstrated significant 

benefits, the majority of NSCLC patients will either not have a mutation for which a 

matched drug is available, will not have a meaningful response to the drug, or will 

develop resistance to an initially effective agent (Jordan et. al. 2017). Consequently, 

there is a need for additional approaches to therapy including those that are based on 

cancer cell biology, rather than on a specific genetic alteration, and which could be used 

alone, or to complement the actions of molecularly-matched drugs.     

The regulation of programmed-cell death and related pathways are often altered in 

cancer cells and have been attractive targets for drug development, with drugs targeting 

apoptosis the most further advanced and those affecting autophagy only more recently 

being evaluated clinically. The development of autophagy-modulating  approaches has 

been hampered by several factors: uncertainty as to which tumor types and/or genetic 

alterations are most likely to be responsive; the low potency and lack of specificity of the 

only two FDA-approved drugs, chloroquine and hydroxychloroquine (CQ and HCQ), 

known to inhibit autophagy; some uncertainty as to whether autophagy inhibition versus 

autophagy stimulation would be beneficial for a particular tumor; and reports that the 

antitumor actions of CQ and HCQ may not be dependent on their effects on autophagy 

(Rebecca and Amaravadi, 2016; Levy et. al. 2017; Amaravadi et. al. 2016; Eng et. al. 

2016; Maycotte et. al. 2012; Rebecca et. al. 2017; Chen et. al. 2017; Gewirtz 2014). 

While they were initially recognized as lysomotropic and to have the ability to disrupt 
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lysosome function, studies over the years of CQ and HCQ have predominantly focused 

on their ability to inhibit autophagy (Weissman 1964; Boya and Kroemer 2008). Despite 

extensive investigation, the precise mechanism(s) of CQ action remains a long-standing 

question. 

Lysosomal function is closely intertwined with vesicular trafficking, including macro, 

micro, and chaperone-mediated autophagy (Kroemer and Jaatela 2005). In addition to 

their central role in the degradation of cellular macromolecules, proteins and organelles, 

lysosomes also have more complex biological functions. They play a critical role in the 

integration of death signals in programmed cell death, and regulate other cell signaling 

pathways by providing a surface for the formation of protein complexes, notably for the 

mTOR-containing mTORC1 (Carroll and Dunlop 2017). mTORC1 is a central regulator 

of multiple signaling pathways, coordinating aspects of nutrient sensing, cell 

metabolism, and cell proliferation, among other biological functions (Saxton and 

Sabatini 2017). Interestingly, chaperone-mediated autophagy is regulated by a 

mTORC2-containing lysosomal-associated complex (Arias et al. 2016). 

There is a recent appreciation that lysosomes and lysosome-associated proteins 

would be useful targets for drug development (Rebecca et al., 2017; Piao and 

Amaravadi, 2016; Kallunki et al., 2013). There are striking changes in lysosomal 

volume, composition, cellular distribution and enzyme activity seen during cancer 

progression and metastasis (Boya and Kroemer, 2008; Piao and Amaravadi, 2016; 

Kallunki et al., 2013; Fehrenbacher et al., 2004; Fehrenbacher et al., 2008). Increased 

expression and activity of lysosomal cysteine cathepsins correlate with the metastatic 

capacity and aggressiveness of tumors. Immortalization and oncogene-driven 
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transformation lead to increased sensitivity to the lysosomal cell death pathways, and 

this was due to changes in lysosomes themselves rather than in signaling pathways that 

lead to lysosomal permeabilization (Fehrenbacher et al., 2008). Lysosomal membranes 

are less stable in cancer cells, compared to normal cells, a difference that could be 

exploited for the development of agents whose primary site of action would be the 

lysosome (Rebecca et al., 2017; Piao and Amaravadi, 2016; Towers and Thorburn, 

2017). Several classes of drugs that cause lysosomal membrane permeabilization 

(LMP) have been identified, and LMP inducers may preferentially target lysosomes of 

cancer cells compared to normal cells (Fehrenbacher et al., 2004). Some of the known 

lysosome-targeting agents can trigger cell death even in apoptosis-resistant and drug-

resistant cancer cells (Wiedmer et al., 2017). Interestingly, a number of other anti-

cancer drugs, including several targeted multi-tyrosine kinase inhibitors that are not 

thought to act through lysosomes, are weak bases, are lysomotropic, and can cause 

LMP (Piao and Amaravadi, 2016; Wiedmer et al., 2017). 

While CQ and HCQ are considered to be relatively safe drugs, their low potency 

necessitates the use of high doses (up to 1200 mg daily) that are at the upper range of 

tolerability. Even these doses produce blood drug concentrations that are below those 

generally required for their antiproliferative effects in vitro (Goldberg et al., 2012; 

Rangwala et al., 2014). To address these limitations and as part of our medicinal 

chemistry program to identify new aminochloroquinoline inhibitors, we synthesized a 

compound, EAD1, that is structurally related to CQ but is up to 14-fold more potent than 

CQ and HCQ as an inhibitor of proliferation of NSCLC cells (Nordstrøm et al., 2015).  

We report here that EAD1 disrupts multiple lysosomal functions, including mTORC1 
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localization, and while it also potently blocks autophagy, data presented suggest that 

inhibition of autophagy is not the mechanism by which EAD1 inhibits cell proliferation. 

Given the interest in the use lysosomal-modulating drugs as anticancer agents, a better 

understanding of their mechanism(s) of action would help to optimize their use and 

suggest avenues for new drug development. 

 

MATERIALS AND METHODS 

Cell lines and materials 

Human NSCLC cell lines H460, H1299, H520, HCC827, H1650 and H1703 cell lines 

were from ATCC (Manassas, VA), which confirmed their identity by short tandem repeat 

profiling, and were maintained in RPMI-1640 medium with 10% fetal bovine serum at 

37° C in a humidified atmosphere with 5% CO2. Chloroquine and hydroxychloroquine 

sulfate were from Spectrum Chemicals and Sigma, respectively. Chloroquine analogs 

were synthesized as previously described, dissolved in H2O and stored at -20° C 

(Nordstrøm et al., 2015). 

Cell proliferation 

Cells were seeded in 96 well plates in triplicate (2-4 x 103 / well) and allowed to 

attach overnight before different concentrations of the drugs were added for an 

additional 72 hours. Cell proliferation was quantified by a sulforhodamine B (SRB) 

assay. Attached cells were fixed with 10% trichloroacetic acid and incubated for 1 hour 

at 5° C. The cells were stained with SRB (0.4% in 1% acetic acid) by incubating at room 

temperature for 30 min. The plate was rinsed 4x with 1% acetic acid and dried. The 

SRB was dissolved by adding 10 mM Tris-base. Absorbances were read at 510 nm on 
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plate reader. Cell numbers were expressed relative to untreated controls, and IC50s 

were calculated from concentration-response graphs.  

Colony formation assay 

H460 cells were plated at 250 cells per well in 24 well plates. After allowing for cell 

attachment overnight, HCQ and EAD1 were added at the indicated concentrations. After 

24 hours, drug-containing medium was removed, and drug-free medium added. Cell 

colonies were stained with crystal violet and counted after an additional 10-day growth 

in the absence of drug. 

Apoptosis 

Cells were cultured in medium containing HCQ, CQ or EAD1 for 24 hours, and 

apoptosis was assessed by using APC-conjugated Annexin V (ebioscience) to 

determine phosphatidylserine exposure. For quantitative determination, cells were 

trypsinized, stained with Annexin V for 15 min at room temperature, and analyzed by 

flow cytometry. Each experiment was performed in triplicate. 

Neutral red uptake 

Cells were plated in 96 well plates and incubated with HCQ or EAD1. After 1 hour, 

neutral red was added to a final concentration of 40 µg/ml (Repetto et al., 2008). After 

an additional 2 hours, cells were washed briefly in PBS, lysed and the neutral red dye 

extracted with 0.1 ml acidified ethanol (50% ethanol, 1% glacial acetic acid in water). 

Absorbance at 540 nm was determined in a plate reader.  

Electron microscopy 

Monolayer cells were fixed with 2.5% glutaraldehyde, in 0.1 M sodium cacodylate 

buffer, postfixed with 1% osmium tetroxide followed by 2% uranyl acetate, and 
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dehydrated through a graded series of ethanol. Cells were lifted from the monolayer 

with propylene oxide and embedded as a loose pellet in LX112 resin (LADD Research 

Industries, Burlington VT). Ultrathin sections were cut on a Leica Ultracut UC7, stained 

with uranyl acetate followed by lead citrate and viewed on a JEOL 1200EX transmission 

electron microscope at 80kv. 

Immunoblot analysis 

Cells were scraped from culture dishes, cell lysates were prepared, and immunoblot 

analysis was performed. Cell extracts were prepared in cold lysis buffer (50 mM Tris pH 

7.5, 100 mM NaCl, 50 mM NaF, 5 mM EDTA, 1% Triton X-100, 200 µM Na 

orthovanadate and protease inhibitor cocktail (HALT; Thermo Scientific)). Protein 

concentrations were determined using the Lowry Reagent B (Bio-Rad), and normalized 

cell lysates were mixed with sample buffer (Bio-Rad) containing 2-mercaptoethanol and 

boiled for 5 mins. The samples were run on SDS-polyacrylamide gels and transferred to 

nitrocellulose or PVDF membranes. The membranes were incubated overnight with 

primary antibodies in TBS-T buffer containing 5% non-fat milk. Antibodies used were: 

LC3 A/B (cs12741),   mTOR and phospho-ser2448-mTOR (cs2983 and cs5536), ULK1 

(cs80541), phospho-Ser555-ULK1 (cs5869), phospho-Ser757-ULK1 (cs6888),  

p70S6K1 (cs2708), phospho-Thr389-p70S6K (cs9234), phospho-Thr421/Ser424-

p70S6K1 (cs9204), p90 RSK (cs9355), phospho-Thr359-p90RSK (cs8753), phospho-

ThrSer380-p90RSK (cs11989),rpS6 (cs2217), phospho-Ser240/244 rpS6 (cs5364), 

phospho-Ser235 rpS6 (cs4858), from Cell Signaling (Danvers MA); Atg7 (ab6251) from 

Abcam; p62/SQSTM1 (P0067) from Sigma, and Atg5 (cs2630). After washing, the 
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membranes were incubated with HRP-conjugated secondary antibody for 1 hour. The 

bands were detected with enhanced chemiluminescence reagent (Pierce). 

Immunofluorescence 

Immunofluorescence was done on cells treated with EAD1 or HCQ for 24 hours. Cells 

were washed with PBS-Tween 20, and fixed for 15 minutes in 4% paraformaldehyde at 

room temperature. Antigen retrieval was done in 100 mM Tris-HCl, 5% urea (pH 9.5) for 

10 minutes at 95°, and the cells were permeabilized and blocked with 0.3% Triton X-

100, 5% goat serum, glycine and 1% BSA for 1 hour. Incubation with primary antibodies 

was done overnight at 5° C as follows: LAMP-2 (sc-18822, 1:100), galectin-3 

(BD556904, 1:100), and mTOR (cs2983, 1:400). Appropriate 2° antibodies were used at 

1:500, and cells were counterstained with Hoechst 33342. 

 Atg7 knockout cells 

H460 cells were sequentially transduced with a two plasmid lentiviral system for 

CAS-9 tetracycline regulated puromycin resistance, and second with the Atg7 gRNA-

PAM-TGG blasticidin resistance. The sgRNA targeting exon 3 of Atg7 was 

GCTGCCAGCTCGCTTAACAT. Clones grown from single cells were isolated and 

screened by western blot for Atg7 protein expression.  

Cell starvation assay 

H460 cells (wild type or Atg7-minus clones) were plated in 12 well plates and allowed 

to attach overnight. Medium was removed and the cells were washed 3 times and 

resuspended with serum-free HBSS. After 12 hours, the HBSS was removed and 

replaced with complete media (RPMI1640 + 10% FBS). Cells were maintained in 

complete medium for 10 days and colonies were then stained with crystal violet. 
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Cell size determination. Cells were treated with HCQ or EAD1, stained with propidium 

iodide, and analyzed by flow cytometry. The size distribution of live G1-phase cells was 

determined, and the median cell size determined by FSC-A was calculated for treated 

cells relative to untreated controls.  

Statistical analysis. Statistical analyses were done using ANOVA and Newman-Keuls 

tests in GraphPad Prism. 

 

RESULTS 

A novel chloroquine analog inhibits cell growth and disrupts lysosomes 

We had previously synthesized a series of 4-aminoquinoline analogs which inhibited 

lung cancer cell proliferation with an increased potency when compared to chloroquine 

(Nordstrøm et al, 2015). The lead compound, EAD1, retains the 4-aminoquinoline 

subunit of CQ and HCQ, and is coupled to a 4-chlorophenyl triazole unit via a polyamine 

linker (figure 1A). EAD1 inhibited proliferation in a colony formation assay in which H520 

cells were exposed to the compound for 24 hours, after which the cells were washed 

and drug-free medium added for an additional 14 days (Fig 1A, 1B). The IC50 for EAD1 

in this assay was 8 µM, 14-fold lower than that of HCQ (Fig 1C). This is comparable to 

the IC50 we previously reported for H460 cells in the same assay (Nordstrøm et al., 

2015). To focus on early drug-induced changes, in this report all cellular and molecular 

assays used cells treated with drugs for 24 hours or less. Using both a TUNEL assay 

and flow cytometry for annexin-V, a 24 hour treatment with EAD1 induced a 

concentration-dependent increase in apoptosis in multiple NSCLC cell lines (Fig 1 D-G). 
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In all cases, EAD1 had the same increased potency, compared to HCQ and CQ, seen 

in the cell proliferation assay. 

The inhibition of autophagy by CQ and HCQ is thought to be due to their 

accumulation in lysosomes, causing lysosomal deacidification, which prevents them 

from fusing with autophagosomes to form autophagolysosomes. We sought to 

determine if EAD1 was also affecting lysosome function, and to do this, we used several 

assays of lysosomal integrity and structure. There are more than 25 membrane proteins 

in lysosomes, with lysosomal-associated proteins 1 and 2 (LAMP-1, LAMP-2) by far the 

most abundant (together >50% of total) (Piao and Amaravadi, 2016). The LAMPs are 

glycoproteins located on the lysosome membrane, where they are involved in the fusion 

of lysosomes and autophagosomes (LAMP-2) and are receptors for chaperone 

mediated autophagy (LAMP-2A); they are well characterized markers for lysosomes.  

LAMP-2 was diffusely expressed throughout the cytoplasm in control H460 cells, with 

lightly staining puncta present (figure 2A). EAD1 treatment caused a dramatic increase 

in the intensity of the staining of the puncta, with a corresponding decrease in the more 

diffuse cytoplasmic staining. This change was observed in some cells at the lowest 

EAD1 concentration tested (5 µM), and increased to a near uniform pattern in a 

concentration-dependent manner. Interestingly, puncta were observed throughout the 

cytoplasm at 5 µM EAD1, but were increasingly localized to the perinuclear region at 

higher concentrations. These changes were not seen in the cells treated with HCQ 

(figure 2A). While there was a modest increase in puncta intensity with 25 and 50 µM 

HCQ, these remained distributed throughout the cytoplasm, with no evidence of a shift 

to perinuclear localization.    
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To further characterize the EAD1-induced changes in the lysosomes, we used a 

highly sensitive measure of lysosomal membrane permeabilization. The galectins are 

carbohydrate-binding lectins that bind ß–galactoside sugars with specific carbohydrate 

recognition domains (Alts et al., 2015). They are normally found in the cytoplasm, 

nucleus and on the cell surface, but localize to the lysosomes during LMP as a 

consequence of their gaining access to the inside of the lysosomal membrane. Galectin 

staining specifically marks individual leaky lysosomes and as such, is a highly sensitive 

probe for early LMP, detecting LMP prior to, and in the absence of cell death (Alts et al., 

2015). Staining with galectins has been found to be superior to other methods to detect 

LMP. Treatment with EAD1 caused a change in cell staining for galectin-3 from a diffuse 

pattern throughout the cell, to one with prominent, well-defined puncta (figure 2B). As 

for LAMP-2, puncta were observed at the lowest concentration of EAD1 tested (5 µM), 

and progressively increased in abundance and in a perinuclear localization with 

increasing concentrations. In contrast, there were fewer and less intensely-staining of 

puncta with HCQ treatment, and these were observed at only the highest concentration 

(50 µM) of HCQ.      

EAD1-treated cells undergoing LMP would not be anticipated to be able to maintain 

the pH gradient that keeps lysosomes at the acidic environment for optimal lysosomal 

enzyme function. To assess lysosomal pH, we adapted a previously reported assay to 

develop a rapid and readily quantifiable measure of the uptake and retention of the dye 

neutral red (Repetto et al., 2008). Neutral red is weakly cationic and readily crosses lipid 

membranes in a non-ionized form at neutral pH. Inside the low pH environment of the 

lysosome, it becomes charged and accumulates. We treated cells for 1 hour with 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 8, 2018 as DOI: 10.1124/mol.118.113118

 at A
SPE

T
 Journals on A

pril 20, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 MOL #113118 
 

14 
 

increasing concentrations of EAD1 or HCQ, added neutral red for two hours, briefly 

washed the cells to remove non-ionized dye, and then lysed the cells and measured the  

levels of neutral red (figure 2C). As shown in figure 2E, both compounds caused a 

concentration-dependent reduction of neutral red retention in two NSCLC cell lines, with 

EAD1 having much greater potency than HCQ. Strikingly, the curves and the IC50s for 

inhibition of neutral red retention by EAD1 closely overlapped those for its cytotoxic 

actions. The lack of retention of neutral red was not due to a loss of plasma membrane 

integrity of the cells, as EAD1 had no effect on the trypan blue staining of the cells at 

this time point (Fig 2D). 

Transmission electron microscopy (TEM) was used to further understand the cellular 

changes. Cells treated with EAD1 showed a pronounced formation and accumulation of 

large clumps of 0.1-2 µm diameter “empty” vesicles (figure 3A). These electron-lucent 

vesicles were mostly single membraned and resembled dilated lysosomes, as 

previously reported with CQ treatment, albeit at much higher (120 µM) CQ 

concentrations (Yoon et al., 2010). Some of the vesicles appeared to be double-

membraned, and resembled the autophagic vacuoles with clear content, previously 

reported to result from cargo loading failure and inefficient autophagy (Chen S et al., 

2014). Other more electron-dense structures (0.5 µm diameter) contained osmiophilic 

inclusions and resembled classic lysosomes.  

Inhibition of cell proliferation by EAD1 is autophagy-independent 

We next extended the growth inhibitory experiments with EAD1 to additional NSCLC 

cell lines, and found inhibition occurred in a small range of IC50s (5.9 to 12 µM), which in 

all cases were lower than for HCQ (Table 1). There was no apparent differences 
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between cell lines which were derived from adenocarcinomas (H1299, HCC827, H1650, 

H460) vs. those derived from squamous tumors (H520, H1703), nor did the presence of 

a mutant Ras (H460, H1299) vs wild type Ras (all other cells) appear to affect sensitivity 

in this small panel. What was striking was the observation that both EAD1 and HCQ 

effectively inhibited proliferation of the H1650 cells, a human NSCLC cell line which has 

a biallelic deletion within the Atg7 locus (Mandelbaum et al., 2015).  Atg7 is an E1 ligase 

which has several functions, including promoting Atg12-Atg5 conjugation during 

elongation of the autophagosome isolation membrane; it is required for the functioning 

of the canonical autophagy pathway (Mizushima et al., 2011). We confirmed that the 

H1650 cells lacked Atg7 protein, and also lacked the autophagosomal form of LC3, 

LC3-II (Figure 3B). LC3 (also known as Atg8) is an ubiquitin-like protein that exists in a 

cytoplasmic form (LC3-I), and a PE-conjugated form (LC3-II) that is localized in 

autophagosomes. LC3 is involved in biogenesis of, and cargo recruitment into, 

autophagosomes; thus the absence of LC3-II indicates that the H1650 cells are 

autophagy-deficient.  

HCQ prevents the fusion of autophagosomes with lysosomes with subsequent 

accumulation of large number of autophagosomes, and we have previously found that 

EAD1 has a similar effect (Nordstrøm et al., 2015). We confirmed that there was no 

accumulation of LC3-II in the H1650 cells, in contrast to the large increases seen in 

H460 and H1703 cells in the presence of the drugs (Fig 3C). Similarly there was a drug-

mediated accumulation of SQSTM1/p62, a cargo adaptor protein that is incorporated 

into autophagosomes, binds to LC3, and is itself selectively degraded by the autophagic 

pathway (Fig 3C). To confirm the lack of a role of autophagy as a determinant of 
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sensitivity to EAD1 and HCQ, we used CRISPR to disrupt exon 3 in the Atg7 gene in 

H460 cells. Two clones (2B4 and 3F9) were selected and are shown in Fig 4A, 

documenting the lack of Atg7 and LC3-II in these cells. To further demonstrate the 

absence of the autophagy pathway in these cells, we examined the Atg7-mediated 

conjugation of Atg12 to Atg5, which subsequently catalyzes LC3-I to LC3-II (Fig 4B). 

Both the H1650 cells and the H460/Atg7-minus clones lacked the Atg12+Atg5 complex, 

with the latter expressing unconjugated Atg5 (Fig 4A).  

While these data confirm the lack of the canonical autophagy in the Atg7-deficient 

cells, there have been reports of alternative autophagy pathways that are independent 

of Atg7 (Nishida et al., 2009; Honda et al., 2014). To test for this possibility, we used a 

functional assay, the ability of the cells to survive brief starvation conditions, to 

demonstrate the lack of autophagy in the H460/Atg7-minus cell. The standard growth 

medium was replaced with serum-free HBSS for 12 hours, after which the standard 

medium was returned. H460 wild type cells are able to survive in serum-free HBSS for 

12 hours, as illustrated by colony formation after 14 days (Fig 4C). In contrast, both 

H460-Atg7-minus clones (3F9 and 2B4) had substantially fewer colonies, indicating the 

cells were less able to survive the starvation stress. Despite the absence of the 

autophagy pathway, the sensitivity of these cells to EAD1 and HCQ was identical to that 

of the wild type cells with functioning autophagy (Fig 4D). These data suggest that while 

both EAD1 and HCQ can inhibit autophagy, this inhibition is not the mechanism of their 

growth inhibitory actions. 

EAD1 disrupts the cellular distribution of mTOR and its association with 

lysosomes 
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In addition to their role in autophagy and macromolecule degradation and recycling, 

lysosomes are involved in the integration of intracellular signaling cascades that are 

mediated by mTOR, whereby the positioning of the mTOR complex 1 (mTORC1) on 

lysosomes can lead to its activation (Korolchuk et al, 2011). The recruitment of 

mTORC1 to the lysosomal membrane brings it into close proximity to its master 

regulator, Rheb, which is found on the lysosome, a process that is also dependent on a 

group of small GTPases called Rag GTPases and a complex called Ragulator (Carroll 

and Dunlop, 2017; Sancak et al., 2010; Sancak et al., 2008). The direct interaction 

between Rheb and mTOR is sufficient to activate the latter’s kinase activity and cause 

the phosphorylation of its downstream targets (Carroll and Dunlop, 2017). It is 

noteworthy that mTOR activity can also be solely regulated by changes in the 

intraluminal pH of the lysosome (Carroll and Dunlop, 2017).  Thus the lysosome creates 

a signaling hub that tightly controls mTORC1 activity. 

We first examined the intracellular distribution of mTOR by immunofluorescence. In 

control and HCQ-treated cells, nearly all of the mTOR is localized in the cytoplasm, with 

little staining in the nucleus (as defined with Hoechst 33342) (Figure 5). In contrast, 

treatment with 10 µM EAD1 caused a relocation of mTOR to the nuclear and 

perinuclear regions, with no evidence for a broader cytoplasmic localization. We then 

costained cells with antibodies to mTOR and LAMP-2 and observed a substantial 

degree of co-localization (yellow arrows in figure 6C). EAD1 caused a progressive loss 

of yellow fluorescence with increasing concentrations, indicative of reduced co-

localization,  with a corresponding increase in red mTOR fluorescence. In contrast, cells 

treated with 50 µM HCQ appeared virtually identical to the control untreated cells (figure 
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6C). Interestingly, while mTOR did not co-localize with lysosomes in cells treated with 

EAD1 at the highest concentration (10 and 25 µM), it did appear to be present only in 

the perinuclear region (figure 6D). Again, there was no change in the cellular 

localization of mTOR in the HCQ-treated cells. It was difficult to determine if EAD1 was 

affecting the cellular levels of mTOR or LAMP-2 when assessed by 

immunofluorescence (figure 6A), but immunoblots of drug-treated cells clearly showed 

no difference in total mTOR or in the levels of serine 2448-phosphorylated mTOR, and 

a modest increase in the cellular levels of LAMP2, the latter not seen with HCQ (figure 

6E).  

EAD1 inhibits downstream mTORC1 signaling 

The phosphorylation of ribosomal protein S6 (rpS6) is often measured as surrogate 

marker for mTOR activity, as it is downstream of the mTORC1 signaling pathway (figure 

7A). In contrast to its minimal effect of mTOR phosphorylation, EAD1 produced a large 

and consistent reduction in rpS6 phosphorylation in a concentration (Fig 7B-E) and 

time-dependent (Fig 6F) manner. Reduced rpS6 phosphorylation occurred in all four 

NSCLC cell lines examined, was seen at a low concentration of 3 µM EAD1 in some of 

these cell lines, and caused a >90% reduction at the highest concentration tested. 

Phosphorylation of serines 240 and 244, which are downstream of mTORC1, occurred 

in all four cells lines, while decreases in serine 235, downstream of the RAS/MEK/ERK 

pathway, was observed in two of the cell lines. Decreased phospho-rpS6 could be seen 

at 3 hours, with maximal effect by 6-24 hours of EAD1 treatment (figure 7F). Note that a 

strong reduction of phospho-rpS6 by EAD1 was also observed in the ATG7-minus and 

autophagy-deficient H1650 cells, which shows that this reduction was independent of 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 8, 2018 as DOI: 10.1124/mol.118.113118

 at A
SPE

T
 Journals on A

pril 20, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 MOL #113118 
 

19 
 

any effect EAD1 has on autophagy. HCQ had a more modest effect on rpS6 

phosphorylation, and only at the highest concentration tested (50 µM).  

rpS6 phosphorylation can be modulated by a variety of physiological and pathological 

stimuli, and as rpS6 is downstream of two central cellular signaling pathways, there are 

multiple potential upstream sites which could be responsible for the effects seen with 

EAD1. rpS6 is phosphorylated predominantly by two known family of kinases: p70 S6Ks 

that are downstream effectors of the PI3K/AKT/mTOR pathway and are the major 

kinases responsible for rpS6 phosphorylation, and the p90 S6Ks that are downstream of 

the RAS/RAF/ERK pathway and play a lesser role in rpS6 phosphorylation (Fig 7A). 

Both the p70 and p90 S6 kinases can themselves activated by phosphorylation, and we 

looked for changes in their phosphorylation as a possible explanation for the decrease 

in rpS6 phosphorylation. Rather than a decrease in activation, however, EAD1 caused a 

modest increase in phospho-Thr389 (H1703 and H460 cells) and phospho-

Ser421/Thr389 (H1703 cells) (Fig 8A). There was a modest decrease in the levels of 

phospho-p90 RSK, although only at pSer380 and not at pThr359.  

We also examined the effect of EAD1 on the phosphorylation of ULK1, as it also is 

downstream of mTORC1 in a parallel pathway to that of rpS6. Furthermore, 

phosphorylation of ULK1 on serine residues can lead to the initiation or inhibition of the 

canonical autophagy (Ser555 and Ser757, respectively), and it has also been implicated 

in non-canonical autophagy pathways (Nishida et al., 2009; Honda et al., 2014). 

However, neither EAD1 nor HCQ had a consistent effect on ULK1 phosphorylation in 

the NSCLC cell lines examined (figure 8A). Taken together, these data show that while 
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EAD1 has a dramatic effect on mTOR localization and rpS6 phosphorylation, there were 

no obvious changes in intermediate steps in the pathway.  

As noted above, the schematic in figure 7A greatly oversimplifies the signaling inputs, 

outputs, and feedback regulation of the pathways in which mTOR participates. Rather 

than attempt to evaluate all possible changes, we decided to focus on the one change 

that was observed, rpS6 phosphorylation, and to ask if there was a biological 

consequence of this reduction. The downstream molecular and cellular effects of rpS6 

phosphorylation remain somewhat obscure, despite extensive investigations 

(Meyushas, 2015). One phenotypic change that is consistently observed, however, is 

cell size regulation; thus a wide variety of cell types derived from rpS6P-/- mice are 

significantly smaller than their wild-type counterparts (Meyushas, 2015). We used flow 

cytometry  to measure cell size in H460 cells treated for 24 hours with EAD1 (Fig 8B) or 

HCQ (Fig 8C), and found that the cumulative size distribution of viable, G1-phase cells 

was significantly reduced in a concentration-dependent manner by EAD1 but not by 

HCQ (Fig 8D). The decrease in cell size was consistent with the concentrations of 

EAD1 that reduced rpS6 phosphorylation and inhibited cell proliferation.  

 

DISCUSSION  

Autophagy is a catabolic recycling process that can serve as an intracellular self-

defense mechanism, allowing tumor cells to overcome stress and survive during 

oncogenesis and after treatment with chemotherapy (Mizushima et al., 2011). The 

inhibition of autophagy by CQ and HCQ has been shown to sensitize cancer cells to a 

range of cytotoxic and targeted drugs in pre-clinical models, and is the basis for several 
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ongoing clinical trials (Rebecca and Amaravadi, 2016). CQ and HCQ are weak bases 

that diffuse into lysosomes and neutralize their acidic pH, thereby preventing the fusion 

of the lysosome to autophagosomes and blocking the autophagic process. While CQ 

and HCQ are known to have other effects on cells that could contribute to their anti-

cancer actions, the predominant focus in recent years has been on their ability to block 

autophagy (Amaravadi et al., 2016). This focus has been called into question, however, 

by recent studies showing that the inhibitory effects of CQ on autophagy can be 

dissociated from its inhibitory effect on cell proliferation and its ability to overcome drug 

resistance (Eng et al., 2016; Maycotte et al., 2012; Chen et al., 2017). In these studies, 

leukemia, and breast, colon and pancreatic cancer cells retained full sensitivity to CQ 

after the complete abrogation of the canonical macroautophagy pathway by deletion of 

the autophagy regulatory proteins Atg7, Atg12 or beclin1. Furthermore, the ability of CQ 

to sensitize the cells to several anticancer drugs, including cisplatin, erlotinib, and 

sunitinib, occurred independent of the suppressive effects of CQ on autophagy. At the 

same time, Atg7 deficiency alone failed to sensitize cells to chemotherapy (Eng et al., 

2016). These studies, however, did not identify any alternative, autophagy-independent, 

mechanisms for CQ’s actions. 

The importance of lysosomes in the control of cell death has prompted the search for 

agents that target this organelle (Kroemer and Jaatela, 2005; Piao and Amaravadi, 

2016). In a direct mechanism, leakage of cathepsins from lysosomes into the cytoplasm 

initiates both caspase-dependent and independent apoptosis, and necroptosis. 

Numerous stimuli that initiate this process have been identified, many of which are 

relevant to cancer cells (Kroemer and Jaatela, 2005). Acting in part by effects on BID, 
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BAX, Atgs, and other proteins, lysosomes also have indirect effects on programmed cell 

death pathways, including apoptosis and all forms of autophagy.  Besides the 

chloroquine derivatives, agents that have been investigated as targeting lysosomes 

include inhibitors of the lysosome-associated proteins vacuolar H+-ATPase, acid 

sphingomyelinase, cathepsins, and Hsp70 (Piao and Amaravadi, 2016). A recent 

medicinal chemistry approach identified novel dimeric quinacrines that can be targeted 

to lysosomes, can induce LMP, disrupt mTOR at the lysosomal membrane, inhibit 

autophagy, and have antitumor activity (Rebecca et al., 2017). Interestingly, 

photoaffinity analysis in this report identified the lysosomal protein palmitoyl-protein 

thioesterase (PPT1) as a potential molecular target of the quinacrine agents. 

Our data demonstrate multiple effects of EAD1 on lysosomes, suggesting that the 

organelle could be its site of action for killing lung cancer cells. There are a number of 

possible mechanisms by which EAD1 might mediate cell death that are lysosome-

dependent, but autophagy-independent. For example, when CQ and HCQ become 

protonated and trapped in the lysosome, they can cause lysosomal swelling, cathepsin 

release, and autophagy-independent lysosomal cell death (LCD) (Boya et al., 2003; 

King et al., 2016). LCD is mediated by the cleavage of the BH3-only protein BID and 

subsequent caspase-3 activation, and has been shown to be the mechanism for the 

synergistic cell death seen when CQ is combined with some anti-cancer drugs (King et 

al., 2016). While LCD is usually initiated by LMP, less extensive permeabilization can 

also occur and it does not necessarily lead to cell death. Thus the degree of LMP can 

lead to different outcomes, suggesting that lysosomes and LMP have other cellular 

functions (Kroemer and Jaatela, 2005; Piao and Amaravadi, 2016; Maejima et al., 2013; 
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Hamalisto and Jaattela, 2016). The role of the lysosome in the regulation of mTORC1 

activity by is particularly intriguing, as mTORC1 plays a central role in tightly controlling 

and coordinating cell growth and proliferation with nutritional status of the cell, receiving 

upstream signals from growth factors, intracellular energy levels, and amino acid 

availability (Sancak et al; 2008; Sancak et al., 2010).   

mTORC1 activity is regulated at the lysosome when Rag GTPases bring mTORC1 

close to Rheb, allowing mTORC1 activation and subsequent phosphorylation of its 

downstream substrates (Sancak et al; 2008; Sancak et al., 2010). Nutrient deprivation 

releases mTORC1 from lysosomes, thereby reducing its activity, whereas amino-acid 

replenishment restores lysosomal localization of mTORC1 and its activity. In addition to 

affecting the association of mTORC1 with lysosomes, another level of regulation is a 

function of the intracellular localization of mTORC1-lysosome complex, whereby it  is 

active when located on lysosomes at the cell periphery, but inactive when located on 

perinuclear lysosomes (Korolchuk et al., 2011). It is also possible that lysosomes 

located in close proximity to the cell periphery would promote activation of mTORC1 via 

signaling cascades originating at the plasma membrane, an action relevant to cancer 

cells with altered receptor tyrosine kinases (Carroll and Dunlop, 2017). We found that 

EAD1 potently decreases both the association of mTOR with lysosomes and its 

localization within the cells, both of which would be anticipated to inhibit or otherwise 

modulate its activity. It was noteworthy that in contrast to the comparative effects of 

EAD1 and HCQ on autophagy inhibition, where the difference was mainly on the 

relative potency of the two, HCQ did not cause an apparent disruption of mTOR at the 
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concentrations tested, suggesting that some of EAD1’s actions may be qualitatively 

different from that of HCQ.    

Our experiments show that EAD1 decreases the phosphorylation of rpS6. rpS6 is an 

indispensable component of the 40S ribosome subunit, and is only one of two ribosomal 

proteins known to be phosphorylated in a regulated manner (Meyushas, 2015).  

Changes in its phosphorylation occurs in response to a variety of stimuli, including the 

presence or lack of growth factors, alterations in levels of amino acids, and changes in 

energy balance and oxygen supply (Meyushas, 2015). These physiologic and 

pharmacologic stimuli affect rpS6 phosphorylation on five evolutionarily-conserved 

serines in the C-terminal. Loss of rpS6 phosphorylation does not affect the rate of total 

protein synthesis, but rpS6 phosphorylation does regulate the translation of selected 

mRNAs. It also regulates cell size, cell survival, and cell migration, including in lung 

cancer cells (Meyushas, 2015; Chen et al., 2015; Ruvinsky et al., 2005). 

Phosphorylation may regulate other yet to be identified functions of rpS6, however, a 

recent paper reported that there are a number of proteins that can bind specifically to 

unphosphorylated rpS6, but not to phosphorylated rpS6, suggesting that rpS6 can have 

biological activity even in the unphosphorylated state (Wittenberg et al., 2016). 

Overexpression of rpS6 in low expressing bronchial epithelial cells increases their rate 

of proliferation, while knockdown of rpS6 in high expressing NSCLC cell lines inhibits 

their proliferation (Ruvinsky et al., 2005; Chen et al., 2014). Interestingly, a recent report 

found that a viral kinase identified in the Kaposi’s sarcoma-associated herpesvirus 

mimicked the S6 kinase’s activity and enhanced cell proliferation in infected cells, 

suggesting that in some instances, S6K can have oncogene-like activity (Bhatt et al., 
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2016). Reports looking at rpS6 in human cancer found increased rpS6 phosphorylation 

levels in human sarcomas, leukemias, and lung and esophageal cancers (Kim et al., 

2013; Iwenofu et al., 2008; Perl et al., 2012; Sun et al., 2014). A study of human NSCLC 

tumors found a significant correlation between high phospho-rpS6 and poor survival in 

patients with early stage lung cancer, supporting the hypothesis that phospho-rpS6 

plays a significant role in cancer (Chen et al., 2015). Based on these and other studies, 

the S6Ks have been recognized as promising therapeutic targets and have led to the 

search for small molecule inhibitors (Byun et al., 2015; Jain et al., 2015). 

EAD1 caused a modest and unexpected increase in phosphorylation of p70-S6K1. 

One explanation is that this increase could be a feedback response to the decrease in 

phospho-rpS6, analogous to that reported by Pearce et al (2010) whereby a 

concentration of a specific p70-S6K1 inhibitor that completely suppressed 

phosphorylation of rpS6 also induced the rapid phosphorylation of S6K1. These authors 

suggest that there is a feedback loop by which S6K1 might regulate its own 

phosphorylation, although they did not identify the components of this loop. 

Alternatively, EAD1 may be somehow uncoupling the mTOR-S6K1-rpS6 signaling 

pathway.    

In conclusion, a new chloroquinoline derivative, EAD1, inhibits proliferation of lung 

cancer cells. Experiments to identify possible sites of action of EAD1 showed disruption 

of multiple properties of lysosomes, which correlated with its inhibition of cell 

proliferation, were not seen with HCQ treatment, and were independent of the 

compound’s effect on autophagy. While the site of action of EAD1 is not yet precisely 

defined, the data are consistent with a direct effect on lysosomal function. 
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Legends for figures 

Figure 1. Effect of EAD1 on cell proliferation and apoptosis.  A. Structure of EAD1, HCQ and 

CQ. B. H520 NSCLC cells were treated with HCQ or EAD1 for 24 h. Cells were washed and 

drug free medium added for an additional 10 days. Colonies were stained with crystal violet. C. 

Quantification of colonies shows EAD1 was 14-fold more potent in killing cells than HCQ. D&E. 

EAD1 induces apoptosis in cells that were treated with the indicated concentrations of HCQ and 

EAD1 for 24 hours. D. H460 cells were fixed and stained using a TUNEL assay; apoptotic cells 

stain aqua/green. E. H460, H520 and H1703 cells were treated with the indicated 

concentrations of CQ (∆), HCQ (○), and EAD1 (●) for 24 hours and were analyzed by flow 

cytometry for annexin-V staining (means ± SD for 3 experiments).  * Significantly different from 

CQ and HCQ, p<0.05. 

 

Figure 2. Effect of EAD1 on lysosomes. Immunofluorescence (IF) microscopy of H460 cells 

treated for 24 hours with EAD1 or HCQ at the indicated concentrations, and stained for LAMP-2 

(green) and Hoechst (blue) (A) or galectin-3 (green) and Hoechst 33342 (blue) (B).  C. H460 

and H1650 cells were plated in 96 well plates and incubated with HCQ or EAD1. After 1 hour, 

neutral red was added to a final concentration of 40 µg/ml. After an additional 2 hours, cells 

were washed briefly in PBS and photographed. D. HCQ and EAD1 did not disrupt the 

membrane integrity of the cells as determined by the lack of uptake of trypan blue. E.  

Quantification of neutral red levels in the cells after the treatment described in (C) and extraction 

of the dye with 0.1 ml acidified ethanol (50% ethanol, 1% glacial acetic acid in water). 

Absorbance at 540 nm was determined in a plate reader. Results are means of 3 experiments 

each done in triplicate. 
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Figure 3. Effect of EAD1 on autophagy and cell proliferation in cells lacking the autophagic 

pathway. A. Electron micrographs showing large accumulation of autophagosomes (red box) in 

H460 cells treated with EAD1 (12 µM for 6 hours). Double membrane vesicles (black arrows) 

and lysosomes (black arrowheads) are indicated. Table 1: Cells were treated with EAD1 or 

HCQ for 72 hours, and antiproliferative activity was measured using SRB assays. Results are 

means of at least 3 experiments, each done in triplicate. B. Total lysates of untreated NSCLC 

cells analyzed by western blot and probed for Atg7, LC3-I, and LC3-II. Atg7 and LC3-II were 

completely absent from the H1650 cells, but were present in the other NSCLC cell lines. C. 

EAD1 and HCQ caused large, concentration-dependent accumulations of LC3-II and p62 in 

H460 and H1703 cells, but not in H1650 cells. 

 

Figure 4. EAD1-induced cell death in cells lacking Atg7 expression and autophagy. A. Lysates 

from NSCLC cells lines HCC827, H460, H1703 (with wild-type Atg7), H1650 (deleted Atg7) and 

two clones of H460 cells with Atg7-KO (2B4 and 3F9) were analyzed by western blot. The 

H1650 cells and the H460-KO cells lack Atg7 protein expression and cannot form LC3-II. These 

cells also were unable to conjugate Atg12 to Atg5 (B), a critical step in the canonical autophagy 

pathway. C. While the H460-Atg7-KO cells showed no change in proliferation rate in serum-

containing medium, they were more susceptible to cell death in serum-free HBSS medium. 

H460 Atg7-wt and ATG7-KO cells (3F9 & 2B4) were incubated with serum-containing medium 

(+FBS) or serum-free HBSS for 12 hours. Serum-containing medium was then restored, and 

colony formation assessed after an additional 10-14 days. D. Despite lacking the canonical 

autophagy pathway, the H460-Atg7-KO cells retained full sensitivity to the cytotoxic actions of 

EAD1 in a 72 hour SRB proliferation assay. 
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Figure 5.  Intracellular localization of mTOR after EAD1 treatment. H460 cells were allowed to 

attach overnight to multi-chamber slides and then treated with EAD1 (10 µM) or HCQ (50 µM) 

for 24 hours. Cells were fixed, permeabilized, and labeled with a rabbit monoclonal to mTOR 

(upper images) or Hoechst 33342 (lower images). Red shapes delineate the nucleus, as defined 

in the images after Hoechst staining. 

 

Figure 6. EAD1 affects lysosome-associated mTOR. A-D. H460 cells were allowed to attach 

overnight to multi-chamber slides and then treated with the indicated concentrations of EAD1 or 

HCQ for 24 hours. Cells were fixed, permeabilized, and co-labeled with a rabbit monoclonal to 

mTOR (A), a mouse monoclonal antibody to LAMP-2 (B), and Hoechst 33342. C. Dual staining 

of cells for mTOR and LAMP2, or mTOR and Hoechst (D). Arrows in (C) indicate co-localization 

(yellow) of mTOR with lysosomes. E. Western blot of H460 cells treated for 24 hours with the 

indicated concentrations of EAD1 and HCQ, and probed for pSer2448-mTOR, total mTOR, and 

LAMP-2. 

 

Figure 7. Effect of EAD1 on rpS6 phosphorylation at concentrations that inhibit cell proliferation, 

and in H1650 cells that are autophagy deficient. A. Schematic diagram illustrating selected 

downstream signaling from mTOR. B-E. Four NSCLC cell lines were treated with the indicated 

concentrations of EAD1 or HCQ for 24 hours, and the levels of phospho-rpS6 and total rpS6 

determined. H1650 are Atg7- and lack the canonical autophagy pathway. Panel (F) shows the 

time course for the loss of pSer-rpS6 in H460 cells treated with 12 µM EAD1.  

 

Figure 8. Effect of EAD1 on cell size and signaling components upstream of rpS6. A. H460 and 

H1703 cells were treated with the indicated concentrations of EAD1 or HCQ for 24 hours. Cell 

lysates were analyzed by immunoblots for phospho- and total-ULK1, and the S6 kinases p70-

S6K1 and p90 RSK. B-D. H460 cells were treated for 24h with the indicated concentrations of 
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EAD1 (B) or HCQ (C), stained with PI, and analyzed by flow cytometry. The size distribution of 

live G1-phase cells were determined (B, C). D. Median cell size, as determined by FSC-A, for 

treated cells relative to control. There were significant differences between HCQ and EAD1 at 

all concentrations (mean ± SD, n = 3 experiments).  
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 Table 1. EAD1 inhibits cell proliferation in 
autophagy-deficient H1650 cells. 

Cell Line Atg7 EAD1 IC50   HCQ IC50  

 H1299 + 5.9 µM  43 µM 

 H520 + 6.6 µM 56 µM 

 HCC827 + 7.6 µM  65 µM 

 H1650 -- 7.8 µM 90 µM 

 H460 + 11 µM 74 µM 

 H1703 + 12 µM 89 µM  
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