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Mechanisms of Human Recombinant Arginase I (Co)-PEG5000 

[HuArgI (Co)-PEG5000]-Induced Cytotoxicity on AML cells 

Nicole Assaf 

ABSTRACT 

Acute myeloid leukemia (AML) is the most common acute leukemia in adults. It has 

the lowest survival rate in children, and only 5.4% of elders survive. For the past 40 

years, chemotherapy remains the common treatment for AML with minimal lifestyle 

improvements largely due to better risk classifications and enhancements in supportive 

care. Hence, novel approaches for targeting AML cells are needed. 

A common mutation in cancer is amino acid auxotrophy, particularly arginine, which 

is needed for the production of many metabolites and also involved in 

immunoregulation and protein modification.  

We have previously shown that AML cells were auxotrophic for arginine and highly 

sensitive to arginine deprivation induced by a PEGylated human recombinant 

Arginase I cobalt [HuArgI (Co)-PEG5000], hence demonstrating that arginine 

deprivation may constitute an attractive strategy for the selective targeting of AML 

cells.  

In this study, we aim to further investigate the mechanisms of HuArgI (Co)-PEG5000 

induced cytotoxicity in AML cells. We have demonstrated that arginine depletion is 

cytotoxic in a time-dependent manner. We have also demonstrated that autophagy is 

significantly activated following arginine deprivation starting at 12 hours and 

continuing up to 72 hours following arginine deprivation.  Inhibition of autophagy 
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using Chloroquine, rescued AML cells from arginine deprivation-induced cytotoxicity 

indicating that the observed cell death following arginine deprivation is due to the 

prolonged over-activation of autophagy (death by autophagy). Finally, combining 

HuArgI(Co)-PEG5000-induced arginine deprivation with Anthrax lethal toxin-

mediated inhibition of the MAPK pathway has revealed a synergistic cytotoxic effect 

on selective AML cell lines that are usually sensitive to MAPK inhibition. 

Keywords: HuArgI(Co)-PEG5000, AML, Arginine, Autophagy, Cancer 
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CHAPTER ONE 

Introduction 
1.1. AML 

Acute myeloid leukemia (AML) is the most frequent type of leukemia in adults 

with 21,380 new cases and leading to 10,590 deaths in 2017 in the USA.  Almost 3% 

of AML cases occur in children aged 14 years or younger with a five-year relative 

survival rate being 64.2%, the lowest amongst all children’s cancers (Siegel, Miller, 

& Jemal, 2017). This number	declines to 48.8%, 28.0%, and 5.4% for patients ages 20 

to 49 years, 50 to 64 years, and 65 years or older, respectively (DeSantis et al., 2014). 

AML is the accumulation of abnormal blasts in the bone marrow, characterized 

by clinical and biological heterogeneity, that interfere with the normal production of 

healthy blood cells (Saygin & Carraway, 2017). These cells can leak into the peripheral 

vascular system, and infiltrate the cerebrospinal fluid and lung (E. H. Estey, 2013). 

Diagnosis of AML is based on the percentage of abnormal immature white 

blood cells (blasts) in the bone marrow and/or peripheral blood, with a threshold of 

20% (Tamamyan et al., 2017). This hyperleukocytosis is always accompanied with 

signs of bone marrow failure such as anemia and thrombocytopenia (low blood 

platelets count). The patients generally show signs of fatigue, anorexia, shortness of 

breath, and bleeding due to the excessive activation of the blood clotting cascade (De 

Kouchkovsky & Abdul-Hay, 2016; Ohanian et al., 2013). 

There are many predisposing factors of AML. Environmental factors and 

lifestyle, notably smoking and radiation exposure, were shown to be highly linked to 

AML (Pogoda & Preston-Martin, 2006). Certain drugs, genetic syndromes and 

previous blood disorders also play a major role in increasing the risk of AML 
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susceptibility (Duker, 2002; Rauscher, Shore, & Sandler, 2004; Tamamyan et al., 

2017). 

Being a highly genetically heterogeneous disease, the French-American-

British (FAB) classification systems established 8 subtypes of AML (M0 through M7) 

back in 1976, based on the leukemic cell’s morphology and cyto-chemical 

characteristics (De Kouchkovsky & Abdul-Hay, 2016). The World Health 

Organisation (WHO) introduced their own classification system in 2001 based on 

genetic abnormalities, morphology, immunophenotype, and clinical manifestation. Its 

most recent update in 2016 is presented in Table 1 (Arber et al., 2016).  
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Table 1. WHO Classification of AML and related neoplasms (Arber et al., 2016) 

Types Genetic abnormalities 
AML with recurrent genetic 
abnormalities  

 

AML with t(8:21)(q22;q22); RUNX1-RUNX1T1 
AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); 
CBFB-MYH11  
APL with PML-RARA� 
AML with t(9;11)(p21.3;q23.3); MLLT3-KMT2A� 
ML with t(6;9)(p23;q34.1); DEK-NUP214� 
AML with inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); 
GATA2, MECOM  
AML (megakaryoblastic) with t(1;22)(p13.3;q13.3); 
RBM15-MKL1  
AML with BCR-ABL1 (provisional entity)� 
AML with mutated NPM1� 
AML with biallelic mutations of CEBPA�AML with 
mutated RUNX1 (provisional entity)  

AML with myelodysplasia-
related changes  

 

Therapy-related myeloid 
neoplasms  

 

AML with minimal differentiation� 
AML without maturation� 
AML with maturation� 
Acute myelomonocytic leukemia� 
Acute monoblastic/monocytic leukemia  
Acute erythroid leukemia  
Pure erythroid leukemia� 
Acute megakaryoblastic leukemia  
Acute basophilic leukemia� 
Acute panmyelosis with myelofibrosis  

Myeloid sarcoma�  

Myeloid proliferations related 
to Down syndrome  

Transient abnormal myelopoiesis� 
ML associated with Down syndrome  

Abbreviations: AML, acute myeloid leukemia; APL, acute promyelocytic leukemia; 
ML, myeloid leukemia; WHO, World Health Organization.  

 

Cytogenetic analysis has shown a correlation between specific chromosomal 

abnormalities and the patient response to treatment; Some mutations have been linked 

to a good prognosis with a likelihood of obtaining an initial remission, while others 

have been associated with a lower Overall Survival (OS) probability (Komanduri & 
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Levine, 2016). Table 2 shows a detailed categorization of the AML genetic groups and 

their respective prognosis likelihood.  

Table 2. Standardized reporting for correlation of cytogenetic and molecular genetic 
data in AML with clinical data (Döhner et al., 2010)  

Genetic group Subsets 

Favorable 

t(8;21)(q22;q22); RUNX1-RUNX1T1 
inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11 
Mutated NPM1 without FLT3-ITD (normal karyotype) 
Mutated CEBPA (normal karyotype) 

Intermediate-I 
Mutated NPM1 and FLT3-ITD (normal karyotype) 
Wild-type NPM1 and FLT3-ITD (normal karyotype) 
Wild-type NPM1 without FLT3-ITD (normal karyotype) 

Intermediate-II t(9;11)(p22;q23); MLLT3-MLL 
Cytogenetic abnormalities not classified as favorable or adverse 

Adverse 

inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1 
t(6;9)(p23;q34); DEK-NUP214 
t(v;11)(v;q23); MLL rearranged 
−5 or del(5q); −7; abnl(17p); complex karyotype 

Abbreviations: AML, acute myeloid leukemia; ITD, internal tandem duplications 
 

 The basic treatment of AML for most patients is the “7+3” chemotherapy 

induction therapy that has a role of achieving Complete Remission (CR). This regimen 

is a 7-day uninterrupted intravenous cytarabine infusion accompanied by 3 days of an 

anthracycline (eg, daunorubicin). The “7+3” regimen currently remains the standard 

for induction therapy, with dosage varying with respect to the patient’s condition (age, 

genetic group) (Döhner et al., 2010; Löwenberg et al., 2003). 

 While the hope is to obtain CR, this is almost never the case; Minimal residual 

resistant cells remain and cause a relapse when the treatment is ceased. This is why 

consolidation therapy should be started once the induction phase is complete, with 

approaches differing from patients aged 18-60 years old and older patients. Post 

remission strategies vary from a higher chemotherapy drug dosage, to a longer 

treatment duration, and to autologous or allogeneic hematopoietic stem cell 
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transplantation (HSCT) (Döhner et al., 2010; E. Estey & Döhner, 2006; Löwenberg et 

al., 2003). Dose intensification has only been proven beneficial to a small subset of 

AML patients, while a longer treatment period has shown no benefits in the OS 

(Bloomfield et al., 1998; Büchner et al., 2003). Autologous HSCT has not shown any 

beneficial effect even in patients with a favourable- and intermediate-risk cytogenetics 

(Whitman et al., 2007). Relapse frequencies were the lowest when allogeneic HSCT 

was employed as a postremission approach. Graft-versus-leukemia (GVL) effect, 

depleting T-cells and by that limiting the graft-versus-host disease (GVHD) risk, is 

mainly the reason behind these low relapse rates (Horowitz et al., 1990). However, 

allogeneic HSCT has been correlated with high treatment-related mortality (TRM) 

rates which can fluctuate from >15% to 50% (Sorror et al., 2014). Older patients, 

however, have fewer therapy choices and are more prone to face treatment-related 

early death and to show resistance to therapy. A study performed in 2008 shows a 

higher early death rate with intensive therapy in older patients, as well as lower CR 

rates within this group (Figure 1, 2) (Juliusson et al., 2009).  

Despite the biological advancements and the newly emerging therapies, the 

chemotherapy-directed management of AML treatment and the OS rate remain the 

same as 40 years ago, with some slight improvements largely due to better risk 

classifications and enhancements in supportive care (Hanekamp et al., 2017; Saygin 

& Carraway, 2017). Thus the need to have a better, selective targeting of the AML is 

mandatory. 
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Figure 1. Complete Remission rates with intensive therapy according to age 
and percentage. Complete remission rates with intensive treatment according to 
age and WHO/ECOG performance status (Juliusson et al., 2009). 

Figure 2. Early Death rates with intensive therapy according to percentage. 
Early death rates (within 30 days from diagnosis) with intensive therapy according 
to age (Juliusson et al., 2009). 
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1.2. Amino Acid Deprivation 

 Recently, studying cancer metabolism has become a major interest in 

cancer therapeutics, mainly because mutations in tumor cells metabolism is considered 

a trademark of cancer (Geck & Toker, 2016; Tsun & Possemato, 2015); One such 

mutation is amino acid auxotrophy, which is the inability of the cell to synthesize its 

own amino acids, allowing tumors to channel their energy spending into their 

uncontrolled cell growth and proliferation (Hanahan & Weinberg, 2011). Therefore, 

amino acid deprivation is a potential method for treating cancers (L. Feun et al., 2008). 

 Non essential amino acids are fully synthesized by normal cells without 

any mandatory extracellular source. Unlike normal cells, many cancer cells become 

auxotrophic for these amino acids, relying only on their external supply for their 

growth (Morris Jr, 2009; Souba, 1993). Therefore, starvation therapy of specific amino 

acids, limiting the availability of these metabolites to cancer cells alone is an effective 

and promising selective targeted treatment strategy that is much less harmful or toxic 

to normal cells and to patients than radiation or chemotherapy (Changou et al., 2014; 

Geck & Toker, 2016). 

Many non essential amino acids are being studied in order to come up with more 

specific targeting of cancer cells. Some of the most researched pathways are those of 

the glutamine – glutamate and serine – glycine metabolisms, while others are still not 

as well developed such as the cysteine and arginine – proline pathways (Figure 3) 

(Geck & Toker, 2016). Each of those pathways suffers a mutation which affects their 

metabolisms when cancer occurs, which allows each of them to be a reasonable 

treatment target. 
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 Glutamine, used for its conversion to glutamate for the increased production of 

energy in tumors, is the most consumed amino acid by cancer cells (Erickson & 

Cerione, 2010; Jain et al., 2012). However, targeting of the glutamine – glutamate 

pathway has shown high toxicity levels and in vivo ineffectiveness (Budczies et al., 

2015). 

 Antioxidants increase the proliferation of tumors found under hypoxic 

conditions. Serine and glycine are part of the production of these antioxidants. Serine 

also leads to glutamate production which nourishes the tricarboxylic acid (TCA) cycle 

by its conversion to alpha-ketoglutarate (Amelio et al., 2014). Serine inhibition has 

been specifically found to be an effective treatment in breast cancer with cells showing 

a remarkable decreased proliferation (Labuschagne et al., 2014). 

 Targeting cysteine is a possible targeting of disease progression (Al-Awadi et 

al., 2008). It is an effective way of indirectly targeting the metabolism of an essential 

amino acid, methionine (Figure 3), whose prolonged restriction has been shown to 

cause toxicity (Cellarier et al., 2003). However, this metabolism is not well studied but 

is a promising therapy strategy (Geck & Toker, 2016). 

 Asparaginase is the best example of enzymes being used to treat acute 

lymphoblastic leukemia (ALL), a leukemia that targets children and young adults. 

ALL cells necessitate asparagine to survive and multiply. Asparaginase inhibits or 

lessens the asparagine blood levels without influencing normal cells that do not require 

this amino acid (Asselin, 1999; L. Feun et al., 2008; Müller & Boos, 1998). 
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1.3. Arginine deprivation 

Arginine is another semi-essential amino acid that normal cells can uptake 

extracellularly, as well as synthesize it de novo through the ornithine cycle (Delage et 

al., 2010). It is needed for the production of different metabolites such as urea, nitric 

oxide, ornithine and citrulline, and is also involved in immunoregulation and protein 

modification (Fay et al., 2014; Morettin et al., 2015; Morris, 2007; Rath et al., 2014). 

It is synthesized from citrulline in two steps by way of two key enzymes, 

argininosuccinate synthetase (ASS) and argininosuccinate lyase (ASL) (L. Feun et al., 

2008); ASS is the enzyme responsible of catalyzing the conversion of L-citrulline and 

aspartic acid to argininosuccinate. ASL then further converts argininosuccinate into L-

arginine and fumaric acid. The urea cycle enzyme arginase then catalyses the 

conversion of L-arginine into L-ornithine and urea. L-ornithine is afterwards converted 

again to L-citrulline by ornithine transcarbamyl transferase (OCT), leading back to the 

Figure 3. Metabolic pathways of select nonessential amino acids. Nonessential amino acid 
pathways are interconnected and often feed the TCA cycle or enter one-carbon metabolism 
via the folate cycle, contributing to cancer cell growth. Serine–glycine metabolism in orange, 
glutamine–glutamate metabolism in blue, arginine–proline metabolism in green, and cysteine 
metabolism in red (Geck & Toker, 2016). 
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formation of arginine by ASS/ASL (Figure 4). Therefore, the amount and activity of 

the two main enzymes ASS and ASL have been found to be major key players in the 

regeneration of arginine from citrulline (Feun et al., 2008; Shen et al., 2006; Shen et 

al., 2003). 

Aberrations in ASS expression in tumor types are highly linked with the 

disease’s prognosis. Tumors showing an increased ASS expression such as gastric 

cancer, malignant pleural mesothelioma, and nonserous ovarian cancer have a high 

migration, metastasis, and poor prognosis (Cheon et al., 2014; Lan et al., 2014; Melaiu 

et al., 2015; Shan et al., 2015). 

  

 

On the other hand, some tumor types present low levels of ASS expression, 

making them arginine auxotrophic tumors; such cancer types are serous ovarian 

cancer, glioblastoma, melanomas, and most acute myeloid leukemias (Fultang et al., 

2016; Miraki-Moud et al., 2015; Nicholson et al., 2009; Plunkett, 2015).  

In addition to taking advantage of ASS-negative, or tumors presenting low 

levels of ASS, the need for rapid growth and proliferation of cancer cells demands 

Figure 4. Enzymes involved in urea cycle (Feun et al., 2008). 
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minimal energy expenditure. This is represented when the cell shifts its procurement 

of arginine from the cell’s own biosynthesis to importing arginine extracellularly 

(DeBerardinis et al., 2008). Therefore, with the clear disparities between normal and 

malignant cells, a targeted therapy through arginine deprivation is a conceivable 

strategy for the treatment of numerous cancers (L. Feun et al., 2008; Fultang et al., 

2016). 

 As shown in Figure 5, catalysing extracellular arginine into other metabolites 

such as ornithine and citrulline is one way to achieve arginine deprivation. The most 

frequently used enzymes are arginine deiminase (ADI) and arginase (Qiu et al., 2015). 

  

 ADI is the enzyme responsible for the conversion of citrulline from arginine. 

It has been found in bacteria, mycoplasma, and yeast (Qiu et al., 2015). Currently, the 

commonly used ADI enzyme to set-off arginine deprivation has not been found in 

Figure 5. Major enzymes involved in arginine metabolism and strategies for arginine 
deprivation. Arginine is synthesized from citrulline through two-step catalysis by ASS1 and 
ASL, with argininosuccinate as its intermediate product. Then arginine can be decomposed to 
ornithine and urea by arginase I. Ornithine is thereafter transformed to citrulline by OTC for 
recycling in mitochondria. Aberrance either in ASS1, ASL, or OTC would affect intracellular 
arginine reservoir. Compared to ASL and OTC, ASS1 deficiency is more frequently observed 
in tumors. Enzymes such as ADI and arginase I could exhaust extracellular arginine by 
transforming arginine into citrulline and ornithine, respectively. ADI-PEG20 and rhArg-PEG 
are the available strategies for arginine deprivation in vivo. ADI, arginine deiminase; ASS1, 
argininosuccinate synthase 1; ASL, argininosuccinate lysase; Arg I, arginase I; NOS, nitirc 
oxide synthase; OTC, ornithine transcarbamylase; CPS1, carbamoyl phosphate synthetase 1 
(Qiu et al., 2015) 
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mammals, and is derived from Mycoplasma arginini (Miyazaki et al., 1990); 

Therefore, ADI has shown high antigenicity (Ni et al., 2008). Furthermore, there is a 

disadvantage in having an increased level of citrulline, a highly effective arginine 

precursor, especially in tumors expressing ASS and ASL, thus creating a vicious cycle 

(Kaore et al., 2013).  

  Arginase converts arginine to ornithine and urea (Figures 4, 5). Arginase is 

found in both bacteria and mammals. There are two subtypes of arginase in humans 

that present a 60% match in their amino acid sequence: arginase I is cytosolic and is 

highly detected in the liver, and arginase II is found in the mitochondria and is called 

the “kidney type”. Only arginase I (ARG1) has been evaluated as anticancer drug. 

Unlike ADI, arginase I presents no antigenicity, being human and not bacterial. 

Arginase I has a molecular weight of 34.7 kDa, is made up of 322 amino acids, and 

uses two divalent manganese cations as an essential cofactor (Dillon et al., 2002; 

Stasykr et al., 2015). The native form of hArgI has been used in small trials with short-

term success only. Arginase I has undergone many changes before being developed 

into the currently used enzyme; To begin with, the native form of the enzyme had an 

optimal pH of 9.6, extremely reducing its efficiency in human plasma. Furthermore, 

to achieve arginine deprivation with arginase I, high amounts of the enzyme were 

needed with arginase I having a Km value of 10.5 mM (Dillon et al., 2002). Finally, 

native human arginase (HuArgI) has a short half-life of approximately 4.5 hours due 

to the rapid loss of the two Mn2+ ion cofactors that are conjugated to it. To solve these 

issues, the Mn2+ ions were replaced by two Co2+ ions with a much longer half-life, 

while also increasing the serum stability and lowering the optimum pH (Glazer et al., 

2011; Stone et al., 2010). Serum stability was further enhanced by the addition of 

polyethylene glycol (PEG) chains; This FDA approved, non toxic PEGylation is 
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hydrophilic, thus increases the protein’s solubility, prolongs its lifespan in the 

environment, and decreases the ability of degradation by metabolic enzymes (Figure 

6) (Veronese & Pasut, 2005). 

 

 

 

 

 

 

 

 

Figure 6. Advantages of PEGylated proteins (Veronese & Pasut, 2005) 
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The resulting pegylated human arginase coupled to Co2+ [HuArgI (Co)-

PEG5000] has a more effective catalytic activity, a lower immunogenicity, and an 

increased stability, as indicated in Table 3 (Stasyk et al., 2015). 

Table 3. Advantages and Disadvantages of [HuArgI(Co)-PEG5000] (Stasyk et al., 
2015). 

[HuArgI (Co)-PEG5000] 
Advantages 

• Low immunogenicity (human enzyme). 

• Nontoxic products and deep conversion of arginine (to ornithine �and urea)� 

• Potentially wider spectrum of sensitive tumors (OTC and ASS deficient). 

• Available in PEGylated form for human use.� 

• New mutant and modified forms (as cobalt-substituted ARG1) with catalytic 
properties optimized for clinical use.  

Disadvantages 
• Non-optimal kinetic properties of native ARG1 when administered into 

blood stream (high Km, in millimolar range, pH optimum 9.6); as a result, 
large quantities of the enzyme needed for therapy. However, application of 
cobalt-substituted ARG1 essentially solves this problem. �  

• High price of recombinant ARG1 produced in bacteria (multistep 
purification protocol) and high cost of PEGylation. �  

 

 Targeting arginine auxotrophy of AML cells by inducing arginine deprivation 

using pegylated human recombinant Arginase I cobalt [HuArgI (Co)-PEG5000] is 

therefore a potential approach to treating AML, and is already being used for many in 

vitro and in vivo studies; In melanoma, a 15-fold increase in apoptosis induction has 

been shown with HuArgI coupled with Co2+ with comparison to the previous Mn2+ 

version. It has also inhibited melanoma cells’ growth in vitro and in vivo. [HuArgI 

(Co)-PEG5000] has induced apoptosis in hepatocellular carcinoma (HCC) cells, and 

induced necrosis in two-fifths of treated mice xenografts. Pegylated human 

recombinant Arginase I cobalt has caused a reduction in the tumor’s growth potential 

in pancreatic carcinoma Pacn-1 mice xenografts (Feun et al., 2015; Fultang et al., 
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2016; Qiu et al., 2015). We have previously shown that arginine deprivation is an 

effective selective treatment for human glioblastoma cells (GBM) by using HuArgI 

(Co)-PEG5000 (Khoury et al., 2015). The same results were accomplished by Tanios 

et al. with AML, where all the tested cell lines were found to be sensitive to arginine 

depletion using pegylated human recombinant Arginase I cobalt and displayed a 

remarkable cytotoxicity (Tanios et al., 2013). However, the mechanisms by which 

cells were dying after arginine deprivation were yet to be explored. 

1.4. Autophagy 

1.4.1. Protein degradation in normal conditions 
	

With every advance in our understanding of science, the dynamic nature of life 

becomes more evident. “In addition to metabolites, cellular machineries, proteins and 

organelles themselves are maintained in equilibrium between continuous synthesis and 

degradation, which is one essential difference between life and man-made machinery.” 

The digestion of proteins taken as food represents the constant supply of chemicals 

and the energy that is needed to maintain this equilibrium (Ohsumi, 2014). Protein 

degradation also plays an important role in conserving this homeostasis. In fact, 

research since the 60s and 70s has shown that proteins in vivo have various half-lives 

that range from a few minutes to 100 days, and that the proteins in the human body are 

entirely substituted every 1-2 months (Ganschow & Schimke, 1969; Kalish et al., 

1979; Ohsumi, 2014).  

The most dangerous threat to the maintenance of life in nature, is when an 

organism has less nutrient supply than its requirement, and is therefore subjected to 

starvation. In this case of external nutrient shortage, cells overcome this adversity by 

degrading their own proteins - with the use of the protease enzyme that has been found 
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to be present in every living organism - in order to reserve amino acids that will be 

needed to synthesize other proteins that are indispensable for survival.  

1.4.2. Autophagy definition and mechanism 
	

Autophagy derives from Greek, meaning “self-eating” (Mizushima et al., 

2008). It is an intracellular pathway that degrades and recycles proteins, mature 

ribosomes, glycogen, lipid droplets, and even entire organelles in the liking of the 

mitochondria, the endoplasmic reticulum, and the Golgi apparatus (Klionsky & Emr, 

2000; Mizushima & Komatsu, 2011). The products of the degradation are then used 

for macromolecular synthesis and energy production; This degradation releases amino 

acids, fatty acids, sugars, and nucleosides (Mizushima & Komatsu, 2011; Rabinowitz 

& White, 2010). Autophagy occurs when the cells are under stressful environments 

such as hypoxia or starvation. Tumor cells specifically experience these stressful 

conditions when they undergo exponential growth and their blood supply diminishes 

because of deficient angiogenesis (Jin et al., 2007; Jin & White, 2008; Levine & 

Kroemer, 2008; Mathew et al., 2007). 

Autophagy is characterized by a formation of a double membrane structure 

called phagophore or isolation membrane that elongates to engulf the cytosol. Upon 

closure of the isolation membrane, the autophagosome is formed. The autophagosome 

either fuses with a late endosome, or more often with a lysosome to form the 

autolysosome and degrades its components using the lysosomal hydrolytic enzymes 

(Brech et al., 2009; Mizushima & Komatsu, 2011; Nakamura & Yoshimori, 2017; 

Rabinowitz & White, 2010)  (Figure 6). 
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1.4.3. Autophagy, a double-edged sword in oncology 

1.4.3.1. Autophagy in tumor promotion 

Many tumor types have defects in apoptosis, which usually takes charge in 

eliminating cancer cells that undergo metabolic stress, and acts as a tumor suppressor. 

This is when autophagy plays a role in protecting those cells for as long as possible 

until favourable conditions emerge; they gradually ‘eat themselves’ until they reach 

one-third of their usual size, an event that can last several weeks (Degenhardt et al., 

2006; Jin et al., 2007; Lum et al., 2005; Mathew et al., 2007). “Indeed, autophagy has 

been proposed to account for the ability of apoptosis-defective tumour cells to survive 

under conditions of metabolic stress induced by chemo- or radiotherapy” (Brech et al., 

2009). Cells undergoing autophagy will reach a stage where they become ‘dormant’, 

having their motility and proliferation inhibited. These cells are called “the minimal 

cells capable of recovery” (MCCRs). Once normal conditions are restored, full cell 

Figure 7. Autophagy mechanism (Nakamura & Yoshimori, 2017) 
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functions resume (Degenhardt et al., 2006; White & DiPaola, 2009). Therefore, 

autophagy confers to cancer cells the ability to survive harsh conditions and become 

more resistant to therapy, while facilitating recovery (Kondo et al., 2005) (Figure 7). 

1.4.3.2. Autophagy in tumor suppression 

There is a reigning paradox over autophagy and whether it promotes or 

suppresses tumor formation. Excessive activation of autophagy eventually leads to cell 

death. Prolonged stressful conditions will drain the environment of its nutrients, will 

cause cellular self-consumption, and will suppress tumorigenesis (Kroemer & Levine, 

2008; Mathew et al., 2007; White & DiPaola, 2009) (Figure 7).  

Moreover, autophagy is suppressed in many tumors, when it is defected. PI-3 

kinase and mammalian target of rapamycin (mTOR) are highly linked with autophagy 

activation. For instance, PI-3 kinase is activated when there are enough nutrients in the 

environment in order to allow cell growth and proliferation, which means that 

autophagy no longer need to be activated. mTOR is therefore responsible of inhibiting 

autophagy. Under harsh conditions, both PI-3 kinase and mTOR are suppressed. 

However, in many tumor types, PI-3 kinase is defective, resulting in a constitutively 

active pathway even in harsh environments, mimicking normal conditions when in fact 

cells should be diminishing the use of nutrients. In this case, cells are ordered to 

proliferate while under stressful conditions, and inhibited autophagy mechanism, 

leading to their eventual death (Jin et al., 2007; White & DiPaola, 2009). 
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1.4.4. Chloroquine as an autophagy inhibitor 

Most cancer therapy strategies inflict harsh conditions on cancer cells, thus 

inducing damage, starvation, and eventually autophagy (White & DiPaola, 2009). This 

is why autophagy inhibitors are a potential approach to target cancer cells, but only in 

combination with drugs that induce it in the first place. 

Chloroquine (CQ) is a drug that has been used in the treatment and prevention 

of malaria, with its therapeutic mechanism still being unknown. Research has shown 

that CQ also acts as an anticancer drug by sensitizing cancer cells to common cancer 

therapies such as radiation, through its antiautophagic activity (Amaravadi et al., 

2011). Chloroquine also acts as an autophagy inhibitor by freezing its process at the 

stage of autophagosome formation, inhibiting its fusion with the lysosome. By 

inhibiting the degradation of the autolysosome, the purpose of autophagy in providing 

necessary nutrients and energy to cells sustaining stress conditions is also inhibited 

(Kimura et al., 2013).  

 

 

 

Figure 8. The double-edged sword of autophagy. Stress activates autophagy, which 
mitigates damage and promotes senescence that limit tumorigenesis. Autophagy also 
enables tumor cells to survive metabolic stress, become dormant and regenerate with stress 
relief that can promote tumorigenesis. The impaired survival and induction of chronic cell 
death in tumors can also stimulate inflammation and tumorigenesis (White & DiPaola, 
2009). 
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1.5. Objectives 

Many studies are being currently held with arginine deprivation, yet the 

mechanism is yet to be completely understood. We have previously shown that all 

AML cell lines are sensitive to arginine depletion using pegylated human recombinant 

arginase I cobalt and displayed a remarkable cytotoxicity. However, the mechanisms 

by which cell death after arginine depletion occur are still unknown. In order to further 

examine the mechanism through which arginine deprivation leads to cancer cell death, 

we have decided to study a few aspects of that process. 

Therefore, the aims of our study are to first test the long term cytotoxicity of 

HuArgI (Co)-PEG5000, and to determine the contribution of autophagy to arginine 

deprivation induced cytotoxicity. Finally, we also wanted to determine the effect of 

inhibition of the MAPK pathway after arginine deprivation. 
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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 HL60, U937, ML1, Mono-Mac-1 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 37°C / 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 L-citrulline, chloroquine (CQ), and mitogen-activated protein 

kinase (MAPK) inhibitor, anthrax lethal toxin (LeTx) was determined using a 

proliferation inhibition assay. Briefly, aliquots of 104 cells/well in 100 µL cell culture 

medium, were plated in a flat-bottom 96-well plate (Corning Inc. Corning, NY). 

Chloroquine was added at a concentration of 10 and 50 µM. When used, L-citrulline 

was added at a concentration of 11.4 mM. This was followed by the addition of 50 µL 

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. 

When LeTx was used, lethal factor LF was added as described for chloroquine at a 

concentration of 10-9 M. Protective antigen PrAg was added as described for HuArgI 

(Co)-PEG5000, starting with a concentration of 10-8 M, and decreasing in a 3-fold 

manner by column. 
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Following a 24, 48, 72, 96, or 120h  incubation at 37oC/5% CO2, 50 µl of XTT cell 

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

plates 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 L-citrulline, chloroquine, or LeTx 

were compared.  

2.4. Cyto-ID Assay 

Aliquots of 0.25 x 106 Mono-Mac-1 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 were added to different wells with two 

different concentrations of 10-7 M and 10-8 M, with or without chloroquine that was 

added at a concentration of 50 µM. Plates were incubated for 6, 12, 24, 48, and 72 

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). Results were read on a C6 flow cytometer. 
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CHAPTER THREE 

Results 
 

3.1. Long term cytotoxicity of HuArgI (Co)-PEG5000  

Previously in our lab, pegylated human recombinant Arginase I cobalt [HuArgI (Co)-

PEG5000] cytotoxicity was only tested for a duration of 48 hours (Khoury et al., 2015; 

Tanios et al., 2013). Therefore, we wanted to see the long term effect of HuArgI (Co)-

PEG5000 (from 24 up to 120 hours) on the HL60 cell line. L-citrulline was added to 

test its ability to rescue cells from arginine depletion-induced cytotoxicity in partially 

auxotrophic tumors. Results are shown in Figure 8, and half maximal inhibitory 

concentration (IC50) values are represented in Table 4, showing a constant decrease of 

its value from 632 pM at 24 hours to 15 pM at 120 hours. 
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Figure 9. Cytotoxicity of HuArgI(Co)-PEG5000 alone and with L-citrulline 
(11.4mM) to HL60 at 24, 48, 72, 96, and 120 hours 
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Table 4. Sensitivity of the AML cell line HL60 to HuArgI(Co)-PEG5000 from 24 to 
120 hours 

Time (hours) IC50 (pM) 

24 632 

48 315 

72 242 

96 99 

120 15 

 

3.2. Autophagy activation 

In order to further understand the mechanism behind the cells’ death after inducing 

arginine deprivation, we decided to study autophagosome formation by adding the 

autophagy inhibitor chloroquine, which stops autophagy at the stage of the 

autophagosomes and inhibits them from fusing with the lysosomes. Therefore, CQ 

allows the accumulation of autophagosomes, thus allowing us to better understand the 

mechanism in which the cells are dying.  

At 6 hours post-treatment, there was no significant observation of autophagosome 

accumulation with the addition of CQ to any of the HuArgI(Co)-PEG5000 

concentrations (Figure 9).  

At 12 hours post-treatment, we observe an increase in autophagosome formation by 

7% in cells treated with CQ alone in comparison to control cells. We also begin to see 

a minor increase in the percentage of cells containing autophagosomes in cells treated 

with CQ and HuArgI(Co)-PEG5000 at the concentration of 10-8 M (18.5%) compared 

to cells treated with HuArgI(Co)-PEG5000 alone (11.2%). An even more significant 
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difference was observed once we increased the concentration of PEG-hArgI to 10-7M, 

having 25% of cells showing autophagosomes in cells treated with the combination 

versus only 8% in cells only treated with HuArgI(Co)-PEG5000 (Figure 10). 

At 24 hours post-treatment, an important difference in autophagosome formation is 

noticed in both concentrations used of HuArgI(Co)-PEG5000, increasing from almost 

14.5% and 15.3% of cells showing autophagosome formation after being incubated 

with PEG-hArgI at 10-8M and 10-7M alone to 44.7% and 55.6% respectively with the 

combination with CQ. The same increase is shown in cells treated with CQ alone 

(21.7%) as opposed to control cells (2.7%) (figure 11). 

At 48 hours post-treatment, we had a 2.6% of control cells presenting autophagosomes. 

Upon addition of CQ, this value increased to 42.9%. Moreover, disregarding the initial 

HuArgI(Co)-PEG5000 concentration used, the percentage of autophagosome 

formation increased from below 10% to over 50% upon addition of CQ (Figure 12). 

At 72 hours post-treatment, autophagosome formation has decreased in all conditions, 

however, the same pattern remains. Control cells containing autophagosomes were as 

low as 2.6% before increasing to 20.3% when CQ was added. Cells presenting 

autophagosomes increased from 3.2% with 10-8M of HuArgI(Co)-PEG5000 alone to 

22.7% in HuArgI(Co)-PEG5000 and CQ combination. When PEG-hArgI 

concentration was increased to 10-7M, 4.7% of the cells’ population showed 

autophagosome formation in comparison to 20.1% in the population treated with 

combination drugs (Figure 13).  
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A 

C 

B 

Figure 10. Mono-Mac-1 cell line treated with chloroquine to study autophagosome 
formation at 6 hours post-treatment. (A) Control cells and cells treated only with CQ 
(50uM). (B) Cells treated with PEG-hArg I at a concentration of 10-8M, with and without 
CQ. (C) Cells treated with PEG-hArg I at a concentration of 10-7M, with and without CQ 
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Figure 11. Mono-Mac-1 cell line treated with chloroquine to study autophagosome 
formation at 12 hours post-treatment. (A) Control cells and cells treated only with CQ 
(50uM). (B) Cells treated with PEG-hArg I at a concentration of 10-8M, with and without 
CQ. (C) Cells treated with PEG-hArg I at a concentration of 10-7M, with and without CQ 



 29	

 

 

A 

C 

B 

Figure 12. Mono-Mac-1 cell line treated with chloroquine to study autophagosome 
formation at 24 hours post-treatment. (A) Control cells and cells treated only with CQ 
(50uM). (B) Cells treated with PEG-hArg I at a concentration of 10-8M, with and without 
CQ. (C) Cells treated with PEG-hArg I at a concentration of 10-7M, with and without CQ 
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A 

B 

C 

Figure 13. Mono-Mac-1 cell line treated with chloroquine to study autophagosome 
formation at 48 hours post-treatment. (A) Control cells and cells treated only with CQ 
(50uM). (B) Cells treated with PEG-hArg I at a concentration of 10-8M, with and without 
CQ. (C) Cells treated with PEG-hArg I at a concentration of 10-7M, with and without CQ 
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A 

B 

C 

Figure 14. Mono-Mac-1 cell line treated with chloroquine to study autophagosome 
formation at 72 hours post-treatment. (A) Control cells and cells treated only with CQ 
(50uM). (B) Cells treated with PEG-hArg I at a concentration of 10-8M, with and without 
CQ. (C) Cells treated with PEG-hArg I at a concentration of 10-7M, with and without 
CQ 
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3.3. Autophagy inhibition effect 

In order to study the effect of autophagy inhibition on AML cell lines, we incubated 

cells with HuArgI(Co)-PEG5000 alone, and in combination with the autophagy 

inhibitor, chloroquine. We have seen that chloroquine (10 µM) have made the cells 

less sensitive to arginine deprivation, clearly shown with the HL60 cell line, whereas 

this concentration of CQ had no effect on Mono-Mac-1 cells over the full duration of 

the experiment (24 to 120 hours) (Figure 14, 16) (Table 5, 6). Upon increasing the 

CQ concentration to 50 µM, we clearly observe in both cell lines tested that CQ rescues 

the cells from death caused by arginine deprivation (Figure 15, 17). 
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Table 5. Sensitivity of the AML cell line HL60 to HuArgI(Co)-PEG5000 alone and 
with 10 uM of CQ from 24 to 120 hours 

                   IC50 (pM) 

Time (hours)  HuArgI(Co)-PEG5000 
HuArgI(Co)-PEG5000 + 

CQ (10 uM) 

24 827 1188 

48 157 3011 

72 64 201 

96 29 111 

120 16 80 

	

	

	

	

	

Figure 15. Cytotoxicity of HuArgI(Co)-PEG5000 alone and with 
chloroquine (10 µM) to HL60 at 24, 48, 72, 96, and 120 hours 
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Figure 16. Percent Control of HL60 cells with HuArgI(Co)-PEG5000 
alone and with chloroquine (50 µM) at 24, 48, 72, 96, and 120 hours 
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Table 6.  Sensitivity of the AML cell line Mono-Mac-1 to HuArgI(Co)-PEG5000 
alone and with 10 µM of CQ from 24 to 120 hours 

	

	

	

                   IC50 (pM) 

Time (hours)  HuArgI(Co)-PEG5000 
HuArgI(Co)-PEG5000 + 

CQ (10 uM) 

24 1182 1149 

48 617 591 

72 394 424 

96 330 349 

120 231 291 

Figure 17. Cytotoxicity of HuArgI(Co)-PEG5000 alone and with 
chloroquine (10 µM) to Mono-Mac-1 at 24, 48, 72, 96, and 120 hours 
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Figure 18. Percent Control of HL60 cells with HuArgI(Co)-PEG5000 
alone and with chloroquine (50 µM) at 24, 48, 72, 96, and 120 hours 
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3.4. Sensitivity to arginine deprivation and MAPK inhibition 

In order to test the cell lines’ sensitivity to the combination of arginine 

depletion and inhibition of the MAPK pathway, we plated 4 AML cell lines (Mono-

Mac-1, HL60, ML1, and U937) for 24, 48, and 72 hours with HuArgI (Co)-PEG5000 

alone and in combination with the MAPK inhibitor LeTx. 

Of the 4 tested cell lines, ML1 and HL60 have responded to treatment of the 

combination of HuArgI(Co)-PEG5000 with PA/LF and have shown an additional 

cytotoxity than with HuArgI(Co)-PEG5000 alone (Figure 18, 19). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Cytotoxicity of HuArgI(Co)-PEG5000 alone and in 
combination with PA/LF to HL60 at 24, 48, and 72 hours 
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Below is a table showing comparative IC50 values of the cell lines treated with 

HuArgI(Co)-PEG5000 alone and in combination with PA/LF, clearly showing a 

decrease in the concentration of drugs needed to kill half the cells when the 

combination was used by comparison to arginine deprivation alone (Table 7). 

Figure 20. Cytotoxicity of HuArgI(Co)-PEG5000 alone and in 
combination with PA/LF to ML1 at 24, 48, and 72 hours 
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Table 7. Comparative IC50 values of HL60 and ML1 treated with HuArgI(Co)-
PEG5000 alone and in combination with PA/LF at 24, 48, and 72 hours 

 
 

Of the remaining cell lines, Mono-Mac-1 and U937 have shown to be resistant 

to the combination of HuArgI (Co)-PEG5000 with the MAPK inhibitor, with no added 

cytotoxicity than the HuArgI (Co)-PEG5000 alone (Figure 20, 21). 

 

 

 

 

 HL60 ML1 
IC50 

HuArgI(Co)-
PEG5000 

(pM) 

IC50 
HuArgI(Co)-
PEG5000 + 
PA/LF (pM) 

IC50 
HuArgI(Co)-

PEG5000 (pM) 

IC50 
HuArgI(Co)-
PEG5000 + 
PA/LF (pM) 

24 hours 3975 1452 1280 794 
48 hours 1819 244 931 391 
72 hours 432 126 602 151 

Figure 21. Cytotoxicity of HuArgI(Co)-PEG5000 alone and in 
combination with PA/LF to Mono-Mac-1 at 48 and 72 hours 



 41	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	

Below is a table showing comparative IC50 values of the cell lines treated with 

HuArgI(Co)-PEG5000 alone and in combination with PA/LF, showing relatively close 

values between both strategies (Table 8). 

Table 8. Comparative IC50 values of Mono-Mac-1 and U937 treated with 
HuArgI(Co)-PEG5000 alone and in combination with PA/LF at 48 and 72 hours 

  

  

 Mono-Mac-1 U937 
IC50 

HuArgI(Co)-
PEG5000 

(pM) 

IC50 
HuArgI(Co)-
PEG5000 + 
PA/LF (pM) 

IC50 
HuArgI(Co)-

PEG5000 (pM) 

IC50 
HuArgI(Co)-
PEG5000 + 
PA/LF (pM) 

48 hours 1373 1221 529 524 
72 hours 1222 1020 406 377 

Figure 22. Cytotoxicity of HuArgI(Co)-PEG5000 alone and in 
combination with PA/LF to U937 at 48 and 72 hours 



 42	

3.5. Sensitivity of arginine deprived cells to chloroquine after 
MAPK inhibition 

 

In order to test whether autophagy inhibition has any effect on cells subjected to 

inhibition of the MAPK pathway, we decided to use a cell line that had already shown 

sensitivity to MAPK inhibition, HL60, and add chloroquine in addition to 

HuArgI(Co)-PEG5000 and PA/LF. As shown in Figure 22, combination of 

HuArgI(Co)-PEG5000 and PA/LF has once again showed to be more cytotoxic to the 

cells than PEG-hArgI alone with IC50 values going from 110 pM to 589 pM 

respectively. However, upon addition of the autophagy inhibitor, cells were rescued 

showing a higher IC50 value of 622.4 pM, almost restoring the same cytotoxic effect 

as PEG-hArgI alone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Cytotoxicity of HuArgI(Co)-PEG5000 alone and in combination 
with PA/LF, with and without chloroquine to HL60 cells at 48 hours. 
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CHAPTER FOUR 

Discussion 

In this study, we have shown that arginine deprivation using HuArgI(Co)-

PEG5000 induces a continuous and increasing cytotoxic effect on the HL60 cell line. 

Previously in our lab, pegylated human recombinant Arginase I cobalt [HuArgI (Co)-

PEG5000] cytotoxicity was only tested for a duration of 48 hours (Khoury et al., 2015; 

Tanios et al., 2013). Increasing the duration of arginine depletion has only confirmed 

an increased death rate of cells, reaching its peak at 120 hours, with an IC50 of only 15 

pM, constantly decreasing from 632 pM at 24 hours. This data has revealed the time 

dependent effect of arginine deprivation on cells, peaking at 120 hours post-treatment. 

Upon addition of L-citrulline, cells were rescued indicated that the cell line is partially 

auxotrophic, and that arginine deprivation can be reversible in these types of cell lines 

(Figure 8). 

Studying autophagosome formation in cells subjected to two different 

concentrations of HuArgI(Co)-PEG5000 by adding the autophagy inhibitor, 

chloroquine, has revealed that indeed, Mono-Mac-1 cells are going through autophagy 

upon their arginine deprivation. 6 hours of treatment was proven unsufficient for 

HuArgI(Co)-PEG5000 to deprive cells of arginine, thus autophagy was not yet 

activated, which is demonstrated by the lack of autophagosome formation upon 

supplementation with chloroquine (Figure 9). Nevertheless, at a time point as early as 

12 hours, autophagy had already been activated, confirmed by a small but significant 

increase in cells with autophagosomes upon adding CQ to HuArgI(Co)-PEG5000 

treated Mono-Mac-1 cells (Figure 10). 24 and 48 hours represent the peak time points 

at which autophagy is activated after arginine depletion. The number of cells 
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containing autophagosomes while only being treated by CQ proves that even without 

arginine depletion, cells are undergoing autophagy in order to maintain their high 

proliferative rate, especially being in an environment in which nutrients are 

diminishing with time. In this case, autophagy is most probably a survival response to 

these conditions. Autophagy was highly activated upon adding HuArgI(Co)-

PEG5000, a response that was demonstrated by the great increase in autophagosome 

formation when CQ was complemented with PEG-hArgI. Autophagy has also been 

shown to increase proportionally with the used HuArgI(Co)-PEG5000 concentration 

(Figure 11, 12). The same pattern is also observed at 72 hours post-treatment, but with 

a lower rate of autophagosome formation when CQ is used. This may be due to the 

fact that the cells were under a very harsh environment after being incubated for 72 

hours, and that the nutrients have drained out, causing the death of the Mono-Mac-1 

cells (Figure 13). 

A significant decrease in sensibility to cytotoxicity by HuArgI(Co)-PEG5000 

was shown upon adding 10 µM of the autophagy inhibitor chloroquine to the HL60 

cell line (Figure 14). In this case, autophagy inhibition is slightly rescuing the cells 

from excessive self digestion. However, cells eventually die due to HuArgI(Co)-

PEG5000 cytotoxicity. The same CQ concentration presented no effect on Mono-Mac-

1 cells viability (Figure 16). Upon increasing the CQ concentration to 50 µM, we can 

clearly observe that HuArgI(Co)-PEG5000 induced cytotoxicity is completely killing 

the cells of both HL60 and Mono-Mac-1 cell lines, and that inhibiting autophagy is 

considerably rescuing them. This is seen with the percent control variable slope, where 

we can confirm that cell death is achieved by inducing arginine deprivation, and that 

they are rescued when autophagy is blocked (Figure 15, 17). 
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This information, along with the previous data indicating autophagy activation 

upon arginine depletion, can confirm that these AML cell lines are undergoing death 

by autophagy. 

“Mitogen-activated protein (MAP) kinases are major components of pathways 

controlling embryogenesis, cell differentiation, cell proliferation, and cell death” 

(Pearson et al., 2001). MAPK have been found to be constitutively activated in 

numerous malignancies, including AML, and to play a major role in their pathogenesis 

(Milella et al., 2001; Wu et al., 2004). For this reason, inhibiting the MAPK pathway 

has been used in a potential cancer therapy strategy. Previously in our lab, a study was 

performed on a large panel of AML cell lines in order to classify them into cell line 

that are sensitive or resistant to MAPK inhibition (Kassab et al., 2013). In our study, 

we thought to test the effectiveness of the combination of arginine deprivation with 

the MAPK inhibition on AML cell lines. As a confirmation of the work our colleagues 

have previously done indicating that Mono-Mac-1 and U937 cell lines were not 

sensitive to MAPK inhibition (Kassab et al., 2013), our research has shown that 

combining anthrax lethal toxin with arginine deprivation with these two cell line have 

no effect on cytotoxicity levels in comparison to only treating them with PEG-hArgI 

alone (Figure 18, 19). Conversely, treating ML1 and HL60 cell lines with the 

combination of arginine deprivation and MAPK inhibition (previously shown to be 

sensitive to LF-mediated inhibition of the MAPK pathway by Kassab et al.), revealed 

an increased cytotoxic effect as to only depriving them of arginine (Figure 20, 21). 

IC50 values decreased significantly when both strategies were coupled. These data 

demonstrate a synergistic effect of arginine deprivation and LF-mediated inhibition of 

the MAPK pathway to AML cell lines that are known to be already sensitive to each 

therapy alone. Knowing that cancer cell lines have their way of resisting to many 
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targeted therapies, combining different strategies present a glimpse of how we should 

treat malignancies by disallowing cancer cells of finding other solutions to keep 

proliferating. 

Finally, we sought to study autophagy inhibition in addition to the previous 

combination of arginine deprivation with the inhibition of the MAPK pathway on one 

of the two cell lines that was found to be sensitive to that combination, HL60. Similarly 

to earlier, combination of HuArgI(Co)-PEG5000 and LF-mediated inhibition of the 

MAPK pathway was found to be more toxic to the cells than arginine deprivation 

alone. Furthermore, inhibiting autophagy has rescued the cells from the induced 

combined cytotoxicity. Unlike the significant effect seen when CQ was incubated with 

HuArgI(Co)-PEG5000 alone (Figure 14), autophagy seems to have been highly 

activated when arginine depletion was coupled with the MAPK inhibition, that when 

CQ was added, the same cytotoxic effect as PEG-hArgI alone was restored, with a 

slightly increased IC50 value (Figure 22). 
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CHAPTER FIVE 

Conclusion 

In conclusion, our study demonstrates the significant and increasingly time-

dependent cytotoxicity of arginine depletion on selected AML cells lines. It has shown 

that autophagy is not always protective by adding an autophagy inhibitor and 

observing that some AML cells lines are being rescued. Our research has proven 

autophagy activation as soon as 12 hours after depriving cells of arginine, which was 

shown by inhibiting autophagy with the use of chloroquine and observing significant 

autophagosome formation.  

We have also proven that the studied AML cell lines were undergoing death 

by autophagy, and this is by coupling the information that autophagy is activated upon 

arginine deprivation, and that they are indeed dying when we treated the cells with 

HuArgI(Co)-PEG5000. Finally, combining HuArgI(Co)-PEG5000 with LF-mediated 

inhibition of the MAPK pathway has revealed a synergistic cytotoxic effect on 

selective AML cell lines that are usually sensitive to MAPK inhibition. 

Arginine deprivation is therefore an effective targeted therapy for acute 

myeloid leukemia. Combining it with other pathways involved in the pathogenesis of 

tumors is also an applicable method that should be further studied.  

In the future, autophagy activation for a larger panel of AML cell lines should 

be studied after arginine depletion. Ruling out apoptosis is also mandatory to further 

confirm that AML cells are indeed undergoing death by autophagy after arginine 

deprivation. Finally, studying the mTOR pathway is necessary in order to investigate 

the pathway leading from arginine depletion to the activation of autophagy. 
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