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Cytotoxicity of Arginine Deprivation to AML Cells is 

Mediated by Autophagy 

 

Fatima Taki 

ABSTRACT 

In this study, we assess the activation of autophagy in AML cells following arginine 

deprivation, the mechanism of its activation, and its impact on cell cytotoxicity. Arginine 

deprivation was induced using a pegylated recombinant human Arginase I [HuArgI(Co)-

PEG5000], in which the two Mn2+ ions of the active site have been replaced with Co2+ 

ions. AML cell lines were tested, and activation of autophagy was determined by staining 

for autophagosomes on flow cytometry. The impact of autophagy on cell cytotoxicity of 

arginine deprivation was assessed through inhibition of autophagy using the downstream 

autophagy inhibitor chloroquine (CQ). [HuArgI(Co)-PEG5000]-induced arginine 

deprivation led to significant and sustained activation of autophagy starting at 24 hours 

and lasting up to 120 hours following arginine deprivation in all cell lines. Inhibition of 

autophagy, using chloroquine, led to a significant decrease in cell cytotoxicity evident at 

48 hours and up to 120 hours. This indicates that activation of autophagy in response to 

arginine deprivation, is leading to AML cell death (death by autophagy). This was further 

confirmed by the fact that cell death observed following arginine deprivation in AML cells 

was caspase-independent and nonapoptotic. Moreover, AML cells were shown to 

overexpress the major key player in the biosynthesis of L-arginine; Argininosuccinate 

Synthetase-1 (ASS-1) upon arginine deprivation without it conferring resistance to death 

by autophagy induced by HuArgI(Co)-PEG5000. Addition of the ROS scavenger N-
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acetyl-cysteine (NAC) repressed the autophagic response and reversed cytotoxicity of 

arginine deprivation to AML cells, indicating that the activation of autophagy is induced 

following ROS generation. Finally, our study demonstrates that in AML cells, arginine 

deprivation induces autophagy activation leading to cell death irrespective the 

overexpression of ASS-1. We have also shown that the activation of autophagy and the 

subsequent death by autophagy of AML cells is induced through generation of ROS. 

Keywords: Acute Myeloid Leukemia, Arginine Deprivation, HuArgI(Co)-PEG5000, 

Autophagy, Death by Autophagy, ROS-induced Autophagy  
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           Chapter One 

Introduction 

1.1  AML 

1.1.1 Characteristics  

Acute myeloid leukemia (AML) is the second most common type of Leukemia 

and the most death leading type.  The number of estimated new cases were to be 19940 

with 11180 deaths in 2020 in the US (Siegel et al., 2020).  Although AML affects mostly 

individuals at the age of 45 and older, it can also affect children.  Men are more prone to 

develop AML than women, but both have an average lifetime risk of 0.5%. The 5-year 

survival rate of AML is  24% in adults aged 20 and older, which is the lowest among acute 

leukemias in adults (Shallis et al., 2019; Siegel et al., 2019). 

AML is a biologically and clinically heterogeneous disorder of the bone marrow 

characterized by variations and low production of normal hematopoietic cells (Prada-

Arismendy et al., 2017). The differentiation of these healthy cells is inhibited, leading to 

the accumulation of abnormal myeloblasts in the bone marrow before spreading into the 

blood and other organs (De Kouchkovsky & Abdul-Hay, 2016). 

1.1.2 Diagnosis, Symptoms and Predisposing Factors 

The most recent criterion for AML diagnosis was established by the World Health 

Organization (WHO) in 2016, which sets the level of 20% myeloblasts in marrow and/or 

blood as a threshold for AML onset (Arber et al., 2016). AML is further diagnosed by 

several approaches (Döhner et al., 2017; Haferlach & Schmidts, 2020) based on 

morphology, immunophenotyping (Bene et al., 1995), cytogenetics (Fröhling et al., 2002; 
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Grimwade, 2001) molecular genetics (van Dongen et al., 1999), and genome wide studies 

(Valk et al., 2004). 

AML patients present signs of bone marrow failure including: anemia which 

causes fatigue and shortness of breath, leukopenia causing a lower immunity, 

thrombocytopenia and clotting problems that cause excessive bleeding, and rarely 

leukostasis characterized by several symptoms associated with decreased tissue perfusion 

(Niederhuber et al., 2013) 

AML has several predisposing factors. Some are related to environmental 

influences and lifestyle, including obesity, smoking, administration of certain drugs, 

living in industrialized areas, and exposure to radiations and certain chemicals 

(Tamamyan et al., 2017). In addition, several genetic syndromes and blood disorders 

significantly increase the risk of AML (Parikh et al., 2011). 

1.1.3 Classification 

AML is a heterogeneous disease presenting various morphological, cytochemical, 

genetic, and clinical characteristics. For this reason, AML is classified into subtypes and 

the first attempt for classification was carried out in 1976 by the French–American–British 

classification system which defined 8 subtypes (M0 through M7) according to the 

cytochemical and morphological characteristics (De Kouchkovsky & Abdul-Hay, 2016). 

In 2001, and with the advances in AML diagnosis and management, a new classification 

system was introduced by WHO which was followed by an updated version in 2008 

(Vardiman et al., 2009). Later in 2016, the WHO released a revised version for AML 

classification based on genetic information, immunophenotype, morphology, and clinical 

presentation and it is still adopted today. According to the latest version, AML is classified 
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into 6 subtypes: AML with recurrent genetic abnormalities that is further classified into 

11 subtypes; AML with myelodysplasia-related features; therapy-related myeloid 

neoplasms; AML not otherwise specified subdivided into 9 subtypes; myeloid sarcoma; 

and myeloid proliferation related to Down syndrome with 2 subtypes (Arber et al., 2016). 

Although AML is clinically and biologically heterogeneous, a small number of 

genomic lesions significantly influence the clinical practice adopted and the predicted 

outcomes (Döhner et al., 2010; Patel et al., 2012). For that purpose, the European 

LeukemiaNet (ELN) presented the first genetic-based stratification system for AML in 

2010 (Döhner et al., 2010) followed by a revised one in 2017 (Döhner et al., 2017). This 

system classifies patients into 3 defined risk groups; favorable-risk profile (median 

survival, not reached; 3-year rate of overall survival, 64%), intermediate-risk profile 

(median survival, 25.4 months; 3-year rate of overall survival, 42%), and adverse-risk 

profile (median survival, 10.1 months; 3-year rate of overall survival, 12%) (Döhner et 

al., 2017). The three groups show a significant difference in the prognostic assessment at 

diagnosis with a strong clinical relevance, such that patients are allocated to different 

therapeutic approaches according to their risk profile (Voso et al., 2019). 

Recent models aiming to predict the event-free survival (EFS) and overall survival 

(OS) considered not only the genetic variations, which account for two-thirds of explained 

variation, but also the demographic, clinical, treatment variables and posttreatment events, 

especially the presence of minimal residual disease (MDR) (Döhner et al., 2017), which 

are residual leukemic cells that remain after treatment affecting the risk of relapse (Voso 

et al., 2019). So, although models for outcome prediction today take into account the 

genetic lesions only, future models are expected to consider all of the other variabilities 

for better prediction.  
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1.1.4 Treatment  

The treatment of AML implemented today is divided into three phases: induction, 

consolidation, and maintenance. The induction therapy entails a “7+3” induction regimen 

which is adopted for patients with varying risk profiles (Yates et al., 1973) and consists 

of 7 days of uninterrupted intravenous cytosine arabinoside (Ara-C) administered at a 

dosage of 100 or 200 mg/m2 daily followed by 3 days of bolus anthracycline: idarubicin 

(12 mg/m2 daily) or preferably daunorubicin (45–90 mg/m2 daily) (Tamamyan et al., 

2017) as it results in higher complete remission (CR), OS and EFS rates (J. Wang et al., 

2013).  

An alternative regimen used in induction is high dose Ara-C (HiDAC), with doses 

ranging between 1000 and 3000 mg/m2 , plus a nucleoside analogue usually a purine 

analogue (Bishop et al., 1996; Weick et al., 1996). This regimen has shown superiority 

over the “7+3” induction regimen although there is no consensus on adopting it (Kadia et 

al., 2015) .   

CR is almost never achieved from the induction phase only, that’s why post-

remission therapy is required to eliminate MRD that cause relapse. This therapy aims to 

achieve higher outcome rates with lower toxic side effects (Tamamyan et al., 2017) and 

consists of 3 main strategies: consolidation which comprises a phase of intensive 

chemotherapy mainly repetitive cycles of HiDAC with doses ranging between 1000 and 

3000 mg/m2 (Kadia et al., 2015), prolonged maintenance therapy involving low doses of 

chemotherapy for prolonged period of months or years (Faderl et al., 2012), and 

conditioning during which high-dose chemotherapy is administered (Tamamyan et al., 

2017) followed by autologous or allogeneic hematopoietic stem cell transplantation 

(HSCT) (Ciurea et al., 2015). The decision of HSCT is assisted by considering the 
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transplant related mortality which in turn is related to the risk profile of the patient 

(Cornelissen et al., 2012). Treatment of older patients is associated with lower outcomes 

and increased rate of treatment-related mortality (TRM) (Mosna et al., 2015).  

1.1.5 The Need for Innovative Targeted Treatment  

The AML treatment adopted today allows 80% of adult patients to reach complete 

morphological remission, but many of them recur (Moors et al., 2019). The risk of relapse 

varies depending on the European LeukemiaNet risk category and on whether the patient 

is younger or older than 60 (Röllig et al., 2011). Patients with AML recurrence exhibit 

extremely poor prognosis with a cure rate of up to 10% (Bose et al., 2017) and there is no 

treatment regimen established as a standard of care for these patients (Medeiros, 2018).   

Moreover, although more targeted therapies, genetic and epigenetic therapies and 

immune therapies such as the use of autologous chimeric antigen receptor (CAR) T cells 

(Depil et al., 2020) show promising efficacy, the aforementioned chemotherapy is still the 

standard treatment for the past 40 years (Saygin & Carraway, 2017).  

The 5-year overall survival rate of AML patients increased from 16% during the 

1991-1996 period to 23% during the 2003-2008 period, but OS remained relatively the 

same during the 2011-2016 period with an estimate of 24% (Howlader et al., 2016). Thus, 

because AML is biologically and clinically heterogeneous with different risk groups and 

prognostic profiles and the standard of care treatment is not targeted nor individualized, 

and because the current treatment exhibits high rates of relapse and is no longer improving 

the OS rates, there is a need for a better selective treatment for AML. 
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1.2  Cancer Metabolism and Amino Acid Deprivation 

A hallmark of cancer cells is the reprograming of the metabolic and nutrient 

acquisition pathways to support the demands of malignant cells (DeBerardinis & Chandel, 

2016; Jahani et al., 2018). Recently, there has been an increased interest in studying cancer 

metabolism since the alterations in metabolic pathways could reveal therapeutic targets 

(Geck & Toker, 2016). Several mutations in enzymes involved in tumor cell metabolism 

underlie the alterations observed (Tsun & Possemato, 2015) and one important set of 

mutations are those that lead to amino acid auxotrophy rendering the cancer cell unable to 

synthesize certain non-essential or semi-essential amino acids which are fully synthesized 

in normal cells, and thus cancer cells become dependent on the extracellular environment 

for amino acid acquisition and cell survival (Long et al., 2017; Pavlova & Thompson, 

2016). In fact, amino acids are classified into essential and non- essential amino acids 

referring to those that cannot be synthesized de novo as opposed to those that can be 

synthesized de novo, respectively. Within the essential amino acids, semi-essential ones 

are those that can be synthesized de novo but not in adequate amounts requiring dietary 

supplementation under certain conditions such as infections, early development, and 

increased cell proliferation (Tabe et al., 2019). Moreover, amino acid auxotrophy in cancer 

cells has gained interest, particularly in terms of targeting cancers that show amino acid 

auxotrophy using amino acid-depleting enzymes which would potentially target cancer 

cells without affecting the normal cells that can synthesize the targeted amino-acid (Fung 

& Chan, 2017; Tabe et al., 2019). This approach of starvation therapy of a specific amino 

acid is a promising selective targeted approach for treatment with acceptable therapeutic 

window and potentially low toxicity (Geck & Toker, 2016).   
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The metabolic pathways of several non-essential amino acids were studied and 

assessed for being a treatment target in starvation therapy (Zou et al., 2019). Among them 

are the pathways for synthesis of asparagine for which an FDA approved treatment, 

asparaginase, is available for the treatment of acute lymphoblastic leukemia (ALL) 

(Dinndorf et al., 2007), serine (Maddocks et al., 2013), glutamine (Furusawa et al., 2018), 

methionine (Strekalova et al., 2015) and arginine (P. N. M. Cheng et al., 2005; Ensor et 

al., 2002). 

1.3  Arginine Metabolism and Deprivation  

Arginine is a versatile amino acid that can be synthesized de novo by normal cells 

via ornithine through the urea cycle reactions (Geck & Toker, 2016) in addition to being 

obtained through dietary intakes rendering arginine a semi-essential amino acid (Fung & 

Chan, 2017). Arginine has a diverse array of important biological functions, including cell 

survival and proliferation (Zou et al., 2019), protein synthesis and modification (Jahani et 

al., 2018), immune regulation (Geiger et al., 2016) and production of different metabolites 

such as nitric oxide, urea, and polyamines (Qiu et al., 2015).  

The synthesis of arginine via the urea cycle enzymes depends on two key enzymes; 

argininosuccinate synthetase 1 (ASS-1) and argininosuccinate lyase (ASL) (Haines et al., 

2010). ASS-1 catalyzes the condensation of L-citrulline and aspartate forming 

argininosuccinate, which splits to release fumarate and L-arginine in a reaction catalyzed 

by ASL. The enzyme arginase, which is only present in liver cells, then converts L-

arginine into urea and L-ornithine, which is converted back to L-citrulline via the enzyme 

ornithine transcarbamoylase (OTC) forming again arginine and repeating the cycle (Geck 

& Toker, 2016, 2016; Jahani et al., 2018; Sidney M. Morris, 2016; Zou et al., 2019) 
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(Figure 1). In the process of arginine synthesis, ASS-1 is the rate limiting enzyme and the 

amount and activity of ASS-1 is a major key player in the biosynthesis of L-arginine (Long 

et al., 2017). 

Indeed, the expression of ASS-1 enzyme varies between tumor cells, and the 

deficiency in ASS-1 expression, which is due to epigenetic methylation and down 

regulation of the ASS-1 gene, is at the basis of arginine auxotrophy in AML cells 

providing the rationale for arginine starvation therapy (Miraki-Moud et al., 2015; Plunkett, 

2015). The majority of primary AML cells and AML cell lines present low expression of 

ASS-1 relative to their needs rendering them auxotrophic for arginine (Miraki-Moud et 

al., 2015). Moreover, a study done in our lab classified the AML cell lines into partially 

and completely auxotrophic cell lines based on the ASS-1 expression and on the ability of 

exogenous L-citrulline to reverse the cell’s dependency on arginine. Partially auxotrophic 

cell lines expressed ASS-1 and were considered ASS-1+ while completely auxotrophic 

cell lines lacked any ASS-1 expression and are considered ASS-1- (Tanios et al., 2013). 

Both partially and completely auxotrophic cell lines depended on uptaking arginine from 

the extracellular environment and were sensitive to arginine starvation, but unlike the 

completely auxotrophic cell lines, the dependence of the partially auxotrophic cell lines is 

reversed through the addition of excess exogenous citrulline (Tanios et al., 2013). 

In arginine starvation therapy, extracellular arginine can be degraded via two 

different enzymes; bacterial arginine deiminase (ADI) or human arginase (hArg), 

generating citrulline and ornithine, respectively (Tabe et al., 2019) (Figure 1).  

The use of ADI was shown to be beneficial in tumor cells completely lacking ASS-

1 or OTC expression but not in partially auxotrophic tumors (Miraki-Moud et al., 2015) 

since ADI degrades arginine into citrulline which is a highly effective arginine precursor 
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(Plunkett, 2015). Several studies showed the efficacy of ADI on AML, melanoma, lung 

cancer and hepatocellular carcinoma cells that do not express ASS-1 or OTC (Tabe et al., 

2019). Nevertheless, a major disadvantage of ADI is its antigenicity, causing an immune 

response in human cells (Ni et al., 2008) as ADI is derived from Mycoplasma arginine 

(Miyazaki et al., 1990).  

Alternatively, arginase can be used to degrade arginine generating ornithine and 

urea. In fact, there are 2 subtypes of human arginase: arginase I and arginase II, which 

share 60% of similarity in amino acid sequence. Arginase I is cytosolic and found in 

human liver cells, whereas arginase II is a mitochondrial enzyme found in other tissues 

and has no role in urea cycle (Krebs et al., 1973; S. M. Morris et al., 1997). Only arginase 

I (ARG1) was tested for arginine starvation therapy. Unlike ADI, ARG 1 is of human 

origin and doesn’t provoke antigenicity (Mussai et al., 2015). 
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Arginase I consists of 322 amino acids and a molecular weight of 34.7 kDa (Stasyk 

et al., 2015). It has two Mn2+ ion cofactors that are necessary for its activity, which is 

optimal at pH of 9.5 (Stone et al., 2010). It has a low saturation constant leading to a low 

activity of arginase I under physiologic conditions (Dillon et al., 2002). These 

characteristics of the native human-arginase I (HuArg I) presented disadvantages for its 

potential use in starvation therapy, because it has a low efficiency in human serum at 

neutral pH and short half-life which is approximately 4.5 hours due to the rapid loss of the 

two Mn2+ cofactors. In order to solve these issues, several adjustments were made to the 

native human arginase. The replacement of Mn2+ ions by two Co2+ increased the half-life, 

enhanced serum stability, lowered optimal pH, and improved catalytic activity of HuArg-

I (Glazer et al., 2011; Stone et al., 2010). Increased protein solubility was achieved by 

adding hydrophilic polyethylene glycol (PEG) chains which are FDA approved, non-toxic 

chains that protect from degradation by metabolic enzymes and thus also increasing serum 

stability (Harris & Chess, 2003; Veronese & Pasut, 2005).  

So, HuArg I was developed into the currently used  pegylated human recombinant 

arginase I cobalt  [HuArgI(Co)-PEG5000] (Figure 2) with a 10-fold increased catalytic 

Figure 1 Arginine metabolism and strategies for arginine deprivation 

Arginine is produced from citrulline in a two-step process catalyzed by ASS-1 and ASL. Arginase 

I then transforms the arginine into urea and ornithine which is converted back into citrulline by 

OTC. Defects in ASS-1, ASL, or OTC affects the intracellular arginine reservoir with ASS-1 

aberrations being the most important and most frequent ones in tumor cells which become 

dependent on exogenous supply of arginine.  Extracellular arginine can be degraded by ADI and 

arginase I into citrulline and ornithine respectively. Arginine deprivation in vivo is achieved by 

the use of ADI and rhArg-PEG. ASS-1, argininosuccinate synthase-1; ASL, argininosuccinate 

lysase; OTC, ornithine transcarbamylase; ADI, arginine deiminase; Arg I, arginase I; CAT, 

cationic amino acid transporter-1 (Modified from: Tabe et al., 2019)  
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activity, five-fold higher serum stability, lower immunogenicity, and  reduced dissociation 

constant at physiological pH (Stasyk et al., 2015; Stone et al., 2010). 

HuArgI(Co)-PEG5000 has shown promising effects in targeting arginine 

auxotrophy in several types of cancers. Its anti-cancer activity was evident in 

hepatocellular carcinoma (HCC) in vitro and in vivo in a nude mice xenograft model (P. 

N.-M. Cheng et al., 2007; Glazer et al., 2011; Lam et al., 2009) and its potential in treating 

advanced HCC was tested in phase I clinical trials (Yau et al., 2013, 2015). Similarly, 

studies done in our lab and by others showed the efficacy of HuArgI(Co)-PEG5000 in 

several tumor types including, melanoma (Kimura et al., 2013), acute lymphoblastic 

leukemia (Hernandez et al., 2010a), glioblastoma (Khoury et al., 2015; Pavlyk et al., 

2015), colorectal cancer (CRC) (Al-Koussa et al., 2019), ovarian cancer (Nasreddine et 

al., 2019), prostate cancer (Hsueh et al., 2012), pancreatic cancer (Glazer et al., 2011; 

Khalil & Abi-Habib, 2019), breast cancer (Leung et al., 2019; Z. Wang et al., 2014), renal 

cell carcinoma (Yoon et al., 2007), and AML (Tanios et al., 2013). 

Moreover, phase 2 dose escalation clinical trials are currently conducted to 

evaluate the safety and tolerability of HuArgI(Co)-PEG5000 in patients with AML, 

myelodysplastic syndrome (MDS), and advanced solid tumors (clinicaltrials.gov, 2018, 

2019)   . These trials provided initial human proof of mechanism as HuArgI(Co)-PEG5000 

proved its ability to reduce blood arginine levels in tested patients.  
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1.4 Autophagy  

1.4.1 Definition  

 

Autophagy is an intracellular process of cellular autodigestion or “self-eating”; the 

ancient Greek term from which the term autophagy is derived (Mizushima & Komatsu, 

2011). It is the main intracellular degradation system of cytoplasmic materials mainly 

macromolecules and organelles including glycogen, proteins, lipid droplets, endoplasmic 

reticulum, mitochondria, and the Golgi apparatus (Bialik et al., 2018; Galluzzi et al., 

2017). In fact, the role of autophagy is not the elimination of cytoplasmic materials only 

but their recycling to provide energy and new building blocks such as sugars, amino acids, 

fatty acids and nucleosides (Mulcahy Levy et al., 2017).  Besides being activated at a basal 

rate in cells under normal conditions of cellular renewal and homeostasis, autophagy can 

be upregulated due to several physiological and pathological conditions and stressful 

Figure 2 Advantages of PEGylated proteins  (Modified from: Polyethylene Glycol  

Building Blocks for PEGylation, n.d.) 
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environments such as nutrient starvation (Bento et al., 2016; D’Arcy, 2019). Indeed, the 

type of autophagy activated in response to nutrient deprivation is named starvation 

induced autophagy and can occur in tumor cells undergoing exponential growth or when 

the tumor microenvironment is depleted from specific nutrients (Mizushima & Klionsky, 

2007; Ravanan et al., 2017).  

1.4.2 Mechanism 

During the process of autophagy, cytoplasmic material is delivered into lysosomes 

for degradation. According to the mechanism of delivery, autophagy can be classified into 

three forms: microautophagy, chaperone mediated autophagy, and macroautophagy which 

is the form that is generally referred to as autophagy (Bhat et al., 2018; Yan et al., 2019).  

Macroautophagy is a multistep process characterized by the formation of an 

isolation membrane or phagophore which is a double membrane structure that elongates 

and encases cytoplasmic components. The phagophore then encloses to form a vesicle 

named autophagosome. The autophagosome then combines with a lysosome forming the 

autolysosome. The isolated cytoplasmic components are then degraded and subsequently 

recycled by the lysosomal hydrolytic enzymes (Berg et al., 1998; Levine & Kroemer, 

2008; Nakamura & Yoshimori, 2017) (Figure 3).  
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1.4.3 Autophagy, a double-edged sword 

 

Autophagy was originally identified as a protective mechanism that allows cells 

to survive stressful conditions (Buchser et al., 2012; He et al., 2018). However, 

accumulating data confirms that autophagy shows context-specific roles in modulating 

cell death depending on the cellular context and the extent of autophagy activation 

(Anding & Baehrecke, 2015; D. Denton et al., 2012; Fulda & Kögel, 2015; Galluzzi et al., 

2017; Khalil & Abi-Habib, 2019; Nasreddine et al., 2019). 

In fact, autophagy plays three roles in cell death that are defined as: (i) autophagy-

associated cell death proposing that cell death coincides with autophagy , (ii) autophagy-

mediated cell death suggesting that cell death is triggered by autophagy, and (iii) 

autophagy-dependent cell death (ADCD) which is independent of apoptosis or necrosis 

(Bhat et al., 2018; Galluzzi et al., 2018; Yan et al., 2019). The Nomenclature Committee 

of Cell Death (NCCD) defines autophagy-dependent cell death “a form of regulated cell 

death that mechanistically depends on the autophagic machinery (or components thereof)” 

(Galluzzi et al., 2018). 

Figure 3 Autophagy Mechanism (Modified from Kimura et al., 2013) 
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During the process of death by autophagy, the cell utilizes key components of the 

macroautophagy process that promotes cell survival although differences may be present 

at the level of rate and duration of autophagic flux, and the fate of engulfed components 

whether recycled or degraded (Bialik et al., 2018; Donna Denton & Kumar, 2019). 

An increasing number of studies are showing evidence for death by autophagy in 

cancer cells in response to several factors. Over expression of oncogenic H-Ras in human 

ovarian epithelial cancer cells was  shown to induce autophagic cell death (Elgendy et al., 

2011). Additionally, the deprivation of cancer cells from several amino acids or from 

arginine only causes death by autophagy in HeLa cell line (Liu et al., 2013), in prostate 

cancer cells (Changou et al., 2014), ovarian cancer cells (Nasreddine et al., 2019), 

pancreatic cancer cells (Khalil & Abi-Habib, 2019), colon cancer cells and glioblastoma 

cells (not published). Moreover, the treatment of cancer cells by several natural molecules 

such as gossypol and resveratrol resulted in ADCD in apoptosis-deficient prostate cancer 

cells, malignant glioma cancer cells (Lian et al., 2011; Voss et al., 2010), and in lung 

carcinoma cells, respectively (Dasari et al., 2017). Similarly, exposing cells to hydrogen 

peroxide or 2-mercaptoethanol leads to cell death by autophagy as evident in certain 

cervical cancer cell lines, human embryonic kidney cells lines and glioblastoma cell lines 

(Y. Chen et al., 2008).  

1.4.4 Pathways activating Autophagy  

Autophagy, whether protective or not, is generally induced by stressful 

environments such as nutrient deprivation, hypoxia, reactive oxygen species (ROS), and 

metabolic stress (Onorati et al., 2018). In fact, autophagy can be selective or non-selective 

for the cargo targeted for degradation (Gatica et al., 2018). Unlike non-selective 
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autophagy during which a bulk of cytoplasmic components are sequestered into the 

autophagosome, selective autophagy targets specific cargo including damaged 

mitochondria, protein aggregates, or pathogens into the autophagosome (Galluzzi et al., 

2017; Shaid et al., 2013). The selective degradation of mitochondria is termed mitophagy, 

and it is necessary in maintaining homeostasis and mitochondrial quality control  

(Lemasters, 2005; Um & Yun, 2017). 

Several pathways interact to regulate autophagy in response to stressful 

environments (Fang et al., 2017). Under such conditions, PI3K/Akt and MAPK/Erk 1/2 

pathways are inhibited, and thus are unable to activate mTOR, consequently de-repressing 

ULK1 allowing it to activate Beclin-1 complex and the initiation of autophagy (Cicchini 

et al., 2015; Jung et al., 2010; Kinsey et al., 2019). Additionally, AMPK pathway is 

activated under stressful conditions due to decreased ATP levels (J. Kim et al., 2016), 

which in turn activates autophagy by inhibiting mTOR and activating ULK1 and Beclin-

1 (Figure 4) (Inoki et al., 2006; J. Kim et al., 2011; D. Zhang et al., 2016).   
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Figure 4 Pathways Activating Autophagy 

 

To selectively target the mitochondria and induce mitophagy, the mitochondria 

must interact with the autophagosomal membrane, via autophagic receptors that 

specifically bind to the mitochondria on one side and to the LC3 on the autophagosomal 

membrane on the other side, recruiting the damaged mitochondria to autophagosomes 

(Anding & Baehrecke, 2017; Yoo & Jung, 2018; Zaffagnini & Martens, 2016). The 

autophagosome recognizes the target mitochondria via LC3 adapters in ubiquitin-

independent and dependent pathways, and via direct interaction between LC3 and its 

receptors located on the mitochondria (Bingol & Sheng, 2016; Chu, 2019; Palikaras et al., 

2018).  

In fact, the activation of autophagy, whether selective or not, can occur via reactive 

oxygen species which are produced mainly in the mitochondria in higher amounts under 
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variety of stresses (Essick & Sam, 2010; Filomeni et al., 2015). ROS can regulate 

autophagy by several transcriptional and post-transcriptional pathways (Xu et al., 2017). 

At the transcriptional level of regulation, accumulation of ROS activates certain 

transcription factors which in turn allow increased levels of transcription of proteins 

involved in autophagy (Li et al., 2015). As for the post-transcriptional regulation, ROS 

can act upstream several pathways involved in autophagy regulation including PI3K-Akt 

(L. Zhang et al., 2014), AMPK-mTOR (Marin et al., 2016), MAPK/Erk½ pathways to 

initiate autophagy (Y.-F. Chen et al., 2017). Similarly, high concentrations of ROS 

activates mitophagy by acting on several proteins involved in selectively targeting the 

mitochondria to the autophagosomes (Frank et al., 2012; Shefa et al., 2019).  

1.5 Objectives  

Previously in our lab, Tanios et al. showed that AML cells present partial or complete 

auxotrophy for arginine which can be selectively targeted by [HuArgI(Co)-PEG5000]-

induced arginine depletion without affecting normal cells (2013). HuArgI(Co)-PEG5000 

was shown to be cytotoxic to AML cells leading to caspase-independent non-apoptotic 

cell death. Furthermore, we previously verified the increasingly time-dependent 

cytotoxicity of HuArgI(Co)-PEG5000 on AML cells and presented signs for autophagy 

activation in response to arginine deprivation using HuArgI(Co)-PEG5000 (unpublished 

data). 
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Chapter Two 

Materials and Methods 

2.1  Expression and purification of HuArgI(Co)-PEG5000 

Pegylated human recombinant Arginase I cobalt [HuArgI(Co)-PEG5000] was 

expressed and purified as described by Stone et al. (Stone et al., 2010). 

2.2  Cell lines 

Human AML cell lines U937, HL60, ML2, Mono-Mac-1, Mono-Mac-6 , TF1-Vsrc 

and TF1-vraf were grown in RPMI 1640 (Lonza, Basel, Switzerland) culture media 

supplemented with 10% Fetal Bovine Serum (FBS) (Sigma-Aldrich) and 100U/mL 

penicillin/streptomycin (Biowest). Cell lines were incubated at 37C / 5% CO2. 

2.3  Proliferation inhibition assay (cytotoxicity) 

Sensitivity of AML cell lines to HuArgI(Co)-PEG5000, in the presence and absence 

of excess exogenous autophagy inhibitor chloroquine (CQ), pan caspase inhibitor of 

apoptosis (Z-VAD), and reactive oxygen species scavenger N-acetylcysteine (NAC) was 

determined using a proliferation inhibition assay. Briefly, aliquots of 105 cells/ml in 100 

L cell culture medium per well, were plated in a flat-bottom 96-well plate (Corning Inc. 

Corning, NY). Chloroquine was added at a concentration of 25 M. When used, Z-VAD 

was added at a concentration of 10 M, and NAC was added at a concentration of 0.82 

g/L. This was followed by the addition of 50 L HuArgI(Co)-PEG5000 in media to each 

well from a round-bottom 96-well plate (Corning Inc. Corning, NY) to yield 

concentrations ranging from 10-7 to 10-13 M.  
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Following a 24, 48, 72, 96, or 120h incubation at 37oC/5% CO2, 40 l of XTT cell 

proliferation reagent (Roche, Basel, Switzerland) were added to each well and the plates 

were incubated for another 4h. Absorbance was then read at 450 nm using a Varioskan 

Flash plate reader (Thermo Fisher Scientific, Waltham, MA). Nominal absorbance and 

percent maximal absorbance were plotted against the log of concentration and a non-linear 

regression with a variable slope sigmoidal dose-response curve was generated along with 

IC50 using GraphPad Prism 5 software (GraphPad Software, San Diego, CA) and the IC50 

(inhibitory concentration 50) of HuArgI(Co)-PEG5000 alone or in the presence of 

chloroquine, Z-VAD or NAC were compared. 

2.4  Autophagy Assay 

Aliquots of 1x106 cells/well in 2 mL cell culture medium, were plated in a flat-bottom 

6-well plate (Corning Inc. Corning, NY). Besides the wells containing cells only, 

HuArgI(Co)-PEG5000 was added to different wells at concentration of 10-7 M, with or 

without chloroquine that was added at a concentration of 25 M, NAC which was added 

at a concentration of 0.82 g/L and L-citrulline at concentration of 11.4 mM. Plates were 

incubated for 24, 48, 72, 96 and 120 hours at 37oC/5% CO2. Protocol was followed 

according to the company’s manual (ENZO product manual - CYTO-ID® Autophagy 

Detection Kit, 2016 - Catalog No. ENZ-51031 - Part D. Live Cell Analysis by Flow 

Cytometry). Results were read on a C6 flow cytometer. 

2.5  ASS-1 Expression 

Aliquots of 1x106 cells/well in 2 mL cell culture medium were plated in flat-bottom 6-

well plate (Corning Inc. Corning, NY). Cells were either untreated or treated with 
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HuArgI(Co)-PEG5000 which was added at a concentration of 10-7 M, with or without L-

citrulline that was added at a concentration of 11.4 mM. Plates were incubated for 24, 48, 

72, 96 and 120 hours at 37oC/5% CO2. Briefly, cells were collected and incubated in dark 

in antibody binding buffer consisting of 0.05% Triton-X 100 along with a 1/200 dilution 

of anti-ASS-1 mouse monoclonal antibody (Sigma, Danvers, MA) for 1 h at 37 °C, 

followed by a 30-min incubation with a 1/200 dilution of a FITC-conjugated rabbit anti-

mouse polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Isotypic control 

consisted of cells incubated with a mouse IgG (Sigma, Danvers, MA) and a FITC or Alexa 

Fluor 488- conjugated rabbit anti-mouse polyclonal antibody (Santa Cruz Biotechnology, 

Santa Cruz, CA). Cells were washed once and read using a C6 flow cytometer (BD Accuri, 

Ann Arbor, MI).  
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          Chapter Three 

 Results 

3.1 Autophagy Activation  

In order to investigate the effect of arginine deprivation on autophagy activation 

in AML, we studied autophagosome formation in cells treated with HuArgI(Co)-

PEG5000 at a concentration of 10-7 M as compared to that in control untreated cells. We 

examined the autophagy activation in four partially auxotrophic cell lines (U937, HL-60, 

ML-2, and Mono-Mac-1) in addition to three completely auxotrophic cell lines (Mono-

Mac-6, TF1-vSrc, and TF1-vRaf) at 24, 48, 72, 96, and 120 hours post-treatment. 

Autophagosome formation was first detected at 24 hours post-deprivation in cells 

treated with HuArgI(Co)-PEG5000 as opposed to control cells. Starting at 48 hours and 

up to 120 hours post-treatment, all cell lines show, and to a varying extent, a significant 

increase in the percentage of cells positively stained for autophagosomes when incubated 

with HuArgI(Co)-PEG5000 as compared to the untreated cells. Moreover, the addition of 

a downstream autophagy inhibitor, chloroquine (CQ) at concentration of 25 M led, in 

most cases, to autophagosome accumulation to levels greater than that observed in cells 

treated with HuArgI(Co)-PEG5000 or chloroquine alone (Figure 4).  
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3.2 Reversal of Autophagy by L-citrulline 

In order to prove that the activation of autophagy is driven by arginine deprivation 

induced by treatment with HuArgI(Co)-PEG5000, we examined the impact of the reversal 

of deprivation by the addition of exogenous L-citrulline on the flux of autophagy. L-

citrulline is an arginine precursor that would increase the rate of arginine synthesis in cells 

that express ASS-1 enzyme (Plunkett, 2015). Cells were treated with HuArgI(Co)-

PEG5000 (10-7 M) to which exogenous L-citrulline was added in excess (11.4 mM). 

Autophagosome formation was assessed at 24, 48, 72, 96, and 120 hours for three partially 

auxotrophic cell lines (U937, ML-2, and Mono-Mac-1) and three completely auxotrophic 

cell lines (Mono-Mac-6, TF1-vSrc, and TF1-vRaf) (Figure 5). 

In the partially auxotrophic cell lines tested, starting at 24 hours and lasting up to 

120 hours post-treatment, addition of L-citrulline led to a decrease of the activation level 

of autophagy, as compared to cells treated with HuArgI(Co)-PEG5000 alone, to levels 

similar to those of control, untreated cells. Hence, the percentage of autophagosome 

staining in cells treated with HuArgI(Co)-PEG5000 and L-citrulline was comparable to 

that of untreated cells, thus showing the ability of L-citrulline to reverse the activation of 

autophagy in HuArgI(Co)-PEG5000-treated partially auxotrophic cells. 

In completely auxotrophic cell lines, and at all time points, the addition of L-

citrulline to cells deprived of arginine by HuArgI(Co)-PEG5000 did not affect the 

autophagy activation level as compared to cells treated with HuArgI(Co)-PEG5000 alone. 

The percentage of autophagosome staining in cells treated with a combination of 

HuArgI(Co)-PEG5000 and L-citrulline was comparable to that of cells treated with 

HuArgI(Co)-PEG5000 alone, and more than that in control untreated cells, hence 
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demonstrating the inability of L-citrulline to reverse autophagy activation in the 

completely auxotrophic cells deprived of arginine.  

 The reversal of autophagy by L-citrulline in partially auxotrophic cell lines but not 

in completely auxotrophic cell lines verifies that autophagy is activated in response to 

arginine deprivation by HuArgI(Co)-PEG5000.  
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3.3 Impact of Autophagy on Cell Death 

In attempt to investigate the impact of autophagy activation in response to arginine 

deprivation on the HuArgI(Co)-PEG5000-induced cytotoxicity, we examined the effect 

of autophagy inhibition by the downstream autophagy inhibitor chloroquine (CQ) at a 

concentration of 25M in HuArgI(Co)-PEG5000-treated AML cell lines. Three partially 

auxotrophic cell lines (U937, HL-60 and ML-2) and one completely auxotrophic cell line 

(Mono-Mac-6) were studied. Cytotoxicity assays showed that chloroquine induces a 

decrease in the sensitivity of AML cell lines to HuArgI(Co)-PEG5000-induced arginine 

deprivation starting at 24 hours and up to 120 hours (Figure 6), indicating that the 

mechanism underlying cell death following arginine deprivation by HuArgI(Co)-

PEG5000 is death by autophagy. 

To further confirm that the cell death observed is non-apoptotic and caspase-

independent as shown previously (Tanios et al., 2013), we used a pan-caspase inhibitor Z-

VAD to test three different cell lines: HL-60 and Mono-Mac-1 which are partially 

auxotrophic, and Mono-Mac-6 which is completely auxotrophic. Cytotoxicity assays were 

carried out in cells treated with HuArgI(Co)-PEG5000 alone and in combination with a 

pan-caspase inhibitor Z-VAD (10 M) at 24, 48, 72, 96, and 120 hrs. In all cell lines, the 

addition of Z-VAD did not affect the cytotoxicity of HuArgI(Co)-PEG5000 (Figure 7), 

indicating that the cytotoxic response of AML cells to arginine deprivation is caspase 

independent and non-apoptotic. 
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3.4 ASS-1 Expression Following Prolonged Arginine Deprivation 

To investigate the effect of arginine deprivation on Argininosuccinate synthase-1 

expression, we examined its levels in control cells, cells treated with HuArgI(Co)-

PEG5000 alone (10-7 M), or in combination with L-citrulline (11.4 mM) at 24, 48, 72, 96, 

and 120 hours post-treatment (Figure 8). 

In the ASS-1+ partially auxotrophic cell lines tested, the control untreated cells 

(red curve) show a higher level of ASS-1 enzyme as compared to the isotopic control 

(black curve). Treatment with HuArgI(Co)-PEG5000 (blue curve) induces up to 7.2, 3.6, 

and 20.73 folds increase in the level of ASS-1 expression in U937, HL-60 and ML-2 

respectively, as compared to control untreated cells, with ASS-1 expression reversing 

back to before treatment levels upon the addition of L-citrulline (green curve). 

In the ASS-1- completely auxotrophic cell lines tested, control untreated cells (red 

curve) do not express ASS-1 enzymes as compared to the isotopic control (black curve). 

Arginine deprivation by HuArgI(Co)-PEG5000 (blue curve) causes an overexpression in 

ASS-1 enzyme up to 4.7, 5.2, and 12.52 folds in Mono-Mac-6, TF1-vSrc and TF1-vRaf 

respectively, in comparison to untreated cells, but expression levels are not reduced by the 

addition of L-citrulline (green curve). 

This indicates that partially and completely auxotrophic cells overexpress ASS-1 

in response to HuArgI(Co)-PEG5000-induced arginine deprivation. 
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3.5 Role of ROS generation in the activation of Autophagy Dependent 

Cell Death 

To explore whether the activation of autophagy is ROS dependent, we added N-

acetyl cysteine (NAC) (0.82 g/L) which is a ROS scavenger to cells deprived of arginine 

by HuArgI(Co)-PEG5000 (10-7 M) and tested its effect on death by autophagy induced by 

HuArgI(Co)-PEG5000.  

We monitored autophagosome formation for control untreated cells, cells 

incubated with HuArgI(Co)-PEG5000, and cells incubated with HuArgI(Co)-PEG5000 in 

combination with NAC at 24, 48, 72, 96, 120 hours in four cell lines: U937and HL-60 

(partially auxotrophic) in addition to TF1-vSrc and TF1-vRaf (completely auxotrophic). 

In all cell lines, NAC led to a significant decrease in the extent of autophagy activation, 

in comparison to that obtained in cells treated with HuArgI(Co)-PEG5000 alone, and to 

levels comparable to that of untreated cells (Figure 9). 

Additionally, we studied the impact of ROS scavenging by NAC on the 

HuArgI(Co)-PEG5000-induced cytotoxicity in three partially auxotrophic cell lines 

(U937, HL-60, ML-2, and Mono-Mac-1) and two completely auxotrophic cell lines (TF1-

vSrc and TF1-vRaf) at 24, 48, 72, 96, and 120 hours. In all cell lines tested, the addition 

of NAC significantly decreased the sensitivity of cells to the cytotoxic effect of 

HuArgI(Co)-PEG5000 as compared to cells treated with HuArgI(Co)-PEG5000 alone 

(Figure 10).  

This shows that the activation of autophagy in response to HuArgI(Co)-PEG5000- 

induced arginine deprivation is ROS dependent.  
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Figure 10 Autophagosome formation in U937(A,A’), HL-60 (B,B’), TF1-vSrc (C,C’), 

TF1-vRaf cell line (D,D’):control untreated (Left panel, Black curve), treated with 

HuArgI(Co)-PEG5000 (10-7 M) (Middle panel, Red curve), or treated with 

HuArgI(Co)-PEG5000 and NAC (0.82 g/L) (Right panel, Blue curve) at 24, 48, 72, 

96 and 120 hours post-treatment treatment 

D’ 
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         Chapter Four 

Discussion 

The use of arginine depleting enzymes for the treatment of acute myeloid leukemia 

is increasingly studied in vitro, in vivo, and in clinical trials (clinicaltrials.gov, 2018; 

Miraki-Moud et al., 2015b; Mussai et al., 2015). The full extent of arginine auxotrophy to 

arginine deprivation induced by HuArgI(Co)-PEG5000 in AML was established 

previously in our lab, with some cell lines being partially auxotrophic while others 

completely auxotrophic for arginine according to the expression of ASS-1 and the ability 

of excess exogenous L-citrulline to reverse the effect of HuArgICo)-PEG5000 on AML 

cells (Tanios et al., 2013). The time dependent sensitivity of AML to arginine deprivation 

and the selective cytotoxicity of HuArgI(Co)-PEG5000 was also revealed previously, 

demonstrating usefulness of arginine deprivation by HuArgI(Co)-PEG5000 as a potential 

selective targeted therapy for AML. 

The mechanism of cell death induced by HuArgI(Co)-PEG5000 was shown to be 

non-apoptotic, caspase-independent as we proved the total absence of caspase activation 

in AML cells following treatment with HuArgI(Co)-PEG5000 (Tanios et al., 2013). In 

this study we additionally confirmed the caspase-independent, non-apoptotic cell death in 

response to arginine deprivation. In fact, the inability of the pan-caspase inhibitor Z-VAD 

to affect the cell viability of partially and completely auxotrophic AML cell lines treated 

with HuArgI(Co)-PEG5000 establishes that the cell death induced by HuArgI(Co)-

PEG5000 is non-apoptotic and caspase-independent. These results are similar to what we 

obtained in other types of tumor including glioblastoma multiform, pancreatic cancer and 

ovarian cancer (Khalil & Abi-Habib, 2019; Khoury et al., 2015; Nasreddine et al., 2019). 
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Although other groups showed signs of apoptotic cell death due to arginine deprivation, 

but this was shown  in different tumor types including ALL and hepatocellular carcinoma 

(Glazer et al., 2011; Hernandez et al., 2010b).  

Since autophagy activation in response to arginine deprivation is heavily 

investigated, we aimed to study the autophagic flux following arginine deprivation by 

HuArgI(Co)-PEG5000. In this study, we have shown that HuArgI(Co)-PEG5000-induced 

arginine deprivation causes autophagy activation in AML cell lines that lasted up to 120 

hours post treatment. Higher levels of autophagosomes accumulation was observed when 

chloroquine was added to arginine deprived cells in most cases. Being a downstream 

autophagy inhibitor, chloroquine blocks the fusion of autophagosomes with lysosomes, 

consequently blocking the downstream processing and allowing autophagosome 

accumulation (Mauthe et al., 2018), and thus a better detection of the autophagic flux. The 

low number of autophagosomes obtained in HL-60 cells treated with HuArgI(Co)-

PEG5000 doesn’t indicate a low autophagic flux, but rather a high downstream processing 

because its blockage upon CQ addition resulted in high number of autophagosome 

accumulation demonstrating the high autophagic flux upon arginine deprivation. 

This autophagy activation was reversed by L-citrulline in partially auxotrophic cell 

lines but not in completely auxotrophic cell lines further proving that the activation of 

autophagy is indeed caused by the arginine deprivation. In fact, because L-citrulline, 

which replenishes arginine levels via urea cycle in tumor cells expressing ASS-1 enzyme 

(Plunkett, 2015), can reverse the effect of HuArgI(Co)-PEG5000 in only the ASS-1+ 

partially and not the ASS-1- completely auxotrophic cells, and because the autophagy was 
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reversed only in partially auxotrophic cells by L-citrulline, so the activation of autophagy 

is indeed caused by HuArgI(Co)-PEG5000.  

Because HuArgI(Co)-PEG5000-induced arginine deprivation induces autophagy 

activation, and because of the absence of signs of death by apoptosis, and with the 

increasing studies showing the dual role of autophagy and its contribution to cell death 

(Anding & Baehrecke, 2015; Buchser et al., 2012; D. Denton et al., 2012; Fulda & Kögel, 

2015; Galluzzi et al., 2017; He et al., 2018; Khalil & Abi-Habib, 2019; Nasreddine et al., 

2019), we wanted to investigate the role played by autophagy in the cytotoxic response of 

AML cells to HuArgI(Co)-PEG5000. Inhibiting autophagy activation by a downstream 

autophagy inhibitor, chloroquine led to a decrease in cell sensitivity to HuArgI(Co)-

PEG5000-induced arginine deprivation at all time points post treatment. The time-

dependent increase in autophagic flux and decrease in cell death in AML cells proves that 

arginine deprivation induces death by autophagy in AML cells. These results are 

compatible with death by autophagy that we and other groups obtained  in other tumor 

types (B. Delage et al., 2012; Khoury et al., 2015; Nasreddine et al., 2019), although 

results published by others report an opposing role for autophagy activated by several 

therapeutic agents including arginine depleting enzymes (Bean et al., 2016; R. H. Kim et 

al., 2009; Lin et al., 2015). This paradox in role of autophagy induced, whether protective 

or deleterious, is still not resolved with publications documenting both cases in different 

types of tumors and in response to various treatments. This can be attributed to the 

difference in cellular context and the extent of autophagy activation (Fulda & Kögel, 2015; 

Galluzzi et al., 2017). 



77 
 

Furthermore, increasing studies are showing the ability of various cancer cells 

auxotrophic for arginine to overexpress ASS-1 upon arginine depletion (Barbara Delage 

et al., 2010; Dinh et al., 2011; Miraki-Moud et al., 2015; Szlosarek et al., 2014). Similarly, 

we have shown in our study that partially and completely auxotrophic AML cells 

overexpress ASS-1 enzyme after treatment with HuArgI(Co)-PEG5000, with ASS-1 

levels lowering back to before treatment levels upon the reversal of arginine depletion by 

L-citrulline in the partially auxotrophic cells, hence verifying that the overexpression of 

ASS-1 is caused by the HuArgI(Co)-PEG5000-induced arginine depletion. Studies show 

that ASS-1 overexpression is highly correlated with poor prognosis and considered as a 

mechanism of resistance to treatments including arginine depleting enzymes (Cheon et 

al., 2014; Lan et al., 2014; Manca et al., 2011; Miraki-Moud et al., 2015; Shan et al., 

2015). But in fact, our findings show a sustained autophagy activation and cell death at 

late time points following arginine restriction, hence being unaffected by the peaks in 

ASS-1 expression in AML cells at those time points. This demonstrates that when 

autophagy is activated to high enough extent, increased ASS-1 levels cannot rescue the 

cell from death by autophagy.  

Moreover, since the activation of autophagy in response to arginine deprivation 

can be under the regulation of reactive oxygen species (Xu et al., 2017), we sought to 

investigate their role in autophagy activation in AML cells following treatment with 

HuArgI(Co)-PEG5000. ROS neutralization via the ROS-scavenger NAC, was shown to 

reverse the activation of autophagy in partially and completely auxotrophic AML cells 

deprived of arginine and decrease their sensitivity to the cytotoxic effect of HuArgI(Co)-
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PEG5000. This obstruction of autophagy and cell death demonstrates the ROS-dependent 

autophagic cell death in response to arginine deprivation.  

In future experiments, we need to explore the signaling pathway of autophagy 

activation in response to arginine depletion. We have to target the possible players 

involved upstream and downstream the critical autophagy regulator mTOR. We can target 

LC3 protein by western blot to confirm the activation of autophagy upon HuArgI(Co)-

PEG5000 treatment. Given that the mechanism of cell death is non-apoptotic, we should 

also investigate whether necrosis is involved or functional following arginine deprivation 

to be able to define the autophagic cell death observed as autophagy dependent cell death 

as defined by the Nomenclature Committee of Cell Death. 

In this study, we have shown that the mechanism of cell death by HuArgI(Co)-

PEG5000-induced arginine deprivation is death by autophagy that might be ROS-

dependent. We have also demonstrated that AML cells overexpress ASS-1 in response to 

HuArgI (Co)-PEG5000 treatment without its ability of conferring resistance to arginine 

deprivation.  
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