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Abstract 
Eukaryotic translation initiation factor 5A (eIF5A) is an important cellular 

protein and is highly conserved from bacteria to humans. eIF5A is essential 

for cell growth and survival. Initially eIF5A was identified to be a translation 

initiation factor. However recent findings suggested that eIF5A is not involved 

in translation initiation but has a role in translation elongation and other 

cellular processes such as mRNA transport. eIF5A is quite unique as it is the 

only cellular protein containing an unusual, polyamine-derived amino acid, 

hypusine [Nε- (4-amino 2-hydroxybutyl) lysine]. A conserved lysine residue of 

eIF5A i.e., lysine 50 of human eIF5A, is modified to hypusine. eIF5A 

undergoes acetylation, at lysine 47. Our lab previously reported that 

acetylation regulates subcellular distribution of eIF5A and that acetylated 

eIF5A localizes to the nucleus. Regulation of eIF5A acetylation by cellular 

environment is unknown. In the current study I focused to reveal a novel 

function of eIF5A, under different cellular environments.  

In order to unravel the role of eIF5A, I studied physiological conditions 

promoting eIF5A acetylation. I found glucose and hypoxia as the cellular cues 

of eIF5A acetylation induction. eIF5A was found to be an important factor for 

cell growth and survival in hypoxia. Furthermore, I found that hypusinated 

eIF5A is essential for the expression of HIF-1α in hypoxia. In the absence of 

eIF5A HIF-1α is degraded by the proteasome. My study revealed the 

importance of eIF5A in tumor growth and survival. On the basis of my 

observations, it is suggested that hypusination of eIF5A may be a potential 

target for therapeutic intervention. 
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Chapter 1: 
 
Introduction 
 
1.1 Eukaryotic initiation factor 5A (eIF5A) 
 
Eukaryotic Initiation Factor 5A (eIF5A) is a small (~17 kDa) essential protein 

and highly conserved from bacteria (EF-P) to humans [1-3]. eIF5A was initially 

identified in reticulocyte lysate along with other translation initiation factors, as 

a protein which could stimulate methionyl puromycin synthesis. eIF5A 

(formerly called eIF4D) was then considered to be a translation initiation factor 

[4] but further studies did not validate this observation and in an in vitro 

translation assay, the absence of eIF5A had no negative effect on translation 

initiation and thus making the role of eIF5A in translation initiation 

controversial [1,5]. Further studies suggested that eIF5A is involved in 

translation elongation instead of initiation [6]. eIF5A has two isoforms, eIF5A1 

and eIF5A2. eIF5A1 is constitutively expressed in all tissues and shows 

higher expression in caner and proliferating cells. eIF5A2 shows tissue 

specific expression being expressed in brain, testes and certain cancer cell 

lines [7-9]. Both isoforms contain conserved lysine residue (K50), which is 

post-translationally modified to hypusine [10,11]. 

1.2 Post-translational modifications of eIF5A 
eIF5A undergoes several post-translational modifications, including 

hypusination and acetylation. It is a quite unique protein as it is the only 

known cellular protein containing a modified lysine residue called hypusine 

[Nε- (4-amino 2-hydroxybutyl) lysine] [12]. Post-translational conversion of a 

specific lysine residue (Lys 50 in Human eIF5A) to hypusine is carried out in 

two steps. In the first step, an amino butyl moiety of polyamine spermidine is 

transferred to the ε-amino group of lysine residue converting it into 

deoxyhypusine. This step is catalyzed by deoxyhypusine synthase (DHS). 

Deoxyhypusine is an intermediate (precursor) form and is soon converted to 

the mature (hypusine) form in the second step by deoxyhypusine hydroxylase 

(DOHH) [13]. It was shown previously that post-translational hypusination of 
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eIF5A is essential for its activity and that unhypusinated or deoxyhypusinated 

forms of eIF5A are inactive in the protein function [11,14].  

Hypusination is an irreversible modification and eIF5A is hypusinated 

immediately after translation and retain in the cytoplasm. It was tempting to 

speculate that eIF5A may possess another reversible post-translational 

modification that may mediate biological activity of this protein. In search of 

such reversible post-translational modifications of eIF5A, it was observed that 

this protein undergoes acetylation at conserved lysine residues (K47, K68) 

[15,16]. Furthermore, it was also reported that acetylation of the hypusine 

residue of eIF5A by spermidine/spermine acetyl-transferase 1(SSAT1) 

impairs eIF5A activity in methionyl-puromycin synthesis suggesting that 

reversible acetylation of the hypusine residue may be important for regulating 

eIF5A activity [17]. Although the basic charge at lysine 47 is essential for its 

activity but the physiological importance of acetylation at this site was not 

shown. In order to reveal the physiological significance of eIF5A acetylation at 

lysine 47, our lab reported the enzymes responsible for acetylation and 

deacetylation at K47 as well as it was shown that acetylation of eIF5A at 

lysine 47 dictates its sub-cellular location and that acetylated eIF5A is 

primarily localized in the nucleus. It was also found that hypusination of eIF5A 

inhibits its acetylation [18]. Both eIF5A isoforms have the conserved lysine 

residues (K47, K50), but acetylation of eIF5A2 was never reported. Our lab 

research found that lysine 47 of eIF5A2 is acetylated and like eIF5A1 

acetylation, eIF5A2 acetylation at lysine 47 accumulates it in the nucleus [19]. 

Localization of eIF5A in the nucleus might be due to regulation of its biological 

activity by reversible acetylation. However, the physiological role of eIF5A 

nuclear accumulation is yet unknown. 

1.3 Role of eIF5A in translation  
Precise cellular function of eIF5A has remained controversial for decades. 

Based on studies in the past, eIF5A was shown to be involved in 

nucleocytoplamic transport [20], nonsense-mediated mRNA decay (NMD) [21] 

and brain aging [22].  

The role of eIF5A in translation is well documented but depletion of eIF5A in 

yeast had only a slight effect on protein synthesis suggesting that eIF5A is not 
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a general translation factor but may be involved in translation of a subset of 

mRNAs [23]. A bacterial ortholog of eIF5A, elongation factor P (EF-P), 

attracted the attention of scientific community in the past few years because 

of structural similarity between the two proteins. EF-P was reported to be 

involved in stimulating formyl-methionyl puromycin synthesis[24]. It was 

reported that a conserved lysine residue (K35) in bacterial EF-P is β-

lysinylated, a post-translational modification similar to hypusination of eIF5A 

[25] and β-lysyl-lysine is important for the function of EF-P in translation 

elongation [26]. A study on Drosophila cells showed that eIF5A knockdown 

results in polysome retention indicating the involvement of eIF5A in translation 

elongation[27]. In yeast, inactivation of eIF5A leads to accumulation of 

polysomes and an increase in transit time of ribosome. The inactivation of 

eIF5A had the same effects as inhibition of eEF2 (eukaryotic elongation factor 

2) [28] as well as a functional interaction of eIF5A and eEF2 was shown which 

further supported the idea that eIF5A is a translation elongation factor [29]. 

Recently, it was reported that bacterial EF-P enhanced synthesis of proteins 

containing consecutive proline residues. In vitro translation assays revealed 

that translation of peptides containing consecutive proline stretches was 

strongly dependent on EF-P and its modifying enzymes while peptides having 

no proline stretches were not dependent on EF-P and its β-lysyl-lysine 

modification for translation [30,31]. As EF-P has structural and functional 

homology with eIF5A, studies were carried out to find out whether eIF5A like 

its bacterial ortholog EF-P is also involved in stimulating the synthesis of 

proteins containing proline stretches. It was found that eIF5A is indeed 

required for translation of proteins containing consecutive proline residues in 

yeast. eIF5A relieved stalled ribosome at consecutive proline residues and to 

perform this role, hypusine modification of eIF5A was essential [32]. All these 

studies reiterate that eIF5A is involved in translation as was suggested in the 

past. 

1.4 Role of eIF5A in cancer 
Although eIF5A and its hypusine modification is essential for cell proliferation 

but the role of this protein in such processes is not yet fully understood. eIF5A 

and the enzymes of hypusine modification are essential for survival of 
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organisms and it has been shown that knockout of the eIF5A gene or its 

modification enzymes leads to embryonic lethality in mammals [33,34]. eIF5A 

has been shown to play a vital role in cell growth and proliferation [10]. eIF5A 

isoforms have 84% identity and both isoforms have growth promoting activity 

but it is not well understood whether both isoforms have a similar role in 

cancer cell survival and proliferation. It was found that tissue restricted 

expression of eIF5A2 is due to inefficient translation although its mRNA 

expressed in various cells [8], however, overexpression of eIF5A2 in certain 

cancer cells is associated with gene amplification [11,35,36]. Based on these 

studies eIF5A2 was proposed to be an oncogene. As hypusine modification is 

important for eIF5A activity, it has been shown that inhibition of 

deoxyhypusine synthase or deoxyhypusine hydroxylase has anti-proliferative 

activity in various human cancer cell lines [37-39]. Mémin et al. reported that 

eIF5A supports cancer cell growth by controlling expression of cancer driving 

genes [40]. Hypusine modification being unique, offer the possibility of 

selective intervention. Studies show that blocking hypusine modification or 

overexpressing a form of eIF5A that cannot be hypusinated, promote 

apoptotic cell death [41-43]. 
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Figures chapter 1: 

 
 

 
 
 
Figure 1.1: Pathway of eIF5A hypusination.  

After translation of eIF5A, a conserved lysine residue (K47) of eIF5A is 

modified to hypusine. This pathway has two steps catalyzed by two different 

enzymes. In the first step of hypusine modification, a butylamine moiety from 

polyamine (Spermidine) is transferred to a lysine residue of eIF5A converting 

it to deoxyhypusine. This step is catalyzed by deoxyhypusine synthase (DHS). 

In the second step deoxyhypusine is hydroxylated by deoxyhypusine 

hydroxylase (DOHH) that converts deoxyhypusine to hypusine.  
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Figure 1.2: Structure of eIF5A.  
(A) A model of eIF5A structure showing N and C terminal domains composed 

of β-sheet core structures. Lysine 47 and 50 undergoes acetylation and 

hypusination respectively. (B) Hypusination of eIF5A inhibits its acetylation. 
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Chapter 2: 
Regulation of eIF5A acetylation 

 
2.1 Introduction 
In order to unveil the physiological significance of eIF5A post-translational 

modifications, our lab previously explored the enzymes responsible for 

acetylation and deacetylation of eIF5A as well as it was shown that 

hypusination of eIF5A inhibits acetylation [18,44]. A member of NAD 

dependent class III HDACs, SIRT2 was revealed to be one of the two 

deacteylases of eIF5A in mammals. The second deacetylase of eIF5A was 

shown to be HDAC6. Requirement of NAD as a cofactor by SIRT2 shows that 

the activity of this enzyme is dependent on cellular energy status, therefore 

physiological function of eIF5A might be modulated with the change in 

metabolic state of the cell. Under energy rich conditions, NAD is required for 

glycolysis to proceed and is not available to serve as a cofactor of SIRT2 so 

the activity of SIRT2 might be inhibited under such conditions leading to 

hyper-acetylation of eIF5A. On the other hand under energy-deprived 

conditions, sufficient amount of NAD may be available to stimulate its 

deacetylation activity and eIF5A might be deacetylated. As our lab showed 

previously, hypusination of eIF5A blocks its acetylation, it was also important 

to monitor cellular states in which hypusination is affected. Hypusination is 

controlled by the activity of two enzymes, deoxyhypusine synthase (DHS) and 

deoxyhypusine hydroxylase (DOHH). These two enzymes also are under tight 

control and are affected by cellular environment. DHS is an NAD-dependent 

enzyme and might be affected by energy state of the cell. Like SIRT2, the 

activity of DHS might also be lower in energy-rich conditions while high in low 

energy state. On one hand SIRT2 inactivation will lead to hyperacetylation of 

eIF5A and on the other hand inactivation of DHS will lead to decreased 

hypusination, which in turn will increase acetylation of eIF5A. The second 

enzyme in the hypusine pathway also is under tight control. As the activity of 

DOHH is dependent on the availability of molecular oxygen, hydroxylation of 
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deoxyhypuisnated (Dhp) eIF5A to hypuisnated eIF5A might be affected by the 

availability of molecular oxygen. In high oxygen environment, DOHH will 

actively hydroxylate deoxyhypusinated eIF5A to hypuisnated eIF5A while in 

low availability of oxygen the activity of DOHH might be limited leading to 

accumulation of deoxyhypusinated eIF5A. Deoxyhypusinated eIF5A might 

also be hyper-acetylated due to blockage of hypusination. 

I attempted to explore both these possibilities that might affect acetylation 

status of eIF5A. I studied the acetylation of eIF5A in response to varied 

glucose concentrations as well as the effect of oxygen availability and 

scarcity. My study revealed that high glucose concentration could increase 

acetylation of eIF5A and also limited supply of oxygen resulted in hyper-

acetylation of eIF5A. 
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2.2 Materials and Methods: 
2.2.1 Compounds, and cell culture: 
Trichostatin A (TSA) and Nicotinamide (NA) were obtained from Wako 

Chemicals. All cell lines were maintained in DMEM containing 10% heat 

inactivated Fetal Bovine Serum and antibiotics at 37°C, 5% CO2 in a 

humidified incubator.  

2.2.2 Antibodies and immunoblotting: 
A rabbit polyclonal antibody against acetylated eIF5A (Ac-eIF5A) was raised 

as described previously[18]. Antibodies against α-Tubulin (B-5-1-2) and Ac-α-

Tubulin (6-11B-1) were purchased from Sigma. Monoclonal antibody against 

eIF5A was obtained from BD Bioscience.  Immunoblotting was performed 

using whole cell lysates, prepared by collecting cells directly in 1x SDS PAGE 

sample loading buffer and heating at 95 °C for 5 min. Equal volumes of each 

whole cell lysate was resolved by SDS PAGE and transferred to a 

polyvinylidene difluoride membrane (Millipore) by electroblottting. Membranes 

were incubated with primary and secondary antibodies; immune complexes 

were detected using the Immobilon Western Chemiluminescent HRP 

substrate (Millipore); and luminescence was analyzed using a LAS-3000 

image analyzer (GE Healthcare).  

2.2.3 Hypoxic conditions: 
For hypoxic conditions cells were grown in hypoxia chamber with 1% O2, 5% 

CO2 at 37°C (9000EX, Waken Tech CO2 incubator) in a humidified 

environment.  
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2.3 Results and discussion 
2.3.1 Increasing Glucose concentration induced acetylation of 
eIF5A 
In order to test our hypothesis that high-energy status of the cell may lead to 

inactivation of deacetylase SIRT2 and may induce eIF5A acetylation, HeLa 

and A549 cells were first starved for 48 hours and then treated with different 

concentrations of glucose for 24 hours. The results suggested that acetylation 

level of eIF5A was increased by glucose in a concentration-dependent 

manner. These results verify the idea that high-energy state of the cell tends 

to reduce the activity of NAD-dependent deacteylases significantly. 

2.3.2 Acetylation of eIF5A is induced by hypoxia 
To explore the effect of hypoxia (1% O2) on eIF5A acetylation, HeLa and 

A549 cells were allowed to grow in low oxygen chamber for 24 hours. 

Consistent with our hypothesis, it was observed that hypoxia could 

significantly increase acetylation level of eIF5A in both cell lines. 

Deoxyhypusine hydroxylase (DOHH), responsible for the second step of 

eIF5A hypusination is dependent on molecular oxygen and Fe2+ for 

hydroxylation of deoxyhypusine. Limited supply of oxygen might therefore 

negatively affect the activity of DOHH. It was therefore hypothesized that 

hypoxia-mediated acetylation of eIF5A may be induced due to inhibition of 

hypusination. 

2.3.3 Effect of HDAC inhibitors and hypoxia on eIF5A 
acetylation 
I checked the effect of cellular deacetylase inhibitors, Trichostatin A (TSA) 

and Nicotinamide (NA) under hypoxia on acetylation level of eIF5A. A549 

cells were treated with TSA (1 µM ), NA (5 mM) and grown in hypoxia for 12 

hours. Western blot results revealed that HDAC inhibitors could not further 

increase acetylation of eIF5A in hypoxia. These results suggest that hypoxia 

alone can induce acetylation of eIF5A comparable to that achieved by 

inhibiting cellular deacetylases.  
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Summary 
Hypusination of eIF5A is an irreversible post-translation modification. 

Therefore the activity of eIF5A might be regulated by another, reversible 

modification. Acetylation of eIF5A was reported to be involved in nuclear 

localization of eIF5A. Reversible acetylation of eIF5A might be important to 

dictate subcellular location and hence the role in different compartments. I 

found that glucose and hypoxia induce acetylation of eIF5A. It seems in 

higher glucose conditions, NAD becomes a limiting factor for the activity of 

SIRT2, which leads to hyper acetylation of eIF5A. Under hypoxia, the activity 

DOHH might be blocked, resulting in hyper acetylation of eIF5A. HDAC 

inhibitors could not further increase acetylation of eIF5A. 
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Figures chapter 2: 
 

 

 

 

 

 

Figure 2.1: Regulation of eIF5A acetylation.  
Glucose and hypoxia are the key factors, which regulate acetylation of eIF5A. 

In low glucose conditions the level of free NAD is increased, which is used as 

a cofactor by SIRT2. Low glucose thus leads to active SIRT2 and 

deacetylation of eIF5A. In high glucose conditions NADH/NAD+ ratio is 

increased, unviability of NAD+ results in blocking the activity of SIRT2 leading 

to acetylation of eIF5A. DOHH is dependent on the availability of oxygen for 

hydroxylation of deoxyhypusinated eIF5A. In hypoxia DOHH is inhibited 

resulting in accumulation of deoxyhypusinated eIF5A that is hyperacetylated. 
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Figure 2.2: Glucose and Hypoxia induces acetylation of eIF5A. (A) HeLa 

cells were - glucose starved for 48 hours and then treated with different 

glucose concentrations. Cells were lysed in lysis buffer and the equal amount 

of lysate was resolved on SDS-PAGE. (B) HeLa and A549 cell lines were 

grown in hypoxia (1 % O2) or normoxia (20 % O2) for 24 hours, Cells were 

lysed in lysis buffer and cell lysate was separated by SDS PAGE. (C) A549 

cells were treated with vehicle control or TSA (1 µM), NA (5 mM) and grown in 

hypoxia or normoxia for 12 hours.  

 

 

 



	   14	  

Chapter 3: 
eIF5A is essential for HIF-1α expression in 
hypoxia 

 
3.1 Introduction 
3.1.1 Hypoxia-inducible factor 1 alpha (HIF-1α) 
Constant supply of oxygen to all human cells is critical for generation of 

energy by oxidative phosphorylation in mitochondria [45]. Oxygen level in 

most human tissues is quite lower than ambient level (21 %) and most tissues 

have oxygen levels in the range of 2-9 %, which is termed as physiological 

hypoxia [46]. Thus oxygen homeostasis is vital for cellular physiology. This 

homeostasis in humans is maintained by complex respiratory, hematopoietic 

and cardiovascular systems. Deregulation of this homeostasis is associated 

with lung disease, cerebrovascular disease, heart disease and cancer [47]. 

Under low oxygen stress, oxidative ATP generation is downregulated and 

glycolysis is increased (Warburg effect) as well as vasculogenesis and 

angiogenesis are induced to increase supply of oxygen and nutrients [45]. A 

master regulator of hypoxic stress; hypoxia inducible factor (HIF) mediates 

this adaptive response to low oxygen stress. HIF is a heterodimeric 

transcription factor regulating HIF-mediated transcriptional response in 

hypoxia. HIF transcription factor is composed of oxygen-regulated alpha and 

constitutive, beta subunits. HIF has three isoforms HIF1, HIF2 and HIF3 

[46,48]. HIF-1α is expressed in all cell types while HIF-2α expression is 

restricted to certain cell types such as endothelial, lung, hepatocytes and 

muscle cells. HIF-3α is the least studied among HIF isoforms [49-51].  

3.1.2 Regulation of HIF-1α 
HIF-1α protein level is regulated by the availability of oxygen. In oxygen-rich 

environment, prolyl hydroxylase; PHD (oxygen, Fe2+ and 2-oxoglutate 

dependent dioxygenase) is able to hydroxylate two proline residues i.e. P402 

and P564 in the oxygen-dependent degradation domain (ODDD) of HIF-1α 
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protein. Hydroxylated HIF-1α is recognized and bound by pVHL (Von Hippel-

Lindau, E3 ubiquitin ligase) leading to polyubiquitylation of hydroxylated HIF-

1α. Polyubiquitylated HIF-1α is ultimately targeted for degradation by the 

proteasome. In low oxygen conditions the activity of PHD is strongly reduced 

due to unavailability of molecular oxygen leading to stabilization of HIF-1α. 

HIF-1α activity is also regulated by asparginyl hydroxylase, FIH-1 (Factor 

inhibiting HIF-1) [52]. FIH-1 is responsible for oxygen-dependent 

hydroxylation of asparagine residue, N803, in the C-terminal transactivation 

domain (CTAD) of HIF-1α protein [53]. CTAD is important for transcriptional 

activity of HIF-1α by binding transcriptional co-activators such as p300 and 

CBP (CREB-binding protein). Hydroxylation of Asparagine of CTAD impairs 

co-activators binding and reduces HIF-1α transcriptional activity [53-55].  

Stabilized HIF-1α translocates to the nucleus, dimerize with HIF-1β and 

activate transcription of HIF-1 target genes [45,56,57]. HIF-1α plays a vital 

role in development of embryo, formation of vasculature and maintaining 

homeostasis in hypoxic environment [58,59]. HIF-1α is not only vital during 

developmental processes but also during adult life. Wound healing for 

instance, a complex process involving recruitment of macrophages to the 

damaged tissue for restoration of damaged vasculature is also dependent on 

HIF-1α activity. HIF-1α has been shown to play important role in physiological 

as well as diabetic wound healing process [60-62]. HIF-1α stability is also 

affected by the status of VHL gene in the cell, as in most renal cancer cells 

mutations of VHL results in non-hypoxic stabilization of HIF-1α [63]. Normally 

pVHL serves as an E3 ubiquitin ligase of HIF-1α and recognize/ubiquitylates 

prolyl hydroxylated HIF-1α, but under some conditions HIF-1α is ubiquitylated 

by pVHL without prolyl hydroxylation. One such situation is SUMOylation of 

HIF-1α in hypoxia. SUMOylated HIF-1α is ubiquitylated by pVHL and 

degraded by the proteasome even without the activity of PHD. SUMOylation-

mediated degradation of HIF-1α is prevented by sentrin specific peptidase1 

(SENP1), which de-SUMOylate HIF-1α [64]. Studies have also found pVHL, 

PHD and oxygen independent mechanisms of HIF-1α ubiquitylation and 

degradation. Koh MY et al. reported hypoxia-associated factor (HAF) as a 

novel E3 ubiquitin ligase of HIF-1α. HAF is able to ubiquitylate HIF-1α and 

target it for proteasomal degradation. HIF-1α ubiquitylation by HAF is 
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independent of oxygen, PHD and pVHL [65,66]. Receptor of activated protein 

kinase C (RACK1) has been demonstrated to be involved in oxygen, PHD, 

pVHL independent degradation of HIF-1α by competing with Hsp90 for 

binding to PAS domain of HIF-1α. Hsp90 binding to HIF-1α leads to its 

stabilization while RACK1 binding leads to ubiquitylation and degradation of 

HIF-1α. Hsp90 inhibitors have been shown to increase the binding of RACK1 

leading to HIF-1α degradation [67]. Another study reported degradation of 

HIF-1α in hypoxia by SHARP1, also known as BHLHE4 or DEC2. SHARP1-

mediated proteasomal degradation of HIF-1α in hypoxia is independent of 

PHD, pVHL and the ubiquitylation machinery. SHARP1 serves as a HIF-

presenting factor to proteasome [68]. It is now well documented that HIF-1α is 

degraded by various mechanisms in the presence and absence of oxygen. In 

order to further explore the role of eIF5A in the HIF-1α pathway, it was 

necessary to check its stability. To understand whether HIF-1α is degraded in 

the absence of functional eIF5A, I inhibited the activity of proteasome. I found 

that in the absence of functional eIF5A, HIF-1α is targeted for proteasomal 

degradation.    

3.1.3 HIF-1α and cancer progression 
Along with maintaining physiological oxygen homeostasis, HIF-1α pathway 

also contributes to tumor growth, survival and metastasis. Most solid tumors 

develop hypoxic regions due to continued proliferation and disruption of blood 

flow. To survive and proliferate in such microenvironment, HIF-1α pathway 

comes into play for the adaptive response to hypoxia [69].  HIF-1α 

overexpression has been observed in many human cancers [70]. HIF-1α 

expression in cancer cells is enhanced either by decreased degradation, 

increased protein synthesis or both. Overexpression of HIF-1α in cancer is 

associated with aggressiveness and poor patient survival in cervical, lung, 

breast, ovarian, and endometrial cancers [71-75]. To meet the metabolic 

demands of proliferating cancer cells HIF-1α-mediated transcriptional 

response is activated which is involved in metabolic reprogramming of cancer 

cells. Cancer cells meet their ATP demands mainly by glycolytic ATP 

generation and the oxygen consuming mitochondrial metabolism is 

downregulated by the activity of HIF-1α pathway. Tumor hypoxia contributes 
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to radio-resistance, chemo-resistance, angiogenesis, invasion and 

metastasis. Hypoxic tumors become resistant to radiotherapy because 

radiotherapy-mediated cell killing is based on the production of free radicals in 

the cell. Molecular oxygen reacts with the free electrons of free radicals to 

promote oxidative DNA damage. In hypoxic environment the free radicals are 

neutralized and cell death is prevented [76]. Solid tumors are not only 

resistant to radiotherapy but also resistant to chemotherapy. Tumor cells 

being away from the functioning blood vessels, do not receive enough drug 

concentration to be effective. Conventional chemotherapeutic agents are 

more active against rapidly proliferating cells while proliferation of hypoxic 

cells is slowed down as part of HIF-1 mediated adaptive response, thereby 

affecting the efficacy of chemotherapeutic agents [77-79].  

Tumor hypoxia is a big challenge for therapeutic intervention. Targeting the 

HIF-1α pathway in combination with conventional therapeutic approaches 

would be an effective strategy to combat cancer. Indeed several groups are 

trying to develop molecules targeting the HIF-1α pathway. It has been shown 

by various groups that targeting the HIF-1α pathway effectively suppresses 

tumor angiogenesis and metastasis. Inhibition of HIF-1α also sensitizes tumor 

cells to radio and chemotherapy [80-82]. 
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3.2 Materials and Methods: 
3.2.1 Compounds, and cell culture: 
GC7 was purchased from Biosearch Technologies, Inc., Deferoxamine 

mesylate salt (DFX) from Enzo life Sciences, Inc. All cell lines were 

maintained in DMEM containing 10% heat inactivated Fetal Bovine Serum 

and antibiotics at 37°C, 5% CO2 in a humidified incubator.  

3.2.2 Antibodies and immunoblotting: 
A rabbit polyclonal antibody against acetylated eIF5A (Ac-eIF5A) and a 

mouse monoclonal antibody against hypusinated eIF5A (Hyp-eIF5A) were 

raised as described previously[18]. Antibody against α-Tubulin (B-5-1-2) was 

purchased from Sigma. Monoclonal antibodies against eIF5A and HIF-1α 

were obtained from BD Bioscience.  Immunoblotting was performed using 

whole cell lysates, prepared by collecting cells directly in 1x SDS PAGE 

sample loading buffer and heating at 95 °C for 5 min. Equal volumes of each 

whole cell lysate was resolved by SDS PAGE and transferred to a 

polyvinylidene difluoride membrane (Millipore) by electroblottting. Membranes 

were incubated with primary and secondary antibodies; immune complexes 

were detected using the Immobilon Western Chemiluminescent HRP 

substrate (Millipore); and luminescence was analyzed using a LAS-3000 

image analyzer (GE Healthcare).  

3.2.3 RNAi and hypoxia: 
Small interfering RNAs (siRNAs) against eIF5A were obtained from 

NipponGene (siRNA #1), QIAGEN (siRNA # 2,3,4,5) and ambion® (Life 

technologies: siRNA # 6). All transfections were carried out according to 

manufacture’s instructions for 72 hours. After 72 hours of siRNA transfection 

cells were grown in normoxia (21% O2, 5% CO2 at 37°C) or hypoxia (1% O2, 

5% CO2 at 37°C) in a humidified environment for 12 hours.  

3.2.4 GC7 treatment and hypoxia 
A549 cells were treated with vehicle control or 30 µM GC7 for 12 hours. After 

12 hours GC7 treatment cells were treated with vehicle or 10 µM MG132 and 

grown in normoxia or hypoxia for 12 hours. 
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3.3 Results and discussion 

3.3.1 Time course of eIF5A acetylation and HIF-1α expression 
is different 
The seemingly common regulation of HIF-1α and eIF5A by hypoxia raised the 

question of whether the activities of HIF-1α prolyl hydroxylase (PHD) and 

eIF5A deoxyhypusine hydroxylase (DOHH) are inhibited at the same time 

point after induction of hypoxia? To address this question, I exposed A549 

cells to hypoxia for different time periods as indicated. Quite interestingly the 

results indicated that expression of HIF-1α precedes the acetylation of eIF5A 

and HIF-1α expression is only transient which is significantly dropped as 

acetylated eIF5A (Defective eIF5A) is accumulated (Fig. 3.2). Induction of 

acetylation by hypoxia is presumed to be due to inhibition of eIF5A 

hypusination (DOHH). Transient induction of HIF-1α protein expression and 

its reduction with increased acetylation of eIF5A suggests that the presence of 

hypusinated eIF5A might be important for HIF-1α expression.  

3.3.2 eIF5A is essential for HIF-1α expression in hypoxia  
To test the involvement of eIF5A in the HIF-1α pathway, I used RNAi-

mediated suppression of eIF5A protein expression. A549 cells were used for 

eIF5A knockdown. The results revealed suppression of eIF5A protein 

expression leads to suppression of HIF-1α expression as well. In order to 

further clarify the observation, I used several different types of siRNA oligos to 

target eIF5A and consistently all the potent siRNAs against eIF5A were able 

reduce the protein level HIF-1α as compared to scramble control siRNA-

treated cells. Further I checked the effect of eIF5A targeting on HIF-1α 

expression in two other cell lines to check whether the effect is generalized or 

cell line specific. I used HeLa (cervical cancer) and PC3 (prostate cancer) cell 

lines. The results showed that eIF5A knockdown in these cells also negatively 

regulate HIF-1α protein expression in hypoxia. PC3 cells have detectable 

level of HIF-1α protein in normoxia [83] and eIF5A knockdown could reduce 

both hypoxic and normoxic HIF-1α protein level in PC3 cells (Fig. 3.3 C).  
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3.3.3 Functional eIF5A is important for HIF-1α expression in 
hypoxia 
Hypusination is essential for the activity of eIF5A and only hypusinated eIF5A 

is the active form of this protein. Time course experiment (Fig. 3.2) showed 

that induction of HIF-1α in hypoxia is only transient with the increase in 

acetylation of eIF5A HIF-1α protein disappeared. Acetylated form of eIF5A is 

non-functional. Seemingly essential nature of eIF5A protein for HIF-1α protein 

induction in hypoxia was compelling and it was essential to find out which 

form of eIF5A plays a role in HIF-1α pathway. I used GC7 (N1-guanyl-1,7-

diaminoheptane), an analogue of spermidine that potently inhibits of the first 

enzyme (DHS) of the hypsination pathway. GC7 inhibits hypusination thereby 

resulting in increasing acetylation level of eIF5A. I pre-treated A549 cells with 

GC7 (30 µM) for 12 hours in normoxia to inhibit hypusination and then 

exposed the cells to hypoxia for 12 hours. The result in Fig. 3.3 D shows that 

HIF-1α becomes undetectable in cells treated with GC7, suggesting that 

functional eIF5A (hypusinated) is important for HIF-1α accumulation in 

hypoxia.  

3.3.4 GC7 treatment or eIF5A knockdown-mediated 
suppression of HIF-1α is independent of proly hydroxylase 
(PHD) 
Prolyl hydroxylase (PHD) is responsible for hydroxylation of two proline 

residues (P402, P564) in oxygen-dependent degradation domain (ODDD) of 
HIF-1α. Prolyl hydroxylated HIF-1α is targeted for poloyubiquitylation by pVHL 

and ultimately degraded by the proteasome. PHD activity is dependent on 

oxygen, Fe2+ and 2-oxoglutarate [84].   HIF-1α protein level is elevated in 

hypoxia by inhibition of PHD therefore PHD inhibition in normoxia by inhibitors 

also leads to accumulation of HIF-1α (hypoxia-mimicking conditions). I used 

deferoxamine mesylate salt, DFX (Iron chelator) that can inhibit PHD and 

observed the effect of eIF5A knockdown or GC7 treatment in hypoxia 

mimicking conditions. The result showed that DFX was unable to raise HIF-1α 

protein level in cells treated with siRNA against eIF5A or GC7 compared to 

control treated cells (Fig. 3.3 E, F). This result suggests that eIF5A 

knockdown-mediated suppression of HIF-1α is independent of PHD activity. 
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3.3.5 Mechanism of HIF-1α suppression by GC7 treatment or 
eIF5A knockdown 
To find out the mechanism of eIF5A knockdown or GC7 mediated 

suppression of HIF-1α I used proteasome inhibition. eIF5A knockdown-

mediated suppression of HIF-1α could be recovered by the proteasome 

inhibitor MG132 (Fig. 3.4 A). In my previous results I found that GC7 could 

suppress protein level of HIF-1α. Thus I also checked the effect of MG132 on 

GC7-mediated suppression of HIF-1α. Consistent with eIF5A knockdown 

result, GC7-mediated HIF-1α protein suppression could be recovered by 

MG132 (Fig. 3.4 B). Hypoxia is a hallmark of solid tumors and HIF-1α is a 

master regulator of adaptive response to hypoxic stress, thus contributes to 

angiogenesis, invasion, metastasis and metabolic reprograming of cancer 

cells. My study revealed that HIF-1α itself is dependent on active eIF5A in 

hypoxia. The role of eIF5A in cancer cell survival and proliferation is not yet 

fully understood and my study revealed a part of it. It remains to be 

determined how is HIF-1α degraded in the absence of functional eIF5A. 

hypusination of eIF5A is essential for its role in translation. The requirement of 

eIF5A hypusination for HIF-1α stability is pointing towards modulation of 

protein translation by eIF5A under hypoxia. The regulation of HIF-1α stability 

and eIF5A post-translational modifications seems quite similar. The activity of 

both, deoxyhypusine hydroxylase (DOHH) and prolyl hydroxylase (PHD) is 

dependent on the availability of oxygen and Fe2+. Like PHD, the activity of 

DOHH might also be blocked by hypoxia and as a result acetylation of eIF5A 

is induced (Fig. 2.2 B). I showed that expression of HIF-1α precedes 

acetylation of eIF5A (Fig. 3.2), and a negative correlation was observed 

between induction of eIF5A acetylation and HIF-1α protein expression. Based 

on these observations, eIF5A may be involved in translation of HIF-1α but it 

seems unlikely because the amino acid sequence of HIF-1α has no stretches 

of poly-proline residues, translation which requires eIF5A [32]. On the other 

hand MG132-mediated recovery of HIF-1α protein indicates a possible role of 

eIF5A in the stability of HIF-1α under hypoxia. In the absence of functional 

eIF5A, HIF-1α protein could not be observed in DFX treated cells (Fig. 3.3 E, 

F) suggesting that the role of eIF5A in HIF-1α stability is independent of PHD.  
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Summary 
To sum up, upon hypoxia, HIF-1α protein level started to accumulate before 

eIF5A acetylation. Induction of eIF5A acetylation in the late phase of hypoxia 

had negative effect on HIF-1α protein level. Functional eIF5A was observed to 

be essential for HIF-1α expression in hypoxia. The activity of eIF5A in 

supporting HIF-1α was found to be independent of PHD activity. DFX, an 

inhibitor of PHD could not recover the level of HIF-1α protein in cells treated 

with siRNA against eIF5A or GC7. In the absence of hypusinated eIF5A, HIF-

1α was degraded by the proteasome. 
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Figures Chapter 3: 
 

 
 
 
Figure 3.1: Regulation of HIF-1α. 
In the presence of oxygen (Normoxia), two proline residues (P402, P564) of 

HIF-1α are hydroxylated by prolyl hydroxylase (PHD). pVHL (E3 ubiquitin 

ligase) recognizes hydroxyl proline residues and induces polyubiquitylation 

and subsequent degradation of HIF-1α. In low oxygen (Hypoxia) the activity of 

PHD to hydroxylate HIF-1α is inhibited. HIF-1α escapes from 

polyubiquitylation and degradation. Stabilized HIF-1α translocates to the 

nucleus, dimerize with HIF-1β and binds to hypoxia response element (HRE) 

of HIF-1 target genes, and activates their transcription. 

 

 



	   24	  

 

 

 

 
 

Figure 3.2: Time course of eIF5A acetylation and HIF-1α expression is 
different. (A, B) A549 cells were grown in Hypoxia (1 % O2) for the indicated 

periods of time. (C) A549 cells were treated with 200 µM DFX for the 

indicated periods of time. 
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Figure 3.3: eIF5A is essential for HIF-1 alpha expression in hypoxia. (A) 
A549 cells were treated with siRNA against eIF5A for 72 hours, then allowed 

to grow in hypoxic chamber for 12 hours, and collected in lysis buffer, and 

equal amount of cell lysate was analyzed by SDS-PAGE. (B) Five different 

siRNA oligos against eIF5A were used to suppress eIF5A. (C) HeLa and PC3 

cells were treated with scramble control or eIF5A siRNA for 72 hours and 

grown in hypoxia for 12 hours. (D) A549 cells were treated with vehicle control 

or 30 µM GC7 for 12 hours and then grown in normoxia or hypoxia followed 

by collection in cell lysis buffer and analysis by SDS-PAGE. (E) After A549 

cells had been transfected with scramble control or eIF5A siRNA for 72 hours, 

cells were treated with 200µM DFX for four hours and collected in lysis buffer. 
(F) A549 cells were treated with 30 µM GC7 for 12 hours and then treated 

with 200 µM DFX for four hours. 
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Figure 3.4: In the absence of functional eIF5A, HIF-1α protein is 
degraded by proteasome. 
(A) A549 cells were transfected with scramble control siRNA or siRNA against 

eIF5A. 72 hours post-transfection, cells were treated with vehicle control or 10 

µM MG132 and grown in hypoxia for 12 hours. (B) A549 cells were treated 

with 30 µM GC7 for 12 hours. Then the cells were treated with vehicle control 

or 10 µM MG132 and grown in hypoxia for 12 hours. 
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Chapter 4: 

 
eIF5A is required for HIF-1α-mediated 
transcriptional activation in hypoxia 

 
4.1 Introduction 
Under hypoxic conditions HIF-1α is stabilized and translocates to the nucleus 

where it dimerizes with HIF-1β to constitute the HIF-1α transcription factor. 

HIF-1α binds to the hypoxia response element (HRE: 5’RCGTG3’) in 

promoters of HIF-1 target genes and activates HIF-1-mediated adaptive 

response to low oxygen stress [85]. The products of HIF-1 target genes are 

involved in glucose metabolism, cell survival, angiogenesis, and metastasis. 

In hypoxia, ATP generation is shifted from oxidative phosphorylation to 

glycolytic metabolism by HIF-1α-mediated transcriptional response. The less 

efficient glycolytic metabolism needs steady supply of glucose to meet energy 

demands. HIF-1α therefore enhances the expression of glucose transporters 

(GLUT1, 3) and PGK1 to ensure proper glucose supply [86]. On one hand 

HIF-1α enhances glycolysis and on the other hand it blocks tricarboxylic acid 

cycle (TCA cycle). During oxidative metabolism pyruvate is converted to 

acetyl-CoA by pyruvate dehydrogenase complex (PDH) but under hypoxic 

conditions, the activity of PDH is blocked by pyruvate dehydrogenase kinase 

1 (PDK1) which is a product of HIF-1-target gene [85,87,88]. In tumor cells 

HIF-1α increases the production of NAD+ to be utilized in the following rounds 

of glycolysis and conversion of pyruvate to lactate is also enhanced by 

increased transcription of lactate dehydrogenase A (LDHA) [89]. 

 My previous results showed that eIF5A knockdown or inhibition of its 

hypusination has a negative effect on protein level of HIF-1α. Furthermore, I 

studied the effect of eIF5A knockdown or inhibition of its hypusination on HIF-

1 target gene expression using real-time quantitative PCR.  
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4.2 Materials and Methods: 
4.2.1 Compounds, and cell culture: 
GC7 was purchased from Biosearch Technologies, Inc. All cell lines were 

maintained in DMEM containing 10% heat inactivated Fetal Bovine Serum 

and antibiotics at 37°C, 5% CO2 in a humidified incubator.  

4.2.2 Antibodies and immunoblotting: 
A mouse monoclonal antibody against hypusinated eIF5A (Hyp-eIF5A) was 

raised as described previously[18]. Antibody against α-Tubulin (B-5-1-2) was 

purchased from Sigma. Monoclonal antibodies against eIF5A and HIF-1α 

were obtained from BD Bioscience.  Immunoblotting was performed using 

whole cell lysates, prepared by collecting cells directly in 1x SDS PAGE 

sample loading buffer and heating at 95 °C for 5 min. Equal volumes of each 

whole cell lysate was resolved by SDS PAGE and transferred to a 

polyvinylidene difluoride membrane (Millipore) by electroblottting. Membranes 

were incubated with primary and secondary antibodies; immune complexes 

were detected using the Immobilon Western Chemiluminescent HRP 

substrate (Millipore); and luminescence was analyzed using a LAS-3000 

image analyzer (GE Healthcare). 
4.2.3 RNA interference, GC7 treatment and hypoxia: 
Small interfering RNAs (siRNAs) against eIF5A mRNA were obtained from 

NipponGene (siRNA #1), QIAGEN (siRNA # 2,3,4,5) and ambion® (Life 

technologies: siRNA # 6). All transfections were carried out according to 

manufacture’s instructions for 72 hours. A549 cells were transfected with 

control siRNA or siRNA targeting eIF5A for 72 hours. Cells were then grown 

in normoxia or hypoxia for 12 hours followed by RNA preparation. In case of 

GC7, A549 cells were treated with vehicle control or 30 µM GC7 for 12 hours. 

Cells were then allowed to grow in normoxia or hypoxia for 12 hours followed 

by RNA extraction. For luciferase assay, HT1080 cells stably expressing 

HRE-luciferase were collected in NETN buffer after treatments and luciferase 

activity was measured by Spectramax L (Molecular devices). 
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4.2.4 RNA extraction and qPCR 
Total RNA was prepared with RNeasy Mini Kit (QIAGEN) and cDNA was 

prepared by reverse transcription with oligo dT primers using RNA PCR Kit 

(AMV) Ver.3.0 (Takara Bio Inc., Shiga, Japan). Expression of HIF-1 target 

genes was analyzed by qPCR SYBR Premix Ex Taq II (Takara BioInc.) and 

LightCycler 480 (Roche) 
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4.3 Results and discussion 
HIF-1α is the master regulator of hypoxic response, which up-regulates the 

expression of its target genes. I checked the transcriptional activity of HIF-1α 

upon eIF5A knockdown or inhibition of hypusination by GC7. I found that 

eIF5A knockdown or GC7 treatment could suppress HRE-luciferase activity 

(Fig. 4.1 A, B), indicating that functional eIF5A is important for transcriptional 

activation by HIF-1α in hypoxia. It was also confirmed that suppression of 

luciferase activity by eIF5A KD or GC7 treatment in hypoxia is due to down-

regulation of HIF-1α protein (Fig. 4.1 C, D). Transcript levels of representative 

HIF-1 target genes were analyzed in response to eIF5A knockdown or GC7 

treatment, using quantitative real time PCR. The results indicated that 

functional eIF5A is required for HIF-1 alpha mediated transcription of HIF-1 

target genes in hypoxia (Fig. 4.2 A-D). These results are consistent with the 

western blot results and reiterate that in the absence of eIF5A or in the 

presence of defective eIF5A, HIF-1α protein level drops resulting in down-

regulation of HIF-1 target genes. Adaptive response to hypoxia is initiated by 

HIF-1α-mediated transcriptional induction of genes, which are necessary for 

cell growth and proliferation. Most solid tumors have regions of hypoxia. 

Tumors outgrow their vascular supply due to which severe gradient of 

nutrients is observed. To promote new blood vessel formation, HIF-1α up-

regulates the expression of vascular endothelial growth factor (VEGF) to 

extend blood vessels and ensure supply of nutrients and oxygen. In hypoxic 

microenvironment cells cannot afford to continue oxidative energy generation 

so cellular metabolism is shifted to glycolysis. Shifting from TCA cycle to 

glycolysis for energy production requires sustained supply of glucose to obtain 

maximum energy by less efficient mechanism. HIF-1 target gene, GLUT1 

expression is up-regulated to increase glucose transport to tumor cells for 

sustained glycolysis. Hypoxic tumor cells not only rely on increased glycolysis 

but also inhibit oxidative metabolism as well. Pyruvate dehydrogenase kinase 

1 (PDK1) is up-regulated by HIF-1α to phosphorylate and block Pyruvate 

dehydrogenase (PDH), which is involved in conversion of pyruvate to acetyl-

CoA to enter TCA cycle. Another HIF-1 target gene, lactate dehydrogenase A 

(LDHA) promotes conversion of pyruvate to lactate. Tumor cells utilize the 
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glycolytic pathway as a sole source of energy production thereby 

mitochondrial activity is completely suppressed. Not only mitochondrial activity 

but also the number of mitochondria is reduced. Autophagy (mitophagy) is 

induced by BNIP3, a HIF-1 target gene, in hypoxic tumor cells.  

The role of HIF-1α is thus vital for tumor growth, angiogenesis, metastasis 

and survival. My results show that HIF-1α itself is dependent on functional 

eIF5A and in the absence of eIF5A, HIF-1α is unable to support growth and 

survival. 

 
 
Summary: 
eIF5A was found to be essential for HIF-1α-mediated transcriptional up- 

regulation of HIF-1 target genes. eIF5A knockdown led to down-regulation of 

the mentioned HIF-1 target gene expression in hypoxia. Cells treated with 

GC7 in hypoxia also showed a significant down-regulation of HIF-1 target 

gene expression. In hypoxia, functional eIF5A is essential for HIF-1 target 

gene expression. 
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Figures Chapter 4: 

 
 
Figure 4.1: Functional eIF5A is essential for HIF-1α transcriptional 
activity.  HT1080 cells stably expressing luciferase under the control of the 

HRE promoter were transfected with scramble control or siRNA against eIF5A 

for 72 hours (A, C). For GC7 treatment, Cells were grown overnight followed 

by treatment with vehicle or indicated concentrations of GC7 for 12 hours (B, 

D).  After treatments the cells were allowed to grow in normoxia (High O2) or 

hypoxia (Low O2) for 12 hours. Luciferase activity was measured using a 

luminometer and protein levels were analyzed by western blotting. 
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Figures Chapter 4 
 

 
 
 
 
 
 
 
Figure 4.2: Functional eIF5A is essential for HIF-1 target gene 
expression.  A549 cells were transfected with scramble control or siRNA 

against eIF5A for 72 hours. For GC7 treatment, Cells were grown overnight 

followed by treatment with vehicle or 30 µM GC7 for 12 hours.  After 

treatments the cells were allowed to grow in normoxia (High O2) or hypoxia 

(Low O2) for 12 hours. Expression of HIF-1 target genes was analyzed by real 

time PCR using gene-specific primers. 
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Table 4.1 List of primers 
 

Gene Primer sequence 
VEGF-A-F TGCCCGCTGCTGTCTAAT 
VEGF-A-R TCTCCGCTCTGAGCAAGG 
GLUT-1-F GGTTGTGCCATACTCATGACC 
GLUT-1-R CAGATAGGACATCCAGGGTAGC 
BNip3-F GAATTTCTGAAAGTTTTCCTTCCA 
BNip3-R TTGTCAGACGCCTTCCAATA 
PGK1-F CAGCTGCTGGGTCTGTCAT 
PGK1-R GCTGGCTCGGCTTTAACC 
LDHA-F ATCTTGACCTACGTGGCTTGGA 
LDHA-R CCATACAGGCACACTGGAATCTC 
PDK1-F ACCAGGACAGCCAATACAAG  
PDK1-R CCTCGGTCACTCATCTTCAC 
eIF5A-F AGATCGTCGAGATGTCTACTTCG 
eIF5A-R TTGACGGGCAGATATCTTCATA 
B-Actin-F ACCAACTGGGACGACATGGAGAAA 
B-Actin-R TTAATGTCACGCACGATTTCCCGC 

 
 
Table 4.1: Sequences of primers used for quantitative real-time PCR are 

shown in the table. Sequences are shown 5’à3’.  F: forward primer, R: 

reverse primer. 
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Chapter 5: 
eIF5A is important for growth of tumor spheroid 

 
5.1 Introduction 
In the field of cancer drug discovery, it is very important to have model 

systems closely resembling the in vivo tumor microenvironment. 

Transplantable tumor model in rodents offered a great opportunity to study in 

vivo tumor biology and develop drug screening systems [90]. The cost and 

ethical issues associated with in vivo tumor models led scientists to think and 

develop new drug screening systems. The NCI60 program of the US National 

Cancer Institute was one such alternative. The NCI60 drug-screening platform 

was a high throughput screening system (HTS) system for cytotoxicity assays 

in vitro. Cell based assays combined with powerful computational methods 

can be used for mechanism of action and potential target identification of 

compounds. Such type of monolayer cell culture (2D culture) in drug 

screening has dominated but it has also been observed that cells in 2D 

culture do not represent truly the in vivo tumor microenvironment [91,92]. 3D 

culture was thus developed which shows in vivo-like growth and cellular 

interactions. 3D culture or tumor spheroid is the formation cell aggregate non-

adherently. Spheroid resembles in vivo tumor in many traits, for example, 

growth pattern, nutrient gradient and interactions with ECM proteins 

[91,93,94]. The central region of spheroid is hypoxic like in vivo tumor and the 

activity of HIF-1α can be detected in that region. HIF-1α expression has been 

shown to be important for growth and proliferation of cells in a spheroid. 

Suppressing the expression of HIF-1α leads to reduction in size of spheroid 

[95]. In my study I found that eIF5A is essential for HIF-1α protein expression 

and transcriptional ability thus it was interesting to monitor the growth of 

spheroids in response to eIF5A knockdown or hypuisnation inhibition.  

 
 
 



	   38	  

5.2 Materials and Methods: 
5.2.1 Compounds, and cell culture: 
GC7 was purchased from Biosearch Technologies, Inc.,. All cell lines were 

maintained in DMEM containing 10% heat inactivated Fetal Bovine Serum 

and antibiotics at 37°C, 5% CO2 in a humidified incubator.  

5.2.2 Antibodies and immunoblotting: 
A mouse monoclonal antibody against hypusinated eIF5A (Hyp-eIF5A) was 

raised as described previously[18]. Antibody against α-Tubulin (B-5-1-2) was 

purchased from Sigma. Monoclonal antibodies against eIF5A and HIF-1α 

were obtained from BD Bioscience.  Immunoblotting was performed using 

whole cell lysates, prepared by collecting cells directly in 1x SDS PAGE 

sample loading buffer and heating at 95 °C for 5 min. Equal volumes of each 

whole cell lysate was resolved by SDS PAGE and transferred to a 

polyvinylidene difluoride membrane (Millipore) by electroblottting. Membranes 

were incubated with primary and secondary antibodies; immune complexes 

were detected using the Immobilon Western Chemiluminescent HRP 

substrate (Millipore); and luminescence was analyzed using a LAS-3000 

image analyzer (GE Healthcare).  

5.2.3 RNA interference and GC7 treatment: 
Small interfering RNAs (siRNAs) against eIF5A mRNA were obtained from 

NipponGene (siRNA #1) and ambion® (Life technologies: siRNA # 6). All 

transfections were carried out according to manufacture’s instructions. A549 

cells were transfected with control siRNA or siRNA targeting eIF5A. 24 hours 

post-transfection, cells (equal number) were transferred to U-bottom 96-well 

plate (PrimeSurface 96U from Sumitomo Bakelite Co., LTD) for spheroid 

formation. After 24 hours images were taken using celigo microscope (Day 0). 

Then images were recorded at two-day interval for two weeks. Spheroid size 

was measured using ImageJ software. In case GC7, A549 cells (equal 

number) were grown in U-bottom 96-well plate. After 24 hours images were 

recorded (Day 0) and treated with vehicle control or 30 µM GC7. At every 3rd 

day GC7 was added and every second day images were captured. 
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5.3 Results and discussion 
5.3.1 HIF-1α knockdown leads to reduction in the size of 
spheroid 
Tumor spheroids are used as tumor models because of their structural and 

cellular arrangements. The central region of tumor spheroid becomes hypoxic 

as well as supply of nutrients to that area is limited (Fig. 5.1 A). The hypoxic 

region of spheroid is a site of HIF-1α expression, which is necessary for 

growth, and survival of cells in hypoxic stress. In order to reconfirm this 

observation, I used siRNA against HIF-1α (Fig. 5.1 B) for its effect on the 

growth of spheroid. A549 cells treated with scramble control or HIF-1α 

siRNAs and were allowed to form spheroid and the growth of spheroid was 

monitored for two weeks. It was observed that HIF-1α knockdown has a 

negative effect on spheroid growth (Fig. 5.1 C). Total area of spheroid was 

measured using ImageJ software and Fig. 5.1 D shows that HIF-1α 

knockdown had a significant (p<0.05) growth-limiting effect. 

5.3.2 eIF5A knockdown has negative effect on spheroid 
growth 
Spheroid growth is dependent on HIF-1α to mediate adaptive response and 

survive in oxygen deficient environment. My previous results revealed that 

eIF5A is essential for HIF-1α function in hypoxia and eIF5A knockdown led to 

eventual proteasomal degradation of HIF-1α in hypoxia. To further verify my 

results, I used siRNA oligos-mediated suppression of eIF5A. A549 cells 

transfected either with scramble control siRNA or siRNAs (sieIF5A1, 

sieIF5A6) targeting eIF5A, were allowed to form spheroid. The growth of 

spheroids was monitored for two weeks. Consistent with my previous findings, 

it was observed that eIF5A knockdown had a significant (p<0.05) negative 

effects on spheroid growth (Fig. 5.2 A, B). 

5.3.3 Functional eIF5A is essential for spheroid growth  
I showed previously that HIF-1α expression in hypoxia is dependent on 

functional (hypusinated) eIF5A and inhibition of eIF5A hypusination resulted in 

downregulation of HIF-1α. I checked the effect GC7 (inhibitor of DHS) on 

growth of spheroid. The results (Fig. 5.3) indicated that like eIF5A knockdown, 
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blocking eIF5A hypusination leads to reduction of spheroid size. As I showed 

previously, HIF-1α is important for spheroid growth and siRNA-mediated 

knockdown of HIF-1α impairs spheroid growth, I checked the level of HIF-1α 

protein in spheroid. I collected the spheroids at day 10 and day 12 in cell lysis 

buffer and resolved the cell lysate on a polyacrylamide gel. Western blot 

results (Fig. 5.3 C) showed the expression of HIF-1α protein in spheroids 

treated with vehicle control or 3 µM GC7 but no expression in spheroids 

treated with 30 µM GC7. Consistent with previous results, it was observed 

that functional eIF5A is essential for growth of spheroid.  

 
Summary: 
It was found that HIF-1α is important for cell growth in 3D culture and HIF-1α 

knockdown had a negative effect on growth of spheroid. eIF5A being 

essential for HIF-1α expression, was found to be important for spheroid 

growth and siRNA-mediated knockdown of eIF5A significantly reduced 

spheroid growth. Hypusinated eIF5A was found to be important of spheroid 

growth and blocking eIF5A hypusination by GC7 resulted in reduction of 

spheroid size. In GC7 treated spheroids, the level of HIF-1α protein was 

dropped as compared to control spheroids. 
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Figures Chapter 5: 

 

 
 

 

 

 
 
 
 
 
 
 
Figure 5.1: Spheroid growth is reduced in response to HIF-1α 
knockdown.  
(A) A typical spheroid, which has central hypoxic (red) region and normoxic 

region (green) at the periphery. (B) Western blot result indicates the efficiency 

of siRNA against HIF-1α. The 10 nM final concentration of siRNA was used. 

(C) Spheroid size is suppressed by HIF-1α knockdown. (D) Line graph 

represents the total area of spheroid (µM2). Error bars represent SEM, n=3. * 

p < 0.05, ** p < 0.01 as determined by students T-test. 
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Figures Chapter 5: 
 

 

 
 

 
 
 
Figure 5.2: Spheroid growth is reduced in response to eIF5A 
knockdown.  
(A) Spheroid size is suppressed by eIF5A knockdown. (B) Line graph 

represents the total area of spheroid (µM2). Error bars represent SEM, n=3.  * 

p < 0.01, ** p < 0.05, *< 0.05  as determined by students T-test. 
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Figures Chapter 5: 
 

 

 

 
Figure 5.3: Spheroid growth is reduced in response to GC7 treatment.  
(A) Spheroid size is suppressed in response to GC7 treatment. (B) Line graph 

represents the total area of spheroid (µM2). Error bars represent SEM, n=3.  

* p < 0.01, ** p < 0.05 as determined by students T-test. (C) Western bot 

analysis of HIF-1α protein in spheroid.  
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Chapter 6: 

Conclusions 

 
In the current study I report a novel function of eIF5A in the HIF-1α pathway. 

eIF5A is an important cellular protein essential for cell growth and 

proliferation. eIF5A is the only known protein which undergoes hypusine 

modification, a post-translational modification essential for its activity. 

Previous studies revealed that reversible acetylation of eIF5A regulates 

subcellular localization of eIF5A and that acetylated eIF5A localizes to the 

nucleus, however the role of nuclear eIF5A is still unknown. 

The current study was focused on the regulation of post-translational 

modifications of eIF5A. Based on the results, I concluded as follows. 

 

A. Acetylation of eIF5A is induced by glucose and hypoxia. 

B. eIF5A is essential for HIF-1α induction in hypoxia. 

C. Hypusine modification of eIF5A is essential for HIF-1α induction in 

hypoxia.   

D. In the absence of functional eIF5A, HIF-1α protein is targeted for 

proteasomal degradation. 

 

 

 

 

 

 

 

 



	   45	  

References 

1. Zanelli CF, Maragno AL, Gregio AP, Komili S, Pandolfi JR, et al. (2006) 

eIF5A binds to translational machinery components and affects translation in 

yeast. Biochem Biophys Res Commun 348: 1358-1366. 

2. Aoki H, Dekany K, Adams SL, Ganoza MC (1997) The gene encoding the 

elongation factor P protein is essential for viability and is required for protein 

synthesis. Journal of Biological Chemistry 272: 32254-32259. 

3. Park MH, Lee YB, Joe YA (1997) Hypusine is essential for eukaryotic cell 

proliferation. Biol Signals 6: 115-123. 

4. Benne R, Hershey JW (1978) The mechanism of action of protein synthesis 

initiation factors from rabbit reticulocytes. J Biol Chem 253: 3078-3087. 

5. Zanelli CF, Valentini SR (2007) Is there a role for eIF5A in translation? 

Amino Acids 33: 351-358. 

6. Gregio AP, Cano VP, Avaca JS, Valentini SR, Zanelli CF (2009) eIF5A has 

a function in the elongation step of translation in yeast. Biochem Biophys Res 

Commun 380: 785-790. 

7. Cracchiolo BM, Heller DS, Clement PM, Wolff EC, Park MH, et al. (2004) 

Eukaryotic initiation factor 5A-1 (eIF5A-1) as a diagnostic marker for aberrant 

proliferation in intraepithelial neoplasia of the vulva. Gynecol Oncol 94: 217-

222. 

8. Clement PM, Johansson HE, Wolff EC, Park MH (2006) Differential 

expression of eIF5A-1 and eIF5A-2 in human cancer cells. FEBS J 273: 1102-

1114. 

9. Jenkins ZA, Haag PG, Johansson HE (2001) Human eIF5A2 on 

chromosome 3q25-q27 is a phylogenetically conserved vertebrate variant of 



	   46	  

eukaryotic translation initiation factor 5A with tissue-specific expression. 

Genomics 71: 101-109. 

10. Park MH, Nishimura K, Zanelli CF, Valentini SR (2010) Functional 

significance of eIF5A and its hypusine modification in eukaryotes. Amino 

Acids 38: 491-500. 

11. Caraglia M, Park MH, Wolff EC, Marra M, Abbruzzese A (2013) eIF5A 

isoforms and cancer: two brothers for two functions? Amino Acids 44: 103-

109. 

12. Park MH (2006) The post-translational synthesis of a polyamine-derived 

amino acid, hypusine, in the eukaryotic translation initiation factor 5A (eIF5A). 

J Biochem 139: 161-169. 

13. Park MH, Wolff EC, Folk JE (1993) Hypusine: its post-translational 

formation in eukaryotic initiation factor 5A and its potential role in cellular 

regulation. Biofactors 4: 95-104. 

14. Park MH, Wolff EC, Smit-McBride Z, Hershey JW, Folk JE (1991) 

Comparison of the activities of variant forms of eIF-4D. The requirement for 

hypusine or deoxyhypusine. J Biol Chem 266: 7988-7994. 

15. Klier H, Csonga R, Joao HC, Eckerskorn C, Auer M, et al. (1995) Isolation 

and structural characterization of different isoforms of the hypusine-containing 

protein eIF-5A from HeLa cells. Biochemistry 34: 14693-14702. 

16. Kim SC, Sprung R, Chen Y, Xu Y, Ball H, et al. (2006) Substrate and 

functional diversity of lysine acetylation revealed by a proteomics survey. Mol 

Cell 23: 607-618. 

17. Lee SB, Park JH, Folk JE, Deck JA, Pegg AE, et al. (2011) Inactivation of 

eukaryotic initiation factor 5A (eIF5A) by specific acetylation of its hypusine 



	   47	  

residue by spermidine/spermine acetyltransferase 1 (SSAT1). Biochem J 433: 

205-213. 

18. Ishfaq M, Maeta K, Maeda S, Natsume T, Ito A, et al. (2012) Acetylation 

regulates subcellular localization of eukaryotic translation initiation factor 5A 

(eIF5A). FEBS Lett 586: 3236-3241. 

19. Ishfaq M, Maeta K, Maeda S, Natsume T, Ito A, et al. (2012) The role of 

acetylation in the subcellular localization of an oncogenic isoform of 

translation factor eIF5A. Biosci Biotechnol Biochem 76: 2165-2167. 

20. Hofmann W, Reichart B, Ewald A, Muller E, Schmitt I, et al. (2001) 

Cofactor requirements for nuclear export of Rev response element (RRE)- 

and constitutive transport element (CTE)-containing retroviral RNAs. An 

unexpected role for actin. J Cell Biol 152: 895-910. 

21. Schrader R, Young C, Kozian D, Hoffmann R, Lottspeich F (2006) 

Temperature-sensitive eIF5A mutant accumulates transcripts targeted to the 

nonsense-mediated decay pathway. J Biol Chem 281: 35336-35346. 

22. Luchessi AD, Cambiaghi TD, Alves AS, Parreiras ESLT, Britto LR, et al. 

(2008) Insights on eukaryotic translation initiation factor 5A (eIF5A) in the 

brain and aging. Brain Res 1228: 6-13. 

23. Kang HA, Hershey JW (1994) Effect of initiation factor eIF-5A depletion on 

protein synthesis and proliferation of Saccharomyces cerevisiae. J Biol Chem 

269: 3934-3940. 

24. Glick BR, Ganoza MC (1975) Identification of a soluble protein that 

stimulates peptide bond synthesis. Proc Natl Acad Sci U S A 72: 4257-4260. 



	   48	  

25. Navarre WW, Zou SB, Roy H, Xie JL, Savchenko A, et al. (2010) PoxA, 

yjeK, and elongation factor P coordinately modulate virulence and drug 

resistance in Salmonella enterica. Mol Cell 39: 209-221. 

26. Park JH, Johansson HE, Aoki H, Huang BX, Kim HY, et al. (2012) Post-

translational modification by beta-lysylation is required for activity of 

Escherichia coli elongation factor P (EF-P). J Biol Chem 287: 2579-2590. 

27. Patel PH, Costa-Mattioli M, Schulze KL, Bellen HJ (2009) The Drosophila 

deoxyhypusine hydroxylase homologue nero and its target eIF5A are required 

for cell growth and the regulation of autophagy. J Cell Biol 185: 1181-1194. 

28. Saini P, Eyler DE, Green R, Dever TE (2009) Hypusine-containing protein 

eIF5A promotes translation elongation. Nature 459: 118-121. 

29. Dias CA, Gregio AP, Rossi D, Galvao FC, Watanabe TF, et al. (2012) 

eIF5A interacts functionally with eEF2. Amino Acids 42: 697-702. 

30. Doerfel LK, Wohlgemuth I, Kothe C, Peske F, Urlaub H, et al. (2013) EF-P 

is essential for rapid synthesis of proteins containing consecutive proline 

residues. Science 339: 85-88. 

31. Ude S, Lassak J, Starosta AL, Kraxenberger T, Wilson DN, et al. (2013) 

Translation elongation factor EF-P alleviates ribosome stalling at polyproline 

stretches. Science 339: 82-85. 

32. Gutierrez E, Shin BS, Woolstenhulme CJ, Kim JR, Saini P, et al. (2013) 

eIF5A promotes translation of polyproline motifs. Mol Cell 51: 35-45. 

33. Nishimura K, Lee SB, Park JH, Park MH (2012) Essential role of eIF5A-1 

and deoxyhypusine synthase in mouse embryonic development. Amino Acids 

42: 703-710. 



	   49	  

34. Sievert H, Pallmann N, Miller KK, Hermans-Borgmeyer I, Venz S, et al. 

(2014) A novel mouse model for inhibition of DOHH-mediated hypusine 

modification reveals a crucial function in embryonic development, proliferation 

and oncogenic transformation. Dis Model Mech 7: 963-976. 

35. Clement PM, Henderson CA, Jenkins ZA, Smit-McBride Z, Wolff EC, et al. 

(2003) Identification and characterization of eukaryotic initiation factor 5A-2. 

Eur J Biochem 270: 4254-4263. 

36. Guan XY, Sham JS, Tang TC, Fang Y, Huo KK, et al. (2001) Isolation of a 

novel candidate oncogene within a frequently amplified region at 3q26 in 

ovarian cancer. Cancer Res 61: 3806-3809. 

37. Park MH, Wolff EC, Lee YB, Folk JE (1994) Antiproliferative effects of 

inhibitors of deoxyhypusine synthase. Inhibition of growth of Chinese hamster 

ovary cells by guanyl diamines. J Biol Chem 269: 27827-27832. 

38. Hanauske-Abel HM, Park MH, Hanauske AR, Popowicz AM, Lalande M, 

et al. (1994) Inhibition of the G1-S transition of the cell cycle by inhibitors of 

deoxyhypusine hydroxylation. Biochim Biophys Acta 1221: 115-124. 

39. Lee Y, Kim HK, Park HE, Park MH, Joe YA (2002) Effect of N1-guanyl-

1,7-diaminoheptane, an inhibitor of deoxyhypusine synthase, on endothelial 

cell growth, differentiation and apoptosis. Mol Cell Biochem 237: 69-76. 

40. Memin E, Hoque M, Jain MR, Heller DS, Li H, et al. (2014) Blocking eIF5A 

modification in cervical cancer cells alters the expression of cancer-related 

genes and suppresses cell proliferation. Cancer Res 74: 552-562. 

41. Taylor CA, Sun Z, Cliche DO, Ming H, Eshaque B, et al. (2007) Eukaryotic 

translation initiation factor 5A induces apoptosis in colon cancer cells and 



	   50	  

associates with the nucleus in response to tumour necrosis factor alpha 

signalling. Exp Cell Res 313: 437-449. 

42. Sun Z, Cheng Z, Taylor CA, McConkey BJ, Thompson JE (2010) 

Apoptosis induction by eIF5A1 involves activation of the intrinsic mitochondrial 

pathway. J Cell Physiol 223: 798-809. 

43. Taylor CA, Liu Z, Tang TC, Zheng Q, Francis S, et al. (2012) Modulation 

of eIF5A expression using SNS01 nanoparticles inhibits NF-kappaB activity 

and tumor growth in murine models of multiple myeloma. Mol Ther 20: 1305-

1314. 

44. Shirai A, Matsuyama A, Yashiroda Y, Hashimoto A, Kawamura Y, et al. 

(2008) Global analysis of gel mobility of proteins and its use in target 

identification. J Biol Chem 283: 10745-10752. 

45. Semenza GL (2013) HIF-1 mediates metabolic responses to intratumoral 

hypoxia and oncogenic mutations. J Clin Invest 123: 3664-3671. 

46. Imanirad P, Dzierzak E (2013) Hypoxia and HIFs in regulating the 

development of the hematopoietic system. Blood Cells Mol Dis 51: 256-263. 

47. Semenza GL (2001) Hypoxia-inducible factor 1: control of oxygen 

homeostasis in health and disease. Pediatr Res 49: 614-617. 

48. Dunwoodie SL (2009) The role of hypoxia in development of the 

Mammalian embryo. Dev Cell 17: 755-773. 

49. Keith B, Johnson RS, Simon MC (2012) HIF1alpha and HIF2alpha: sibling 

rivalry in hypoxic tumour growth and progression. Nat Rev Cancer 12: 9-22. 

50. Wiesener MS, Jurgensen JS, Rosenberger C, Scholze CK, Horstrup JH, 

et al. (2003) Widespread hypoxia-inducible expression of HIF-2alpha in 

distinct cell populations of different organs. FASEB J 17: 271-273. 



	   51	  

51. Makino Y, Kanopka A, Wilson WJ, Tanaka H, Poellinger L (2002) 

Inhibitory PAS domain protein (IPAS) is a hypoxia-inducible splicing variant of 

the hypoxia-inducible factor-3alpha locus. J Biol Chem 277: 32405-32408. 

52. Lando D, Peet DJ, Gorman JJ, Whelan DA, Whitelaw ML, et al. (2002) 

FIH-1 is an asparaginyl hydroxylase enzyme that regulates the transcriptional 

activity of hypoxia-inducible factor. Genes Dev 16: 1466-1471. 

53. Safran M, Kaelin WG, Jr. (2003) HIF hydroxylation and the mammalian 

oxygen-sensing pathway. J Clin Invest 111: 779-783. 

54. Lee C, Kim SJ, Jeong DG, Lee SM, Ryu SE (2003) Structure of human 

FIH-1 reveals a unique active site pocket and interaction sites for HIF-1 and 

von Hippel-Lindau. J Biol Chem 278: 7558-7563. 

55. Semenza GL (2004) Hydroxylation of HIF-1: oxygen sensing at the 

molecular level. Physiology (Bethesda) 19: 176-182. 

56. Sutter CH, Laughner E, Semenza GL (2000) Hypoxia-inducible factor 

1alpha protein expression is controlled by oxygen-regulated ubiquitination that 

is disrupted by deletions and missense mutations. Proc Natl Acad Sci U S A 

97: 4748-4753. 

57. Kaelin WG, Jr., Ratcliffe PJ (2008) Oxygen sensing by metazoans: the 

central role of the HIF hydroxylase pathway. Mol Cell 30: 393-402. 

58. Ryan HE, Lo J, Johnson RS (1998) HIF-1 alpha is required for solid tumor 

formation and embryonic vascularization. EMBO J 17: 3005-3015. 

59. Iyer NV, Kotch LE, Agani F, Leung SW, Laughner E, et al. (1998) Cellular 

and developmental control of O2 homeostasis by hypoxia-inducible factor 1 

alpha. Genes Dev 12: 149-162. 



	   52	  

60. Ruthenborg RJ, Ban JJ, Wazir A, Takeda N, Kim JW (2014) Regulation of 

wound healing and fibrosis by hypoxia and hypoxia-inducible factor-1. Mol 

Cells 37: 637-643. 

61. Hong WX, Hu MS, Esquivel M, Liang GY, Rennert RC, et al. (2014) The 

Role of Hypoxia-Inducible Factor in Wound Healing. Adv Wound Care (New 

Rochelle) 3: 390-399. 

62. Andrikopoulou E, Zhang X, Sebastian R, Marti G, Liu L, et al. (2011) 

Current Insights into the role of HIF-1 in cutaneous wound healing. Curr Mol 

Med 11: 218-235. 

63. Kaelin WG (2007) Von Hippel-Lindau disease. Annu Rev Pathol 2: 145-

173. 

64. Cheng J, Kang X, Zhang S, Yeh ET (2007) SUMO-specific protease 1 is 

essential for stabilization of HIF1alpha during hypoxia. Cell 131: 584-595. 

65. Koh MY, Darnay BG, Powis G (2008) Hypoxia-associated factor, a novel 

E3-ubiquitin ligase, binds and ubiquitinates hypoxia-inducible factor 1alpha, 

leading to its oxygen-independent degradation. Mol Cell Biol 28: 7081-7095. 

66. Koh MY, Powis G (2009) HAF : the new player in oxygen-independent 

HIF-1alpha degradation. Cell Cycle 8: 1359-1366. 

67. Liu YV, Baek JH, Zhang H, Diez R, Cole RN, et al. (2007) RACK1 

competes with HSP90 for binding to HIF-1alpha and is required for O(2)-

independent and HSP90 inhibitor-induced degradation of HIF-1alpha. Mol Cell 

25: 207-217. 

68. Montagner M, Enzo E, Forcato M, Zanconato F, Parenti A, et al. (2012) 

SHARP1 suppresses breast cancer metastasis by promoting degradation of 

hypoxia-inducible factors. Nature 487: 380-384. 



	   53	  

69. Semenza GL (2003) Targeting HIF-1 for cancer therapy. Nat Rev Cancer 

3: 721-732. 

70. Zhong H, De Marzo AM, Laughner E, Lim M, Hilton DA, et al. (1999) 

Overexpression of hypoxia-inducible factor 1alpha in common human cancers 

and their metastases. Cancer Res 59: 5830-5835. 

71. Sivridis E, Giatromanolaki A, Gatter KC, Harris AL, Koukourakis MI (2002) 

Association of hypoxia-inducible factors 1alpha and 2alpha with activated 

angiogenic pathways and prognosis in patients with endometrial carcinoma. 

Cancer 95: 1055-1063. 

72. Schindl M, Schoppmann SF, Samonigg H, Hausmaninger H, Kwasny W, 

et al. (2002) Overexpression of hypoxia-inducible factor 1alpha is associated 

with an unfavorable prognosis in lymph node-positive breast cancer. Clin 

Cancer Res 8: 1831-1837. 

73. Birner P, Schindl M, Obermair A, Plank C, Breitenecker G, et al. (2000) 

Overexpression of hypoxia-inducible factor 1alpha is a marker for an 

unfavorable prognosis in early-stage invasive cervical cancer. Cancer Res 60: 

4693-4696. 

74. Birner P, Schindl M, Obermair A, Breitenecker G, Oberhuber G (2001) 

Expression of hypoxia-inducible factor 1alpha in epithelial ovarian tumors: its 

impact on prognosis and on response to chemotherapy. Clin Cancer Res 7: 

1661-1668. 

75. Giatromanolaki A, Koukourakis MI, Sivridis E, Turley H, Talks K, et al. 

(2001) Relation of hypoxia inducible factor 1 alpha and 2 alpha in operable 

non-small cell lung cancer to angiogenic/molecular profile of tumours and 

survival. Br J Cancer 85: 881-890. 



	   54	  

76. Brown JM (1999) The hypoxic cell: a target for selective cancer therapy--

eighteenth Bruce F. Cain Memorial Award lecture. Cancer Res 59: 5863-

5870. 

77. Durand RE (1994) The influence of microenvironmental factors during 

cancer therapy. In Vivo 8: 691-702. 

78. Durand RE, Raleigh JA (1998) Identification of nonproliferating but viable 

hypoxic tumor cells in vivo. Cancer Res 58: 3547-3550. 

79. Brown JM (2002) Tumor microenvironment and the response to 

anticancer therapy. Cancer Biol Ther 1: 453-458. 

80. Gao H, Xie J, Peng J, Han Y, Jiang Q, et al. (2015) Hispidulin inhibits 

proliferation and enhances chemosensitivity of gallbladder cancer cells by 

targeting HIF-1alpha. Exp Cell Res 332: 236-246. 

81. Yang X, Yang B, Cai J, Zhang C, Zhang Q, et al. (2013) Berberine 

enhances radiosensitivity of esophageal squamous cancer by targeting HIF-

1alpha in vitro and in vivo. Cancer Biol Ther 14: 1068-1073. 

82. Meijer TW, Kaanders JH, Span PN, Bussink J (2012) Targeting hypoxia, 

HIF-1, and tumor glucose metabolism to improve radiotherapy efficacy. Clin 

Cancer Res 18: 5585-5594. 

83. Palayoor ST, Mitchell JB, Cerna D, Degraff W, John-Aryankalayil M, et al. 

(2008) PX-478, an inhibitor of hypoxia-inducible factor-1alpha, enhances 

radiosensitivity of prostate carcinoma cells. Int J Cancer 123: 2430-2437. 

84. Berra E, Benizri E, Ginouves A, Volmat V, Roux D, et al. (2003) HIF 

prolyl-hydroxylase 2 is the key oxygen sensor setting low steady-state levels 

of HIF-1alpha in normoxia. EMBO J 22: 4082-4090. 



	   55	  

85. Huang D, Li C, Zhang H (2014) Hypoxia and cancer cell metabolism. Acta 

Biochim Biophys Sin (Shanghai) 46: 214-219. 

86. Gordan JD, Thompson CB, Simon MC (2007) HIF and c-Myc: sibling 

rivals for control of cancer cell metabolism and proliferation. Cancer Cell 12: 

108-113. 

87. Semenza GL, Roth PH, Fang HM, Wang GL (1994) Transcriptional 

regulation of genes encoding glycolytic enzymes by hypoxia-inducible factor 

1. J Biol Chem 269: 23757-23763. 

88. Mathupala SP, Rempel A, Pedersen PL (2001) Glucose catabolism in 

cancer cells: identification and characterization of a marked activation 

response of the type II hexokinase gene to hypoxic conditions. J Biol Chem 

276: 43407-43412. 

89. Semenza GL, Jiang BH, Leung SW, Passantino R, Concordet JP, et al. 

(1996) Hypoxia response elements in the aldolase A, enolase 1, and lactate 

dehydrogenase A gene promoters contain essential binding sites for hypoxia-

inducible factor 1. J Biol Chem 271: 32529-32537. 

90. DeVita VT, Jr., Chu E (2008) A history of cancer chemotherapy. Cancer 

Res 68: 8643-8653. 

91. LaBarbera DV, Reid BG, Yoo BH (2012) The multicellular tumor spheroid 

model for high-throughput cancer drug discovery. Expert Opin Drug Discov 7: 

819-830. 

92. Shoemaker RH (2006) The NCI60 human tumour cell line anticancer drug 

screen. Nat Rev Cancer 6: 813-823. 



	   56	  

93. Friedrich J, Ebner R, Kunz-Schughart LA (2007) Experimental anti-tumor 

therapy in 3-D: spheroids--old hat or new challenge? Int J Radiat Biol 83: 849-

871. 

94. Santini MT, Rainaldi G (1999) Three-dimensional spheroid model in tumor 

biology. Pathobiology 67: 148-157. 

95. Mendez O, Zavadil J, Esencay M, Lukyanov Y, Santovasi D, et al. (2010) 

Knock down of HIF-1alpha in glioma cells reduces migration in vitro and 

invasion in vivo and impairs their ability to form tumor spheres. Mol Cancer 9: 

133. 

 

 




