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Abstract

Protein homeostasis (proteostasis) regulates tumor growth and proliferation when cells are 

exposed to proteotoxic stress, such as during treatment with certain chemotherapeutics. 

Consequently, cancer cells depend to a greater extent on stress signaling, and require the integrated 

stress response (ISR), amino acid metabolism, and efficient protein folding and degradation 

pathways to survive. To define how these interconnected pathways are wired when cancer cells 

are challenged with proteotoxic stress, we investigated how amino acid abundance influences cell 

survival when Hsp70, a master proteostasis regulator, is inhibited. We previously demonstrated 

that cancer cells exposed to a specific Hsp70 inhibitor induce the ISR via the action of two 

sensors, GCN2 and PERK, in stress-resistant and sensitive cells, respectively. In resistant cells, 

the induction of GCN2 and autophagy supported resistant cell survival, yet the mechanism by 

which these events were induced remained unclear. We now report that amino acid availability 

reconfigures the proteostasis network. Amino acid supplementation, and in particular arginine 

addition, triggered cancer cell death by blocking autophagy. Consistent with the importance of 

amino acid availability, which when limited activates GCN2, resistant cancer cells succumbed 

when challenged with a potentiator for another amino acid sensor, mTORC1, in conjunction with 

Hsp70 inhibition.

Implications: These data position amino acid abundance, GCN2, mTORC1, and autophagy as 

integrated therapeutic targets whose coordinated modulation regulates the survival of proteotoxic-

resistant breast cancer cells.
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Introduction

Cancer cells can rewire metabolic pathways to meet their biosynthetic, redox, and energy 

requirements, and to maintain optimal levels of growth, proliferation, and metastasis. In 

many cases, stress response pathways play a critical role in these events. For example, 

the integrated stress response (ISR) rapidly induces the expression of adaptative proteins 

to optimize protein homeostasis (proteostasis), which is vital for cancer cell survival (1, 

2). The ISR is mediated by downstream kinases, PERK (PKR-like endoplasmic reticulum 

resident kinase), GCN2 (general control non-derepressible 2), PKR (protein kinase RNA-

activated) and/or HRI (heme-regulated inhibitor kinase) (3). These ISR kinases initially 

favor the accumulation of p-eIF2α (phosphorylated eukaryotic initiation factor 2 alpha), 

which blocks translation while concomitantly favoring the expression of transcription factors 

like ATF4 (activating transcription factor 4) (4, 5). In turn, ATF4 increases the expression 

of factors favoring angiogenesis, redox homeostasis, protein folding and degradation, and 

amino acid metabolism. Each of these proteostasis-supporting outcomes supports cancer 

initiation, survival, and resistance to stress and chemotherapy (6, 7). However, if proteotoxic 

stress is unmitigated, ISR activation instead induces the death of cancer cells by activating 

pro-apoptotic factors, such as CHOP (C/EBP homologous protein) (8). Efforts to use the 

ISR to kill cancer cells are in their early stages (9-11), and the roles of each ISR sensor 

in preserving cancer cell proteostasis are still unclear. Thus, a deeper understanding of the 

mechanisms involved in tumor cell resistance via ISR induction is needed to facilitate the 

development of combinatorial treatments.

Among the proteostasis pathways that support cancer cell survival are those that regulate 

protein degradation, i.e., autophagy and the ubiquitin-proteasome system (UPS), which 

destroy toxic aggregation-prone proteins (12, 13). Autophagy is directly enhanced by the 

ISR and influences tumor development, progression, and survival by regulating metabolism 

as well as organelle and protein quality control (11, 14-16). Thus, autophagy has also 

emerged as a target for anti-cancer therapies in established tumors (17-19).

Macromolecular precursors, such as amino acids and carbohydrates, fuel metabolic 

pathways and boost cancer cell survival, growth, and invasion (15, 20). Amino acids 

and amino acid metabolites are byproducts of the autophagy pathway and regulated by 

the ISR, respectively (16, 21). Moreover, many cancer cells are auxotrophic for specific 

amino acids, which are essential to synthesize new proteins and nucleosides and provide 

the raw material to generate ATP (22, 23). In addition to the ISR, the mammalian target 

of rapamycin complex 1 (mTORC1) also senses nutrient abundance in cancer cells (24). 

In brief, increased accumulation of specific amino acids activates mTORC1, favoring 

mRNA translation and lipid/nucleotide biosynthesis. In contrast, mTORC1 inhibition favors 

catabolic pathway induction, e.g. autophagy (25, 26). Not surprisingly, the ISR and 

mTORC1 are interconnected; GCN2-ATF4 induction sustains mTORC1 inhibition in cancer 

models (7, 27).

Another link between cancer and each of the proteostasis pathways outlined above is 

provided by molecular chaperones, which directly support protein biogenesis, degradation, 

and transport (28). ISR induction increases the expression of chaperones, such as heat 
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shock protein 70 (Hsp70), which are required for cancer cell survival when challenged 

with proteotoxic stress (29, 30). In fact, Hsp70 inhibition sensitizes some cancers 

to secondary chemotherapeutic treatments (31-33), and we recently demonstrated that 

rhabdomyosarcomas and breast cancer cells exposed to a site-specific allosteric Hsp70 

inhibitor, MAL3-101 (34, 35), exhibit signs of proteostasis collapse, which favors ISR 

pathway induction (11, 36, 37). Interestingly, breast cancer cells binned into two groups, 

i.e., MAL3-101 sensitive and resistant. Inhibitor-sensitive breast cancer cells treated with 

MAL3-101 accumulate p-eIF2α and CHOP, suggesting that the ISR, and in particular 

PERK, initiate apoptosis (11, 36, 37). However, inhibitor-resistant breast cancers succumb to 

MAL3-101 when GCN2 is silenced, indicating that GCN2 is required for their survival (11). 

Yet, the resistant cells could now be killed when treated with both MAL3-101 and a clinical 

autophagy inhibitor. These data suggested that amino acids—derived from autophagy—

modulate the survival of resistant breast cancer cells, and that ISR/GCN2 activation as well 

as mTORC1 inhibition also favor survival.

We now show that Hsp70 inhibition directs ISR signaling by mimicking amino acid 

depletion, thus activating both the PERK and GCN2 legs of the ISR. This in turn 

favors autophagy and resistant breast cancer cell survival. We also show that inducing 

both PERK and mTORC1 inhibits autophagy and—especially in the presence of the 

Hsp70 inhibitor—initiates the death of resistant breast cancer cells. However, cancer 

cell apoptosis was alleviated by amino acid starvation and upon PERK and/or mTORC1 

inhibition. Furthermore, arginine supplementation impaired autophagy, activated mTORC1, 

and induced cancer cell death. We conclude that—to maintain proteostasis—resistant breast 

cancer cells must coordinate the functions of ISR, mTORC1, autophagy, and amino acid 

metabolism to survive, and that novel combinatorial treatments targeting these pathways 

may yield effective outcomes in proteotoxic- and chemotherapy-resistant breast cancers.

Materials and Methods

A detailed description of reagents, antibodies, and their sources can be found in the 

Supplementary Materials and Methods Supplementary Table 1.

Cell lines

MDA MB 453 (RRID:CVCL_0418), MDA MB 468 (RRID:CVCL_0419), and 

MDA MB 231 (RRID:CVCL_0062) lines were purchased from ATCC, and HCC38 

(RRID:CVCL_1267) cells were obtained as previously described (11). All cell lines were 

grown at 37°C in 5% CO2 in RPMI-1640 media supplemented with 10% FBS (fetal bovine 

serum) and 1x penicillin/streptomycin (PenStrep). Cells were shown to be Mycoplasma-

free via diagnostic PCR (ATCC Mycoplasma detection kit), as per the manufacturer’s 

instructions. All the lines were authenticated using the University of Arizona Genetics 

Core (Tucson, Arizona) by short tandem repeat DNA Profiling. RFP-GFP-LC3B-expressing 

MDA MB 231 and MDA MB 453 clone generation was previously described (11). Clonal 

lines were grown in RPMI-1640 media supplemented with 10% FBS with G418 at a final 

concentration of 350 μg/mL (Geneticin). Upon clonal line generation, the cells were again 
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shown to be Mycoplasma-free. Only early passage cells (p1 and p2) after thawing were 

used.

Cell culture and treatments

RFP-GFP-LC3 stably expressing MDA MB 231 and MDA MB 453 cells were seeded 

at 220,000 cells/well in 6-well plates and allowed to adhere overnight before treatment. 

MAL3-101 (38) and everolimus were dissolved in DMSO (dimethyl sulfoxide) to a final 

concentration of 20 mM, while NV-5138 was prepared at a final concentration of 5 mM. 

GSK-2606414 was dissolved to a final concentration of 50 mM in DMSO. MAL3-101 and 

everolimus were stored at −20°C, and NV-5138 aliquots were kept at −80°C. L-arginine 

monohydrochloride and L-lysine monohydrochloride were dissolved in sterile D-PBS 

(phosphate buffered saline) to a final concentration of 200 mM. Prior to use, the desired 

amount of each compound, including amino acids, was added to pre-warmed media, mixed 

thoroughly, and added onto cells.

To inhibit mTORC1, cells were treated with 3 μM everolimus for 6 h in the presence of 

20 μM MAL3-101 or an equivalent volume of the vehicle. To assay mTORC1 activation, 

cells were exposed to DMSO or 20 μM MAL3-101 for 6 h. Two hours before the end of the 

6 h time point, 10 μM NV-5138 or a corresponding volume of DMSO was added for 2 h. 

Everolimus and NV-5138 concentrations were selected after dose titration (1, 2, 3, 5, 10 μM) 

and monitoring p-p70S6K (mTORC1 activation) (24), cleaved caspase-8 (apoptosis) (39), 

and Hsp70 abundance (cell stress) (31) by immunoblot. To investigate the effects of amino 

acids, cells were washed twice in sterile D-PBS before incubation in amino acid deficient 

RPMI media supplemented with 10% dialyzed FBS and 17.6 mM D-(+)-glucose for 1 h. 

After 1 h of amino acid starvation, cells were then incubated in the same media (-AA) or 

in media supplemented with non-essential amino acids (NEAA) and 100 μM arginine and 

lysine (+NEAA), 100 μM arginine alone (+Arg), or only 100 μM lysine (+Lys) for 5 h in 

the presence or absence (DMSO) of 20 μM MAL3-101. In some cases, cells were instead 

exposed to regular RPMI with 10% dialyzed FBS in the presence or absence of MAL3-101 

(Complete). To define the role of PERK activation when amino acid availability was altered, 

cells were treated with 4 μM GSK-2606414 for 5 h (1 h after amino acid starvation) in the 

presence or absence (DMSO) of 20 μM MAL3-101.

Immunoblot analysis

Cells were plated and treated as above and samples were collected, lysed, and processed 

for immunoblotting (11). Antibodies are listed in Supplementary Table 1. In all cases, 

proteins were visualized using a 1:1 mix of ProSignal® Pico and ProSignal® Femto ECL 

Reagent (Prometheus Laboratories Inc., California), and images were taken using a Bio-Rad 

ChemiDoc XRS+ with Image Lab software. Data were analyzed using ImageJ software 

(National Institutes of Health, RRID:SCR_003070).

Cell viability assays

Cells were plated in 96-well clear-bottomed plates (Greiner bio-one), and after 72 h of 

treatment, the CellTiter-Glo reagent was added and luminescence read on a Bio-Rad 

ChemiDoc XRS+ with the associated Image Lab software (Bio-Rad, Thermo Fisher 

Sannino et al. Page 4

Mol Cancer Res. Author manuscript; available in PMC 2024 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scientific, RRID:SCR_014210). Under conditions in which media was supplemented with 

NEAA, 24 h after cell seeding, media was replaced with 10% dialyzed FBS containing 

RPMI media or amino acid-free RPMI supplemented with 100 μM NEAA, 100 μM arginine 

and lysine, 17.6 mM D-(+)-glucose and 10% dialyzed FBS (+NEAA). Cells were treated 

with MAL3-101 as described (11).

Analysis of cell surface Annexin-V was performed by staining cells with the Annexin-

V Apoptosis Detection Kit following the manufacturer’s instructions. After exposure 

to the indicated treatments, parental MDA MB 231 and MDA MB 453 cells were 

collected and stained as reported (11). Samples were analyzed on an Attune NxT Flow 

Cytometer (Thermo Fisher Scientific). Flowjo software was used for analysis (FlowJo™ v10 

Software - BD Biosciences, San Diego, RRID:SCR_008520). Annexin-V and Annexin-V/PI 

(propidium iodine) double positive cells were summed and represented as the percentage of 

apoptotic cells.

Confocal microscopy

RFP-GFP-LC3B expressing cells were seeded at a density of 250,000 cells in 35 mm 

MatTek dishes (P35GC-1.5-10-C, MatTek Corporation). After 24 h, the cells were starved 

for amino acids for 1 h and then samples were treated with EBSS (Earle’s balanced salt 

solution) and MAL3-101 (15 μM) or DMSO for 5 h. Cells were viewed live on a Nikon A1R 

point scanning confocal microscope with 5% CO2 at 37 °C to measure autophagosome 

and autophagolysosome formation by monitoring RFP and GFP fluorescent signals. 

Data analysis was performed using Nikon’s NIS-Elements software (Nikon Instrument, 

RRID:SCR_014329). 3D-threshold and bright spot detection tools identified and quantified 

the number of RFP and GFP positive puncta per cell after equalizing signal intensity using 

the LUTs - Non-destructive Image Enhancement tool (11). To obtain representative images, 

maximum intensity projections of 0.2 μm steps though the entire cell were generated using 

Nikon’s NIS-Elements software. Scale bars = 50 μm.

Amino acid analysis

A total of 220,000 cells were seeded in 6-well plates with 10% normal FBS containing 

media and adhered overnight before treatment with vehicle or 5 μM MAL3-101 for 24 

h. Targeted metabolomic studies were completed for control and MAL3-101 treated MDA-

MB 231 and MDA-MB 453 cell lines via liquid chromatography-high resolution mass 

spectrometry (LC-HRMS) for free amino acids. Metabolic quenching and polar metabolite 

extraction were performed using 1 mL of ice-cold 80% methanol/0.1% formic acid after 

washing cells (1 X 106) with PBS. A stable isotope internal standard mix containing 

creatinine-d3, alanine-d3, taurine-d4 and lactate-d3 (Sigma-Aldrich) was added at a final 

concentration of 100 μM. After 3 min, the supernatant was cleared by centrifugation at 

16,000 g. Cleared supernatant (3 μL) was injected via a Thermo Vanquish UHPLC and 

separated over a reversed-phase Thermo HyperCarb porous graphite column (2.1 × 100 mm, 

3-μm particle size) maintained at 55 °C. For the 20 min LC gradient, the mobile phase 

consisted of the following: solvent A (water/0.1% formic acid) and solvent B (acetonitrile/

0.1% formic acid). The gradient was: 0–1 min 1% B, increasing to 15% B over 5 min, 

increasing to 98% B over 5 min, and held at 98% B for 5 min before equilibration to 
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starting conditions. The Thermo ID-X tribrid mass spectrometer was operated in positive 

and negative ion mode, scanning in full MS mode (2μscans) from 100 to 800 m/z at 70,000 

resolution with an automatic gain control target of 2 × 105. The source ionization setting 

was 3.0 kV spray voltage for positive mode. Source gas parameters were 45 sheath gas, 12 

auxiliary gas at 320 °C, and 8 sweep gas. Calibration was performed before analysis using 

the Pierce FlexMix Ion Calibration Solution (Thermo Fisher Scientific). Alignment and peak 

area integration were then extracted manually using the Quan Browser (Xcalibur ver. 2.7; 

Thermo Fisher Scientific, RRID:SCR_014593). Data were reported as peak area ratio of the 

analyte to ISTD normalized to mg of protein. To obtain an estimate of amino acid abundance 

changes in control versus MAL3-101 treated cells, the mean fold change of the indicated 

amino acids is shown in Fig. 1A (n=4).

Statistical analysis

IC50 concentrations from CellTiter-Glo assays were calculated as described (37) using 

SigmaPlot 11.0 (Systat Software, Inc., RRID:SCR_003210). GraphPad Prism 9 (GraphPad 

Software, Inc., RRID:SCR_002798) was used for two-tailed Student’s t tests between two 

samples, and a non-parametric Kruskal-Wallis test analysis was performed to establish 

statistical significance between multiple conditions compared to the control. In all 

experiments, significance was determined at ≤ 0.05.

Data availability statement

All data generated in this study are available within the article and its Supplementary files. 

Unique materials used in this study are available upon request from the corresponding 

authors.

Results

Non-essential amino acids regulate breast cancer cell viability during proteotoxic stress

Despite the encouraging efficacy of recently developed anticancer agents, many tumors 

fail to respond to traditional chemotherapy, target-therapy, and/or radiotherapy, or develop 

resistance (40, 41). To better define the mechanisms underlying breast cancer resistance 

to proteotoxic stress induced by chemotherapeutics (42), we previously investigated how 

cancer cells react to proteostasis collapse by inhibiting Hsp70 with a specific modulator, 

MAL3-101 (11). Breast cancer lines that were sensitive to the inhibitor underwent an ISR 

pathway-mediated apoptosis via PERK activation, accumulating both p-eIF2α and the pro-

apoptotic protein CHOP. ISR or PERK inhibition also prevented cell death upon proteotoxic 

stress exposure. In stress-resistant cells, the ISR pathway was similarly activated, but CHOP 

accumulation was absent. Instead, another ISR sensor, GCN2, was activated, which induced 

autophagy (11). In addition, inhibiting GCN2 and/or autophagy in combination with the 

Hsp70 inhibitor could kill resistant breast cancer cells, but the mechanism(s) underlying 

GCN2, and autophagy induction were unclear.

Cancer cells modulate amino acid metabolic pathways to survive (23, 43), and previous 

work indicated that autophagy and GCN2 induction—as well as activation of the nutrient 

sensor, mTORC1—are amino acid regulated (16, 44-48). Consistent with these data, Hsp70 
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inhibitor sensitivity was reduced in the presence of an FDA-approved mTORC1 inhibitor, 

everolimus (11, 49). Since mTORC1 activation is stimulated by increased accumulation of 

select amino acids (50, 51) and, once activated, mTORC1 prevents autophagy (25, 52), 

we hypothesized that amino acids dictate the induction of compensatory pathways (i.e., 

autophagy) when cells are confronted with proteotoxic stressors, such as the Hsp70 inhibitor 

MAL3-101.

To test this hypothesis, we applied MAL3-101 and profiled free amino acid content in 

Hsp70 inhibitor sensitive (MDA MB 231) and resistant (MDA MB 453) triple negative 

breast cancer (TNBC) cells, an invasive breast cancer subtype with high tumor recurrence 

after treatment with proteotoxic chemotherapies (42, 53) (Fig. 1A). The levels of most 

measured free amino acids increased in stress-sensitive but not resistant cells. Notably, 

two non-essential amino acids (NEAAs), asparagine and arginine—which cancer cells can 

produce for protein/nucleotide synthesis and energy (43)—and an essential amino acid, 

lysine, rose most substantially (3.0, 4 and 3.3 fold higher, respectively) in stress-sensitive 

cells upon treatment. Arginine and lysine levels were comparable in DMSO treated stress-

sensitive and resistant cells (arginine levels: 57±6 and 56±10; lysine levels: 5±0.5 and 

5±0.8 in MDA MB 231 and MDA MB 453 cells, respectively), indicating that their change 

in sensitive cells was mediated by the proteotoxic stressor. Interestingly, arginine, which 

activates mTORC1 and inhibits autophagy (54, 55), showed the greatest increase. These 

results suggest that a proteostasis imbalance in sensitive cells leads to the accumulation 

of select free amino acids, which activate mTORC1, inhibit autophagy, and prevent the 

induction of this pro-survival pathway.

To test whether overall NEAA abundance influences TNBC sensitivity to proteotoxic stress, 

we measured MAL3-101 sensitivity in the presence or absence of media supplemented 

with NEAAs in sensitive and resistant cells. TNBC sensitive MDA MB 231 and MDA 

MB 468 and resistant MDA MB 453 and HCC38 cells, as well as clones of the parental 

MDA MB 231 and MDA MB 453 lines that stably express RFP GFP LC3B (which reports 

on autophagy; see below), were used. As shown in Fig. 1B, little effect was seen in stress-

sensitive cells (MDA MB 231, MDA MB 468 and MDA MB 231 RFP GFP LC3B, indicated 

in blue), but NEAA supplementation more prominently increased MAL3-101 sensitivity in 

resistant lines (MDA MB 453, HCC38 and MDA MB 453 RFP GFP LC3B, indicated in 

black text) (Fig. 1C; IC50s of stress-resistant MDA MB 453, HCC38 and MDA MB 453 

RFP GFP LC3B cells dropped from ≥ 30 μM to 6.3 μM, 10 μM and 5.9 μM, respectively). 

The introduction of the stable RFP-GFP-LC3B autophagy reporter (see below) had little 

effect on these responses, so all subsequent studies used these lines (hereafter called MDA 

MB 231 and MDA MB 453), unless indicated otherwise. These results indicate that NEAAs 

decrease the survival of resistant breast cancer cells when exposed to a proteotoxic stressor.

As expected, when cells were exposed to MAL3-101 in complete media, apoptosis was only 

evident in stress-sensitive cells, MDA MB 231, as seen by cleaved caspase-3 and caspase-8 

and were not further sensitized when NEAAs were added (Fig. 1D-E). In contrast, apoptotic 

markers were absent in the MAL3-101-treated resistant MDA MB 453 cells, but cleaved 

caspase-3 and caspase-8 now accumulated when NEAAs were added with MAL3-101. 

These data confirm that NEAA addition induces breast cancer cell death when proteostasis 
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is compromised. Also in agreement with the data shown above, amino acid depletion (-AA) 

had no effect on resistant cell survival upon proteotoxic stress, but stress-sensitive cells 

exposed to MAL3-101 in media deprived of amino acids showed reduced accumulation 

of both cleaved caspase-3 and caspase-8 (Fig. 1D-E). These results show that amino 

acid abundance alters proteostasis, as reported (44, 56-58), but may also be harnessed to 

provide a potential therapeutic outcome when combined with a proteotoxic stressor, such as 

MAL3-101 or select chemotherapies, in resistant TNBCs.

Autophagy is inhibited by non-essential amino acids in resistant breast cancer cells

Autophagy destroys damaged proteins and organelles and recycles cytosolic components 

(18, 59, 60). There are three main forms of autophagy: macroautophagy (hereafter called 

autophagy), microautophagy, and chaperone-mediated autophagy (61). Autophagy is also 

utilized by healthy cells to safeguard proteostasis, but can be induced following stress (i.e., 

after chemotherapeutic treatments) to increase cancer cell survival (60, 61). Autophagy is 

characterized by substrate recruitment into a double-membrane vesicle, an autophagosome, 

that fuses with the lysosome to form autophagolysosomes in which contents are destroyed 

and recycled into amino acids and other building blocks that fuel metabolism (62). In line 

with the role of autophagy as a pro-survival pathway, we demonstrated that stress-resistant 

cells require autophagy to survive proteotoxic stress (11, 36).

To determine the effect of NEAAs on autophagy, we performed dual-color live imaging 

experiments in stress-sensitive and resistant cells, which stably express RFP GFP LC3 

(63). In brief, RFP GFP LC3 decorates autophagosomes, which are detected as yellow 

vesicles (RFP+GFP+), but when yellow autophagosomes fuse with lysosomes, the lower 

pH quenches GFP, allowing the visualization of autophagolysosomes as red vesicles 

(RFP+GFP−) (Fig. 2A). Therefore, autophagy flux and delivery of autophagosomes 

to lysosomes is visualized as an increase in RFP+GFP− puncta versus RFP+GFP+ 

autophagosomes. In agreement with our previous work (11), RFP+GFP− puncta accumulated 

in stress-resistant (MDA MB 453) but not in stress-sensitive (MDA MB 231) cells 

when Hsp70 was inhibited in complete media, indicating that stress-resistant cells induce 

autophagy when exposed to proteotoxic stress, i.e., MAL3-101 (Fig. 2B-C and quantified 

in Fig. 4C-D). Interestingly, when NEAA and MAL3-101 were added together, RFP+GFP− 

puncta were reduced in resistant cells, indicating that these amino acids prevent induction 

of a survival pathway, autophagy, in stress-resistant cells (Fig. 2C and Fig. 4D, +NEAA). In 

contrast, autophagy flux was unaffected by NEAAs in sensitive cells (Fig. 2B and Fig. 4C), 

consistent with the idea that these amino acids are elevated upon MAL3-101 treatment (Fig. 

1A). As a control, RFP+GFP− puncta in both stress-sensitive and resistant lines increased 

upon amino acid starvation, regardless of whether MAL3-101 was present (Fig. 2B-C and 

Fig. 4C-D, -AA).

Arginine is sufficient to kill breast cancer cells exposed to proteotoxic stress

The data in Fig. 1A indicated that arginine and lysine accumulate to the highest extent. To 

examine their contributions, we measured apoptotic marker accumulation in stress-sensitive 

and resistant cells exposed to MAL3-101 in media containing arginine or lysine (+Arg 

and +Lys, respectively; Fig. 3A). Minimal cleaved caspase 3 was present in amino acid 
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starvation media (-AA) in stress-sensitive (MDA MB 231) and stress-resistant (MDA MB 

453) cells, regardless of whether MAL3-101 was present, and cleaved caspase 8 levels 

declined when MAL3-101 was added (-AA; Fig. 3A and quantified in Fig. 3C). These 

data are consistent with autophagy induction (Fig. 2) and stress protection. However, when 

arginine was added, cleaved caspase-3 and caspase-8 now accumulated in stress-sensitive 

and resistant cells exposed to MAL3-101. Yet, lysine had little effect. Thus, even though 

arginine and lysine accumulate, only arginine drives drug-dependent apoptosis induction in 

sensitive and resistant cells when amino acids are limiting.

To confirm these data, we monitored apoptosis induction via annexin-V and propidium 

iodine (PI) staining under conditions in which amino acid levels were altered in the presence 

or absence of MAL3-101 (Fig. 3B). In complete media, the percentage of apoptotic stress-

sensitive cells (MDA MB 231) rose in the presence of MAL3-101, but Hsp70 inhibition 

had no effect on apoptosis in stress-resistant cells (MDA MB 453), consistent with our prior 

work and the results presented above (11). In contrast, MAL3-101-induced proteotoxic 

stress in amino acid depleted media prevented apoptosis in both lines, supporting the 

fact that amino acid starvation boosts autophagy and favors survival. Finally, although 

NEAA, arginine, or lysine had no effect in stress-sensitive and -resistant cells, NEAA or 

arginine addition to MAL3-101-containing media increased the percentage of stress-resistant 

apoptotic cells. These data establish that combining amino acid availability with a specific 

proteotoxic stress—such as via an Hsp70 inhibitor—kills stress-resistant breast cancer cells.

Since we reported that the ISR sensor PERK was induced in stress-sensitive and resistant 

cells exposed to MAL3-101 (11), we also monitored ISR induction under each condition 

(Fig. 3A). We first confirmed PERK activation by monitoring phosphorylation (p-PERK) 

via its migration after SDS-PAGE and immunoblotting. PERK mobility was reduced to a 

similar extent in stress-sensitive and -resistant cells when exposed to MAL3-101, suggesting 

comparable PERK activation in both lines and under all the media conditions. Likewise, 

the general ISR marker p-eIF2α accumulated in both stress-sensitive and resistant cells 

when Hsp70 activity was compromised (Fig. 3A and Fig.S1A). However, as previously 

reported (11), the pro-apoptotic protein CHOP was detected only in stress-sensitive MDA 

MB 231 cells when Hsp70 was inhibited in complete media. These data suggest that 

PERK is responsible for stress-dependent apoptosis in sensitive cells. In contrast, when 

arginine was added to MAL3-101 treated cells, p-eIF2a levels were unaffected but CHOP 

accumulated in both lines (Fig. 3A and Fig. S1 A-B). Yet, CHOP was absent when 

lysine was added to Hsp70-containing media, demonstrating the selective effect of arginine. 

Nevertheless, moderate CHOP accumulation was seen when stress-sensitive and resistant 

cells were exposed to MAL3-101 in amino acid depleted media, suggesting that CHOP, 

but not other apoptotic markers (i.e., cleaved caspase-3), respond to proteotoxic stress 

when amino acids are limiting (Fig. 3A-C and Fig. S1B). Interestingly, stress-induced 

ATF4-CHOP heterodimers were reported to act downstream of ISR to upregulate several 

autophagy-requiring genes after amino acids are deprived, with no effects on cell viability 

(16, 64, 65). Regardless, these results position NEAAs, and in particular arginine, as a 

trigger for breast cancer cell death via the ISR when proteostasis is compromised in resistant 

cells.
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Arginine inhibits autophagy in stress-resistant cells exposed to a proteotoxic stressor

To address the mechanism by which arginine favors apoptosis in stressed breast cancer 

cells, we again monitored autophagy flux in sensitive and resistant cells under various 

conditions. We first confirmed that autophagy is induced only in stress-resistant (MDA 

MB 453) cells exposed to proteotoxic stress (Fig. 4A-B and Fig. 4C-D, compare DMSO 

and MAL3-101, Complete). However, arginine supplementation prevented the accumulation 

of RFP+GFP− puncta, i.e., autophagy induction. On the contrary, no major alterations 

in MAL3-101-mediated autophagy flux were detected in stress-resistant cells exposed to 

proteotoxic stress in lysine supplemented media (Fig. 4B and Fig. 4D, compare +Arg 

and +Lys conditions). These results confirm that arginine prevents autophagy activation, 

thus ablating stress-resistant breast cancer cell survival when proteostasis collapses. On the 

contrary, autophagic flux continued in the resistant cells when lysine was supplemented into 

the media.

GCN2 and PERK have opposite roles in breast cancer survival when proteostasis is 
compromised

We showed that ISR induction can be cytoprotective or pro-apoptotic, depending on how 

the activation of different ISR legs (PERK and GCN2) is integrated when proteostasis 

is compromised (11). In Figure 3, we showed that PERK is induced in stress-sensitive 

and resistant cells exposed to proteotoxic stress, but amino acid addition had no effect on 

p-PERK or p-eIF2α accumulation in both lines (Fig. 3A). To further address the mechanism 

by which NEAAs and arginine favor apoptosis in the presence of proteotoxic stress, we 

treated stress-sensitive and resistant cells with the PERK inhibitor, GSK-2606414 (GSK) 

(66) and measured apoptosis when Hsp70 activity was impaired in complete media or in 

the presence of NEAAs (Fig. 5A). In line with our published data (11), GSK-2606414 

reduced apoptosis in sensitive cells, even upon Hsp70 inhibition in complete media, whereas 

stress-resistant cell viability was unaltered when PERK activity was compromised (Fig. 5A, 

compare Complete and GSK). These data confirm the role of PERK as cytotoxic trigger 

when the proteostasis pathway is overwhelmed in complete media. Interestingly, while 

NEAA addition favors apoptosis in the presence of a stressor, GSK-2606414 in the presence 

of MAL3-101 in NEAA media reduced apoptosis in both stress-sensitive and resistant cells 

(Fig. 5A, compare NEAA and GSK+NEAA samples). Thus, amino acid supplementation 

favors PERK-mediated apoptosis when proteostasis is compromised in breast cancer cells. 

As a control, the efficacy of GSK-2606414 was validated since the higher molecular weight 

p-PERK signal was abolished in MAL3-101 treated cells (Fig. 5B).

Another ISR leg, exemplified by GCN2, activates MAL3-101-dependent autophagy, 

favoring cancer cell survival when Hsp70 is inhibited in complete media (11). To investigate 

the role of GCN2 in the presence of arginine, we first monitored the phosphorylation of 

Thr-899, which resides in the GCN2 activation-loop (p-GCN2), when sensitive and resistant 

cells were exposed to MAL3-101 in complete and arginine supplemented media (Fig. 5C). 

p-GCN2 accumulated to a higher extent in stress-resistant cells in complete media (Fig. 

5C-D), suggesting that the MAL3-101 induced decline in amino acids activates GCN2 

(along with autophagy) to favor survival. Interestingly, p-GCN2 accumulation was abolished 

when cells were exposed to MAL3-101 in the presence of arginine (Fig. 5C-D), suggesting 
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that amino acid supplementation (e.g., arginine) impairs GCN2 (but not PERK) activation 

in stress-resistant cells faced with proteotoxic stress. As expected, no major changes were 

detected in p-GCN2 accumulation in stress-sensitive cells when Hsp70 was inhibited in 

each condition (Fig. 5C-D). These data establish that arginine blocks GCN2 and autophagy 

activation, favoring breast cancer cell death in the presence of MAL3-101.

The ISR markers p-eIF2α and CHOP accumulated after MAL3-101 treatment in arginine 

supplemented media (Fig. 3A). To investigate the role of arginine in ISR induction in 

MAL3-101 treated stress-sensitive and resistant cells, ATF4 accumulation was monitored 

(Fig. 5C-E). ATF4 accumulated when Hsp70 was compromised in both cell types, 

confirming ISR activation (Fig. 5C-E). However, arginine supplementation had little effect 

on ATF4 in combination with MAL3-101, confirming the involvement of the ISR pathway, 

and specifically of PERK (see above), in triggering cancer cell death when proteostasis is 

compromised. Of note, a minor but not statistically significant accumulation of ATF4 was 

detected when arginine was added to the media of stress-resistant cells in the absence of any 

stress. This phenomenon might be ISR-independent but mTORC1-activation dependent, as 

reported in other cellular models (67).

As mentioned above, unmitigated ISR activation can be cytotoxic when cells are exposed 

to proteotoxic stress, and the activation of caspase 8 was previously linked to the ISR- and 

UPR- (unfolded protein response) mediated regulation of death markers, including CHOP 

and death receptor family members (DR) (68). It was also reported that ATF4 and CHOP 

are individually required to induce DR5 expression in the presence of proteotoxic stress 

(69-73). Therefore, DR5 accumulation was monitored when Hsp70 activity was impaired 

in complete and arginine supplemented media (Fig. 5C-F). Interestingly, there was some 

accumulation of DR5 detected when MAL3-101 was added to arginine supplemented media, 

suggesting that DR proteins might also be involved. However, since the same effect was not 

detected in stress-sensitive cells we cannot exclude the possibility that other DR proteins 

might contribute to this process, as seen in other systems (70-73). Nevertheless, our results 

confirm that arginine prevents GCN2 but not PERK activation, thus blunting stress-resistant 

breast cancer cell survival and favoring PERK-mediated cell apoptosis when proteostasis 

collapses.

mTORC1 activation supports cancer cell death when challenged with proteotoxic stress

Under amino acid-rich conditions, mTORC1 is activated at the lysosomal membrane (74) 

and increases the phosphorylation of downstream targets, such as the protein 70S6 kinase 

(p70S6K), to activate anabolic pathways and inhibit catabolic pathways, such as autophagy 

(Fig. 6A) (25, 75). Since arginine activates mTORC1 (50, 54), and knowing that arginine 

prevented autophagy and initiated the death of stress-resistant cancer cells (see above), we 

asked whether mTORC1 contributes to the apoptotic pathway in sensitive and resistant cells 

exposed to proteotoxic stress.

First, to evaluate the effect of MAL3-101 on mTORC1 signaling, we measured p-p70S6K 

accumulation in both cell lines in the presence or absence of MAL3-101. As shown in Fig. 

6B-C-D, there were lower levels of p-p70S6K in stress-resistant cells exposed to proteotoxic 
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stress, while no statistically significant changes in p-p70S6K were detected between DMSO 

and MAL3-101 treated MDA MB 231 (stress-sensitive) cells (Fig. 6B-D).

Second, we asked if modulating mTORC1 activity altered the ISR and cancer cell apoptosis 

in stress-sensitive and-resistant cells in the presence of MAL3-101. To boost mTORC1 

activation, we used NV-5138, a Sestrin-2 inhibitor that prevents Sestrin-GATOR2 complex 

formation and activates mTORC1 (76). Therefore, both lines were treated with NV-5138 

over time in the presence or absence of MAL3-101. mTORC1 activation and cell death were 

then monitored in sensitive and resistant cells. Administration of NV-5138 alone increased 

p70S6K phosphorylation in both lines, and when NV-5138 was combined with MAL3-101, 

p-p70S6K accumulated to a higher extent, suggesting mTORC1 activation (Fig. 6B-C). 

Interestingly, after 2 h of NV-5138 treatment in the presence of MAL3-101, a drop in 

p-p70S6K levels was detected, which corresponded with cleaved caspase 8 accumulation 

(Fig. 6B-C). This phenomenon was more evident in stress-resistant cells and appeared to be 

linked to increased cell death, potentially reflecting altered protein synthesis and/or kinase 

signaling activation after proteostasis collapse. These results suggest that altered mTORC1 

activation via NV-5138 favors breast cancer cell death when they are confronted with 

proteotoxic stress.

To better define the role of mTORC1 activation in breast cancer cells faced with a 

proteotoxic stressor, we next monitored ISR induction and cell apoptosis when stress-

sensitive and resistant cells were treated with MAL3-101 in the presence or absence of 

NV-5138. As expected, NV-5138 administration increased p-p70S6K in vehicle-treated 

MDA MB 231 and MDA MB 453 lines (stress-sensitive and resistant cells, respectively). 

When NV-5138 was administered in combination with MAL3-101, no major effects were 

observed on p-eIF2α (Fig. 6D), yet NV51-38 treatment favored CHOP and cleaved 

caspase-3 and caspase-8 accumulation in resistant cells treated with MAL3-101 (Fig. 6D 

and Fig. S1C-D-E). However, apoptosis was unaltered in stress-sensitive cells regardless 

of whether NV-5138 was present. Overall, our results indicate that a MAL3-101-mediated 

proteostasis imbalance favors amino acid depletion, reduces mTORC1 activation, and boosts 

autophagy to help resistant cancer cells cope with stress.

Third, to confirm the role of mTORC1 during stress-sensitive and resistant cell death 

when proteostasis is impaired, we monitored apoptotic cells via annexin-V/PI staining in 

in the presence or absence of MAL3-101 and when mTORC1 activity was either inhibited 

or enhanced with everolimus or NV-5138, respectively. mTORC1 inhibition reduced the 

percentage of apoptotic cells when stress-sensitive cells were exposed to MAL3-101, while 

under identical conditions no change in the annexin-V/PI population of stress-resistant 

cells was detected (Fig. 6E). As expected based on the results presented above, mTORC1 

activation via NV-5138 administration also increased the percentage of apoptotic cells 

in stressed resistant cells. Moreover, in line with the data in Fig. 3B, and in accord 

with our prior publication (11), Hsp70 inhibition on its own induced apoptosis in stress-

sensitive cells, while the treatment was ineffective in stress-resistant cells (Fig. 6E, CTRL, 

+MAL3-101). Thus, mTORC1 is a major contributor to the death of stress-resistant breast 

cancer cells faced with a proteostasis imbalance.
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Finally, given the central role of arginine as an mTORC1 activator, we monitored p-p70S6K 

accumulation when arginine was added to media in the presence or absence of the 

Hsp70 inhibitor (Fig. 6F). As expected, p-p70S6K was present to a higher extent when 

arginine was added to the media in stress-sensitive and resistant cells (Fig. 6C-F). As 

seen when mTORC1 was activated by NV-5138 (see above), a minor but statistically 

insignificant reduction in p-p70S6K was detected when MAL3-101 was added together with 

arginine, conditions under which both cell lines undergo apoptosis (Fig. 3A). Overall, these 

experiments confirm that mTORC1 activation (i.e., via arginine supplementation) together 

with ISR induction also kills cancer cells when the proteostasis pathway is imbalanced.

Discussion

All tumor cells experience proteotoxic stress due to their increased mutation rates, 

aneuploidy, abnormal growth, and the harsh environment (i.e., low nutrients and 

chemotherapeutic drug treatments) in which they can thrive. Indeed, many cancers cells 

avoid chemotherapy-mediated cell death, such as after treatment with DNA damaging drugs 

(via ISR and autophagy induction), suggesting that the inhibition of these pathways will 

improve chemotherapeutic efficacy (77-80). Proteotoxic stress also dysregulates nutrient 

balance (i.e., amino acids), and a reduction of many amino acids was reported to activate 

the ISR kinase, GCN2, and autophagy, as well as to repress mTORC1 signaling, thereby 

balancing the protein load in tumor cells and supporting tumor survival and metastasis 

(20, 23, 24, 43, 81). Therefore, amino acid modulation represents an increasingly desirable 

approach to increase cancer cell vulnerability to chemotherapy (56, 82-84).

Previously, we demonstrated that cancer cells regulate proteostasis via the ISR when 

challenged with MAL3-101, a site-specific allosteric inhibitor of Hsp70-mediated 

proteostasis (11, 36). Specifically, we found that GCN2 and autophagy prevented cell death 

in resistant breast lines when proteostasis was compromised (11). By using established 

TNBC cancer cell lines, we now show that amino acid metabolism and mTORC1 signaling 

impinge upon the ISR/autophagy network in these cells. We also report here that Hsp70 

inhibition results in the accumulation of free amino acids in stress-sensitive but not in 

stress-resistant cells, strongly suggesting that proteostasis imbalance reduces the levels of 

select amino acids in resistant cells, which then favors GCN2 activation and autophagy. 

This prevents death after challenge with a chemical proteotoxic stressor. In line with our 

model, GCN2 induction was proposed to upregulate the levels of a lysosomal arginine-lysine 

transporter to increase amino acid recycling via autophagy when amino acids are depleted 

(85). Thus, the stress-resistant cancer cells attempt to ameliorate stress by rewiring protein 

degradation (autophagy), as well as ISR components, to survive and proliferate.

Our study shows that apoptosis can still be induced when resistant TNBC cells fail to 

reconfigure key components in the proteostasis network. Most notably, the NEAA arginine 

was elevated in stressed compared to MAL3-101-sensitive control cells, but not in stress-

resistant cells; yet, addition of NEAAs or simply arginine to the medium of resistant cells 

exposed to proteotoxic stress prevented autophagy induction and resulted in cell death. 

While several strategies to deprive cancer cells of amino acids have been investigated (56, 

86, 87), our results suggest that NEAAs—and in particular, arginine—supplementation 
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represents a unique strategy to enhance proteostasis collapse in TNBC cells. In line 

with our findings, arginine depletion induces autophagy as a cytoprotective response to 

proteotoxic stress in human T lymphocytes (88). Further supporting the importance of 

NEAA supplementation, we show that exposure of stress-sensitive cells to MAL3-101 in 

media deprived of amino acids reduced cancer cell death and boosted autophagy. The role 

of the ISR effector CHOP in breast cancer cell survival upon proteotoxic stress will need 

further investigation to dissect its role in favoring survival versus death. In fact, the dual 

nature of this protein has been reported to yield controversial results, depending on the 

cellular context, when using gene knock down approaches (89, 90). Given that TNBC is 

especially invasive, has a higher recurrence rate, and patients have limited treatment options, 

our study may ultimately yield new strategies to increase treatment efficacy in TNBC.

Our data also hint at the complexity of how cellular amino acids sustain cancer cells. Some 

cancer cells have altered arginine metabolism since this amino acid is involved in both 

protein synthesis and the biosynthesis of nitric oxide, polyamines, nucleosides, proline, and 

glutamine, in preserving ER and mitochondrial homeostasis (85, 91), as well as in mTORC1 

activation; arginine has also been implicated in the T cell-mediated immune response in 

TNBC (54, 92-94). Further investigations will dissect the links between arginine-dependent 

gene expression, the ISR, and mTORC1 in TNBC.

In addition to its well documented role as a tumor promoter, mTORC1 exhibits tumor 

suppressive features in nutrient-poor environments (95). As mentioned above, amino acid 

deprivation activates GCN2 and represses mTORC1. Our experiments in MAL3-101 treated 

cells suggest that reduced mTORC1 activation maintains proteostasis when cancer cells are 

stressed, potentially by dampening mRNA translation and boosting autophagy. In fact, we 

show that breast cancer cell viability is reduced after mTORC1 activation via NV-5138 

treatment in the presence of proteotoxic stress. It is noteworthy that we demonstrated that 

arginine supplementation induces mTORC1 and sustains ISR activation in the presence 

of MAL3-101, leading to breast cancer cell death. These results strongly suggest that 

proteotoxic stress-induced apoptosis is mediated by aberrant activation of mTORC1 when 

amino acid availability is limiting, at least in stress-resistant cells. Recent work also 

suggested that amino acid limitation as well as tRNA synthetase deficiency affect elongation 

during mRNA translation, independent of mTORC1 inhibition and GCN2-ISR activation 

(96-98). Moreover, ribosome pausing via amino acid deprivation might activate GCN2 

and inhibit mTORC1 (45, 97). Therefore, we cannot exclude the possibility that arginine 

addition paired with mTORC1 activation might dysregulate protein synthesis, ultimately 

leading to cell death. Additional studies will delineate how arginine contributes to mTORC1 

activation and mRNA translation in cancer cells challenged with a proteotoxic stressor.

In summary, our work highlights the interplay between amino acid metabolism, ISR, 

autophagy and mTORC1 in TNBC resistance to proteotoxic stress. Our work also supports 

ongoing efforts to modulate amino acid abundance and GCN2 in cancer (20, 92, 93, 99, 

100). Because we showed that MAL3-101 increases the misfolded protein pool, we suggest 

that resistant cancer cells evolved to rely on GCN2-induced autophagy to reduce this pool 

of toxic, aggregation-prone proteins. At the same time, reduced amino acid abundance 

suppresses mTORC1, dampening protein synthesis and increasing lysosomal biogenesis 
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and autophagy, further supporting adaptation in stressed cancer cells. On the contrary, in 

stress-sensitive cells, Hsp70 inhibition activates PERK and increases free amino acids, 

which favors mTORC1 activation, leading to cancer cell death. Additional investigations 

and chemical optimization of autophagy and chaperone inhibitors, such as MAL3-101, may 

ultimately yield effective combination treatments for breast cancer, and in particular, TNBC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Non-essential amino acids trigger apoptosis in stress-resistant breast cancer cells after 
exposure to a proteostasis poison.
A, Stress-sensitive (MDA MB 231) and resistant (MDA MB 453) cells were treated with 

5 μM MAL3-101 or vehicle control for 24 h, followed by lysis and amino acids analysis. 

The heatmap represents the mean fold change (treated/vehicle) of the analyzed amino acids 

from 4 replicates from 2 independent experiments. B-C, Stress-sensitive and -resistant cells 

(indicated with blue and black text, respectively) were treated with increasing doses of 

MAL3-101 in the presence or absence of NEAAs. Cell viability was measured after 72 

h, and data represent the means of 3 independent experiments, ± SEM. *p < 0.05; **p < 

0.005. D, Stress-sensitive (in blue) and resistant (in black) cells were treated with 20 μM 

MAL3-101 for 5 h in complete media, upon NEAA supplementation, or when amino acids 

were deprived. Samples were analyzed for cleaved caspase-3 and caspase-8 expression. 

β-actin was used as loading control. E, The corresponding fold change of the indicated 
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apoptotic markers relative to the DMSO control are plotted ± SEM (n=4 cleaved caspase-3 

and n=5 cleaved caspase-8 for MDA MB 231 cells, n=3 cleaved caspase-3 and caspase =−8 

for MDA MB 453 cells) *p < 0.05; **p < 0.005.
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Figure 2. Modulating amino acid abundance alters autophagic flux in the presence of MAL3-101, 
an Hsp70 inhibitor.
A, Autophagosomes (RFP+GFP+) and autophagolysosomes (RFP+GFP−) are distinguished 

as yellow and red puncta, respectively. Accumulation of RFP+GFP− indicates increased 

autophagy flux, while visualization of yellow puncta is reflective of autophagy inhibition. 

B-C, Confocal images of stress-sensitive (MDA MB 231, in blue) and resistant (MDA 

MB 453, in black) cells treated with MAL3-101 for 5 h in different conditions. White 

arrows indicated examples of RFP+GFP− puncta (autophagolysosomes). Minor changes in 

cell morphology were detected when MDA MB 453 cells were exposed to MAL3-101 in 

complete and amino acid deprived media. These changes do not correspond to cell death 

data (as shown in Figure 1 and 3).
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Figure 3. Arginine is sufficient to trigger apoptosis in stress-resistant breast cancer cells.
A, Stress-sensitive (in blue) and -resistant (in black) cells were treated with 20 μM 

MAL3-101 or DMSO for 5 h in the indicated media, and lysates were prepared for 

immunoblot analysis. β-actin was used as loading control. B, Cells were treated as in 

panel A before annexin-V and PI staining. The sum of annexin-V and annexin-V and PI 

double positive cells is represented in the graph and indicated as the percentage of apoptotic 

cells. Stress-sensitive cells (in blue) are indicated with closed symbols and resistant cells (in 

black) by open circles. The means of 3 independent experiments, ± SD, are indicated. *p < 

0.05; **p < 0.005; *** p<0.0005. C, The corresponding fold increase of cleaved caspase-3 

and cleaved caspase-8 in stress-sensitive (closed symbols) and resistant (open symbols) 

cells was measured after incubation in complete media or media lacking added amino 

acids (-AA), or containing arginine (+Arg) or lysine (+Lys) in the presence or absence of 
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MAL3-101. The fold change is shown relative to DMSO (control), ± SEM (n=4). Asterisks 

(*) indicate statistically significant comparisons between DMSO and MAL3-101 treatments 

for each media condition, while # represents statistically significant comparisons between 

DMSO complete and the other conditions indicated for each line. ****/####p<0.0001.
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Figure 4. Arginine blocks proteotoxic stress-dependent autophagy in resistant cells.
A-B, Confocal images of stress-sensitive (MDA MB 231, in blue) and -resistant (MDA 

MB 453, in black) cells treated with MAL3-101 for 5 h in complete media or in 

media supplemented only with arginine (+Arg) or lysine (+Lys). White arrows indicated 

examples of RFP+GFP− puncta (autophagolysosomes). C-D, The percent of RFP+GFP− 

(autophagolysosome) or RFP+GFP+ (autophagosome) puncta per cell is reported for stress-

sensitive (C) and resistant (D) lines, treated as indicated in Figure 2, ± SEM (n≥90). 

The calculated ratios are indicative of the percentage of autophagosomes (RFP+GFP+) that 

mature into autophagolysosomes (RFP+GFP−), which are degradation active autophagic 

vesicles. Statistically significant differences between DMSO and cells incubated in 

starvation media (EBSS, positive control) or treated with media containing different amino 

acid levels in the presence or absence of MAL3-101 are indicated by black asterisks, 
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while # represents statistically significant comparisons between MAL3-101 complete and 

the other conditions indicated for each line. */#p < 0.05; **/##p < 0.005; ***/### p<0.0005; 

****/####p<0.0001.
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Figure 5. The role of the ISR when amino acid abundance is altered and the proteostasis 
pathway collapses.
A, E, Cells were treated with 20 μM MAL3-101 or DMSO for 6 h after which PERK 

activity was inhibited (GSK) or not in complete or NEAA supplemented media before 

annexin-V and PI staining were performed. The percent of apoptotic cells is represented 

in the graph ± SD. Stress-sensitive cells (in blue) are indicated with closed symbols and 

resistant cells (in black) with open circles (n=2 for MDA MB 231 cells and n=3 for 

MDA MB 453 cells). Asterisks (*) represent the statistical significance between MAL3-101 

treated and DMSO control in all the indicated conditions. *p < 0.05; **p < 0.005; 

***p<0.0005. B, Stress-sensitive (in blue) and resistant (in black) cells were treated with 

20 μM MAL3-101 or DMSO for 5 h in the presence or absence of GSK. Lysates were 

immunoblotted for the indicated proteins. β-actin was used as a loading control. C, Stress-

sensitive (in blue) and resistant (in black) cells were treated with 20 μM MAL3-101 or 
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DMSO for 5 h in the indicated media, and lysates were prepared for immunoblot analysis. 

β-actin was used as loading control. D-F, The corresponding fold increase of p-GCN2 (D), 

ATF4 (E) and DR5 (F), in stress-sensitive (closed symbols) and resistant (open symbols) 

cells was measured after incubation in complete or arginine containing media (+Arg) in 

the presence or absence of MAL3-101. The fold change is shown relative to DMSO 

(control), ± SEM (n=3 for p-GCN2 and ATF4, and n=2 for DR5). Black asterisks (*) 

indicate statistically significant comparisons between DMSO and MAL3-101 treatments 

for each media condition, while # represents statistically significant comparisons between 

DMSO complete and the other conditions indicated for each line. Red asterisks represent 

statistically significant comparisons between MAL3-101 and the other conditions. */#p < 

0.05; **/##p < 0.005.
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Figure 6. Discordant GCN2 and mTORC1 activation favors breast cancer cell survival upon 
proteotoxic stress.
A, Increased nutrient availability (i.e., amino acids) favors mTORC1 activation that in 

turn boosts p-p70S6K accumulation while inhibiting autophagy, thus preventing misfolded 

protein degradation caused by proteotoxic stress exposure (i.e., Hsp70 inhibition). B, Stress-

sensitive (in blue) and -resistant (in black) cells were treated with 20 μM MAL3-101 or 

DMSO for 6 h and NV-5138 was added during the last 1 or 2 h to activate mTORC1. Lysates 

were immunoblotted for the indicated proteins. A non-specific band in the p-p70S6K blot 

is indicated with an asterisk (*), and β-actin was used as loading control. C, The fold 

increase of p-p70S6K in stress-sensitive (closed circles) and resistant (open circles) cells 

is shown, ± SEM as quantification of the experiments presented in panels B, D, and F 
(n=6 for MAL3-101 and NV-5138 2h, n=5 for NV-5138 2h + MAL3-101, n=3 for NV-5138 

1h, +Arg and + Arg + MAL3-101, n=2 for NV-5138 1h + MAL3-101). Asterisks (*) 
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represent statistically significant comparisons between DMSO and conditions indicated 

for each line, while # indicate statistically significant comparisons between DMSO and 

MAL3-101 treatments for each media condition. */#p < 0.05; **/##p < 0.005. D, Stress-

sensitive (in blue) and -resistant (in black) cells were treated with 20 μM MAL3-101 or 

DMSO for 6 h and NV-5138 was added during the last 2 h to activate mTORC1. Lysates 

were immunoblotted for the indicated proteins. A non-specific band in the p-p70S6K blot 

is indicated with an asterisk (*), and β-actin was used as loading control. E, Cells were 

treated with 20 μM MAL3-101 or DMSO for 6 h when mTORC1 activity was inhibited 

(everolimus) or activated (NV-5138) or in vehicle treated conditions before annexin-V and 

PI staining. The percent of apoptotic cells is represented in the graph. Stress-sensitive cells 

(in blue) are indicated with closed symbols and resistant cells (in black) with open circles. 

The means of 2 independent experiments, ± SD, are indicated. Red asterisks represent the 

statistical significance between MAL3-101 treated CTRL and -AA MAL3-101 samples, 

while black asterisks indicate the statistical significance between the DMSO control, and all 

indicated conditions. *p < 0.05; **p < 0.005. F, Stress-sensitive (in blue) and resistant (in 

black) cells were treated with 20 μM MAL3-101 or DMSO for 6 h in the indicated media, 

and lysates were prepared for immunoblot analysis. β-actin was used as loading control. A 

non-specific band in the p-p70S6K blot is indicated with an asterisk (*).
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