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GLOSSARY 

 

3-MA: 3- methyladenine  

5-FU: 5-fluorouracil  

ALL: Acute lymphoid leukemia  

AMPK: Adenosine Monophosphate-Activated Protein Kinase   

AML: Acute myeloid leukemia  

ASL: Argininosuccinate lyase  

ASS: Argininosuccinate synthetase  

ATM: Ataxia-telangiectasia-mutated  

ATR: Ataxia telangiectasia and Rad3-related  

AVi: immature autophagic vacuole  

BV: Bevacizumab  

CDK4: Cyclin-dependent kinase 4  

CHK1: Checkpoint kinase 1 

CHK2: Checkpoint kinase 2 

CQ: chloroquine 

EGFR: Epidermal growth factor receptor  

GBM: Glioblastoma multiforme 

HCC: Hepatocellular carcinoma  

HuArgI (Co)-PEG5000: pegylated cobalt-substituted recombinant human arginase 

LC3: Microtubule-associated protein light chain 3  

MAPK: Mitogen activated protein kinase  

MDM2: Mouse double minute 2 homolog 

MGMT: Methylguanine methyltransferase  

mSin1: mammalian stress-activated map kinase-interacting protein 1  

mTOR: mammalian target of rapamycin  
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NF-1: Neurofibromatosis type 1 

OCT: Carbamoyl transferase  

PDGFR: Platelet-derived growth factor receptors  

P-mTOR: phosphorylated mammalian target of rapamycin  

PRAS40: proline-rich Akt substrate 40 kDa  

Protor1/2: protein observed with rictor 1 and 2  

Rab7: small GTPase Ras-related protein  

Raptor: regulatory-associated protein of mammalian target of rapamycin  

RB1: Retinoblastoma  

RB1-p16INK4a: Cyclin-dependent kinase inhibitor 2A pathway 

Rictor: rapamycin-insensitive companion of mTOR  

T-ALL: lymphoblastic T cell leukemia 

TMZ: Temozolomide  

TSC2: tuberous sclerosis complex 2 

VEGFR: Vascular endothelial growth factor receptors  

Z-VAD; cell-permeable pan-caspase inhibitor, benzyloxycarbonyl-Val-Ala-Asp 

(OMe) fluoromethylketone  
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The Contribution of Autophagy in Glioblastoma 

Multiforme Cells Treated With Human Recombinant 

Arginase I-Induced Arginine Deprivation 

 

 

Elie El Jbeily  

 

Abstract 
 

  

Glioblastoma multiforme (GBM) is one of the most aggressive and common 

types of brain cancer. It is associated with a dismal prognosis, thus excluding the 

possibility of surgical resection. Moreover, it is resistant to traditional 

chemotherapies and radiotherapies. All this results in a poor survival rate in GBM 

patients, which doesn’t exceed 1 year. Therefore, there is a need for more selective 

and effective approaches, such as the use of human recombinant arginase I to 

selectively target cells that are auxotrophic to arginine. However, the mechanism 

of cell death due to human recombinant arginase I-induced arginine deprivation is 

still poorly understood, hence the need for further investigation. In this study, we 

attempt to investigate the mechanism of cell death following arginine deprivation 

and in particular the contribution of autophagy. 

 

In order to study the effect of apoptosis on GBM cells treated with HuArgI 

(Co)-PEG5000, Z-VAD, a pan-caspase inhibitor was used. Following the co-

incubation of SF cells with Z-VAD and HuArgI (Co)-PEG5000, failure of Z-VAD 



 
 
 X 
 

to decrease arginine depletion-induced cell death was shown. Hence demonstrating 

that apoptosis does not contribute to arginase induced cell death. Furthermore, the 

contribution of autophagy to arginine depletion-induced cytotoxicity in GBM cells 

was tested by incubating SF and U87 cells with either HuArgI (Co)-PEG5000 alone 

and in combination with an autophagy inhibitor (chloroquine or 3- methyladenine) 

at different time points. Cell death decreased when autophagy was inhibited in SF 

cells at late time points, thus proving its role in arginine depletion induced cell 

death. To further study the contribution of autophagy, several autophagy markers 

were considered. Protein analysis through western blots was conducted to check for 

the conversion/activation of LC3-I to LC3-II and for the activation of mtTOR to P-

mTOR. The activation of LC3-I peaked in control conditions (chloroquine 

treatment), considerably decreased in cells treated with the highest arginase 

concentration, then increased again in cells treated with both arginase at its highest 

concentration and chloroquine. mTOR is active in control cells, while at highest 

arginase concentration there is an inactivation of mTOR resulting in the activation 

of autophagy. 

 

To conclude, we have excluded the contribution of apoptosis in GBM cells. 

And instead demonstrated the contribution of autophagy to arginase depletion 

induced cytotoxicity, by checking for autophagy molecular markers, and proving 

the contribution of such markers by doing cytotoxicity assays and showing the 

suppression of cell death when autophagy is inhibited. 
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CHAPTER ONE  

 

INTRODUCTION 

 
1.1- Glioblastoma  

 

Malignant gliomas constitute the majority of cancers in the central nervous 

system (accounting approximately for half of all glioma cases), and are associated 

with a high mortality rate (Robins, Chang, Butowski, & Mehta, 2007; Khasraw, & 

Lassman, 2010; Hess, Broglio, & Bondy, 2004). The most aggressive subtype of 

such gliomas is glioblastoma multiforme (GBM) grade IV astrocytoma, which is a 

tumor associated with poor prognosis with a median survival rate of 14 month, 

and a 5% 5 year survival rate (Louis et al. 2007; Lopez, Garcia, 2016). The 

grading of the tumors is scaled from I to IV and is determined by WHO according 

to histological and genetic features which determines the degree of malignancy 

(Louis et al. 2007). For an example, the neuropathology of astrocytic tumors, 

according to certain characteristics, are divided into four grades. Pilocytic 

astrocytoma (grade I) which are nonmalignant slow growing tumors that can be 

cured with surgical resection (Furnari et al. 2007; Galli et al. 2004  Louis et al. 

2004;   Reifenberger, Collins 2004).With respect to the genetic level, not so much 

is known about the genetic aberrations. However, the bulk of pilocytic 

astrocytomas from patients diagnosed with neurofibromatosis (NF) type 1 suffers 

from allelic losses at the NF-1 tumor suppressor gene locus 17q11.2.87 

(Sarkar, Jain, Suri, 2009 ). Another frequent genetic aberration is the 2 Mb 

http://genesdev.cshlp.org/content/21/21/2683.full#ref-144
http://www.indianjcancer.com/searchresult.asp?search=&author=C+Sarkar&journal=Y&but_search=Search&entries=10&pg=1&s=0
http://www.indianjcancer.com/searchresult.asp?search=&author=A+Jain&journal=Y&but_search=Search&entries=10&pg=1&s=0
http://www.indianjcancer.com/searchresult.asp?search=&author=V+Suri&journal=Y&but_search=Search&entries=10&pg=1&s=0
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duplication of the 7q34 locus, encompassing the BRAF gene resulting in the 

fusion between the KIAA1549 and BRAF gene (Bar, Lin, Tihan, Burger, 

Eberhart, 2008, Deshmukh et al. 2011, Pfister et al. 2008). Diffuse astrocytomas 

(grade II) are characterized with their slow growth, high levels of differentiation, 

and their tendency to shift into a malignant form to potentially ultimately reach 

glioblastoma. They lack necrosis, endothelial proliferation, mitotic activities, and 

when compared with normal cells, they tend to show an increase in cellularity 

(Sarkar, jain, suri, 2009). With respect to the genetic level, mutations in TP53 at 

the 17p13.1 locus is found in 60% of diffuse astrocytomas (Ichimura et al. 2000). 

In such case, a cure by surgical reduction is not possible since they infiltrate deep 

in the brain (Furnari et al. 2017; Galli et al. 2004). Anaplastic astrocytoma (grade 

III) when compared with that of normal cells show abnormal mitosis, a significant 

increase in both cellularity and proliferation, along with the appearance of a 

multinucleated nuclear atypia. (Sarkar, jain, suri, 2009). With respect to the 

genetic level, it carries similar mutations to that of diffuse astrocytomas 

(including the Gains of chromosome 7 and TP53 mutations). However, it may 

also carry chromosomal deletions in 6, 9p, 11p, 19q, and 22q, and mutations in 

the retinoblastoma (RB1) gene. (Ichimura , Schmidt , Goike , Collins,1996). 

Finally Glioblastoma Multiforme (grade IV). Which are the most frequent and 

malignant form of primary brain tumors, are classified into 2 groups: the giant cell 

glioblastoma and the gliosarcoma (Reifenberger, Collins, 2004). Grade IV tumors 

display the most advanced characteristics of malignancy including necrosis, and 

vascular proliferation, and are resistant to both chemo and radiotherapy (Furnari 
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et al. 2017; Galli et al. 2004). It can be developed from a less malignant secondary 

glioblastoma, or develop as a primary glioblastoma via de novo (Kleihues, 

Ohgaki, 1999). With respect to the genetic level, there are two different molecular 

pathways leading to the formation of GBM. Primary de novo is characterized by 

the amplification of the epidermal growth factor receptor (EGFR, 7p12).Whereas 

the secondary glioblstoma that came from the lower precursors harbors mutations 

in the TP53. (Lang, Miller, Pisharody, Koslow, and Newcomb 1994; Deimling, 

Louis, Wiestler, 1995). The bulk of GBMs are Primary GBMs, and originate from 

de novo cells lacking any preceding low grade disease (Furnari et al.2007). The 

secondary GBMs on the other hand originate from grade II or III gliomas, and are 

only distinguishable from the primary gliomas at the molecular level but not 

histologically (Galli et al. 2004). 

There are several signaling pathways that are pathologically and 

physiologically significant to GBMs. One of those pathways is the Tp53 

pathway.TP53 is a tumor suppressor gene that is mutated in approximately half of 

human cancers (Oliver, Hussain, Caron de Fromentel, Hainaut, and Harris, 2004). 

Several P53 variations are observed in approximately 25–30 % of primary GBM 

and in 60–70 % of secondary GBM, making it among the most commonly 

detected molecular anomaly in glioams. When mutated, it is believed that it plays 

an important role in the development of secondary GBMs. (England, Huang, and 

Karsy, 2013). When DNA damage occurs, Ataxia-telangiectasia-mutated (ATM) 

and ataxia telangiectasia and Rad3-related (ATR) are activated, which in turn 

triggers  checkpoint kinase 1  and checkpoint kinase 2 (CHK1 and CHK2) 
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respectively. This will result in the phosphorylation of P53, and thus the 

disruption of the MDM2/P53 interaction, hence leading to the transactivation of 

TP53 related genes, and at the same time the up-regulation of  Mouse double 

minute 2 homolog (MDM2). MDM2, in return down regulates P53, resulting in a 

negative feedback loop (Vousden, Prives, 2009; Lukashchuk , Vousden, 2007). 

On the other hand, MDM2 is not transactivated by the mutant form of P53, 

allowing the mutant P53 to escape degradation, and activate its distinct mutational 

effects. (England, Huang, Karsy, 2013).  

Another pathway to be considered is also known as the retinoblastoma and 

cyclin-dependent kinase inhibitor 2A pathway, (RB1-p16INK4a). The G1 into the 

S phase transition is controlled by RB1 via the inhibition of E2F1. The cyclin-

dependent kinase 4 (CDK4)/cyclin D1 complex phosphorylates and thus 

inactivates the RB1 protein leading to the increase release of the E2F1 

transcription factor, which is responsible for the G1 to S transition. On the other 

hand, p16INK4a suppresses the G1 to S transition by binding to CDK4 and thus 

hindering the formation of CDK4/cyclin D1 complex (Ohgaki, Kleihues, 2007). 

In GBM, the regulation of E2F1 is disrupted due to activating mutations affecting 

the CDK4 or cyclin D, or due to inactivating mutations affecting the RB1, or 

p16INK4a. This results in an uncontrollable cell cycle progression due the genes 

relating to the S phase being expressed (Gomez-Manzano et al. 2001).  

The PI3K-PTEN-Akt-mTOR pathway is also vital in GBMs, for it 

controls cellular functions such as apoptosis, invasion, motility, and proliferation, 
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which are significant in tumor formation (Mao et al. 2012). 70% of GBMs show 

variation in the PI3K pathway either by PTEN deletion, or the amplification of 

PDGFR, EGFR, or, VEGFR (Zhi, Song, Wang, Zhanf, Yin, 2009).  

Finally, the RAS/MAPK signaling pathway plays an important role in 

tumor formation in GBMs. Although, in GBM, Ras mutations are rarely found, 

almost all GBMs display an elevated Ras pathway, along with 

MAPK/extracellular signal–regulated kinase signaling activity (Rajasekhar, V.K., 

Viale, A., Socci, N.D., Wiedmann, M., Hu, X., and Holland, 2003; Crespo, 2015). 

The elevated levels of Ras-GTP found in GBM suggest that such pathway is 

activated by upstream factors such as tyrosine kinase receptors (Platelet-derived 

growth factor receptor, or epithelial growth factor receptors), which are needed 

for tumor progression, induction, and maintenance (Crespo, 2015). Moreover, the 

Ras signaling pathway can also be activated through the loss of function of NF1, a 

negative regulator of Ras (Crespo, 2015). 

 

1.2- Clinical Manifestations and Statistics for GBM 

 

Gliomas, which constitute the majority of brain tumors, display a set of 

characteristics such as a high level of cellularity, cellular chemoresistance, vascular 

proliferation, and necrosis (Ohgaki & Kleihues, 2005a; Ohgaki & Kleihues, 

2005b). Commonly encountered symptoms of GBM consist of: aphasia, nausea, 

javascript:void(0);
javascript:void(0);
javascript:void(0);
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hemiparesis, vomiting, seizures, headaches, paresthesia, personality, mood and 

visual disturbances, which all denote elevated pressure in the intracranial area 

(Yuile, Dent, Cook, Biggs, Little, 2006). 

 Consequently GBM, a type of malignant glioma, accounting approximately 

80% of all primary brain gliomas, and 60% of all brain tumors in adults, remains 

incurable till present days, despite the available option of neurosurgical resection, 

tailed by aggressive chemotherapy in addition to radiotherapy (Denysenko et al., 

2010; Schwartzbaum et al., 2006; Agnihotri et al., 2013; Messali et al., 2014). All 

in all, GBM is associated with a remarkably poor prognosis, mainly due to early 

invasive properties targeting the central nervous system, precluding the possibility 

of surgical cure (Khasraw, & Lassman, 2010; Nobusawa, et al., 2010). 

Furthermore, GBM patients have a 14–16 months expectancy of median survival, 

a 2-year survival expectancy that is lower than 10–15%, and a 5-year survival 

expectancy of 10%. (Khasraw, & Lassman, 2010; Nobusawa, et al., 2010; Stupp et 

al., 2005). These survival rates were not improved by more than weeks during the 

100 years that passed even with the use of today’s best therapeutic approaches 

(Stupp et al., 2005). Recurrent GBM is linked to an even poorer prognosis with a 

3-6 months median survival expectancy with the use of traditional chemotherapy 

(Gruber, and Buster, 2004).  
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1.3- Therapies for GBM 

 

 Standard GBM therapy consists of surgical resection as much as can be 

done without having to compromise neurological function, along with a post-

surgical, associated temozolomide (TMZ) maintenance and radio-therapy (Narita, 

2015). Temozolomide, an imidazotetrazine analogous to dacarbazine, undergoes 

spontaneous degradation to 5(3-methyl-1-triazeno) imidazole-4-carboxamide, and 

consequently, to methylhydrazine under physiological pH conditions (Losa et al. 

2016). Methylhydrazine functions in active DNA methylation generating N3-

methyladenine, N7-methylguanine, and the primary lesion responsible for 

cytotoxicity, O6–methylguanine. In the course of replication, DNA polymerase 

prompts the incorrect pairing of O6-methylguanine with thymine. Detection of the 

incorrectly paired O6-methylguanine/T couple by the DNA repair system, which 

identifies DNA mismatches eventually results in apoptosis (Lee, 2016).  

 However, cancer cells can acquire resistance to TMZ due to the high levels 

of activity of methylguanine methyltransferase (MGMT), which is an enzyme that 

counteracts mutagenesis from alkylating agents (Shi, Dong, Zhou, Guan, and Peng, 

2017; Roos, et al. 2007). Thus, in order to solve the problem of resistance, a 

combination between TMZ and capecitabine was administered. Capecitabine is an 

oral fluoropyrimidine prodrug, which is ultimately converted to 5-fluorouracil (5-

FU) in cancer cells (Fine, Fogelman, and Schreibman, 2005; Murakami, et al. 

2007).This will result in the depletion of MGMT mRNA and protein, and thus the 
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disruption of MGMT repair activity (Fine, Fogelman, and Schreibman, 2005; 

Murakami, et al. 2007). 

It is important to state that GBM is one of the most highly vascularized 

tumors with exceptionally high levels of proangiogenic factors, including the 

vascular endothelial growth factor (VEGF) which functions in the induction of 

tumor angiogenesis (Salmaggi et al., 2003). Bevacizumab (BV), a humanized 

monoclonal antibody that targets VEGF, got its first approval in the US in 2009 for 

glioblastoma management (Cohen, Shen, Keegan, & Pazdur, 2009). In fact, 

hindering the VEGF pathway allows for the restoration of the abnormal vasculature 

that was present in the tumor to a more normal condition, thus decreasing vascular 

permeability and the cerebral volume of blood in the region surrounding the tumor, 

as well as resulting in the reduction of peritumoral edema (Takano et al., 2013) 

Despite the availability of many more drugs for GBMs, a significant 

enhancement in prognosis of this disease is still a far reach. Thus, the need for novel 

therapeutic approaches in order to selectively and effectively target GBM. 

We and others have been studying the use of arginine deprivation (with 

either a human, pegylated, recombinant arginase or the recombinant enzyme from 

bacterial origin, arginine deiminase) as a potential therapy with a targeted approach 

against numerous tumor types, comprising acute myeloid leukemia (AML), 

hepatocellular carcinoma, acute lymphoid leukemia (ALL), pancreatic carcinoma, 

and GBMs (Tanios et al., 2013; Khoury et al., 2015). 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Tanios%20R%5BAuthor%5D&cauthor=true&cauthor_uid=24018014
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1.4- Arginase  

 

Arginine is required in several pathways pertaining to important cellular 

functions like polyamine production, nitric oxide synthesis and creatine production 

(Guoyao, and Morris, 1998; Husson, Brasse‐Lagnel, Fairand, Renouf, and 

Lavoinne, 2003). In humans, the amino acid arginine is mainly derived from dietary 

sources, protein turnover (such as muscle catabolism) and intestinal –renal 

biosynthesis (Husson, Brasse‐Lagnel, Fairand, Renouf, and Lavoinne, 2003). 

Hence endogenous production of arginine is possible in somatic cells through the 

urea cycle where the catalysts argininosuccinate synthetase (ASS) and 

argininosuccinate lyase (ASL) generate arginine from citrulline (Manca et al. 

2011). First, ASS converts L-citrulline and aspartic acid to argininosuccinate. Next, 

argininosuccinate lyase converts argininosuccinate to L-arginine and fumaric acid. 

L-arginine can also be converted to L-ornithine via arginase. And finally, 

carbamoyl transferase (OCT) converts L-ornithine d back to L-citrulline, which is 

recycled back in the cycle (see Fig. 1) (Shen, Beloussow, and Shen, 2006; Shen, 

Beloussow, and Shen, 2003). Even though arginine can be produced in the adult 

human body, it is regarded as a semi-essential amino acid since endogenous 

synthesis is insufficient for cells under stress or in fast proliferation mode (Lind, 

2004; Morris, 2006). Therefore, the growth and proliferation rates of tumor cells 

are greatly influenced by the availability of arginine.  
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Feun et al., 2008 

Figure 1. Intermediates and enzymes involved in the urea cycle. Bacterial arginine 

deiminase (ADI) Cleaves arginine to citrulline deiminase and ammonium, whereas 

mammalian arginase converts arginine to ornithine and urea. 

 

 

One of the targeted approaches for human cancer treatment consists of depleting 

key amino acids that are needed for tumor survival. This targeted therapy can be 

best illustrated through asparaginase which is a type of therapy for ALL, a form of 

leukemia that is commonly encountered in children as well as in young adults (Patel 

et al. 2016). This enzyme plays an anti-cancer role by depleting or reducing 

asparagine levels in the blood. In humans, the amino acid asparagine is thought of 

as nonessential. However, ALL cells have need of it for survival and proliferative 

purposes (Feun et al., 2008). Similarly, arginine, which is semi-essential in adult 

humans as discovered previously, is in fact essential for tumor cells undergoing fast 
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proliferation. In addition, several tumor types have been shown to lack 

argininosuccinate synthase (ASS-1), which renders them completely auxotrophic 

for arginine (Khoury et al., 2015; Tanios et al. 2013; Hernandez et al. 2010). 

Consequently, arginine deprivation holds the potential to be a targeted approach for 

the treatment of various cancers. 

L-arginase I (HuArgI), in its human enzymatic shape, contains two 

manganese cofactor cations in its active site. These manganese ions promptly 

detach from the active site when in serum thus inactivating the catalyst and resulting 

in an overall low activity of human HuArgI at physiological pH (Glazer et al. 2011). 

The native human arginase was used and even made it to clinical trials but was 

abandoned due to the low activity and low serum stability/half-life (Glazer et al. 

2011). Nevertheless, the substitution of both Mn2+ cofactors within the active site 

with two cobalt cations (Co2+) have been proved to enhance the catalytic activity, 

serum stability, and half-life of the protein structure, since the cobalt ions were not 

lost in serum. This incorporation of Co2+ cofactors resulted in a more resilient 

electrostatic interaction in the active site among cationic amino acids and 

subsequently intensified the affinity of the amino acid to the catalyst (D'Antonio, 

Christianson, 2011). In addition to the cationic substitution at the active site, 

conjugation of HuArgI (Co) to polyethylene glycol was carried out in the purpose 

of prolonging the persistence of the enzyme in serum. All these alterations yielded 

the pegylated, Cobalt-substituted recombinant human arginase [HuArgI (Co)-

PEG5000] (Glazer et al. 2011).  
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The induction of extracellular arginine depletion via arginase revealed 

significant amelioration in the treatment of numerous cancer types such as 

pancreatic carcinoma, hepatocellular carcinoma (HCC), lymphoblastic T cell 

leukemia (T-ALL), AML, and glioblastoma multiforme (GBM) (Hernandez et al. 

2010; Glazer et al. 2011; Khoury et al. 2015; Tanios et al. 2013). For instance, this 

enzyme resulted in the depletion of L-arginine levels in vitro in T-ALL cell lines 

and in vivo in mice harbouring T-ALL tumors, leading to the relatively selective 

death of tumor cells and impaired proliferation (Hernandez et al. 2010).  

 

 

We have already established that 7 out of 9 GBM cells are partially 

auxotrophic for arginase induced depletion of arginine, while the rest were 

completely auxotrophic, and the degree of auxotrophy was dependent on ASS1 

expression (khoury et al. 2015). The levels of ASS1 expression in GBM cells was 

also determined to further understand the mechanism or arginine autotrophy. 

Moreover, the addition of excess L- citrulline failed to counteract the effect of 

arginine depletion induced cytotoxicity, shows the dependency of GBM of arginine 

(khoury et al. 2015). Furthermore, cell cycle analysis revealed that arginine 

deprivation in GBM cells did not induce cell cycles arrest, confirming the 

cytotoxicity of arginase to GBM cells (khoury et al. 2015). In this study, we intend 

to investigate the mechanism of arginine depletion induced cell death and 

particularly the contribution of autophagy.  
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1.5- Autophagy pathways 

 

Autophagy is a critical process utilized by the cell during cellular stress in 

order to survive, it also plays a vital role during cellular differentiation, 

development, and both innate and adaptive immunity (Kabeya et al. 2000; Yang, 

Klionsky, 2009). It represents the mechanism of segregation of damaged or long-

lived proteins, macromolecules and organelles into lytic compartments 

comprising lysosomes through vacuoles (Gurusamy, Dipak, 2009). The first step 

of autophagy is when cytoplasmic constituents such as an organelle, or proteins 

are targeted and isolated by a single isolation membrane. Next, a closed double 

membrane structure called the immature autophagic vacuole (AVi) or 

autophagosome is formed, which fuses with the lysosome in order to form the 

autolysosome. The contents within such autolysosome are then degraded and 

recycled in order to be utilized by the cell again (Kabeya et al.2000).  

 

Many pathways are involved in autophagy, one of which is the kinase 

mammalian target of rapamycin (mTOR), which is a vital regulator of autophagy. 

mTOR is a serine/threonine protein kinase which interacts with many proteins to 

form two specific complexes, mTOR complex 1 (mTORC1) and 2 (mTORC2) 

(Laplante, and Sabatini, 2012). proline-rich Akt substrate 40 kDa (PRAS40) 

and regulatory-associated protein of mammalian target of rapamycin (raptor) are 

https://en.wikipedia.org/wiki/Cytoplasm


 
 
 14 
 

exclusive to mTORC1 (Hara et al., 2002; Kim et al., 2002; Sancak et al., 

2007; Thedieck et al., 2007; Vander Haar et al., 2007; Wang et al., 2007). 

Whereas, mammalian stress-activated map kinase-interacting protein 1 (mSin1), 

rapamycin-insensitive companion of mTOR (rictor), and protein observed with 

rictor 1 and 2 (protor1/2) are exclusive to mTORC2 (Jacinto et al., 

2004; Sarbassov et al., 2004; Frias et al., 2006; Jacinto et al., 2006; Pearce et al., 

2007; Pearce et al., 2011; Thedieck et al., 2007). mTOR regulates cell growth as a 

response of nutrient availability (glucose, amino acids) and is highly conserved in 

all eukaryotes (Wullschleger, Loewith, and Hall, 2006). It is active under nutrient 

rich conditions and inactive under nutrient poor conditions, which is in an inverse 

pattern when comparing with Adenosine Monophosphate-Activated Protein 

Kinase (AMPK) (Wullschleger, Loewith, and Hall, 2006). When nutrients are 

scarce, the ATP concentration will decrease resulting in the activation of AMPK, 

which negatively impacts the mTOR activity leading to the decline of its activity 

(Sarbassov, Ali, and Sabatini, 2005; Guertin, and Sabatini, 2007; Kimura et al. 

2003).  

 

In the cell, AMPK acts as a sensor of cellular energy that monitors the 

intracellular ATP levels. When intracellular ATP levels become low, AMPK 

becomes activated and in turn inhibits mTORC1 by phosphorylating tuberous 

sclerosis complex 2 (TSC2), an upstream effector, on its various AMPK 

consensus phosphorylation sites (Hardie, 2007; Inoki, Zhu, and Guan, 2003).It 

https://www.sciencedirect.com/science/article/pii/S0092867412003510#bib52
https://www.sciencedirect.com/science/article/pii/S0092867412003510#bib78
https://www.sciencedirect.com/science/article/pii/S0092867412003510#bib128
https://www.sciencedirect.com/science/article/pii/S0092867412003510#bib128
https://www.sciencedirect.com/science/article/pii/S0092867412003510#bib149
https://www.sciencedirect.com/science/article/pii/S0092867412003510#bib157
https://www.sciencedirect.com/science/article/pii/S0092867412003510#bib162
https://www.sciencedirect.com/science/article/pii/S0092867412003510#bib67
https://www.sciencedirect.com/science/article/pii/S0092867412003510#bib67
https://www.sciencedirect.com/science/article/pii/S0092867412003510#bib131
https://www.sciencedirect.com/science/article/pii/S0092867412003510#bib38
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also directly phosphorylates raptor, which is the mTOR binding partner, which 

induces 14-3-3 to bind to the raptor and cause mTORC1 inhibition (Gwinn et al. 

2008) (see fig. 2). Finally, AMPK can also promote autophagy by 

phosphorylating and activating Ulk1 (Kim, Kundu, Viollet, and Guan, 2011). 

When the cell is experiencing nutrient sufficiency, the elevated mTOR activity 

restrains UIK1 activation via phosphorylating it and thus hindering the interaction 

between AMPK and UIK1, whereas under nutrient starvation, AMPK induces 

autophagy by phosphorylating and activating UI1K (Kim, Kundu, Viollet, & 

Guan, 2011). 
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Gwinn, 2008  

Figure 2. mTOR activity being controlled by upstream targets, which are controlled 

by growth factors and nutrients resulting in cell growth, cell survival, and insulin 
sensitivity.  

 

 

Microtubule-associated protein light chain 3 (LC3) is a 17kda protein 

associated with autophagy. During the process of autophagy, pre-autophagosome 

starts engulfing cytoplasmic organelles and proteins. Later on, it becomes 

enclosed and forms a double membrane autophagosome. Next, the cytosolic form 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Gwinn%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=18439900
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of LC3 (LC3-I) becomes lapidated, LC3-I is transformed to LC3-II and is 

recruited on both the intra-lumenal and cytosolic faces of the autophagosome 

(Tanida, Ueno, and Kominami, 2008). The autophagosome then combines with 

the lysosome with the aid of a small GTPase Ras-related protein (Rab7), to form 

an autolysosome. Finally, the LC3-II oriented on the cytosolic faces becomes 

delipidated and is released into the cytosol, while the intra-autophagosomal 

components are hydrolyzed and degraded, along with the Intra-autophagosomal 

LC3-II (Tanida, Minematsu-Ikeguchi, Ueno, and Kominami, 2005). 

 

1.6- Autophagy and cancer  

Autophagy plays a rather complicated role in cancer. During cancer development 

it can act as a tumor suppressor, while during cancer progression, it plays a role 

ensuring survival (Kondo, Kanzawa, Sawaya, and Kondo, 2005). Autophagy 

functions as a tumor suppressor due to the expression of beclin 1 (BECN1), which 

inhibits the tumorigenic potential by inducing autophagy. Becn1+/– mice display 

an increase in lung cancer, lymphoma, and hepatocellular carcinoma incidences 

(Kondo, Kanzawa, Sawaya, and Kondo, 2005). Due to the high proliferative rate 

and the abnormal glycolytic metabolism, cancer cells are under greater metabolic 

stress than that of normal cell, and thus tends to rely on autophagy for survival 

(Amaravadi et al. 2011). In Cancer cells that develop mutations in genes 

responsible for apoptosis, cell death happens by means other than apoptosis. 

(Kondo, Kondo, 2006). Continuous autophagic activation that results in the 

https://www.tandfonline.com/author/Tanida%2C+Isei
https://www.tandfonline.com/author/Minematsu-Ikeguchi%2C+Naoko
https://www.tandfonline.com/author/Ueno%2C+Takashi
https://www.tandfonline.com/author/Kominami%2C+Eiki
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turnover of cellular organelles and proteins, eventually leads to point beyond the 

threshold that results in the death of such cancer cells. (Yang, Chee, Huang, 

Sinicrope, 2011).  

Finally, the aim of this study is to investigate the contribution of 

autophagy to arginase depletion induced cytotoxicity, and the mechanism of cell 

death that is happening in GBM. 
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CHAPTER TWO 

MATERIALS AND METHODS  

2.1- Cell Lines and Reagents  

The potency of HuArgI (Co)-PEG5000 was tested on a panel of 2 human GBM 

cell lines: SF, and U87. Cells were obtained from the American Type Culture 

Collection (ATCC) and cultured in DMEM media containing 10% heat 

inactivated FBS and Penicillin/Streptomycin at 37°C and 5% CO2.  

Human Arginase I cobalt [HuArgI(Co)] coupled with polyethylene glycol 5000 

[HuArgI (Co)-PEG5000] was manufactured in the laboratories of George 

Georgiou and Everett Stone at the University of Texas in Austin, TX, USA, as 

described previously (Zakalskiy et al, 2011). 

 

2.2- Autophagy and Apoptosis Assays  

The potential role played by autophagy in arginine depletion-induced cytotoxicity 

of GBM cells was tested by incubating GBM cells with HuArgI (Co)-PEG5000 

alone and in combination with the autophagy inhibitor chloroquine (CQ) or 3- 

methyladenine (3-MA). Briefly, aliquots of 1000 cells/well, in 100 μl cell culture 

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

10 μM chloroquine or 10 mM 3-methyladenine was added, followed by the 

addition of 50 μl HuArgI (Co)-PEG5000 to each well at concentrations ranging 

from 10-7 to 10-13 M. This was followed by incubation of the plates for 24, 48, 72, 
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96, and 120 hours at 37oC/5% CO2. In addition, a 24, 48, 72, 96, and 120 hours 

assay was carried where 20 μl cell-permeable pan-caspase inhibitor, 

benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone (Z-VAD), a cell-

permeable pan-caspase inhibitor, was added in addition to HuArgI (Co)-PEG5000 

in a subset of wells. After these incubation times, 50 μl XTT cell proliferation 

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

incubated for additional 4 hours. Absorbance values were then obtained at 450 nm 

using a 96-well plate reader (Thermo Fisher Scientific, Waltham, MA). GraphPad 

Prism V software was used for data analysis (GraphPad Software, San Diego, 

CA) and comparison between the IC50 (inhibitory concentration 50) of HuArgI 

(Co)-PEG5000 alone and in the presence of chloroquine, 3-methyladenine, or Z-

VAD was performed. 

 

2.3- protein analysis 

Cells were platted and treated with different conditions such as Dimethyl 

sulfoxide (DMSO), non-treated control cells, CQ, CQ with arginase at highest 

concentration, highest concentration of arginase (10-7M), and arginase at the 

IC50. After that, the samples were washed with PBS, supplemented with a 

protease inhibitor cocktail (Abcam, UK) mixed with a lysis buffer. The resulting 

supernatants were collected as whole-cell lysates, and their protein concentrations 

were determined using the lowry assay (biorad). The whole-cell lysates were 

separated using 6, 10, and 12% SDS-PAGE gel depending on the size of the 

desired protein, and then transferred to PVDF membrane (biorad). Membranes 
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were incubated with primary antibodies specific for LC3 (1:2500 dilution) 

(sigma), mTOR (1:1000 dilution), P-mTOR (1:1000 dilution) (cell signaling). The 

blots were subsequently washed and incubated with the appropriate secondary 

antibodies. Immunoreactive protein bands were visualized with enhanced 

chemiluminescence westernblotting detection reagents (GE Healthcare UK) and 

quantified using ChemiDoc XRS+ imaging system (Biorad).  
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CHAPTER THREE 

RESULTS 

3.1- Autophagy Assay 

The effect of autophagy on GBM cells treated with HuArgI (Co)-PEG5000 was 

studied using an autophagy inhibitor at both the late, and early stages of the process 

on SF and u87 cells. The autophagy inhibitors used in this study are chloroquine 

(CQ), and 3-methyladenine (3-MA). CQ is a late stage autophagy inhibitor that 

prevents fusion of lysosomes with autophagosomes, while 3-MA is an early stage 

inhibitor that prevents the formation of autophagosomes (Verschooten et al., 2012). 

SF and U87 cells were co-incubated with CQ (10, and 50 μM), or 3-MA (100 mM) 

and with HuArgI (Co)-PEG5000. With respect to CQ, its addition didn’t lead to 

any significant increase or decrease of sensitivity of SF cells treated with HuArgI 

(Co)-PEG5000 at 24 hour incubation. Moreover, the addition of 10 μM CQ lead to 

the decrease of sensitivity to HuArgI (Co)-PEG5000 at late incubation time points 

(72, 96, and 120 hours) (see fig 3.a). While with respect to the 48 hour time point 

the addition of 10 μM CQ lead to the lead to the increase of sensitivity to HuArgI 

(Co)-PEG5000 (see fig 3.a). With respect to the 48 hour time point, the percent of 

surviving cells treated with the highest concentration of HuArgI (Co)-PEG5000 

was initially at 70%, however, upon the addition of CQ, it decreased to 61%. 

However, With respect to the late time points (72, 96, and 120 hours) upon the 

addition of CQ, the percent of surviving cells increased, with 61% to 78%, 50%, to 

65%, 40% to 65% respectively (see fig 3.a). With respect to U87, the sensitivity to 
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HuArgI (Co)-PEG5000 was also studied with and without the addition of 50μM 

CQ. The percentage of cells that survived when treated with the highest 

concentration of HuArgI (Co)-PEG5000 is 58% and 48% at the 48 and 72 hours 

respectively. However, such percentages increased to 73% and 76% respectively 

when CQ was added (see fig 3.b). 3-MA was also tested on U87 cells at the 24, 48, 

and 72 hour time point incubation. The percentage of cells that survived when 

treated with the highest concentration of HuArgI (Co)-PEG5000 is 65% , 60%, and 

50% at the 24, 48 and 72 hours respectively, and upon the addition of 3-MA(100 

mM) , those numbers increased to 70,  67% and 75% respectively (see fig 3.c).  
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Figure 3.  Sensitivity of SF cells to HuArgI (Co)-PEG5000 in the presence and 

absence of 10 μM of CQ at 24,48,72,96, and 120 hrs incubation times (A), and the 

Sensitivity U87 cells in the presence of 50μM of CQ at 48, and 72 hrs incubation 

times (B). Sensitivity of u87 cells to HuArgI (Co)-PEG5000 in the presence and 

absence of 100 mM of 3ma at 24, 48, and 72hrs incubation times (C).  
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3.2- Apoptosis Assay 

The effect of apoptosis on GBM cells treated with HuArgI (Co)-PEG5000 was 

studied using Z-VAD. SF cells were co-incubated with Z-VAD (10, and 20 μM), 

and with HuArgI (Co)-PEG5000. With respect to SF, The percent of surviving 

cells at the highest concentration of HuArgI (Co)-PEG5000, was initially at 50% 

and 30% for the 48 and 72 hour time point respectively. After the addition of Z-

VAD, no significant change occurred. Similar results were attained when using 20 

μM Z-VAD on the 72 hour time point.  

 

 

Figure 4. Sensitivity of SF cells to HuArgI (Co)-PEG5000 in the presence and 

absence of 10 μM of Z-Vad at 48, and 72hrs incubation time point (A), and in the 
presence or absence of 20 μM Z-Vad at 72hrs incubation time point (B). 
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3.3- Activation of Autophagy 

 

Regarding the mechanism of cell death, and the signaling process involved, 

LC3, mTOR, and P-mTOR expression was tested in SF cells at the 24, 48 72, and 

96 hour time points, whereas only LC3 at the 24 and 96 hours was tested in U87. 

The different conditions used are control cells without any treatment, cells treated 

with DMSO, cells treated with CQ (positive control), cells treated with the arginase 

at the IC50, cells treated with arginase at the IC50 plus CQ, arginase at the highest 

concentration, and arginase at the highest concentration plus CQ. With respect to 

LC3, the peak of its activation (conversion of LC3-I to LC3-II) was observed in the 

cells treated with CQ (the positive control), whereas cells treated with the highest 

concentration of arginase, displayed minimal activation of LC3. However, LC3 

expression peaked again in cells treated with both arginase at the highest 

concentration and CQ. This is because CQ results in the autophagosome 

accumulation, and thus the LC3 activation peaks. 

  

3.4- Mechanism of Autophagy Activation  

  

In the 24 hour time point in all the control conditions the P-mTOR/mTOR ratio 

was 0.75. However, at the conditions of highest arginase concentration, and 

highest arginase concentration +CQ we notice a drop in the ratios to reach 0.6 and 
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0.55 respectively. Regarding the 48 hour the highest P-mTOR/mTOR ratio was 

observed at the DMSO and CQ condition reading at 1 and 0.7 respectively, while 

at the conditions of highest arginase concentration, and highest arginase 

concentration +CQ the ratio drops to approximately zero. No significant change in 

the ratios in all of the conditions was observed in the 72 hour time point. Finally, 

at the 96 hour time point, the highest ratio was observed at the DMSO and CQ 

condition reading at 1 and 0.75 respectively. This ratio drops to 0.55 and 0.58 at 

highest arginase concentration condition, and highest arginase concentration +CQ 

respectively. 

 

 

 

SF 

 

U87 
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Figure 5. Western blot Protein analysis of Lc3, mTOR, and P- mTOR from SF cells 

treated with arginase and CQ at different time points (24, 48, 72, 96 hrs) (A). Western 

blot Protein analysis of Lc3 from U87 cells treated with arginase and CQ at different 

time points (24, and 96 hrs) (B).    Legend 1: control cells, 2: cells treated 

with DMSO, 3: cells treated with CQ, 4: cells treated with arginase at the IC50, 5: cells 

treated with arginase at the highest concentration, 6: cells treated with arginase at the 
highest concentration plus CQ, 7: cells treated with arginase at the IC50 plus CQ.  
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CHAPTER FOUR 

DISCUSSION 

 

Gliomas constitute around 50% of all primary CNS tumors. Among which, 

the most aggressive type is GBM (Hamza, and Gilbert, 2014). GBM are associated 

with a poor survival rate, not exceeding 1 year, and is resistant to traditional 

chemotherapies (Mischel, and Cloughessi, 2003). Thus, there is a desperate need 

for a more effective, and selective targeted approach to treat GBM. 

The aim of this study is to show the type and the mechanism of cell death 

that results from the arginase induced arginine depletion. Both GBM cells lines (SF, 

and U87) showed no signs of apoptosis when treated with Z-VAD, whose addition 

failed to cause a difference of cell death between HuArgI (Co)-PEG5000 treated 

cells, and HuArgI (Co)-PEG5000 plus Z-VAD treated cells. Similar data on 

pancreatic cancer cells were obtained in our lab, which were negative for anexin V 

staining, and demonstrated an absences of caspase activation. However, other 

contradictory data was found in hepatocellular carcinoma, by which the cell death 

caused by arginine depletion was mainly due to apoptosis (Glazer et al. 2011). 

Thus, more work was done to further investigate the mechanism of cell death, 

which all points out to death by autophagy. 

 Next, we investigated the contribution of autophagy following arginine 

deprivation therapy on GBM cells. Autophagy is a process that leads to cellular 
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destruction utilizing lysosomal activities during cellular stress in order to survive 

(Kabeya et al. 2000; Yang, Klionsky, 2009). Thus, such cellular stress (arginine 

depletion) may result in autophagy. In order to determine whether autophagy plays 

a protective role against drug–induced cytotoxicity or whether it causes the cell 

death, the effect of autophagy inhibition on cells treated with arginase was done on 

different time points. Our results concluded that at early time points, autophagy 

plays a protective role in SF cells, and this was apparent at the 48 hour time point 

where the percent of surviving cells treated with the highest concentration of 

HuArgI (Co)-PEG5000 was initially at 70%, however, upon the addition of CQ, it 

decreased to 61%. Moreover, as the time points increase (72, 96 and 120 hrs) the 

percent of surviving cells treated with the highest concentration of HuArgI (Co)-

PEG5000 was initially at 61% to 78%, 50%, to 65%, 40% to 65% respectively, 

which shows that autophagy is contributing to cell death. Other studies done on 

prostate cancer supports our work, by which inhibiting autophagy by CQ and 

Beclin1 siRNA knockdown resulted to the accelerated ADI-PEG20-induced cell 

death (Kim et al. 2009). This shows that autophagy plays a dual role, a protective 

role at the early time points, and at later time points, it causes cell death.  

 To further prove the contribution of autophagy, several autophagy markers 

should be considered and detected. The conversion of LC3-I to LC3-II and thus 

activation peaked in the control conditions (treatment with CQ), drastically 

decreased in the cells treated with highest concentration of arginase, only to 

increase again in cells treated with both arginase at the highest concentration and 

CQ. LC3-II is recruited to the autophagosomal membranes, which then combines 
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with the lysosome in order to lead to the formation of autolysosomes, where 

lysosomal hydrolases degrade the inner components. This explains why cells 

treated with arginase display a low LC3 expression, since they undergo autophagy, 

which eventually leads to the hydrolases of LC3 on the autophagosomal 

membranes. This is further emphasized when the activation of LC3 peaks again 

with cells treated with both arginase at the highest concentration and CQ. 

 

Increases in autophagic activity is not indicated just by the increase of 

certain autophagic markers such as lc3, or autophagosome accumulation. Instead, 

a blockage in any step which is downstream of autophagosome formation, results 

in the increase of autophagosome numbers, while a decrease in the number of 

autolysosomes (Mizushima, Yoshimori, Levine, 2010; Boya et al. 2005). Thus, 

death by autophagy is greatly susceptible for misinterpretation and in order to 

determine it, certain functional and biochemical considerations should be 

examined. Also, to claim that the cause of cell death is due to autophagy, the cell 

death should be suppressed if autophagy is inhibited by various means (e.g 

chloroquine diphosphate) (Galluzzi et al. 2012).  

 Furthermore, mTOR and P-mTOR expression along with their ratios were 

analyzed. In the control, the ratio of P-mTOR/mTOR was 0.75 showing that mTOR 

is active in control cells. While at highest arginase concentration it dropped to 0.55 

in the ratio at 24 hours. Similarly at the 48 and 96 hours, the control cells had a high 

P-mTOR/Mtor, and a significantly lower P-mTOR/mTOR ratio in the cells treated 
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with highest arginase concentration. These findings show that mTOR is active in 

control cells, while at highest arginase concentration there is an inactivation of 

mTOR. The inactivation of mTOR eventually results in autophagy and thus cell 

death (Pattingre, Espert, Biard-Piechaczyk, 2007). Other studies done on ASS (-) 

tumors (melanoma) treated by arginase resulted in mTOR inhibition which lead to 

a decreased proliferation, and induction of cellular autophagy (Pattingre, Espert, 

Biard-Piechaczyk, 2007). 

To conclude, we have excluded in this study the contribution of apoptosis 

in GBM cells, and instead demonstrated the contribution of autophagy to arginase 

depletion induced cytotoxicity, and the mechanism. Demonstrated the activity and 

expression of molecular markers contributing to autophagy such as (LC3-II, Mtor, 

and, P-Mtor). And further proved the contribution of such molecular markers to 

autophagy cell death by doing cytotoxicity assays and proving that cell death is 

suppressed if autophagy is inhibited by various means (e.g chloroquine 

diphosphate). 
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