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Hypoxia is a common feature of solid tumors resulting from the disordered vasculature 

developed to supply oxygen to the rapidly growing tumor. As a result, gradients of 

oxygen concentration emerge; regions of severe hypoxia undergo cell death through the 

stabilization and activation of p53. Cancer cells can evade hypoxia-induced cell death 

by inducing genetic alterations, such as mutations in the TP53 tumor-suppressor gene. 

Hypoxic stress then acts as a potent selector for aggressive mutant clones allowing their 

expansion at the expense of their wild-type hypoxia-sensitive counterparts. Restoration 

of hypoxia-induced apoptosis in tumors harboring p53 mutations has been proposed as 

a potential therapeutic strategy. Although several p53-targeted therapies have entered 

clinical trials, several limitations arose and hindered the efficacy of these approaches. 

Ceramide, a signaling sphingolipid, was previously reported as a potential collaborator 

with p53 in the stress-induced cellular response. Ceramide metabolism is quite complex 

and comprises a set of reactions that produce different metabolites involved in a variety 

of cellular responses. While ceramide (Cer) and sphingosine (Sph) act as pro-apoptotic 

lipids, ceramide 1-phosphate (C1P) and sphingosine 1-phosphate (S1P) are considered 

as oncometabolites. Slight changes in the balance between pro and anti-apoptotic 

sphingolipids, commanded by the expression and activity of appropriate enzymes, could 

dictate cell fate in response to hypoxia in both p53-proficient and p53-deficient cells. 

In order to define the role of ceramide in the p53-dependent and independent responses 

to hypoxia, HCT-116 colon carcinoma cells differentially expressing p53 were 

incubated under 1% O2 and the changes in their ceramide metabolism were measured at 

several time points. Unlike p53-proficient colonic carcinoma HCT-116 cells, p53-

deficient cells resisted the apoptotic response induced by hypoxia. This resistance was 

accompanied by ceramide accumulation and a drop in sphingosine levels, which may 

have been promoted by sphingosine phosphorylation into the anti-apoptotic 

sphingolipid S1P. Indeed, we showed, through protein and mRNA expression studies as 

well as through enzymatic pharmacological modulation, that ceramide synthases and 
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dihydroceramide desaturase 1, key players in the de novo synthesis pathway of 

ceramide, were orchestrating the response of HCT-116 cells to hypoxia in the absence 

of p53. We also demonstrated that the drop in sphingosine level upon hypoxia was 

accompanied by an increase in the mRNA expression of sphingosine kinase 1 in p53-

deficient cells, which may have contributed to their resistance to hypoxia-induced 

apoptosis.  

Treating HCT-116 cells with exogenous C6 ceramide specifically targeted p53-

deficient cells towards apoptosis, possibly by shifting the ceramide/S1P balance 

towards ceramide accumulation.  

This data supports the hypothesis that bypassing p53 loss of function through altering 

downstream ceramide metabolism is a potentially promising therapeutic strategy for the 

treatment of p53-mutated chemo-resistant solid tumors. 
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CHAPTER I 

INTRODUCTION 

 

A. Colon Cancer 

 

1. Epidemiology and risk factors 

 

Colon cancer, also known as colorectal cancer (CRC), is a disease characterized by the 

development of abnormal tumorous growths in the large intestine1. Colorectal cancer 

(CRC) is a common and fatal disease; it represents the third most common cause of 

cancer incidence2, and the fourth most deadly cancer in both men and women 

worldwide3 with 1,849,518  new colorectal cancer cases (10.6% of all cancer incidents) 

and 880,792 deaths recorded in 2018. In Lebanon, 1,463 new colorectal cancer cases 

(regrouping colon, rectal and anal cancer episodes) were reported in 2018, accounting 

for 8.5% of all cancer events, with 851 cases of death from colorectal cancer declared4. 

Numerous environmental and genetic factors are known to increase the occurrence of 

colorectal cancer1,5. 

Among colorectal cancer cases, 25% are accompanied with a family history of CRC, 

while over 60 % are sporadic, caused by somatic genetic and epigenetic defects, mainly 

referable to potentially modifiable risk factors6. Among these, aging is considered a 

major risk factor for colon cancer. Hence, CRC prevalence starts increasing 

significantly between the ages of 40 and 505.  
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Environmental and lifestyle factors can also intervene in causing colon cancer. These 

include personal habits such as alcohol drinking, tobacco smoking, and sedentary 

lifestyle. For instance, being overweight or obese increases the risk of developing and 

dying from colorectal cancer7. 

 

2. Colon carcinogenesis and genetic basis 

 

The majority of colorectal cancer cases arise from a benign premalignant lesion so-

called adenomatous polyp or adenoma8. However, a very minimal number of adenomas 

progresses into malignant lesions or carcinoma, which may invade surrounding tissues, 

and ultimately spread to other organs (metastasis)9,10. Sequential acquisition of genetic 

and epigenetic alterations in tumor suppressors or oncogenes drives the stepwise 

progression from adenoma to carcinoma10. In colon cancer, at least 3 distinct pathways 

of genomic instability have been described, the chromosomal instability (CIN), 

microsatellite instability (MSI), and the CpG island methylator phenotype (CIMP) 

pathways. The chromosomal instability (CIN) pathway, which underlies the majority of 

colon cancer cases, is characterized by the accumulation of numerical or structural 

chromosomal abnormalities, translated by a high rate of gains or losses of whole or 

large portions of chromosomes11. The typical karyotypic abnormalities resulting from 

the CIN pathway favor the onset of consecutive mutations mainly involving alterations 

in the Adenomatous Polyposis Coli (APC) gene, followed by oncogenic KRAS  mutation 

and inactivation of the tumor-suppressor gene TP5312 (Fig.1).  

Mutations in the TP53 gene tend to occur at the latest stage of colon carcinogenesis, 

conveying the colon cancer cells a greater potential of invasion and metastasis, as well 
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as one of the most important hallmarks of cancer, resistance to apoptosis. Cancer cells 

that acquire these mutations along with the emerging traits build up aggressive clones 

that overtake their wild-type counterparts, ultimately leading to a greater CRC 

progression and to poor prognosis12. 

 

 

Figure 1. Molecular events associated with CRC progression13. The initial step in 

tumorigenesis, following the chromosomal instability (CIN pathway), is that of 

adenoma formation, associated with loss of APC. Larger adenomas and early 

carcinomas acquire mutations in the small GTPase KRAS, followed by loss of 

chromosome 18q with SMAD4, and mutations in TP53 in frank carcinoma. 

Microsatellite instability (MSI) pathway is uncommon in adenoma, and it involves a 

different set of genetic alterations that affect Wnt signaling, BRAF, and other genes.  

 

B. TP53 a tumor suppressor gene 

 

1. Definition 

 

TP53 is the first tumor suppressor gene to be identified. Discovered over 40 years ago, 

p53 emerged as a key regulator of several oncogenes involved in growth and apoptosis 

such that, when this regulation is lost, cancer develops14.This gene is 20 kilobases (kb) 

long, located on the small arm of chromosome 17, and mapped to the chromosomal 
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region 17p13.116.  p53 protein is a DNA-binding transcription factor made up of a 

conserved proline rich domain preceded by two N-terminal transactivation domains, 

followed by a central DNA binding domain, and ending with a C-terminus encoding its 

nuclear localization signals and an oligomerization domain needed for its transcriptional 

activity17. 

 

2. p53 function 

 

The p53 protein has been designated as “the guardian of the genome” for its role in 

mediating the cellular response to DNA damage, preventing the emerging oncogenic 

mutations by killing the damaged cells, thus, maintaining genomic stability14,17. 

Numerous studies have shown that p53 transcription factor targets many genes and 

microRNAs in response to cellular stress.  p53 elicits its tumor-suppressor function 

through the transactivation of several genes implicated in the promotion of cell cycle 

arrest and/or apoptosis, in response to cellular stressors18.  

Under normal conditions, p53 is bound to an E3 ubiquitin protein ligase MDM2, 

leading to its proteasomal degradation, and resulting in an extremely low baseline level 

of p53 expression19.  

Upon stress circumstances such as DNA damage, ribonucleotide depletion, oncogenic 

activation, heat shock and hypoxia, p53 levels rapidly increase in the cell nucleus 

through post-translational modifications, which modulate its stability and activities, in 

order to bring into play p53 pro-apoptotic function. These chemical modifications, such 

as phosphorylation and acetylation, convert p53 from an inert to an active form, which 

might be due to the dissociation of MDM2 from p5319.  
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Depending on the severity and types of stress, functionally active p53 transactivates an 

appropriate set of its target genes including cell cycle checkpoints and/or apoptosis-

inducing genes. 

p53-mediated cell cycle arrest provides time for the cell to repair the genomic damage. 

When DNA repair is complete, cells re-enter the normal cell cycle.  

In contrast, when cells face severe DNA damage, p53 elicits its pro-apoptotic function 

to eliminate these cells and prevent the transfer of damaged DNA to daughter cells. 

Thus, p53 has an ability to maintain genomic integrity20. 

 

3. p53 and cell cycle 

 

As mentioned, following cellular stress such as DNA damage, and in order to provide 

time for the cell to repair the genomic damage before being released back into the 

proliferating pool, p53 induces cell cycle arrest21. 

p53-mediated cell cycle arrest operates through the transcriptional activation of 

p21/WAF122. p21 then leads to G1 arrest by binding to and inhibiting cyclin E/CDK2 

and cyclin D/CDK4 complexes. Inhibition of cyclin-CDK complexes results in the 

dephosphorylation and, thus, activation of the tumor suppressor retinoblastoma protein 

(pRb), stimulates pRb binding to E2F1, and promotes the transcription silencing of 

E2F1 targets critical for DNA replication and cell-cycle progression22,23. 

p21 can also promote G2/M arrest and inhibit cyclin B/Cdc2 kinase activity, holding 

cell-cycle progression through mitosis22. 
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4. p53 and apoptosis 

 

p53 is implicated in the induction of two different apoptotic signaling pathways: the 

intrinsic and the extrinsic pathways24. The extrinsic pathway requires the engagement of 

particular ‘death’ receptors that belong to the tumor necrosis factor receptor (TNF-R) 

family, and lead to a cascade of activation of caspases, including caspase-8 and 

caspase-3, through the formation of the death-inducing-signaling-complex (DISC), 

resulting in apoptosis20,25.  

The intrinsic mitochondrial pathway can be induced following DNA damage.  p53-

mediated transactivation leads to apoptosis due to its ability to control transcription of 

proapoptotic members of the Bcl-2 family, such as the ‘multidomain’ Bcl-2 family 

member Bax, as well as the ‘BH3-only’ members Puma, Noxa, and Bid which leads to 

the release of cytochrome c from the mitochondria into the cytoplasm. Cytochrome c 

along with apoptotic protease-activating factor 1 (APAF-1) and procaspase-9 then form 

a complex termed the apoptosome, in which caspase-9 is activated and promotes 

activation of caspase-3, caspase-6 and caspase-7, inducing apoptosis25,26. 

 

5. p53 and cancer 

 

Recent advances in cancer research revealed that over 50% of human cancers including 

colon cancer are associated with mutations in the TP53  gene20. 

These mutations are typically ‘conformational p53 mutants’ which affect the structure 

folding, or the stability of the DNA-binding domain of p53. Some of p53 mutations 

designated as ‘contact site mutants’, inhibit the DNA binding, without altering the 
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structure of the DNA binding domain27. The loss of wild-type p53 function (LOF) as a 

DNA-binding transcription factor through the total lack of p53 expression, or the 

production of unstable or truncated mutant proteins, disfavors the p53-mediated tumor-

suppressive responses, ultimately leading to cancer development28. 

Beside wild-type p53 loss of function, a subset of p53 missense mutations generates full 

length protein with a single amino acid substitution, conferring p53 pro-tumor traits27. 

In this case, the gain of function (GOF) of mutant p53 supports cancer cell survival, 

tumor progression, invasion, metastasis and chemoresistance28. Cellular stressors, such 

as radiation therapy, chemotherapy, and hypoxia, subsequently act as environmental 

selectors for the robust clones, such that the population harboring the neomorphic p53 

mutation tends to overtake the wild-type clones, thereby accentuating tumor 

aggressiveness.  

Nevertheless, the timing of occurrence of TP53 mutations during cancer progression 

may vary from one cancer type to another; for instance, in colon cancer, these mutations 

preferentially occur relatively at a late stage during the transition from late adenoma to 

carcinoma29.  

 

6. Targeting p53 

 

Several therapeutic strategies targeting the mutant form of p53 were proposed. These 

strategies aim to restore the wild-type p53 function and prevent cancer progression. 

The adenoviral delivery of wild-type p53: cancer cells are transduced using a 

recombinant adenovirus engineered to express wild-type p53 (rAd-p53). Depending on 

cellular stress conditions, WT p53 mediates cell-cycle arrest and DNA repair, or 



 

8 

 

induces apoptosis, senescence, and/or autophagy, therefore controlling cancer 

progression. However, host antibodies produced in response to the adenoviral infection 

reduce adenovirus infectivity and dampen the introduction of p53 wild-type form, 

which largely alters the efficacy of this approach30.  

Inhibition of p53-MDM2 interaction: MDM2 is an E3 ubiquitin ligase that inhibits p53 

transcriptional activity, favors its nuclear export, and drives its proteasomal 

degradation. The inhibition of p53-MDM2 interaction with synthetic molecules should 

therefore lead to p53 nuclear accumulation and its activation, followed by tumor cell 

death. This strategy targeting wild-type p53-expressing clones, ultimately leads to the 

undesirable side effect of p53 accumulation in normal cells, engendering apoptosis in 

highly proliferating tissues such as the hematopoietic system and the intestinal 

epithelium31,32.  

Restoration of mutant p53 to wild-type p53: knowing that TP53 is mutated in the 

majority of cancer types, studies on mouse models of human lymphoma and sarcoma, 

and on murine liver carcinoma suggested that restoring p53 function can  inhibit cell 

proliferation, induce cellular senescence, and result in tumor regression33,34. 

Nevertheless, sustained wild-type p53 restoration has been shown to drive the 

emergence of resistant clones through the inactivation of p19 (ARF) which initially 

attenuates MDM2-mediated degradation of p5332,36. 

p53-based vaccines: when p53 undergoes a point mutation, its half-life is extended 

leading to its accumulation in the tumor tissue. In this case, mutated p53 is considered 

as a tumor-associated antigen (TAA) that can be recognized by T lymphocytes and 

induce their activation. Several immunization clinical trials were conducted using 

different strategies for p53-based vaccines ranging from viral vectors, dendritic cells, to 
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short and long peptides. Despite the p53-specific response that was induced, robust 

clinical responses were not achieved36. 

In conclusion, strategies aiming to reimpose WTp53 expression and function, despite 

their promise, were faced with several limitations translated by a poor clinical response. 

This might be due to the emergence of different p53-mutants along with variable 

resistance strategies. Exploring alternative mechanisms able to restore the pro-apoptotic 

function that is lost with p53 mutation could potentially restore tumor regression. 

 

C. Solid tumors and hypoxia 

 

1. Solid tumors 

 

A solid tumor is a benign or malignant mass of tissue that usually does not contain cysts 

or liquid37. As cancer cells grow, they diverge from normalcy and become increasingly 

resistant compared to the surrounding normal tissue. The 3D expansion of tumors ends 

by the development of clones far from the vessels which provide cells with metabolic 

requirements40,41. The heterogeneity in solid tumors occurs as the tumor mass enlarges 

with insufficient neovascularization resulting in a decreased supply of oxygen that gives 

rise to hypoxic regions within these tumors41. 

 

2. Vasculature 

 

Angiogenesis is defined as the biological process in which new blood vessels are 

formed from pre-existing vessels42. The transition from the avascular to the vascular 

phase is a critical turning point in solid tumor growth42,43. In order to support the high 
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proliferative rate of cancer cells that are prone to deficit in oxygen and nutrient levels, 

tumors release pro-angiogenic factors aiming at the development a new vascular 

network42. On the other side, healthy cells, having enough nutrients and oxygen, release 

anti-angiogenic factors. The conflict (imbalance) in the production of pro and anti-

angiogenic factors enhances the formation of blood vessels with atypical morphological 

features compared to normal tissues vasculature42,44. 

In general, the tumor vascular network is characterized by immature, tortuous and 

disorganized blood vessels knowing that the vascular immaturity results in excessive 

permeability and poor perfusion, therefore leading to a high degree of vascular 

heterogeneity44, with hyper vascular sites and other regions of low vessel density, so-

called hypoxic regions45. 

 

3. Hypoxia 

 

Hypoxia is a common feature for locally advanced solid tumors, caused by inadequate 

oxygen delivery through the abnormal vasculature that fails in supporting rapidly 

proliferating cancer cells45. 

As a result, hypoxia is characterized by an oxygen tension ≤ 2%, lower than the 

physiological levels that are supplied to mammalian tissues, which range between 2 and 

9%.  Severe hypoxia or “anoxia” is reached when oxygen levels are below 0.02%46.  

The reaction of cancer cells to the reduced oxygen tension depends on the duration and 

severity of hypoxic exposure47. During mild hypoxic conditions, cell-survival pathways 

are triggered, unnecessary growth is inhibited, and cellular metabolism is altered48. 

These pro-survival functions are mainly orchestrated by a family of ubiquitous 

transcription factors known as hypoxia inducible factors (HIFs). 
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However when cells undergo a stressful prolonged hypoxia, DNA breaks and DNA 

replication errors occur, potentially leading to genetic instability and mutagenesis47. 

This therefore activates p53 transcription factor which allows time for the DNA repair 

machineries to restore genome stability by halting the cell cycle progression. If the 

damage is too severe to repair, p53 drives cancer cells to undergo apoptosis to prevent 

the propagation of DNA damage to daughter cells49. 

 

4. Hypoxia Inducible Factors (HIFs) 

 

a. Definition 

 

HIF is a transcription factor known to orchestrate the cellular response to hypoxia 

50.When oxygen is scarce, HIF activates genes involved in oxygen consumption, 

erythrocyte production, angiogenesis, and mitochondrial metabolism51. 

It also allows cells to adapt to hypoxic stress by reducing oxygen consumption through 

a shift to glycolysis rather than oxidative metabolism, and by lowering energy demand 

for different cellular processes such as cell division51,52.  

 

b. Structure of HIF-1 

 

HIF exists in three different isoforms: HIF-1, HIF-2, and HIF-3. HIF-1, the most 

studied isoform, is recognized in tumor environment and considered as a key regulator 

of tumor progression52. HIF-1 is a heterodimer, made up of two subunits: the 

cytoplasmic oxygen-dependent α-subunit, and the constitutively expressed nuclear β-

subunit50,53.  
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i. Under normal oxygen tension: HIF-1α is hydroxylated by prolyl hydroxylases 

(PHDs). The hydroxylated HIF-1α binds to Von Hippel Lindau protein (VHL) 

which is an onco-suppressor protein in the cytoplasm, resulting in HIF-1α 

proteasomal degradation50 (Fig.2).  

ii. Under hypoxic conditions: prolyl hydroxylase enzyme is inactive and HIF-1α is 

stabilized and translocated to the nucleus, where it dimerizes with HIF-1β, and 

together they form the HIF-1 complex. This complex binds to DNA and acts as 

a transcription factor involved in angiogenesis, and the modulation of cellular 

metabolism in order to overcome hypoxia50,51 (Fig.2).  

 

5. Cross-talk between HIF-1 and p53 under hypoxic conditions 

 

Oxygen sensing and reactivity to changes in the concentration of oxygen is a 

fundamental property of cell physiology. Under severe hypoxic conditions for 

prolonged incubation periods, HIF suppresses MDM2-mediated p53 proteasomal 

degradation leading to p53 stabilization54,55. 

Under anoxia, the high levels of p53 trans-repress HIF-1α, and engender canonical 

tumor-suppressive pro-apoptotic activities54,56(Fig.2). 
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6. Hypoxia inducible p53 mutation 

 

In order to evade hypoxia-induced p53-mediated cell death and growth arrest, cancer 

cells that develop favorable mutations of the TP53 tumor-suppressor gene become 

selected and are preferentially propagated. Unlike WTp53, mutant p53 coordinates 

adaptive responses to the hypoxic stress occurring in solid tumors in a way that supports 

their progression and resistance. Hypoxia then acts as a potent selector for the robust 

mutp53 clones and leads to their expansion at the expense of their WT counterparts28. 

Figure 2.Regulation of p53 and HIF pathways depending on the severity and 

duration of hypoxia. Under normoxia or mild hypoxia, HIF-1α is stabilized and p53 

protein level is decreased, therefore, promoting survival. Severe hypoxic conditions 

induce p53 which competes with HIF-1α for the recruitment of coactivators, hence, 

decreasing HIF-1α activity and promoting apoptosis. Under anoxia, p53 protein level 

increases further inducing HIF-1α degradation and subsequent apoptosis54. 
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The hypoxia-dependent clonal selection and expansion of mutant clones is likely 

mediated by the transcription factor heat-shock factor-1 (HSF1), which, under stress, is 

activated and induces high Hsp90, a chaperon protein that binds to mutp53 and inhibits 

its degradation by MDM2. These changes result in clonal expansion of cells harboring 

the tumor-promoting mutant p53, thereby accentuating tumor aggressiveness28,56. 

 

7. Targeting p53 mutation under hypoxic conditions 

 

Since the loss of the pro-apoptotic function of p53 is pervasive in hypoxic areas of solid 

tumors, the therapeutic targeting of p53 mutation under hypoxic conditions has 

garnered significant research interest. One of the main strategies that was previously 

proposed aimed at the restoration of WTp53 conformation following the re-oxygenation 

of MCF-7 and HCT-116 xenografts57. Although this strategy was promising at first 

glance, however hyperoxia was demonstrated to generate reactive oxygen species 

which eventually provoked tissue injury.  

An alternative approach aimed at targeting the homeodomain-interacting protein 

kinase-2 (HIPK2). HIPK2 typically activates p53 by phosphorylating it at serine 46, 

leading to apoptosis; additionally, it suppresses hypoxia inducible factor 1α (HIF-1α), a 

key player in angiogenesis and metastasis discussed earlier. When oxygen is scarce, 

HIPK2 is down-regulated. Although zinc supplementation restores the function of 

HIPK2, and hence p53-triggered apoptosis, this approach may reactivate the mutant p53 

and exacerbate conditions58,59.  

Altogether, these findings demonstrate the failure of several different approaches to 

restore p53 function inside a heterogeneously-oxygenated tumor microenvironment 
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harboring different p53-mutant forms. Hence, finding an alternative approach able to 

mimic p53 function and to work independently of its status is worthy of consideration. 

 

D. Ceramide, a bioactive sphingolipid 

 

1. Chemical structure of ceramide 

 

Ceramide is the neutral lipid building block of sphingolipids, made up of sphingosine, 

an 18-carbon amino alcohol hydrocarbon chain, which is joined via an amide bond to a 

fatty acid60,61.The fatty acyl component of ceramide may vary widely in composition, in 

length (ranging from 14 to above 26 carbon atoms) as well as in saturation (saturated or 

unsaturated), which results in many ceramide species and dictates their biological 

activities61–63 (Fig.3). 
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2. Bioactive role of ceramide 

 

Sphingolipids, beside the structural role they play in bio-membranes, are also involved 

in signal transduction and cell function regulation64.  

As a bioactive sphingolipid, ceramide has been implicated in mediating or regulating a 

variety of physiological functions including apoptosis, cell cycle arrest, differentiation, 

cell senescence, cell migration and adhesion64. Ceramide and its metabolites have been 

extensively investigated in a number of pathophysiological conditions including cancer, 

neurodegeneration, diabetes, microbial pathogenesis, and cardiac diseases65. 

 

3. Ceramide synthesis 

 

Depending on the cell type and stimulus, ceramide is generated by three major 

pathways: the de novo synthesis, the salvage and the sphingomyelinase pathways. 

Figure 3. Chemical structure of ceramide. Ceramide is composed of a sphingoid 

base, sphingosine, bonded by an amide linkage (in grey) to a fatty acyl chain. The 

sphingosine contains a polar head group and a non-polar tail group. 

https://en.wikipedia.org/wiki/Apoptosis
https://en.wikipedia.org/wiki/Senescence
https://en.wikipedia.org/wiki/Cancer
https://en.wikipedia.org/wiki/Neurodegeneration
https://en.wikipedia.org/wiki/Diabetes
https://en.wikipedia.org/wiki/Obesity
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a. The de novo synthesis pathway 

 

The de novo synthesis of ceramide commences in the endoplasmic reticulum (ER) by 

the condensation of L-serine and palmitoyl-CoA by the serine palmitoyl transferases 

(SPT), generating 3-ketosphinganine63. 3-Ketosphinganine is subsequently reduced to 

sphinganine in a reaction catalyzed by 3-ketosphinganine reductase (KDSR). 

Sphinganine is then N-acylated by ceramide synthases (CerS), thereby forming 

dihydroceramides66,67. Dihydroceramide is subsequently desaturated by a 

dihydroceramide desaturase (DEGS), resulting in ceramide production68 (Fig.4). The 

desaturation of dihydroceramide to ceramide requires the introduction of a trans double 

bond between carbons C-4 and C-5. This double bond is largely responsible for 

ceramide biological activity including the regulation of cell growth, arrest, survival and 

death.  

The formed ceramides (Cer) are subsequently shuttled to the Golgi apparatus either 

through the ceramide transfer protein CERT or by vesicular transport69. In the Golgi, 

ceramide gives rise to complex sphingolipids such as glycosphingolipids and 

sphingomyelin (SM)70. Afterwards, sphingomyelin and glycosphingolipids are 

transported to the plasma membrane through vesicular flow71. 
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Figure 4.Schematic overview of the sphingolipid de novo synthesis located in the 

ER. 
 

 

i. Ceramide synthases (CerSs)  

 

Ceramide synthases (CerSs) are the enzymes in charge of ceramide production from 

sphingoid bases and acyl-CoA substrates72. These enzymes regulate simultaneously the 

de novo, as well as the salvage pathway of ceramide synthesis, which will be discussed 

later on. Six mammalian CerSs (CerS1–CerS6) have been identified to date. Despite 

displaying common characteristics such as their structure, intracellular localization, as 

well as their reactional mechanism, each of the CerSs preferentially uses fatty acyl-

CoAs of defined chain length for ceramide synthesis73 (Fig.5). 
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Figure 5.Different Ceramide synthases synthetize ceramides with different fatty 

acyl chain length. Ceramides can differ in their fatty acyl chain length as well as their 

degree of saturation. Sphinganine is shown in blue, the fatty acyl chain in yellow, and the 

CerS that synthetizes each type of ceramide is shown in red74. 

 

ii. Dihydroceramide desaturase (DEGS) 

 

Dihydroceramide desaturase is the last enzyme in the de novo synthesis of ceramides. It 

inserts a double bond between carbons 4 and 5 of the sphinganine base of 

dihydroceramides, catalyzing their conversion into ceramides75,76. 

Two different dihydroceramide desaturases (DEGS1 and DEGS2) have been identified. 

They differ in their tissue distribution, with DEGS1 being ubiquitously expressed, while 

DEGS2 expression is restricted to skin, intestine and kidney76. 

 

b. Sphingomyelin hydrolysis 

 

Sphingomyelin (SM) is the most abundant complex sphingolipid in mammals, and its 

coordinated breakdown plays an essential role in membrane homeostasis77. Breakdown 
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of sphingomyelin occurs either in the plasma membrane or in the acidic compartment, 

the endolysosome66. Sphingomyelin hydrolysis is catalyzed by sphingomyelinases 

(SMases), and results in the production of ceramide and free phosphocholine77,78.  

Based on the pH required for their optimal activity, sphingomyelinases fall into three 

major categories: acid, alkaline, and the neutral sphingomyelinases. All 

sphingomyelinases isoforms catalyze a similar reaction; however they differ in their 

organ localization and subcellular distribution77.   

Alkaline sphingomyelinase is mostly expressed in the intestine and liver and plays a 

role in the digestion of dietary sphingomyelin. Acid and neutral sphingomyelinases are 

expressed ubiquitously and they regulate sphingomyelin catabolism in most tissues66,77. 

Neutral sphingomyelinases are responsible for the plasma membrane sphingomyelin 

hydrolysis, whereas A-SMase hydrolyze the endo-lysosomal sphingomyelin, taking part 

of the salvage pathway. 

 

c. Salvage pathway 

 

The recycling of free sphingosine produced via ceramidases from the breakdown of pre-

formed complex sphingolipids such as complex glycolipids is termed the ̒salvage 

pathway’79,80. This pathway occurs in acidic cellular compartments such as lysosomes 

and late endosomes, contributing to 50-90% of the sphingolipid biosynthesis67. 

Sphingosine can be generated through sphingomyelin hydrolysis catalyzed by the A-

SMase, or through the breakdown of complex sphingolipids such as glycosphingolipids. 

Such degradation results from the cleavage of sugar residues, leading to the formation 

of glucosyl and galactosyl ceramide, which can then be hydrolyzed by specific β-

glucosidase and galactosidase resulting in the generation of ceramide. Ceramidases can 
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further convert the produced ceramide into sphingosine81 which can be released from 

the lysosome into the ER where it can be recycled back into ceramide by CerSs82,83,67,78 

(Fig.6). 

 

Alternatively, sphingosine can be phosphorylated by sphingosine kinases leading to the  

Figure 6. Schematic representation of the pathways involved in ceramide 

metabolism with their subcellular localizations. Ceramide can be generated via three 

major pathways: (1) The de novo pathway which occurs in the endoplasmic reticulum 

(ER), (2) The hydrolysis of sphingomyelin (SM) which takes place in the plasma 

membrane, (3) The salvage pathway which occurs in acidic cellular compartments 

(lysosomes and late endosomes).A-CDase, acid ceramidase; A-SMase, acidic 

sphingomyelinase; CerSs, ceramide synthases; KDS, 3-keto dihydrosphingosine 

reductase; CK, ceramide kinase; C1P, ceramide-1-phosphate; C1PP, C1P phosphatase; 

DES, dihydroceramide desaturase; SMases, sphingomyelinases; SMSs, sphingomyelin 

synthases; SphKs, sphingosine kinases; S1P, sphingosine-1-phosphate; SPP, S1P 

phosphatase; SPT, serine palmitoyl transferase. 
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production of S1P, that can be either recycled back into sphingosine by specific 

phosphatases, or alternatively, can be irreversibly degraded by S1P lyase (SPL)84,85. 

Likewise, ceramide may also be reversibly phosphorylated by ceramide kinase84 into 

C1P. Unlike ceramide and sphingosine, which generally mediate cell death and growth 

arrest, S1P and C1P act as growth promoting, anti-apoptotic molecules85 (Fig.7). 

 

 

Figure 7. Pro-apoptotic versus anti-apoptotic sphingolipids. Ceramide and 

sphingosine act as pro-apoptotic lipids, C1P and S1P are considered as 

oncometabolites, and dihydroceramide (DHCer) is generally believed to be biologically 

inert. 

 

 

 

 

 

 

E. Inhibitors of ceramide metabolism enzymes 
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1. Fumonisin B1 

 

Fumonisin B1 (FB1) is a mycotoxin that inhibits CerSs. Owing to its remarkable 

structural analogy with the sphingoid bases sphinganine and sphingosine (Fig.8), FB1 

acts as a competitive inhibitor that occupies the place of these substrates in CerS 

enzyme86,87. CerS inhibition by FB1 not only blocks ceramide synthesis, but also 

triggers a cascade of perturbations in ceramide metabolites including dihydroceramides, 

sphinganine, sphingosine and their phosphorylated forms, glycosylated ceramides and 

other complex sphingolipids88. 

 

Figure 8. Structural analogy between fumonisin B1 and the sphingoid bases, 

sphinganine and sphingosine. The chemical structure of FB1 is similar to that of 

sphinganine and sphingosine, all having an amine group (red circle) attached to the long 

fatty-acid chain. FB1 also differs from sphinganine and sphingosine by the absence of a 

hydroxymethyl group (blue circle) attached to the head group. 
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2. Desipramine 

 

Desipramine is a tricyclic antidepressant that belongs to the family of the functional 

inhibitors of acid sphingomyelinase (FIASMA). These inhibitors enter into the inner 

leaf of the lysosomal membrane and cause the detachment of the membrane-associated 

enzymes. Once detached from the membrane, ASMases will be cleaved and degraded in 

the lysosome89(Fig.9). Inhibition of ASMases by desipramine blocks the synthesis of 

ceramide through the salvage pathway, and affects other metabolites such as 

sphingosine and S1P90 (Fig.9). 

 

 

Figure 9. Mechanisms of action of functional inhibitors of ASM. FIASMA are weak 

bases that accumulate in acidic compartments like the lysosome. As a result, the 

electrostatic adherence of ASM to the membrane is lost and A-SMase are degraded90. 



 

25 

 

 

3. GW 4869 

 

GW 4869 is a selective inhibitor of neutral sphingomyelinases (nSMase), frequently 

used in studying nSMase function in different cellular and animal models91. 

GW4869 does not compete with the substrate sphingomyelin; however, this 

pharmacological inhibitor is competitive with phosphatidylserine that is essential for the 

activation of neutral sphingomyelinase when bound92. 

 

4. Sphingosine kinase 1 inhibitor SK1-I 

 

SK1-I is a selective inhibitor for sphingosine kinase 1. The structure of this inhibitor 

resembles that of sphingosine; therefore, it acts by competing with sphingosine in the 

sphingosine kinase binding site. This inhibitor blocks the phosphorylation of 

sphingosine into S1P, resulting in the decrease of S1P and the accumulation of 

sphingosine93,94. 

A. Ceramide 

 

1. Ceramide structure-function relationship 

 

As described in the previous section, the structural and functional heterogeneity of 

different ceramide species underlines the importance of CerSs, which generate specific 

ceramides with distinct fatty acyl chain length. In fact, slight changes in the molecular 

structure of ceramide can regulate its biological function95. 
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For example, CerS1 specifically generates ceramides with an 18-carbon fatty-acid chain 

(C18 ceramide) having a pro-apoptotic role in neck squamous cell carcinomas, whereas 

CerS5–6 mainly generate C16-ceramide97,98, having pro-survival role in human head 

squamous cell carcinomas95,97. Moreover, C16 and C24-ceramide levels were 

particularly elevated in breast cancer tissue when compared to non-tumoral tissue, with 

C16 ceramide being correlated with metastasis to lymph nodes98.   

In addition, dihydroceramide, which differs from ceramide only by the reduction of the 

C4–5 trans-double bond in the sphingoid backbone, loses by this reaction its apoptotic 

signature60,99. 

 

2. Ceramide: an anti-cancer target 

 

As previously mentioned, ceramide was conventionally classified as a ̒ tumor 

suppressor lipid ̓, since it effectively enhances signaling events that lead to apoptosis, 

cell cycle arrest, and autophagic responses80. Previous studies have demonstrated that 

traditional anti-cancer approaches trigger cell death through endogenous ceramide 

accumulation. These approaches include radiotherapy, and chemotherapies such as 

etoposide, daunorubicin, camptothecin, fludarabine, cisplatin and gemcitabine61,100. 

However, an overexpression of the ceramide-metabolizing enzymes enhances the 

production of other ceramide metabolites, which generally promote cell survival and 

ultimately cause the resistance to conventional therapies84,101. 

Therefore, targeting ceramide-metabolizing enzymes through specific inhibitors has 

been investigated. For instance, an acid ceramidase (A-CDase)  inhibitor, DM102, 

prevents ceramide hydrolysis and sensitizes prostate cancer cells to cytotoxic agents 



 

27 

 

such as 4-HPR102. Likewise, sphingosine kinase inhibitors, which target the 

ceramide/S1P axis, have shown an anti-tumor activity against different types of cancer 

including leukemia, glioblastoma, neuroblastoma and multidrug-resistant tumor cells103. 

Moreover, the modulation of endogenous ceramide levels through the administration of 

short chain cell permeable ceramide analogs (C2, C6 and C8 Cer) has been extensively 

studied. Despite the promise of this strategy in vitro, several challenges arise in vivo and 

require the enhancement of the biophysical and chemical properties of ceramide 

analogs in order to improve their solubility and bioavailability inside the tumors104. 

 

3. Ceramide and apoptosis 

 

As an active signaling lipid, ceramide influences diverse cellular physiological and 

pathophysiological processes such as programmed cell death. In fact, ceramide can 

induce apoptosis by modulating the activities of protein phosphatases such as PP1 and 

PP2A after binding to C1B lipid binding domain, resulting in BAX de-phosphorylation 

and activation of its pro-apoptotic function65. 

Moreover, ceramide can directly bind to the aspartic protease, cathepsin-D (associated 

with TNF-α, Fas and chemotherapy-induced apoptosis) leading to autolytic cleavage of 

the pro-enzyme and resulting in its proteolytic activation in the lysosome. This 

ceramide-induced cathepsin D activation mediates cleavage and subsequent activation 

of the pro-apoptotic Bcl-2 family member Bid in response to TNF-α105. 

4. Ceramide and p53 
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Both p53 and ceramide have been involved in the modulation of growth suppression in 

response to cellular stress67. Understanding the connection between these two 

molecules and defining the molecular order that correlates both stress-induced pathways 

helps elucidating the mechanism of their action. 

Following DNA damage, both p53-dependent and p53-independent stress response 

pathways could be activated. Ceramide can function independently of p53, downstream 

or, under unique circumstances, upstream of p53 activation97,106. 

a. Ceramide downstream of p53 

 

Studies have shown that exposing MOLT-4 leukemia cells to actinomycin D 

and γ-irradiations induced p53-dependent ceramide accumulation and apoptosis. 

MOLT-4 cells lacking p53 were resistant to γ-irradiation and did not accumulate 

ceramide107.The p53 up-regulation was followed with de novo ceramide 

synthesis preceding the apoptotic phenotype observed. Moreover, treating p53-

deficient leukemia cells with exogenous cell-permeable ceramide analogues 

induced apoptosis independently of p53. 

Similarly, when treating colon cancer cells (EB-1) with ZnCl2, p53 expression 

was increased engendering an elevation in ceramide levels. In contrast, colon 

cancer cells lacking p53 (EB), did not register any increase in ceramide levels 

upon treatment108. 

 Together these results confirm that p53 functions upstream of ceramide in 

response to genotoxic stress.  

 

b. Ceramide upstream of p53 
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A study published by Pruschy et al., reported that treatment of mouse fibrosarcoma 

cells with neutral sphingomyelinase drastically reduced cell proliferation in the 

presence of p53. In contrast, this effect was not observed in tumor cells lacking p53106. 

Similarly, C2 ceramide was able to induce apoptosis in p53-proficient but not in p53-

deficient mouse fibrosarcoma cells. Since ceramide pathways evolved at a much earlier 

stage than p53, e.g. they are present in yeast whereas p53 is not, it is highly unlikely 

that ceramide is dependent on p53 for its activities as the authors concluded but their 

observations may have been system-specific as they were not replicated elsewhere106. 

c. Ceramide and p53 independent pathways 

 

In other studies, p53 and ceramide were placed in two independent pathways as 

ceramide has been shown to induce apoptosis irrespective of p53 status. Dbaibo et al., 

for instance have demonstrated a p53-independent ceramide accumulation as a result of 

growth suppression induced by TNF-α, indicating that the connection between ceramide 

and p53 is only limited to certain stimuli such as genotoxic stress67,109. 

In addition, Tamoxifen treatment was shown to induce ceramide-mediated apoptosis 

regardless of p53 status in colorectal cancer cells HCT-15, HT-29 and LOVO97. 

 

In conclusion, the preponderance of data suggests that ceramide is the more primitive 

stress response, especially in the context of DNA damage and cancer, and that p53 

evolved at a later stage and partially engaged the ceramide pathways. Therefore, the 

manifestations of this interplay between p53 and ceramide are complex and may vary 

depending on the cell type and stimulus but indicate that p53 is generally upstream of 

ceramide. This makes ceramide pathways functioning downstream of p53 attractive 

candidates for modulation when p53 is mutated, deleted, or otherwise disabled.     
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5. Ceramide: mediator of the cellular response to hypoxia 

 

Besides their function as building blocks of sphingolipids, ceramides were found to be 

involved as signaling molecules in several biological processes, such as inflammation, 

cellular differentiation, and cellular stress responses110. For example, after exposure to 

hypoxia, total cellular ceramide concentration increases, and can in turn drive cell death 

pathways111. As previously mentioned, the cellular adaptation to hypoxia is 

predominantly mediated by hypoxia-inducible factors (HIFs)112. However, HIF-

independent responses to hypoxia have been extensively studied in different cellular 

and animal models. These responses can be orchestrated by p53 or by different 

metabolic pathways such as the ceramide metabolism113.  

We have previously shown that DEGS1, which catalyzes the final step of de novo 

ceramide biosynthesis, by inserting a trans double bond across carbons 4 and 5 of 

dihydroceramide converting it to ceramide, acts as a checkpoint in the regulation of 

ceramide-based responses to hypoxia. We demonstrated, in a hypoxic neonatal mouse 

model, a significant enlargement of the right ventricle due to a combination of 

hypertrophy and proliferation of cardiomyocytes accompanied by a decrease in 

ceramide levels, increase in the levels of dihydroceramide, and a decrease in the 

expression of DEGS1 gene114,115. Likewise, lung and colon cancer models of hypoxia 

have shown increased levels of dihydroceramides mediated by inhibition of DEGS1 

activity116. Since the desaturation reaction requires oxygen as electron acceptor, it is not 

unexpected that hypoxia inhibits DEGS1 activity and ceramide accumulation. However, 

Kang et al. have demonstrated that acute hypoxia increases ceramide levels via the de 



 

31 

 

novo pathway in SH-SY5Y neuroblastoma cells, which leads to ceramide-dependent 

apoptosis117. In all, these data underscore the role of the de novo pathway of ceramide 

synthesis and DEGS1 as key biosensors to hypoxia. 

 

G. Aims of the study: 

 

p53 protein encoded by the human gene TP53 is a key tumor suppressor mutated in 

over 50% of human cancers118. Hypoxic stress, resulting from inadequate supply of 

oxygen to the rapidly growing solid tumors, acts as a potent physiological inducer and 

selector for the p53 mutant clones, conferring an aggressive phenotype for solid 

tumors119–124. 

Since previous studies from our lab showed that in p53-dependent systems ceramide is 

regulated by p53 and functions downstream of it and that in p53-independent systems, 

such as cytokine-mediated apoptosis, ceramide functions independently of p53, we 

decided to examine the corresponding roles of p53 and ceramide in hypoxia. 

 

Here, we hypothesize that hypoxia induces p53-dependent ceramide accumulation 

followed by apoptosis in HCT-116 colon cancer cells, whereas in the absence of p53, 

HCT-116 colon cancer cells resist hypoxia-induced apoptosis and that this may be 

circumvented by exogenously administered ceramide.  

 

We aim to understand the connection between p53 and ceramide in the apoptotic 

pathway that takes place in the response to hypoxia. We will first determine the 

biological response to hypoxia in both p53-proficient and p53-deficient HCT-116 colon 

carcinoma cells. We will then study the p53-dependent regulation of ceramide 
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metabolism in response to hypoxia by measuring ceramide accumulation, characterizing 

the different ceramide metabolites, and measuring the expression of key enzymes 

involved in ceramide biosynthesis and breakdown in both p53-proficient and p53-

deficient cells. We will also evaluate the effect of enzymatic down-regulation on the 

biological response to hypoxia through the administration of adequate pharmacological 

inhibitors. Finally, we will study the impact of exogenous ceramide administration on 

the cellular response to oxygen deprivation, notably in HCT-116 p53-/- cells. Our 

findings will provide clues for the possibility to adopt the modulation of ceramide 

metabolism as a potential sphingotherapy targeting hypoxia-resistant p53-deficient 

clones.  

 

 



 

33 

 

CHAPTER II 

MATERIALS AND METHODS 

 

A. Cell culture 

 

HCT-116 is a human colon cancer cell line (was purchased from the American Tissue 

Culture Collection) that harbors a mutation in codon 13 of the KRAS proto-oncogene 

driving its uncontrollable proliferation.  

HCT-116 p53+/+ cells, naturally express p53 protein (Dr. Carlos Maria Galmarini, 

PharmaMar, Madrid, Spain). The p53 gene was inactivated in HCT-116 p53-/- cells by 

homologous recombination. HCT-116 p53-/- cells were cultured in Dulbecco’s Modified 

Eagle’s Medium-high glucose, with 10% Fetal Bovine Serum (FBS), 1% 

Penicillin/Streptomycin, 1% sodium pyruvate and 1% nonessential amino-acids. HCT-

116 p53+/+ were cultured in Roswell Park Memorial Institute (RPMI 1640), with 10% 

Fetal Bovine Serum (FBS), 1% Penicillin/Streptomycin, 1% sodium pyruvate. Cells 

were incubated at 37°C, 5% CO2 and passaged twice a week. 

 

B. Cell viability measurement by MTT 

 

HCT-116 p53 proficient (p53+/+) and p53 deficient (p53-/-) colon cancer cells were 

seeded in 96 well plates at a density of 5000 cell/well in 100μL of FBS-supplemented 

medium and incubated in hypoxic (1% O2) or normoxic (21% O2) conditions. The 

effect of hypoxia on cell viability was evaluated with the MTT (3-(4,5-dimethylthiazol-

https://en.wikipedia.org/wiki/Colon_cancer
https://en.wikipedia.org/wiki/Cell_line
https://en.wikipedia.org/wiki/KRAS
https://en.wikipedia.org/wiki/Oncogene#Proto-oncogene
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2-yl)-2,5-diphenyltetrazolium bromide) assay. The conversion of the yellow tetrazolium 

salt, MTT, to the purple formazan dye is dependent on mitochondrial activity. 30 μL of 

a stock solution of MTT (5 mg/ml in PBS, Sigma) was added to 100 μL of culture 

medium/well, and the mixture was incubated for 4 h at 37°C in a humidified 

atmosphere containing 5% CO2. The crystals of formazan were then dissolved with 

Dimethyl sulfoxide (DMSO, Sigma), and reduced MTT levels were determined by 

measuring absorbance at 595 nm.  

 

C. Flow Cytometric Analysis of the DNA Content 

 

HCT-116 cells were seeded in 6 well plates at a density of 150,000 cells/ well, 

incubated in hypoxic or normoxic conditions, and then harvested along with their 

supernatant. Cells were subsequently permeabilized with 70% ethanol, treated with 1% 

RNase, and finally stained with propidium iodide solution. 

Analysis of cells distribution in the sub G0, G1, S, and G2/M phases of the cell cycle 

was performed on a BD FACSAria SORP flow cytometer, operated by BD FACS 

DIVA software. Cells less intensely stained than G1 cells (sub G0 cells) in flow 

cytometric histograms are considered as apoptotic cells.  

 

D. Measurement of ceramide levels by DGK assay 

 

In order to define the role of ceramide in the p53-mediated response to hypoxia, total 

cellular lipids were collected from HCT-116 cells p53+/+ and p53-/- at each time point 

by the Bligh and Dyer method117. 
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Lipids were subsequently used for phosphate measurements or diacylglycerol kinase 

(DGK) assay. This assay depends on the phosphorylation of diacylglycerol and 

ceramide by the transfer of phosphate from adenosine triphosphate, labeled on the 

gamma phosphate group with 32P (ATP, [γ-32P]). This reaction generates radioactive 

phosphatidic acid and ceramide phosphate, respectively. The radiolabeled products 

were visualized by thin layer chromatography, scraped from the plates, quantitated by 

scintillation counting, and normalized to internal phosphate levels. 

 

E. Liquid chromatography mass spectrometry (LC/MS) 

 

HCT p53 (+/+ and -/-) cells were seeded in T25 flasks at a density of 500,000 cells/ 

flask, and subsequently grown in hypoxia or normoxia. At indicated time points, cells 

were scraped, harvested along with their supernatant, and washed with PBS. Lipids 

were extracted and sphingolipid levels were quantified by LC/MS using the API 4000 

LC-MS/MS triple-stage quadrupole mass spectrometer operating in a multiple reaction 

monitoring positive ionization mode. Levels of sphingomyelin, sphingosine, S1P, 

ceramide species and C1P were normalized to protein cellular content and expressed in 

picomoles per nanogram of protein.  

 

F. RNA extraction, reverse transcription, and quantitative Real-Time PCR 

 

1. RNA extraction 

 

For mRNA expression studies, total RNA was extracted from HCT-116 cells subjected 

to hypoxia or normoxia at the indicated time points (4, 6, 8, 24, 48 and 72 h) using the 

RNA isolation kit “RNeasy Mini Kit” (Qiagen), following manufacturer’s instructions. 
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2. Reverse transcription of RNA to cDNA 

 

The obtained RNA was reverse transcribed to cDNA using QuantiTech Reverse 

Transcription Kit (Qiagen) according to the manufacturer’s protocol. First, potential 

genomic DNA (gDNA) was eliminated by treating the RNA sample with the gDNA 

Wipeout Buffer. The reverse-transcription reaction was carried-out using a master mix 

containing: Quantiscript reverse transcriptase, Quantiscript RT buffer, and RT primer 

mix. RNA was incubated with the prepared master mix at 42°C for 15 min, then at 

95°C for 3 minutes to inactivate the reverse transcriptase.  

 

3. Quantitative real-time PCR (qRT-PCR) 

 

For each transcript reaction, a master mix was prepared by combining 5 μL of iTaq 

Universal SYBR Green Supermix (Bio-Rad), 1μl of each forward and reverse primer 

(10uM), and 2μl nuclease free water. In each well of a 96-well PCR plate (Bio-Rad), 9 

μl of the master mix were dispensed followed by 1μl of cDNA. Each sample was 

loaded in duplicates. PCR plate was sealed with an adhesive sealer, centrifuged for one 

minute and loaded into a BioRad CFX 96 thermocycler, using appropriate thermal 

cycling protocols. The obtained data were analyzed using the 2 -ΔCt calculation method. 

The β-actin gene was used as internal reference control to normalize relative levels of 

gene expression. mRNA expression levels of DEGS1 and SphK1, two key enzymes 

involved in ceramide anabolism and catabolism respectively, were evaluated following 

incubation in hypoxic or normoxic conditions. To this end, the following primers were 

ordered from Macrogen.  
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Table 1.Primer sequences of β-actin, DEGS1 and SphK1 

 

G. Protein extraction and western blot analysis 

 

HCT-116 cells differentially expressing p53 were seeded in T25 flasks (500,000 

cells/flask), then incubated in hypoxic conditions for 24, 48 and 72 hours. Cells were 

scraped and pelleted along with their supernatant at indicated time points. 

Proteins were extracted using Laemmli buffer and their concentration was determined 

with the Bio-Rad dye-binding assay as per company instructions, using bovine serum 

albumin as standards. 30µg of proteins were resolved on polyacrylamide gel, and gel 

migration was carried-out at 100mV for 90 minutes in a 1X migration buffer. The Prism 

Ultra Protein Ladder was used as a molecular weight standard. After migration, proteins 

were electro-transferred onto PVDF (poly vinylene difluoride) membranes (Bio-Rad) in 

1X transfer buffer using a Bio-Rad trans-blot cell.  

PVDF membranes were then blocked in 5% milk prepared in 1X TBS-Tween for two 

hours. Immunoblotting was performed at 4°C overnight using appropriate primary 

antibodies. The next day, membranes were washed with 1X TBST, and subsequently 

incubated with appropriate HRP (horse reddish peroxidase) secondary antibodies for 1 

hour at room temperature. Serial washing steps in 1X TBST were again performed. 

Protein bands were visualized through the BIORAD chemiDocMP imaging System 
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using Clarity™ ECL Western Blotting Substrate (Bio-Rad). Bands were quantified 

using ImageJ software, and protein expression was normalized to that of β-tubulin.  

Table 2: List of primary antibodies 

Product Code Description 

SAB4200715 Anti-β-tubulin antibody 

ab8245 Anti-GAPDH antibody  

SAB2100559 Anti-DEGS1 antibody 

ab191217 Anti-PARP antibody 

 

H. Statistical analyses 

 

MTT and cell cycle were performed in three independent experiments. Western blot, 

RTPCR and LC/MS experiments were repeated twice. Data are mean of independent 

experiments ± S.D. Statistical analyses were performed by means of GraphPad Prism 8 

software (GraphPad Software, San Diego, CA). p values were calculated using the 

unpaired Student’s t-test. Differences were considered statistically significant when 

p<0.05 (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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CHAPTER III 

RESULTS 

 

A. Defining the role of p53 in the cellular response to hypoxia 

 

In order to determine the role of p53 in the cellular response to hypoxia, HCT-116p53 

proficient (p53+/+) and deficient (p53-/-) cells were incubated in hypoxic conditions. 

We first validated the HCT-116 cellular models for p53 expression level, and then 

studied the hypoxia-induced response in HCT-116 cells differentially expressing p53. 

 

1. Validation of HCT-116 cellular models 

 

HCT-116 p53+/+ cells, typically express p53 protein. HCT-116 p53-/- cells derive from 

HCT-116 cells where the two p53 alleles have been sequentially disrupted by 

homologous recombination, which consists of inserting two promoter-less targeting 

vectors, each containing a geneticin- or hygromycin-resistance gene in place of the 

genomic p53 sequences. The models were validated for p53 expression level by western 

blot. Results showed that only HCT-116 p53+/+ cells express p53, unlike HCT-116 

p53-/- cells that showed no p53 protein expression (Fig. 10). 
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2. Hypoxia-induced response in HCT-116 p53+/+ and p53-/- cells 

 

Hypoxia-induced response in HCT-116 cells was first evaluated using MTT assay that 

was performed on HCT-116 cells differentially expressing p53 in order to assess their 

viability upon 24, 48 and 72 hours of incubation in hypoxic conditions.  

This assay showed a substantial reduction in the viability of HCT-116 p53+/+ cells 

upon exposure to hypoxia, starting at 48 hours and becoming significant at 72 hours. In 

contrast, The viability of HCT-116 p53-/- cells was not affected by the hypoxic stress 

(Fig.11.A). Thus, this strongly implies that p53 plays an important role in mediating 

hypoxia-induced decrease in cellular viability. 

To further elucidate the mechanism responsible for the decrease in the cellular viability 

observed in p53 proficient cells, cells were permeabilized, DNA was stained with 

propidium iodide, and the percentage of cells in each phase of the cell cycle was 

assessed based on the cellular DNA content, using BD FACSAria SORP flow 

cytometer.  

Figure 10. The expression level of p53 in HCT-116 p53+/+ and p53-/- cells. Western 

blot analysis was performed in order to assess p53 protein expression under 

physiological conditions in HCT-116 p53+/+ and p53-/- cells. GAPDH was used as an 

internal reference control. 



 

41 

 

Changes in the cells distribution were only observed in the SubG0 population. SubG0 is 

the phase in which DNA is fragmented, reflecting programmed cell death, alternatively 

named apoptosis. Unlike p53-/- cells, p53-proficient (p53+/+) cells showed a significant 

increase in DNA fragmentation (% cells in SubG0 phase) upon 72 hours of hypoxic 

exposure accompanied by PARP cleavage, indicating an apoptotic response (Fig.11.B 

and C). 

 

 

 

 

 

 

Figure 11. Response of HCT-116 cells to hypoxia. A- MTT assay was performed on 

HCT-116 p53+/+ (white) and -/- (grey) cells after 24, 48 and 72 hours of incubation in 

normoxia (21% O2, plain) or hypoxia (1% O2, patterned). The optical density (O.D.) 

was measured at 595 nm. Values represent the average of three independent 

experiments ± S.D. B- % cells in subG0 phase of the cell cycle as measured by flow 

cytometry. Each column represents the mean ± S.D. of three independent experiments. 

* p < 0.05, **p<0.01, ***p<0.001. C- Analysis of PARP cleavage by western blot. Data 

are representative of 2 independent experiments. 
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Therefore, we were able to conclude that in the absence of p53, HCT-116 cells were 

able to resist the hypoxia-induced apoptosis. Hence, p53 is required for the apoptotic 

response to hypoxic stress. 

 

B. Defining the ceramide response to hypoxia in the presence and absence of 

p53 

 

The previous result highlighted the role of p53 in mediating the apoptotic response to 

hypoxic stress. Ceramide, a signaling sphingolipid, has been previously described as a 

collaborator with p53 in the stress response67. 

As discussed above ceramide acts mostly downstream of p53 protein through post-

transcriptional regulation or through several potential mediators. It can, on the other 

hand, induce apoptosis independently of p53. It is, therefore, crucial to elucidate the 

role of ceramide in the hypoxic response in our present model. 

 

1. Changes in total ceramide levels in response to hypoxia measured by DGK 

assay 

 

The DGK assay was performed in order to measure total ceramide content upon 

exposure to hypoxia for 24, 48 and 72 hours. Radioactive phosphorylated ceramide 

levels were quantified using a liquid scintillation counter and normalized to total lipid 

phosphates.  

In response to cellular stressors, including hypoxia, ceramide is expected to be induced 

and mediate growth suppressive responses. Surprisingly, in our cellular model, HCT-

116 p53-/- cells, which were shown to be resistant to hypoxia-induced apoptosis, 

demonstrated a significant ceramide accumulation at 72 hours of exposure to 1% O2 
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compared to their normoxic time-matched control. However, in the presence of p53, 

hypoxia-induced apoptotic cell death occurred after prolonged incubation (72h) in 1% 

O2; yet, this was not accompanied nor preceded by any significant ceramide 

accumulation (Fig.12).  

Since p53+/+ cells that undergo apoptosis were not associated with ceramide 

accumulation, yet in the absence of p53, ceramide accumulates with sustained survival, 

therefore we postulated that ceramide might be dissociated from the p53-dependent 

biological response to hypoxia and that in the absence of p53, a fraction of ceramide 

might be catabolized into a prosurvival sphingolipid reverting ceramide induced effects. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Ceramide accumulation upon hypoxia in HCT-116 p53+/+ and p53-/- 

cells. HCT-116 cells were exposed to normoxia (21% O2) or hypoxia (1% O2) for 24, 

48 and 72 hours. Ceramide levels were quantified at indicated time points by DGK 

assay and normalized to phosphate content. Values are the average of three independent 

experiments with standard deviations. * p<0.05 is a significant difference with respect 

to normoxia. 
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2. Examine the association between ceramide metabolic pathways and the 

biological response to hypoxia  

 

In this section, we aimed to understand whether ceramide is responsible for the 

resistance to hypoxia observed in the absence of p53 and describe the role of ceramide 

metabolic pathways in this response. Hence, we selected four different enzymes 

responsible for ceramide biosynthesis or catabolism, and evaluated the effect of their 

inhibition on the biological response to hypoxia. GW4869 is a selective inhibitor of 

neutral sphingomyelinase that is involved in the sphingomyelin hydrolysis pathway. 

Desipramine is a specific inhibitor of A-SMase, which contributes in part to the salvage 

pathway of ceramide biosynthesis. FB1 is a specific inhibitor of ceramide synthases, 

which are enzymes involved in the de novo and salvage pathways of ceramide 

generation. SK1-I is a selective inhibitor of sphingosine kinase 1 responsible for the 

phosphorylation of sphingosine, a catabolite of ceramide, into sphingosine 1-phosphate, 

a signaling sphingolipid with a pro-tumor signature. 

 

a. Targeting neutral sphingomyelinase (NSMase) using GW4869, and examining 

its impact on the cellular response of HCT-116 cells to hypoxia 

 

In an attempt to understand whether the resistance to hypoxic stress observed in p53-

deficient cells implied the engagement of the sphingomyelin hydrolysis pathway, HCT-

116 cells differentially expressing p53 were treated with 1.5 mM of GW4869 prior to 

their incubation in a hypoxic chamber for 24, 48 and 72 hours.  

The effect of NSMase inhibition on the cellular response to hypoxia was evaluated by 

studying cell viability and apoptosis, through MTT assay and flow cytometric analysis 
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of the SubG0 population, respectively. The values obtained from the GW4869‐treated 

cells were normalized to those of the vehicle‐treated control cells and data were 

presented as mean of ratios (treated/control) from three independent experiments ± S.D. 

We found no changes in cell viability (Fig.13.A) nor in apoptotic response (Fig.13.B) in 

both HCT-116 models subjected to hypoxia, upon treatment with GW4869 (fold change 

treated/control≈ 1).  

These results indicate that either the ceramide accumulation observed in the absence of 

p53 is not due to NSMase activation or, if it is, then it is dissociated from the resistant 

response to hypoxia. 
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Figure 13. Evaluation of the effect of GW4869 on the response of HCT-116 cells to 

hypoxia. A- Fold change of the cell viability in the GW4869-treated cells/control. MTT 

assay was performed and optical density (O.D.) was measured at 595 nm, values 

represent the ratios of O.D. obtained from the GW4869-treated cells over their vehicle-

treated control. B- Fold change of the % of apoptotic cells in the GW4869-treated 

cells/control. The percentage of cells in the subG0 phase of the cell cycle was quantified 

by flow cytometry, values represent the ratios of the percentages obtained from 

GW4869-treated cells over their vehicle-treated control. Each column represents the 

mean ± S.D. of the ratios calculated from three independent experiments. 

 

b. Targeting acid sphingomyelinase (ASMase) using desipramine and examining 

its impact on the cellular response of HCT-116 cells to hypoxia 

 

In order to assess whether ASMase pathway of ceramide synthesis contributes to the 

biological response to hypoxia, HCT-116 cells were pretreated with desipramine (10 

μM), then exposed to hypoxia/normoxia. MTT assay and FACS analyses of the DNA 

content were performed at indicated time points. As observed with GW4869, we did not 

observe any changes in the cellular viability (Fig.14.A) nor in the apoptotic profile 

(Fig.14.B) upon desipramine treatment in both cellular models incubated in hypoxia 

and normoxia (fold change treated/control ≈ 1). This implies that ASMase activity is 

not required for the ceramide-mediated effects in the absence of p53, or that the 

ceramide generated through this pathway is completely dissociated from the p53-

independent response to hypoxia. 
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c. Targeting ceramide synthases and sphingosine kinase 1 and examining the 

impact of their inhibition on the response of HCT-116 cells to hypoxia. 

 

In order to determine if CerSs-mediated ceramide generation is reponsible for the 

resistance observed in p53-deficient cells upon 72 hours of hypoxia, HCT-116 cells 

were treated with CerSs inhibitor, FB1 at 10 μM, placed in 1% O2, and their response to 

the decrease in oxygen levels evaluated through MTT assay and flow cytometric 

analysis of DNA fragmentation. Results were plotted as fold change of treated samples 

over their vehicle-treated control. HCT-116 p53-deficient cells demonstrated a slight, 

Figure 14. Evaluation of the effect of desipramine on the response of HCT-116 cells 

to hypoxia. A- Fold change of the cell viability in the desipramine-treated cells/control. 

MTT assay was performed and optical density (O.D.) was measured at 595 nm, values 

represent the ratios of O.D. obtained from the desipramine-treated cells over their 

vehicle-treated control B- Fold change of the % of apoptotic cells in the desipramine-

treated cells/control. The percentage of cells in the subG0 phase of the cell cycle was 

quantified by flow cytometry, values represent the ratios of the percentages obtained 

from desipramine-treated cells over their vehicle-treated control. Each column 

represents the mean ± S.D. of the ratios calculated from three independent experiments. 
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yet not statistically significant, decrease in cell viability of about 30 (Fig.15.A), and a 

preliminary increase in the percentage of apoptotic cells of about 25% % upon 72 hours 

of exposure to hypoxia, compared to their p53+/+ counterparts (Fig.15.B), in  constrast 

to a relatively sustained cell viability in their p53-proficient counterparts. This signals a 

presumable role of CerSs-mediated ceramide generation in the p53-independent 

response to hypoxia. 

Since the observed ceramide accumulation in p53-deficient cells was associated with 

improved survival of these cells, counter to the established role of ceramide in most 

cancers as a pro-apoptotic molecule, we decided to examine whether ceramide was 

being metabolized to one of its anti-apoptotic downstream products, S1P, generated by 

the successive actions of ceramidase and then SK1. First, we made use of the SK1 

selective inhibitor, SK1-I, which, by itself, did not influence the viability (Fig.15.A) nor 

the apoptotic response (Fig.15.B) of either of the cell lines upon being subjected to a 

low oxygen tension. Since inhibiting SK1 was not able to revert the resistant phenotype, 

this suggested that an alternative pathway may be playing a role. 

When treated with both inhibitors (FB1 and SK1-I), and in the absence of p53, HCT-

116 cells were no longer able to tolerate the hypoxic stress and had a significant 

decrease in their cell viability probably by undergoing apoptosis. The decrease in cell 

viability reached 34%, 52% and 60% in p53-deficient cells as against 17%, 22% and 

16% in the presence of p53 at 24, 48 and 72 hours respectively (Fig.15.A). 

Correspondingly, the percentage of apoptotic population increased by around 4.3 folds 

and 3.1 folds in the p53-/- cells as compared to p53+/+ cells, upon exposure to hypoxia 

for 48 and 72 hours, respectively (Fig.15.B).  
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Our results indicate that ceramide that accumulates in response to hypoxia in the 

absence of p53 and correlates with the resistance of these cells to hypoxia-induced cell 

death, is mostly synthesized by CerSs. When targeting CerSs for inhibition using FB1, 

two major pathways of ceramide synthesis are being affected: 

• The de novo synthesis pathway 

• The reacylation step of the salvage pathway. 

A prolonged inhibition of CerSs will result in a cascade of changes in sphingolipid 

metabolism. Complex sphingolipids are driven to the salvage pathway in order to 

recycle ceramide. They are broken down into ceramide, subsequently deacylated into 

sphingosine which quits the lysosome; not able to be reacylated by CerSs due to its 

inhibition by FB1, sphingosine will be phosphorylated into the prosurvival 

lysophospholipid S1P. Inhibition of sphingosine phosphorylation through SK1-I shifts 

the sphingosine/S1P balance toward a critical accumulation of sphingosine, which is 

established as a proapoptotic sphingolipid. 
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Figure 15. Evaluation of the effect of fumonisin B1 or/and SK1-I on the response 

of HCT-116 cells to hypoxia. A- Fold change of cell viability of the FB1/SK1-I-treated 

cells/control. MTT assay was performed and optical density (O.D.) was measured at 

595 nm. The ratios of O.D. obtained from the FB1/SK1-I-treated cells over their 

vehicle-treated control were calculated. Each column represents the mean ± S.D. of the 

ratios calculated from three independent experiments. B- Fold change (FB1/SK1-I-

treated/control) of the % of apoptotic cells. The percentage of the subG0 population 

was quantified by flow cytometry. Each column is the ratio of the percentages obtained 

from FB1/SK1-I-treated cells over their control. Values represent a single experiment. 

 

In our earlier findings (Fig. 11, 12) we reported that in the absence of p53, HCT-116 

cells resisted hypoxia-induced apoptosis in correlation with ceramide accumulation. We 

then demonstrated that CerSs are potentially responsible for ceramide generation, and 

that a fraction of the accumulated ceramide is likely converted into the anti-apoptotic 

lipid S1P. 

However, before concluding which ceramide metabolite drives the biological effects 

observed in our model, several points should be addressed: 

- First, the DGK assay is not selective for ceramide. The DGK enzyme 

phosphorylates different substrates including diacylglycerol, ceramide and 

dihydroceramide. The phosphorylated products of the latter two metabolites 

cannot be separated by thin layer chromatography. Hence, the observed 

“ceramide accumulation” may account for the generation of ceramide and/or 

dihydroceramide. 

- Second, as mentioned above, since the acylation reaction catalyzed by CerSs 

covers two compartmentally separated pathways for ceramide synthesis, CerS 

inhibition using FB1 may affect either the de novo synthesis or the salvage 
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pathway, or both of them. It may also influence several ceramide metabolites 

including dihydroceramide, sphingosine and complex sphingolipids. Hence, 

further verification is required to determine which metabolite(s) is (are) likely to 

be involved in the ceramide-mediated response to hypoxia. 

- Finally, previous studies carried out on multiple primary and transformed cell 

types, and on a hypoxic animal model of cyanosis, have demonstrated that 

DEGS, the enzyme that desaturates dihydroceramide into ceramide in the last 

step of the de novo synthesis pathway, fulfills the criteria of an oxygen 

sensor114,116,126. 

In light of the above, and in order to elucidate the role of the de novo synthesis 

pathway of ceramide generation in the biological response to hypoxia, we assessed 

the genetic and protein expression of the dihydroceramide desaturase enzyme 

(DEGS1) in HCT-116 cells under low oxygen tension, through qRT-PCR and 

western blot, respectively. We subsequently screened for the different ceramide 

species through LC/MS. 

Briefly, cells were incubated in normoxic or hypoxic conditions, and harvested at 

the indicated time points. RNA was extracted and reverse transcribed, and 

quantitative real-time PCR was carried out on the obtained cDNA. Cycle threshold 

(CT) was determined using CFX Manager 2.0 software (Bio-Rad).2-(CT DEGS1-CTβ-

actin) was calculated, and data were presented as log (2-ΔCT (hypoxia)/2-ΔCT (normoxia)). 

HCT-116 p53+/+ cells demonstrated a trend to decrease DEGS1 mRNA expression, 

especially after 72 hours of incubation in hypoxic conditions. In contrast, in the 

absence of p53, DEGS1 mRNA expression was relatively maintained (Fig.16.A).  
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Likewise, DEGS1 protein expression was decreased in p53-proficient cells after 72 

hours of being subjected to 1% O2 but was however sustained in their p53-deficient 

counterparts (Fig.16.B and C). 

Our present findings underscore the role of the desaturation step in the de novo 

synthesis pathway of ceramide generation in oxygen sensing and indicate a role for 

p53 in DEGS1 regulation. 
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Figure 16.Modulation of DEGS1 expression in response to hypoxia in both p53+/+ 

and p53-/- HCT-116 cells. A- Log Fold change (hypoxia/normoxia) of DEGS1 mRNA 

expression assessed by qRT-PCR. Values represent the average of two independent 

experiments ± S.D. B- Analysis of DEGS1 protein expression by western blot. C-

Normalization of DEGS1 protein expression to that of β-tubulin. Each column 

represents the average of two independent experiments ± S.D. 

 



 

55 

 

3. Changes in the levels of ceramide species upon hypoxia 

 
DEGS1 expression data support a role for it in the hypoxia-induced p53-independent 

ceramide accumulation observed through DGK assay. In order to further elucidate 

which ceramide species were accumulating in response to hypoxia, we analyzed the 

sphingolipid profile of HCT-116 cells using LC/MS.

Figure 17. Ceramide and dihydroceramide species distribution in HCT-116 cells 

under physiological conditions. Data represent the average calculated from two 

independent experiments of ceramide and dihydroceramide levels normalized to protein 

content (pmol/mg protein). No significant difference was detected between the p53-

proficient and the p53-deficient cellular models. 
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Under physiological conditions, ceramide and dihydroceramide species were equally 

distributed in p53 deficient and p53 proficient HCT-116 cells with C24 being the most 

abundant between ceramide and dihydroceramide species (Fig.17). However, after 

incubation in hypoxia, ceramide levels significantly increased in the absence of p53 

(Fig.18 and 19), which was concordant with the previous data of ceramide 

accumulation and DEGS1 expression.  

According to their N-acyl chain lengths, ceramides are classified into medium (C12–

14), long (C16–C18), very long (C20–C24), and ultralong (C26 and above) chain 

species127. 

C14:0 and C16:0-Cer, synthesized by ceramide synthases 5 and 6, did not demonstrate 

any prominent changes in their levels upon exposure to hypoxia in either of the cellular 

models (Fig.18). 

 

C18:0, C20:0 and C20:1-Cer, synthesized by ceramide synthases 1, 2 and 4, showed a 

significant accumulation in p53-deficient, but not in p53-proficient HCT-116 cells, 

upon 72 hours of exposure to hypoxia (Fig.18). 
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Figure 18. Changes in the levels of medium and long chain ceramide species in 

HCT-116 cells subjected to hypoxia. Different molecular species of ceramide were 

quantified by liquid chromatography-mass spectrometry and normalized to protein 

content (pmol ceramide/mg protein). Data is the average of two independent 

experiments ± S.D. *p<0.05; **p<0.01; ***p<0.001. 
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Very long and ultralong ceramide species (C22:0, C22:1, C24:0, C26:0 and C26:1-Cer), 

synthesized by ceramide synthases 2 and 3 significantly accumulated under 1% O2 in 

the absence of p53 (Fig.19). 

 

B
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F- 

Figure 19. Changes in the levels of very long and ultralong chain ceramide species 

upon hypoxia. Different molecular species of ceramide were quantified by liquid 

chromatography-mass spectrometry and normalized to protein content (pmol 

ceramide/mg protein). Data is the average of two independent experiments ± S.D. 

*p<0.05; **p<0.01; ***p<0.001. 
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4. Changes in ceramide catabolism upon hypoxia 

 
One hypothesis that could explain the correlation of increased ceramide levels with 

resistance to apoptosis is its conversion to one of its anti-apoptotic metabolites. Thus, 

ceramide generated in p53-/- cells exposed to hypoxic conditions can be deacylated by 

ceramidases producing sphingosine and a fatty acid. The sphingosine can be 

phosphorylated giving rise to the pro-survival lipid, S1P, which may potentially 

contribute to the resistance of p53-deficient cells to hypoxia-induced apoptosis. 

In order to further elucidate this mechanism, we measured the levels of sphingosine and 

S1P by LC/MS and the genetic expression of SK1. The notion of the dynamic balance 

between ceramide and S1P, termed as “sphingolipid rheostat”, has been a major focus 

in cancer therapy recently.  

Unfortunately, S1P levels were not detected by LC/MS; however, interestingly, 

sphingosine levels were significantly decreased in p53-deficient cells, but not in p53-

proficient cells, upon 72 hours of exposure to hypoxia compared to their normoxic 

time-matched control (Fig.20). This suggests, but does not confirm, that sphingosine 

might be further metabolized into S1P by SK1.  

Correspondingly, SK1 mRNA expression was down-regulated in response to hypoxia in 

HCT-116 p53-proficient cells, and conversely upregulated in the absence of p53 with a 

significant difference observed at 72 hours (Fig. 20). Hence, we postulated that the 

ceramide generated in the absence of p53 was partially catabolized into the anti-

apoptotic lipid, S1P, and contributed to the resistance of p53-deficient cells to hypoxia-

induced apoptosis. 
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Figure 20. Modulation of sphingosine kinase 1 (SK1) mRNA expression and 

sphingosine levels in response to hypoxia in both p53+/+ and p53-/- HCT-116 cells. 

A-Log Fold change (hypoxia/normoxia) of SphK1 mRNA expression assessed by qRT-

PCR. Values represent the average of two independent experiments ± S.D. B- 

Sphingosine was quantified by liquid chromatography-mass spectrometry and 

normalized to protein content (pmol sphingosine/mg protein). Data is the average of 

two independent experiments ± S.D. *p<0.05 
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C. Effect of exogenous C6 ceramide on the biological response to hypoxia of 

HCT-116 cells differentially expressing p53 

 

Our previous results suggested that the cellular fate of HCT-116 cells in response to 

hypoxia could be determined by the metabolic balance between two bioactive signaling 

sphingolipids, ceramide and S1P. The ceramide/S1P rheostat has been thoroughly 

discussed in the literature for its regulatory role in cancer pathogenesis and 

therapeutics128. Herein we propose that in response to hypoxia, and in the absence of 

p53, the proapoptotic lipid ceramide is being metabolized into a sphingolipid with 

opposing functions, S1P, which possibly drives the resistance of these cells to hypoxia. 

Hence, restoring the catabolized cellular ceramide alters the ceramide/S1P balance and 

potentially sensitizes the p53-deficient HCT-116 cells to hypoxia-induced cell death. 

This could be achieved through the administration of exogenous synthetic cell-

permeable short chain ceramides (C2, C4, C6, and C8 ceramide) that get deacylated 

then re-acylated inside the cell through the addition of longer fatty acid chains to the 

sphingosine backbone, in order to generate endogenous longer chain ceramides129,130. 

Accordingly, HCT-116 cells differentially expressing p53 were treated with exogenous 

C6 ceramide and were then incubated in hypoxic conditions for 24, 48 and 72 hours. 

The subsequent cellular response was evaluated through cell viability assays (MTT) and 

the flow cytometric analysis of DNA fragmentation underlying the apoptotic response. 

Indeed, MTT results demonstrated that exogenous C6 ceramide was able to selectively 

decrease the viability of p53-deficient cells upon oxygen deprivation for 48 and 72 

hours (Fig.21). This decrease in the cellular viability was accompanied with a 

significant increase in the percentage of apoptosis in p53-deficient cells upon 72 hours 



 

62 

 

of exposure to hypoxia compared to their p53-proficient counterparts and to their 

normoxic time-matched control, as revealed by the percentage of subG0 population 

analyzed on FACSARIA flow cytometer. This experiment indicated that tipping the 

balance in favor of ceramide changes the outcome from survival to apoptosis. 

  

 

A
- 

B
- 

Figure 21. Evaluation of C6 ceramide impact on the response of HCT-116 cells to 

hypoxia.HCT-116 p53+/+ and -/- cells were pre-treated with exogenous C6 ceramide, 

MTT assay and flow cytometric analysis of the DNA content were performed after 24, 

48 and 72 hours of incubation in normoxia (21% O2) or hypoxia (1% O2). A-Fold 

change of cell viability of the C6 ceramide-treated cells/control. MTT assay was 

performed and optical density (O.D.) was measured at 595 nm. The ratios of O.D. 

obtained from the C6 ceramide-treated cells over their vehicle-treated control were 

calculated. Each column represents the mean ± S.D. of the ratios calculated from three 

independent experiments. B- % of apoptotic cells. The percentage of the subG0 

population was quantified by flow cytometry. Each column represents the average ± 

S.D. calculated from three independent experiments. *p<0.05; **p<0.01 

 

 



 

63 

 

CHAPTER IV 

DISCUSSION 

 

Hypoxia is a common feature of locally advanced solid tumors resulting from the 

vascular inability to meet the metabolic requirements of the exponentially proliferating 

cancer cells. As a result, high vascular heterogeneity arises, and gradients of oxygen 

concentration emerge. Knowing that p53 is a transcription factor involved in cell death, 

regions of severe hypoxia undergo programmed cell death in a p53-dependent manner. 

On the other side, in order to evade hypoxia-induced cell death, cancer cells undergo 

mutations in the TP53 tumor-suppressor gene, losing the wild-type p53 proapoptotic 

function, and gaining the mutant p53 function, which is mainly involved in cancer 

progression. In colon cancer, TP53 mutation is believed to occur at the time of 

transition from adenoma to cancer. 

Hypoxic stress is one of the earliest driving forces that mutate TP53 during 

tumorigenesis. It can additionally act as an environmental selector for the aggressive 

p53 mutants such that minor clones carrying nonfunctional alleles of the TP53 gene 

overtake populations wild-type for TP53 ultimately leading to tumor resistance. 

Previous studies have shown that p53-deficient cells, even when cultured 1:1000 

relative to p53 wild-type cells, can outgrow the p53 wild-type population in a hypoxic 

environment131. 
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Although several p53-targeted therapies aiming to restore WT p53 function upon p53 

mutation have entered clinical trials, several limitations arose and hindered the efficacy 

of these approaches. 

Since previous studies performed on irradiated MOLT-4 leukemia cells showed that 

ceramide acts downstream of p53 and mediates the apoptotic response to cellular stress, 

we hypothesized that ceramide might mediate the p53-dependent apoptotic response to 

hypoxia. 

In order to test this hypothesis, we first studied the response of HCT-116 colon cancer 

cells to oxygen deprivation. Unlike cells harboring wild-type p53, p53-deficient HCT-

116 cells were proven to be resistant to programmed cell death upon exposure to 

hypoxia. p53 has been previously reported to mediate the hypoxia-induced apoptosis by 

acting as a transrepressor for the anti-apoptotic protein ARC or as an inducer for pro-

apoptotic targets such as Bnip3L132,133. In our present model we aimed to investigate the 

exact mechanism underlying both the p53-dependent and independent responses to 

hypoxia. 

Ceramide has been regularly associated with p53 in the context of the response to 

cellular stress. However, the mechanisms underlying their coregulation were not fully 

characterized and largely depended on the cellular model and the type of the stress 

stimulus. In our present model of colon carcinoma, we demonstrated that in the absence 

of p53, HCT-116 cells resist hypoxia-induced apoptosis and increase ceramide levels. 

This phenomenon was not observed in p53-proficient cells, which suggests that 

ceramide accumulation in this model is independent of p53 and might contribute to the 

cellular resistance to hypoxic stress.  

Since ceramide seems to work independently of p53 we concluded that either it is 
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completely dissociated from the cellular response to hypoxia, or it is partially 

catabolized into a prosurvival sphingolipid, promoting thereby the resistant phenotype 

in p53-deficient cells. 

Ceramide accumulation in p53-deficient cells, observed through DGK assay and the 

analysis of the cellular sphingolipidome in response to oxygen deprivation, can be 

explained by an increase in ceramide generation or a decrease in ceramide catabolism.  

Analysis of the biosynthetic and catabolic pathways of ceramide metabolism through 

the administration of adequate inhibitors indicated that when inhibiting NSMase with 

GW4869 and inhibiting ASMase with desipramine no effect on the response of HCT-

116 cells to hypoxia were observed, therefore we postulated that ceramide is dissociated 

from the cellular response to hypoxia. 

In addition, when inhibiting CerSs with FB1, a slight decrease in the viability of p53-

deficient cells was observed upon hypoxia. This suggests that ceramide generated 

through CerSs activity could contribute to the resistant phenotype observed in the 

absence of p53. Moreover, SK1 inhibition using SK1-I did not affect cell viability 

suggesting that S1P alone is not the only responsible for the prosurvival effects. 

However, when blocking both CerSs and SK1, p53-deficient cells became sensitive to 

hypoxic stress and had decreased cellular viability compared to the vehicle-treated 

control.  

It is noteworthy to mention that ceramide synthases partake in both the de novo 

sphingolipid synthesis, and the re-acylation of the free sphingosine recycled through the 

salvage pathway from pre-formed complex sphingolipids. When blocking ceramide 

synthases and SK1, which are key enzymes that occupy a unique niche in ceramide 

synthesis and breakdown respectively, the cell is left with sphingosine, a conventionally 
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established pro-apoptotic lipid133. Altering the sphingosine/S1P rheostat in favor of 

sphingosine in the p53-deficient cells might help sensitize these cells to hypoxia. 

Further experimental evidence is still needed to elucidate the detailed mechanism; one 

might suggest pre-treating HCT-116 cells with exogenous sphingosine and examining 

its effect on the p53-independent response to hypoxia. 

 

In addition, knowing that ceramides harbor fatty acids with different chain lengths, 

several studies have indicated that some functions of ceramides are chain-length 

dependent. In studies published previously, it was shown that overexpression of C16-

Cer in HCT-116 cells treated with Celecoxib induced pro-apoptotic effects134. In 

addition, overexpression of C24:0 and C24:1 in HeLa cells exposed to irradiation, 

resulted in anti-apoptotic effects. Whereas, overexpressed C16-Cer in the same 

irradiated cells induced pro-apoptotic effects135. In order to know which among 

ceramide species were being accumulated in p53-deficient cells upon hypoxic 

conditions, a detailed screening for ceramide species was performed by LC/MS to 

compare their distribution among p53-proficient and p53-deficient cells following 

oxygen deprivation. In fact, under physiological conditions, ceramide species were 

shown to be similarly distributed in p53-proficient and p53-deficient HCT-116 cells. 

However, this distribution was not the same upon exposure to chronic hypoxia. Our 

results showed a significant increase in the level of long and very long chain length 

ceramides in p53-deficient cells upon hypoxia. For example, the most abundant 

ceramide (C24:0) level was increased in p53-deficient cells upon chronic hypoxia by 

almost 3-fold compared to their normoxic time-matched control, while it was 

maintained in the p53-proficient cells. In studies performed on MCF-7 and HCT-116 
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cells, overexpression of CerS 4 and 6, responsible for long chain ceramides synthesis 

(C16:0, C18:0 and C20:0), inhibited cell proliferation and promoted apoptosis. In 

contrast, overexpression of CerS 2 accompanied with external addition of very long 

chain acyl-CoAs, thus increasing synthesis of very long chain ceramides, resulted in 

increased cell proliferation132. 

Hence, one might conclude that the accumulation of long and very long chain 

ceramides, the bulk of which is C24:0 Cer, in p53-deficient cells upon exposure to 

chronic hypoxia may be responsible of cancer cell survival in p53-deficient HCT-116 

cells as opposed to p53-proficient cells.  

Previous work published by our team associated DEGS1 down regulation in the right 

ventricle of hypoxic animal models to the adaptive response to chronic 

hypoxia114,115,126. In contrast, in models of acute hypoxia, the de novo pathway of 

ceramide synthesis is activated driving apoptotic cell death117. In our present model, 

DEGS1 modulation seemed to take place after prolonged exposure to hypoxia (72 h). In 

the presence of p53, DEGS1 was down-regulated upon prolonged oxygen deprivation at 

the mRNA and protein levels, similarly to our previous findings in a p53-expressing 

chronic hypoxia model116,117,128 . When p53 is lacking, DEGS1 expression was 

sustained in response to hypoxia, accompanied by an increase in ceramide levels 

(discussed above). 

When tracking ceramide fate, we demonstrated that the basal level of sphingosine, 

assessed under normoxic conditions, was significantly higher in p53-deficient cells 

when compared to their p53-expressing counterparts, which was somehow expected. In 

fact, p53-deficient cells demonstrated a higher proliferative rate under physiological 

conditions and were likely to reach confluency earlier than the p53-expressing cell line. 
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When near confluency, the cells tend to recycle sphingolipids resulting in sphingosine 

generation. Upon 72 hours of exposure to hypoxia, p53-deficient cells demonstrated a 

decrease in the sphingosine level along with an increase in SK1 genomic expression.  

Altogether our data helped us hypothesize that under hypoxia, p53 negatively regulates 

ceramide metabolic pathways engendering apoptotic cell death. In contrast, p53-

deficient cells were likely to overcome hypoxic stress by synthesizing ceramide through 

the de novo pathway, which was possibly deacylated into sphingosine that might have 

been phosphorylated by SK1 into S1P. Accumulating evidence has linked the SK1/S1P 

axis with the cellular adaptation to hypoxia, which corroborates our present findings136–

138. Unfortunately, using the single-phase extraction method described by Bielawski139, 

we were not capable of detecting S1P by LC/MS, different type of lipid extraction will 

be investigated in the future. 

Since S1P was solely linked to the adaptation to the decrease in oxygen supply whereas 

ceramide was associated with the hypoxic apoptosis117,140, we aimed to shift the 

sphingolipid balance toward a higher cellular ceramide/S1P ratio through the 

administration of synthetic cell-permeable short chain C6 ceramide. When reaching the 

inner cellular compartments, exogenous ceramide usually replaces the short 6 carbon 

fatty acid with a longer chain amplifying the pool of cellular ceramides, consequently 

driving apoptosis129,130. Our data highlighted the great potential of exogenous C6 

ceramide administration in sensitizing p53-deficient cells to hypoxia-induced apoptosis. 

C6 ceramide promise in cancer therapy was also described in combination with various 

chemotherapeutic drugs including doxorubicin, paclitaxel (Taxol), histone deacetylase 

inhibitor, vincristine, pemetrexed, and others, which further supports the proposed 

strategy in hypoxic solid tumor systems where p53 is lacking141–146. 
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CHAPTER V 

CONCLUSION AND PERSPECTIVES 

 

Finally, we can conclude that the aggressive status of cancer cells is potentially linked 

to ceramide synthesis and its partial conversion to S1P in the p53-deficient cells upon 

exposure to hypoxia. Furthermore, our results shed the light on the role of exogenous 

C6 ceramide as an anti-cancer therapeutic strategy in p53-deficient tumors. 

 

Based on these findings and the limitations that we faced, in the future perspectives we 

aim to:      

▪ Measure S1P level using a suitable method of lipid extraction. 

▪ Test the enzymatic activity of the three key enzymes that were shown to be 

involved in the response of HCT-116 cells to hypoxia: CerSs, DEGS1, and SK1. 

▪ Evaluate the effect of DEGS1 pharmacological inhibition (using GT-11), alone 

and in combination with the SK1 inhibitor (SK1-I) on the response of both 

HCT-116 p53+/+ and p53-/- cells to hypoxia. 

▪ Validate the obtained results across a panel of p53-mutated cancer cell lines. 

▪ Downregulate DEGS1 and SK1 expression in our cellular model through stably 

transfecting HCT-116 p53+/+ and p53-/- cells with shRNA directed against 

SphK1 and DEGS1 genes, and evaluate the effect of gene knockdown on the 
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response to hypoxia in vitro and in the xenograft model established in BALB/c 

nu/nu mice. 

▪ Encapsulate C6 ceramide into smart hypoxia-responsive nanoparticles (HRNPs) 

which will selectively release this bioactive lipid under hypoxic bio-reductive 

conditions. C6 ceramide-loaded HRNPs will be injected intravenously in 

BALB/c-nu/nu mice harboring HCT-116 xenografts differentially expressing 

p53. The tumor size will be monitored, and the molecular mechanisms 

underlying the response to hypoxia will be investigated. 

 

Figure 22. Summary of possible changes in ceramide metabolism in response to 

hypoxia in HCT-116 p53-/- cells. Once dihydroceramide is converted into ceramide 

through the enzyme DEGS1 in p53-/- HCT-116 cells upon hypoxia, ceramide is then 

probably converted into sphingosine which is possibly phosphorylated by the enzyme 

SK1 into the prosurvival sphingolipid S1P. In addition, the increase in long chain 

ceramide and the decrease in sphingosine might also be responsible for the resistance to 

hypoxia-induced apoptosis in the absence of p53. Administration of exogenous C6 

ceramide reverted the hypoxia-resistant phenotype observed in p53-/- cells into an 

apoptotic one. 
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