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Anti-neoplastic Effect of Adjuvant Epigenetic Therapy of 

Decitabine and Suberoylanilide Hydroxamic Acid on U937 

Acute Myeloid Leukemia Cell Line 

 

Patil Onnig Babikian 

 

Abstract 

 

Acute myeloid leukemia is a heterogeneous malignant disorder characterized 

by rapid buildup of abnormal myeloid blasts in the blood and the bone marrow. This 

uncontrolled accumulation eventually interferes with the normal functioning of healthy 

blasts. Despite major advances in AML research, high incidence and death rates 

persist. Recently the role of epigenetic modifications in leukemogenesis has been well 

acknowledged, including histone deacetylation and DNA methylation, which 

frequently target the promoters of key genes involved in pathways such as apoptosis 

and cell cycle. Several studies have reported that combining different epigenetic 

modulators significantly boosts the effects of each one when used individually. In this 

study, the effects of a histone deacetylase inhibitor and a DNA methyl transferase 

inhibitor, suberoylanilide hydroxamic acid and Decitabine, respectively, were 

evaluated using U937 cells as an AML model cell line. Once having determined their 

growth inhibitory effects, and cell cycle arresting and apoptotic powers, two strategies 

of combining SAHA and DAC were assessed: simultaneous and sequential treatments. 

The sequential combination treatment, which consisted of priming the cells with DAC 

and then adding SAHA, was shown to enhance the effects of each epigenetic 

modulator, unlike the simultaneous treatment strategy. The effects were observed for 
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growth inhibition, apoptosis stimulation and cell cycle arrest. Lastly, the changes 

incurred upon the sequential treatment were evaluated at the level of protein 

expression. The results revealed that, relative to controls and cells treated with only 

one drug, both intrinsic and extrinsic apoptotic pathways were activated by the 

sequential combination of SAHA and DAC. Further studies should be conducted to 

decipher the complete molecular mechanisms and pathways involved in the growth 

inhibitory effects of the combined SAHA and DAC treatment. 

 

 

Keywords: Acute myeloid leukemia, Suberoylanilide hydroxamic acid, Decitabine, 

epigenetics, combination therapy 
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Chapter One 

 

Introduction 
 

1.1  Cancer overview 

1.1.1 Cancer: disease of the DNA 

Cancer is a complex non-communicable disease affecting different types of cells 

and tissues. Achieving cellular homeostasis requires tight regulation of gene 

expression to maintain the balance between proliferation and programmed cell death. 

(Alenzi, 2004). Deregulation of genes responsible for cell growth and division is a 

major part in the etiology of cancer disease. Accordingly, cancer was first considered 

as a genetic disease (Vogelstein & Kinzler, 2004). The genetic mutations that lead to 

cancerous cells can arise either in germ cells (germ-line mutations which are 

hereditary), or in non-germ cells (somatic mutations). Hereditary cancers account for 

5-10% of all cancers (Ngeow & Eng, 2016). Genetic mutations involve either large-

scale changes, such as chromosome translocation, chromosome gain or loss, viral 

genome integration; or small-scale changes such as point mutations (Lodish et al., 

2000a).  By acquiring a series of genetic mutations, homeostasis is disrupted in normal 

cells, resulting in cells that proliferate uncontrollably: one of the first acquired 

capabilities of cancer cells (Feitelson et al., 2015). In order for a cell to divide 

uncontrollably, and in the meantime evade apoptosis, it accumulates several genetic 

mutations. These genes responsible for the onset of oncogenesis are categorized as 

proto-oncogenes and tumor-suppressor genes (Lodish et al., 2000b).  

Proto-oncogenes, like myc, ras, src and many others have roles in enhancing cell 

growth, migration, and proliferation and inhibiting differentiation, processes that are 
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crucial for human development and maintenance of healthy cells and tissues (Pappou 

& Ahuja, 2010). Proto-oncogenes are genes that, when mutated, become oncogenes 

having the capability to promote tumorigenesis. Since the outcome of such mutations 

provide the cells with additional functions, that were either not as accentuated or absent 

in normal cells, this type of mutations is thus called “gain-of-function mutations”. 

Gain-of-function mutations are dominant, indicating that a mutation of only one allele 

is sufficient to observe the effects (Lodish, 2000).  Since proto-oncogenes are essential 

for regular cellular processes, they are therefore present in all cells and are modified 

into cellular oncogenes following a mutation. Other oncogenes are transformed by 

some viruses upon viral infections and thus called viral oncogenes (Zhi-Ming Zheng, 

2010). Viral oncogenes account for cancers caused by viruses, like hepatocellular 

carcinoma, B & T cell lymphoma and cervical cancer, which are triggered by Hepatitis 

B and C, Epstein Barr virus (EBV) and Human papilloma virus (HPV), respectively. 

Around 15% of human cancers are ascribed to viruses (Liao, 2006). In normal 

conditions, proto-oncogenes are expressed at very low levels and in a highly regulated 

manner. Mechanisms that cause the transition from proto-oncogenes to oncogenes are 

gene mutations, gene amplifications, chromosome rearrangements, all of which 

involve critical protein regulatory regions (Holland, 2003). Oncogenes, in contrast to 

proto-oncogenes are expressed at higher than normal levels, resulting in increased cell 

proliferation and migration (Chial, 2008a).  The discovery of oncogenes originates 

with the discovery of the Rous Sarcoma Virus (RSV) by Peyton Rous back in 1910, 

when he discovered that RSV was able to promote tumor formation when injected in 

healthy chicken (Rous, 1911; Weiss & Vogt, 2011). After identifying v-src, the gene 

responsible for the tumor formation by RSV, its cellular homologue, c-src, was 

discovered as the first cellular proto-oncogene (Brenner, S., 2002). For instance, the 
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KRAS gene belongs to the small-GTPase superfamily and it is frequently mutated in 

many types of cancer, including colorectal and lung cancers (Beganovic, 2009). The 

missense mutations of KRAS affect its GTP-ase activity, and thus KRAS remains in its 

active GTP-bound form, constitutively activating the RAS/MAPK survival pathway 

(Kim, S., 2015). The outcome of constitutively active oncoproteins on cell cycle, 

proliferation, migration and many other cellular events is often emphasized by the 

deregulation of another category of proteins, tumor suppressors (Zhu, Kevin et al., 

2015). 

Tumor suppressor genes (TSGs) represent a second large category of genes that 

are involved in tumorigenesis. TSGs normally control cell proliferation by regulating 

cell cycle, repairing DNA mutations and controlling apoptosis (Cooper, G. M., 2000b). 

When these genes, also known as anti-oncogenes are not expressed, or are silenced due 

to genetic or epigenetic modifications, they allow neoplastic growth (Sun & Yang, 

2010). The role of tumor suppressors was first discovered when studying hereditary 

cancers (Cooper, G. M., 2000b). Scientists suggested that cells that were heterozygous 

for a TSG, carrying one normal and one mutated allele, needed to acquire a second 

somatic mutation in the non-mutated allele in the same cell, known as loss of 

heterozygosity, to reach a state of homozygosity with two mutated alleles, which could 

be the basis of neoplasia (Jia, P. & Zhao, 2019). This theory is known as Knudson’s 

“two-hit hypothesis”, which states that both alleles of a cell’s tumor suppressor genes 

must be mutated for a gene to be the driving mutation (Chial, 2008b).  This theory 

therefore elucidated the reason why hereditary TSG mutations may result in cancer 

earlier in life than those that are acquired in both alleles in the same cell (Goodrich, 

2006).  Considering the multifactorial nature of cancer, it is worth noting that the 

mechanism proposed by Knudson and his colleagues does not always directly lead to 
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neoplasia, but in fact loss of tumor suppressor gene expressions leads to further 

accumulation of mutations in genes crucial for cell growth control and cell 

proliferation, as well as inactivation of other tumor suppressor genes and activation of 

oncogenes (Lodish, 2000). Anti-oncogenes can be classified into genes that control 

cell division and cell cycle, genes that repair DNA and apoptosis genes (Lodish et al., 

2000b). The retinoblastoma (RB) gene is a model gene for the first class of tumor 

suppressors. The Rb-1-encoded protein (pRb) has various functions that lead to 

continuous proliferation. pRb can act as a protein binder to mitogenic oncoproteins of 

DNA tumor viruses. Unphosphorylated pRb is known as a general cell cycle regulator 

for its role as a molecular switch controlling the passage between G1 and S phases. 

Moreover, unphosphorylated or active pRb normally binds to E2F1 transcription factor 

(TF) and other members of this family, to prevent the binding of these TFs to 

transcription machinery which would allow expression of S phase genes (Goodrich, 

2006). Alternatively, the phosphorylation of pRb through cyclin-dependent kinases 

(CDKs) inactivates pRb allowing cell cycle progression (Giacinti & Giordano, 2006). 

Any deregulation affecting cyclin D/CDK4/6 or cyclin E/A/CDK2, which are the main 

CDKs phosphorylating pRb (Suryadinata, Sadowski, Steel, & Sarcevic, 2011), could 

therefore lead to increasing levels of phosphorylated inactive pRb, triggering 

uncontrolled cell proliferation (Ahlander & Bosco, 2009). pRb inactivation is 

considered as a critical event in tumorigenesis and was found in retinoblastoma, 

osteosarcoma, small cell lung carcinoma (SCLC), colon and breast carcinomas, 

melanoma, and many other cancer types (Gordon & Du, 2011).  
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1.1.2 Cancer types and origins 

The most general aspect in classifying tumors consists of distinguishing benign 

tumors from malignant ones. This issue in cancer pathology is crucial since it predicts 

prognosis and choices of treatment. Tumors that remain limited to their tissue of origin 

and are incapable to invade and spread to distant organs are called benign tumors 

(Lodish et al., 2000c). This type of tumors, also known as non-cancerous tumors, are 

rarely harmful unless they occur at sites where they cause local compression of vital 

organs like the brain or constricting tissues like blood vessels (Strowd & Blakeley, 

2017; Wan, Yin, Chen, & Li, 2016). Due to their limited territory, non-cancerous 

tumors are usually removed surgically, and in some cases not even treated (Marino-

Enriquez & Fletcher, 2014). Fibroids of the breast and uterus as well as adenomatous 

polyps of the colon are examples of benign tumors (Lee & Soltanian, 2015; Medikare, 

Kandukuri, Ananthapur, Deenadayal, & Nallari, 2011; Zuber & Harder, 2001). It has 

been documented that the latter can sometimes develop into malignant colon cancer. 

Malignant tumors, as opposed to benign ones, can invade to surrounding normal tissues 

and metastasize to distant organs to form secondary tumors. These cancerous tumors 

are fast growing, and severely affect the organism by destabilizing its homeostasis. 

Due to their severity, malignant tumors are treated by intensive methods, like 

chemotherapy, radiotherapy, small molecule inhibitors, immunotherapy or 

combinations of more than one strategy (Cooper, G. M., 2000a; Sinha, 2018). 

Both benign and malignant tumors are classified based on the origin of the tissue 

in which they first arise. The majority of cancers (90%) arise from epithelial tissues 

and are named carcinomas. The most common types of carcinomas are breast and 

colon carcinomas. The high frequency of cancers in the two organs mentioned is 

mainly due to the high rate of cell proliferation and turnover (Hinck & Näthke, 2014; 
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Suryadinata et al., 2011). The remaining tumors are non-epithelial tumors. Sarcomas 

are one group of non-epithelial tumors. These have mesenchymal origin and are rare 

representing only 21% of all pediatric solid malignant cancers and less than 1% of all 

adult solid malignant cancers (Burningham, Hashibe, Spector, & Schiffman, 2012). 

Despite being uncommon, this type is very diverse in terms of subtypes and treatment. 

Tumors that develop in bones, fats, muscles, joints and other soft tissues are included 

in the class of sarcomas. (Demicco, Maki, Lev, & Lazar, 2012). Another group of non-

epithelial tumors are the ones originating from hematopoietic tissues, comprising 

blood-forming cells, immune cells, antibody-secreting cells as well as B and T 

lymphocytes (Weinberg, 2014). Leukemia, myeloma and lymphoma are the main 

hematopoietic cancers and account for 8-10% of all human malignancies (Mak, 

Saunders, & Jett, 2014). Neuroectodermal tumors represent the third group of non-

epithelial tumors that arise from different cells in the peripheral and central nervous 

systems. Examples of this group are gliomas, glioblastomas, schwannomas and 

medulloblastomas. Some tumors, on the other hand, do not belong to any of the groups 

mentioned above, and this can be due to their ambiguous tissue of origin, like in the 

case of small-cell lung carcinomas (SCLCs), or due to the divergence of the original 

cells, as in the case of melanoma, where melanocytes arise from the neural crest but 

once mature, they migrate and do not dispose any connections with the nervous tissue 

(Uong & Zon, 2010). Another type of tumor called teratoma is considered to be an 

atypical tumor, since it contains cells arising from all three types of embryonic germ 

cell layers (endoderm, mesoderm and ectoderm). The ectopic germ cells still maintain 

their pluripotency and can differentiate into different types of tissues, such as teeth, 

bones and hair (Peterson, Buckley, Holley, & Menias, 2012).  
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1.1.3 Cancer Epidemiology 

 Apart from the complexity of this disease, in terms of risk factors, 

variability and treatment, its high incidence and death rates further enhance the 

significant role of research in this field. Today, cancer is the second leading cause of 

death worldwide (Wang, H. et al., 2016). According to the World Health Organization 

(WHO), there were an estimated 18.1 million new cases of cancer and 9.6 million 

cancer deaths in 2018. The high rate of incidence is due to several factors. One such 

factor is the increase in life expectancy from an average lifespan of 50-60 years in the 

20th century to an average lifespan of 80 years in the 21st century (Mackenbach, 2013), 

since ageing is associated with increased rate of DNA mutations/DNA instability and 

decreased DNA repair functions (Smetana et al., 2016). Another factor explaining the 

high incidence rate of cancer is the social and economic human development, which 

results in a changing prevalence of some known preventable cancer risk factors like 

alcohol, diet, air pollution, radiation, UV exposure, obesity and infectious agents 

(Fidler, Bray, & Soerjomataram, 2018). In contrast, according to the WHO Cancer 

Incidence in 5 continents (CI5) database, the described social, behavioral and 

economic transitions that countries undergo were accompanied by a decrease in 

infection-related cancers like cervical, liver and stomach cancers (Ferlay, Colombet, 

& Bray, 2018). As for cancer mortality rates, according to Torre et al. (2016), they are 

also strongly dependent on the economic status of countries. The cancer mortality rates 

are dropping in many high-income countries (HIC), while increasing in low- and 

middle-income countries (LMIC). Although HICs have high incidence rates, these 

rates are almost plateauing due to limitations of use of carcinogenic factors, increased 

screening, increased early detection and the availability of improved treatments, all of 

which play part in the decreased rate of cancer mortality in HICs. As for LMICs, the 
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observed high mortality rates are related to the increased prevalence of cancer risk 

factors, especially those related to lifestyle, like smoking, obesity, physical inactivity 

and others (Torre, Siegel, Ward, & Jemal, 2016).  

 

1.2 Tumor Development 

1.2.1 Tumorigenesis: a multistep process of accumulating mutations 

As previously mentioned, the onset of cancer involves mutations in key genes, 

namely oncogenes and TSGs, that play important roles in controlling cell proliferation, 

motility, differentiation, survival, stress response, death, cellular crosstalk, tissue 

architecture, among others (Lodish et al., 2000b).  Identifying the means through which 

mutations in a cell or a few cells maintain the constant proliferation and develop into 

a tumor is fundamental to understand tumorigenesis.  Oncogenesis is a complex and 

multistep process, which can be divided into three main phases (Berenblum & Shubik, 

1949). In the first phase, named initiation, cells get an irreversible defect in cancer-

driver genes, which gives them and their progeny the power of growth advantage over 

adjacent normal cells and the capability of neoplastic transformation (Devi, 2004; Kim, 

S., 2015). Following this stage, during the promotion phase, genetic instability 

increases in initiated cells, with higher frequency of mitotic errors and genetic changes 

(Nowell, 1976), triggering the buildup of more mutations followed by sustained 

proliferation. In addition to uncontrolled proliferation, other normal cellular processes 

are also abolished: the intercellular communication processes that normally restrict 

cellular autonomy, and differentiation of cells which deprives them from their tissue-

specific functions (Devi, 2004; Nowell, 1976). In the progression phase, the third phase 

of carcinogenesis, the random acquisition of mutations in different cells creates 

heterogeneity in the fast growing tumor, where subpopulations compete under 
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selective pressure that favors the generation of cells that are more adapted to overcome 

the normal cell growth regulations (Devi, 2004). It is essential to note that progression 

of cancer involves not only cancer cells, but also stromal, immune suppressor and 

inflammatory cells, which form the tumor microenvironment (Goldman, Cecil, & 

Schafer, 2012). This multistep tumor development can be well represented by the colon 

carcinogenesis. In this model, sequential genetic and epigenetic modifications are 

observed, and four or five mutations are necessary in the progression of a normal cell 

towards a malignant colon tumor (Martinez, Parker, Fultz, Ignatenko, & Gerner, 2003). 

Whether the initiation phase starts with only one cell that is able to multiply and initiate 

cancer, or few cells, have been a longtime interest of study with no conclusive data. 

The importance of this topic lies in its association with designing effective treatments. 

 

1.2.2 Tumor origin: monoclonal or multiclonal? 

In order to find out how many cells should enter the initiation phase to form a 

tumor, it is coherent to determine the presence of a genetic or biochemical marker that 

is shared by all the cells comprising the tumor. Scientists had previously hypothesized 

that all mutant subpopulations derive from one progenitor cell (Parsons, 2018). 

Experiments with different approaches were conducted and supported the theory of 

monoclonal origin of tumors, signifying that neoplasms arise from a single cell. The 

discovery of the same abnormal karyotype in all cells of a tumor, the inactivation of 

the same X chromosome in heterozygous women’s tumor cells, and the homogeneity 

of the immunoglobulin produced by plasma cells all reinforced this concept (Nowell, 

1976). Scientists, however, agreed that some exceptions do exist in special cases, 

including hereditary cancers or tumors with viral etiology, where more than one cell 

carry the defect at the beginning of the initiation phase (Garcia, Novelli, & Wright, 



10 
 

2000). Later, further studies showed increasing evidences of multiclonal, rather than 

monoclonal tumor origin. The previously used experimental methods were examined 

and Parsons et al. observed that these assays were biased (Parsons, 2018). Furthermore, 

since during cancer progression, at a given time, there is usually one clone of cells that 

is the most dominant, this could have been translated into pseudomonoclonal tumors. 

Moreover, since mutation rate per cell generation is 10-10/bp, it is very rare that same 

mutation occurs in the same cancer-driving gene in two different cells of the same 

tissue (Balin & Cascalho, 2010). They concluded that most cancers (more than 53 

types) follow the multiclonal theory, although some types, like myeloid lineage 

cancers, still follow the monoclonal theory. This latest finding can also elucidate the 

frequently observed recurrence of cancer after a period of remission in response to a 

targeted therapy; when targeting a driving mutation (for example, inhibiting an 

oncogene), the therapy does not target all cells of the tumor, but only one clone of cells 

carrying that oncogene. Consequently, the other untargeted cells remain viable, 

proliferate and become even more malignant with time (Parsons, 2018).    
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Figure 1. Monoclonal vs multiclonal tumorigenesis. Monoclonal tumors arise from 

a single transformed cancerous cell that proliferates to form the tumor. Multiclonal 

tumors comprise several distinct subpopulations of cells that originate from multiple 

transformed cells that carry different genetic or epigenetic defects. 

 

 

1.2.3 Cancer stem cells: At the top of the hierarchy of tumor heterogeneity 

 

Based on the clonal succession model, clones arise when different cells gain 

different mutations, which drive the clonal expansion. However, some studies revealed 

that not all cells are able to sustain a tumor and become ancestors of new clones, except 

certain types of cells that can drive the tumor and endure its heterogeneous 

characteristic (Leber & Efferth, 2009). Cancer stem cells (CSCs) were first discovered 

when Bonnet et al.(1997) used fluorescence-activated cell sorting (FACS) to identify 

the different population of cells in AML. Of the two subpopulations, only the minority 

subpopulation consisted of tumorigenic cells, having a high replication rate, stem cell 

characteristics less and differentiated than the rest of cells (Bonnet & Dick, 1997; 

Mayol, Loeuillet, Hérodin, & Wion, 2009).  They suggested that these stem cells were 

the ones responsible for maintaining the cancer tissue and generating new clones unlike 
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the majority of cells, which showed limited proliferative potential (Clarke & Fuller, 

2006). Further studies on breast and brain tumors isolated and identified cancer stem 

cells, enhancing the possibility of such cancer stem cells driving the multiclonality and 

heterogeneity of tumors (Muhammad Al-Hajj, Max S. Wicha, Adalberto Benito-

Hernandez, Sean J. Morrison, & Michael F. Clarke, 2003; Singh et al., 2003).  The 

cancer stem cell hierarchy is very similar to the hierarchy seen in normal tissues, which 

consists of the stem cells, the progenitor cells and the fully differentiated cells. This is 

a way by which tumors get advantage of normal cellular systems in order to acquire 

and develop their immortal characteristic (Rich, 2016). The function of stem cells as 

key components in tumor maintenance and progression, and their presence in almost 

all types of tumors extended the research studies to determine the role of CSCs in 

metastasis, treatment resistance and tumor recurrence (Ayob & Ramasamy, 2018). 

 

 

1.3  Cancer cell characteristics and hallmarks 

One of the major advances in cancer research was the identification of 

characteristics shared by all cancer cells. Despite the fact that each cancer type has its 

own unique characteristics, and even the same type of cancer may differ between two 

individuals, the characterization of common features is prominent to develop strategies 

that selectively target cancer cells only and not healthy ones  (Bailey et al., 2014). 

These hallmarks represent the phenotypic outcomes of the changes seen at the genetic 

or epigenetic levels.  

One key mechanism of the sustainability of cancer cells is their independence 

of mitogenic growth signals, which are essential for the ordinary functioning and 
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proper behavior of cells. Cells reach this state of autonomy through different 

mechanisms affecting diverse cell machineries (Hanahan & Weinberg, 2000). For 

instance, malignant cells create an autocrine stimulation, by producing growth factors 

(GFs) to which they themselves are highly responsive (Aaronson, 1991). On the other 

hand, cancer cells achieve self-sufficiency in growth signals by overexpressing 

receptor proteins, like tyrosine-kinases, that hyper-respond to normal levels of GFs or 

by making structural changes in receptors that can constitutively fire signals of growth 

and proliferation (Fouad & Aanei, 2017; Sever & Brugge, 2015). Previous studies on 

growth signaling in cancer used to focus only on the cancer cells and their autocrine 

signaling. Currently, scientists believe that this autonomous mechanism alone is not 

sufficient, and paracrine and endocrine signaling should coexist to support the former, 

i.e: different types of non-cancerous cells (fibroblasts, immune cells, endothelial cells) 

that inhabit the tumor microenvironment promote tumorigenesis (Hanahan & 

Weinberg, 2011). The outcome of this behavior is even more emphasized by another 

hallmark of cancer cells that is insensitivity to anti-growth signals. Cancer cells 

evade anti-proliferative signals either by avoiding entry into the G0 phase of the cell 

cycle when they should, or by circumventing terminal differentiation that would 

otherwise, in the appropriate conditions, place the cells in a post-mitotic non-

proliferating state. The impaired differentiation for instance can be attained by c-myc, 

an oncoprotein which forms a complex with Max and inhibits differentiation-inducing 

signals (Hanahan & Weinberg, 2000). 

 The maintenance of healthy tissues and homeostasis demands coordination and 

balance between cell proliferation and cell apoptosis (Cooper, J. P. & Youle, 2012). 

Nearly all cancers show loss in pro-apoptotic regulator proteins, one of which is p53. 

In parallel, survival pathways like the PI3K/AKT pathway, can be considered as anti-
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apoptotic pathways and alleviate programmed cell death. Thus, evading apoptosis is 

a third hallmark of cancer cells (Hanahan & Weinberg, 2000). 

 The three hallmarks described above lead directly or indirectly to continuous 

replication of cells, mainly due to the disengagement of cells from their environment 

along with a disrupted cell-cell and cell-environment communication (Brücher & 

Jamall, 2014). Besides the cell-environment mechanisms, other intrinsic mechanisms 

exist that contribute to cancer cells’ limitless replicative potential.  This intrinsic 

mechanism is in part related to telomeres, the protective ends of chromosomes. In 

normal cells, after each cell cycle, telomeres shorten until they reach cellular 

senescence, an irreversible form of cell cycle arrest, and then death. This programmed 

mechanism is a way of eliminating cells to prevent any errors associated with aging 

cells (Counter, 1996). Cancer cells, conversely, develop ways to stop telomere 

shortening, which eventually lead to unlimited replication. One renowned mechanism 

is the overexpression of telomerase enzyme (Bryan, T. M. & Cech, 1999), which adds 

nucleotide sequences to telomeres to maintain their lengths. Telomerase activity is 

displayed in stem, germ and cancer cells; three types of cells that have the potential to 

infinitely proliferate (Zvereva, Shcherbakova, & Dontsova, 2010). 

 Although cancer cells seem to have the power to survive harsh conditions, but 

they also, like any cell, cannot persist without oxygen and nutrient supply. Hypoxia 

and lack of nutrients primarily occur when tumor size increases. Most cancer cells 

manage to act out of the norm by increasing signals that promote angiogenesis, which 

is formation of new blood vessels around the tumor (Muz, De La Puente, Azab, & 

Azab, 2015). Angiogenic ability of cells is not a characteristic that develops only in 

cancer cells, but also in normal cells, where it is mainly active during tissue 

development and embryogenesis, after which it is tightly suppressed and regulated 
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(Saaristo, Karpanen, & Alitalo, 2000). To overcome insufficient levels of oxygen and 

nutrients, cancer cells on one hand overexpress angiogenic activators, like vascular 

endothelial growth factors (VEGF), fibroblast growth factor (FGF)1/2 and on another 

hand downregulate angiogenic inhibitors (Veikkola & Alitalo, 1999). 

The newly established blood vessels during angiogenesis, do not only give them 

access to oxygen and nutrients to survive, but also the opportunity of tissue invasion 

and metastasis. Colonization of cancer cells into different tissues than their tissue of 

origin is one of the most studied topics in cancer research, since metastasis accounts 

for 90% of cancer deaths (Sporn, 1996). Scientists are still trying to clarify the reason 

why cancer cells metastasize and form secondary tumors in distant organs. Cell-cell 

adhesion molecules (CAMs), integrins, extracellular proteases and other types of 

proteins are known to be involved in establishing the potential of cancer cells to 

metastasize (Hanahan & Weinberg, 2000). 

 Another approach, by which cancer cells overcome hypoxic conditions and 

maximize their energy, is reprogramming their energy metabolism. Even in aerobic 

conditions, cancer cells tend to limit their energy metabolism to glycolysis only, as 

would normal cells do in anaerobic conditions, to prevent excess oxygen expenditure 

in other metabolic processes, for instance oxidative phosphorylation (Hanahan & 

Weinberg, 2011). This flexible switch is called the “Warburg effect” and is another 

case where cancer cells take advantage of a normal physiological mechanism (Liberti 

& Locasale, 2016; Warburg, 1925). Cancer cells increase their glucose uptake and 

consumption by upregulating major glucose transporters like GLUT1 and upregulating 

enzymes involved in glycolysis. Interestingly, this glycolytic fueling goes in parallel 

with active oncogenes and mutant TSGs, like Ras and TP53, respectively 

(DeBerardinis, Lum, Hatzivassiliou, & Thompson, 2008; Jones & Thompson, 2009). 
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In addition, hypoxic conditions further emphasize this dependence on glycolysis by 

upregulating hypoxia-inducing factors HIF1α and HIF2α, that in turn upregulate the 

glycolytic pathway (Kroemer, Guido & Pouyssegur, 2008; Semenza, 2010). The 

concept of this acquired capability of cancer cells was elucidated when scientists 

discovered that in some tumors there are two subpopulation of interdependent cells 

having different energy metabolisms. The cells in the first subpopulation are usually 

hypoxic cells subjugated by the “Warburg effect”, relying only on glycolysis; the 

remaining non-hypoxic cells use the lactate, produced as a by-product of glycolysis by 

hypoxic cells, as their main energy source (Feron, 2009). The increase of lactate in the 

extracellular space activates some proteases involved in cell migration and invasion 

(Vander Heiden et al., 2011).  

 Considering the role of the immune system in destroying defective cells and 

the fact that the tumor microenvironment comprises immune cells, the response of the 

immune system to tumorigenesis is an attractive area of study (Wenbo & Wang, 2017). 

It was originally thought that immune surveillance is able to eliminate nascent cancer 

cells and prevent their progression into tumors, and that a defective immune system 

would lead to oncogenesis. This hypothesis was in accordance with the remarkable 

increase of incidence of tumors in immunocompromised individuals (Vajdic & van 

Leeuwen, 2009). Yet, most of these tumors were of viral etiology, where controlling 

the tumor really depends on eliminating the viral infection. Thus, this argument could 

not validate the role of the immune surveillance in cancer (Hanahan & Weinberg, 

2011). Further studies on colon and ovarian cancers demonstrated that tumors had 

better prognosis in the presence of abundant cytotoxic T lymphocytes (CTLs) and 

natural killer (NK) cells compared to the absence of these immune cells (Nelson, 2008; 

Pagès et al., 2010). In fact, highly immunogenic cancer cells can evade immune 
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destruction by inhibiting immune system components. For example, Yang et al. 

observed that some cancer cells may inhibit the function of CTLs and NKs, by 

secreting TGF-β and other immunosuppressive factors (Yang, L., Pang, & Moses, 

2010). Cancer cells suppress the cytotoxic lymphocytes by recruiting inflammatory 

cells like regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), 

which cause immunosuppression (Mougiakakos, Choudhury, Lladser, Kiessling, & 

Johansson, 2010; Ostrand-Rosenberg & Sinha, 2009).  

 

Figure 2. Acquired characteristics of cancer cells. During the course of 

tumorigenesis, almost all cancer cells/tumors gain these characteristics at some point, 

although acquiring mechanisms and chronological orders are highly variable. 
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1.4  Epigenetics and Cancer 

1.4.1 Epigenetics: looking at the broader image 

Since elucidating that all body cells contain the same genetic information, yet 

phenotypically differ and express different sets of genes, scientists recognized the 

presence of a mechanism underlying these variations. Conrad Waddington first 

named these non-genetic modifications as “epigenetic landscape”, while studying 

how similar genotypes give rise to varying phenotypes during development 

(Waddington, 1939). Since then, the meaning of this term has frequently updated 

with advancing knowledge in this area. Today, epigenetics refers to “the study of 

mitotically and/or meiotically heritable changes in gene expression that cannot be 

explained by changes in DNA sequence” (Russo, Riggs, & Martienssen, 1996). It 

is a highly dynamic and flexible mechanism, which is widely affected by 

environmental factors, nutrition, exercise, stress and chemicals (Moosavi & 

Motevalizadeh Ardekani, 2016). Epigenetics involves studying the chromatin, the 

complex of chromosomal DNA and proteins, which can either be in 

heterochromatin or euchromatin states, translating into transcriptionally inactive 

and active regions, respectively. This form of gene regulation can be attained by 

applying various types of modifications to the chromatin. The function of 

chromatin components, like repressors, activators, chromatin remodeling 

complexes and histone variants may alter, affecting the structure of chromatin and 

eventually the genetic expression. Likewise, chromatin constituents can undergo 

covalent modifications, such as DNA methylation and post-translational 

modification of histone tails (Quina, Buschbeck, & Di Croce, 2006). The outcome 

of the cumulative modifications dictate the regions of the genome that will have 

access to the transcriptional machinery (Sachan & Kaur, 2015). 
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1.4.2 DNA methylation 

DNA methylation is an essential mechanism for the development of mammals, 

where a methyl group is added to the 5’ carbon of cytosines within CpG dinucleotides 

(Meissner, 2010). Riggs, Holliday and Pugh first suggested the concept of such a 

mechanism, when they observed that X chromosome inactivation involves silencing 

of chromosomes in a heritable manner and without changes in DNA sequence 

(Holliday & Pugh, 1975; Riggs, 1975). This epigenetic modification is usually, but not 

always, associated with transcriptional silencing (Newell-Price, Clark, & King, 2000). 

In some cases, this modification plays the role of a transcription activator, when 

methylation prevents binding of transcriptional repressors (Handy, Castro, & 

Loscalzo, 2011). Although most gene promoters contain CpG-rich sequences, or CpG 

islands (CGIs), only 6% of these promoters are methylated early in development or in 

differentiation, to provide the cells with tissue-specific traits (Deaton & Bird, 2011; 

Portela & Esteller, 2010; Sharma, Shikhar, Kelly, & Jones, 2010) . As for intergenic 

regions, they are typically methylated in order to prevent random and cryptic 

transcription initiation at gene bodies. Likewise, repetitive elements are heavily 

methylated, to avoid chromosomal instability, recombination and transposition 

(Esteller, 2007; Portela & Esteller, 2010). One mechanism through which CpG 

methylation suppresses transcription is by directly inhibiting the recognition and 

binding of some TFs like Sp1 and Sp3 (Handy et al., 2011). In other cases, methyl 

binding domain (MBD) proteins, such as MeCP1, are attracted to the methylated DNA 

and block binding of TFs. Furthermore, MeCP1 recruits histone deacetylases 

(HDACs), which condense the chromatin and allow further transcriptional repressing 

(Handy et al., 2011; Portela & Esteller, 2010). There are distinct enzymes that catalyze 
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DNA methylation by using S-adenosylmethionine (SAM) as methyl group donors 

(Llinàs-Arias & Esteller, 2017). DNA methyl transferase 3a (DNMT3a) and DNMT3b 

enzymes are responsible to methylate a completely unmethylated DNA (both strands 

are unmethylated), a process known as de novo methylation. In contrast, DNMT1, the 

maintenance DNMT, recognizes hemi-methylated DNA regions, and provides 

methylation of the daughter strands (Felsenfeld, 2014). DNA methylation is reversed 

either passively when DNMTs are not expressed, or actively with the action of ten-

eleven translocation (TET) proteins and DNA demethylases (DMDs) (Hill, Amouroux, 

& Hajkova, 2014). In this system, methyltransferases are the writers, demethylases are 

the erasers and MBDs are the readers. The mode of action of DNMTs assures a long-

term, stable, heritable and semi-conservative propagation of the methylation pattern 

(Bird, 1978; Felsenfeld, 2014).  

 

1.4.3 Post-translational histone modifications 

Histones are proteins that associate with eukaryotic DNA to form chromatin. 

X-ray crystallography of histones shows their conserved globular C-terminal domains, 

and a variable and unstructured protruded N-terminal tails. The latter are subject to 

post-translational modifications (Richmond, Mäder, Luger, Sargent, & Richmond, 

1997; Sharma, Shikhar et al., 2010). Being the core structures of nucleosomes, histones 

either directly affect nucleosome and chromatin structures, or indirectly induce 

nucleosome repositioning by recruiting other chromatin remodeling enzymes. Unlike 

DNA methylation, histone modifications do not only affect transcription, but also 

DNA repair, replication, alternative splicing and recombination (Bannister & 

Kouzarides, 2011). Covalent post-translational modifications of histones are diverse, 

including methylation, acetylation, ubiquitylation, sumoylation, phosphorylation 
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(Kouzarides, 2007). Plausibly, none of these modifications alone can predict the 

outcome, but rather the complex cumulative modifications translate these into 

downstream biological responses: a hypothesis known as “histone code” (Strahl & 

Allis, 2000). In this study, the focus will be on histone acetylation.  

Histone acetylation is a highly dynamic mechanism that occurs at ε-amino 

groups within lysine (K) residues, affecting the transcriptional status of a gene. 

Acetylation of the positively charged ε-amino group of lysine renders it neutral. This 

charge alteration weakens the interaction between the lysine and the negatively 

charged wrapped DNA, decondenses chromatin, and allows access of TFs to the DNA, 

hence activating transcription. In addition to this, acetylated histones act as docking 

sites for other chromatin remodeling proteins, which either act directly or proceed by 

recruiting additional interacting proteins acting as readers (Verdone, Caserta, & 

Mauro, 2005). Bromodomains, for example, recognize acetylated lysine residues, and 

execute chromatin remodeling and gene expression regulation (Fujisawa & 

Filippakopoulos, 2017). In this way, euchromatin contains high levels of histone 

acetylation, whereas heterochromatin has low levels of histone acetylation (Portela & 

Esteller, 2010). Histone acetylation and deacetylation are catalyzed by specific 

enzymes, histone acetyltransferases (HATs) and HDACs, respectively. HATs are the 

writers that use acetyl-CoA cofactors to add acetyl groups to the ε-amino group of 

lysine residues at the histone tails. HDACs, however, are the erasers that remove acetyl 

groups and restore the positive charges on lysine residues (Yang, X. & Seto, 2007).  

Any deregulation in the maintenance and regulation of the epigenome, could 

lead to early embryonic lethality, infertility, imprinting diseases, autoimmune diseases 

and other diseases including cancer (Moosavi & Motevalizadeh Ardekani, 2016). 
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1.4.4 Role of epigenetics in cancer initiation and progression 

Besides the genetic deregulations triggering cancer initiation and progression, 

epigenetic modifications are almost equally involved in tumorigenesis. The latest 

studies are providing increasing evidences on the global epigenetic changes observed 

in nearly all cancer types. The fact that epigenetics and genetics are extremely 

interconnected further enhances the central role that epigenetics play in cancer 

pathophysiology (Baylin & Jones, 2016). Moreover, this emerging field may offer 

novel insights on diagnosis, prognosis and treatment strategies of cancer. The dynamic 

and reversible nature of epigenetic modifications make them attractive targets in 

cancer, unlike genetic changes including DNA substitutions, insertions, deletions, and 

recombination, which are principally irreversible (Schuebel, Gitik, Domschke, & 

Goldman, 2016). DNA methylation, histone modifications, nucleosome positioning 

and non-coding RNAs (especially microRNAs) are different types of epigenetic 

mechanisms known to be involved in the initiation of the hallmarks of cancer described 

above (Sharma, Shikhar et al., 2010). 

Regarding DNA methylation, cancer cells show a global hypomethylation, with 

20-60% less 5-methyl-cytosine compared to normal cells, specifically at repetitive 

elements and retrotransposons, which increase chromosomal instability and 

translocation. For example, the L1 transposon belonging to the long-interspersed 

nuclear element (LINE) family is hypomethylated in lung, breast, bladder and liver 

cancers. Hypomethylation has also been documented to target and activate promoters 

of certain oncogenes and growth-promoting genes including S-100 in colon cancer and 

MAGE in melanoma (Wilson, Power, & Molloy, 2007). Interestingly, DNA 

hypomethylation in cancer cells goes in parallel with hypermethylation of specific 

CpG island promoters, which occurs very early in cancer initiation. Hypermethylation 
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targets TSGs, TFs, vitamin response pathways, cell cycle control pathways, Ras 

signaling, DNA repair, apoptosis and angiogenic genes, among others (Portela & 

Esteller, 2010). Thus, this mechanism may serve as the second hit in Knudson’s 

hypothesis for silencing TSGs, along with genetic mutations of the second allele. 

Hypermethylation could sometimes be intermediated by fusion proteins, like the 

promyelocytic leukemia-retinoic acid receptor-α (PML-RARα), which recruits 

DNMTs and HDACs to specific target genes (Sharma, Shikhar et al., 2010). 

Hypermethylation frequently occurs at promoters of miRNAs, leading to their 

downregulation, which activates other normally silenced genes. Hypermethylation of 

miR-124a, miR-129 and miR-137 gene promoters that target CDK6 is commonly 

documented in colorectal and breast cancers. Low levels of the mentioned miRNAs 

activate CDK6, which phosphorylates pRb, leading to cell cycle progression. Thus, 

even in division-restricted conditions, miRNA-mediated pRb phosphorylation 

bypasses cell cycle checkpoints, providing the cells with the ability to divide aberrantly 

(Lujambio et al., 2007; Yu, X. et al., 2013; Zhu, X. et al., 2013). Promoter 

hypermethylation can also make the cells immortal by bypassing apoptotic signals. For 

instance, in the intrinsic mechanism of apoptosis, released cytochrome C multimerizes 

with caspase 9 and apoptotic protease activating factor-1 (Apaf-1). Hypermethylation 

and subsequent inhibition of Apaf-1 prevents the formation of the apoptosome and 

precludes apoptosis (Zhu, Xiaojun et al., 2015). Another scenario of the contribution 

of hypermethylation to the acquisition of cancer hallmarks is the silencing of genes 

having protease inhibitor domains (Llinàs-Arias & Esteller, 2017). The reversion-

inducing-cysteine-rich proteins with kazal motifs (RECKs), for instance, normally 

post-transcriptionally downregulate the activity of matrix metalloprotease 9 (MMP-9) 

by suppressing its mRNA levels and promoter activity (Liu, N., Zhou, & Zhu, 2016; 
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Takagi, Simizu, & Osada, 2009). In many cancer types, hypermethylation and 

silencing of RECKs retain MMP-9 in its active state, where the latter degrades the 

extracellular matrix (ECM), paving the way for migration and metastasis (Wang, L. et 

al., 2015; Webb et al., 2017). 

Moreover, deregulated histone modifications engage in tumorigenesis through two 

major mechanisms: affecting gene expression (especially oncogenes and TSGs), and 

disrupting genomic integrity (Bannister & Kouzarides, 2011). Cancer cells show a 

global loss of H4K16ac, H4K20me3 and H3K4me3 along with gain in H3K9me and 

H3K27me3 due to aberrant expression of histone methyl transferases (HMTs), histone 

demethylases (HDMs), HATs and HDACs (Caldas et al., 2005; Portela & Esteller, 

2010). The reported mechanisms of the atypical expression of those enzymes are 

diverse. In the case of H3K27me3 for example, mutation of its regulator, UTX, leads 

to the overexpression of a HMT and TSG, Ezh2, a feature commonly seen in myeloid 

and solid malignancies (Bannister & Kouzarides, 2011). As for HDACs, they are 

regulated by miRNAs, which frequently target HDAC transcripts and inhibit their 

expression in human cancer (Kim, H. S., Shen, & Nam, 2015). HATs and HAT-related 

genes are aberrantly expressed due to translocations resulting in fusion proteins 

observed in leukemia, lung, uterus and colon cancers (Bryan, E. J. et al., 2002; Moore 

et al., 2004). Mutation and aberrant expression of chromatin remodelers like 

bromodomains or bromodomain-containing proteins, which recognize acetylated 

lysines, are other frequently observed features in a large number of cancers, including 

lung adenocarcinomas, gastric cancers, colorectal cancers and hepatocellular 

carcinomas (Fujisawa & Filippakopoulos, 2017). Another frequently disturbed histone 

modification mechanism in cancer is histone phosphorylation, which is involved in 
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chromosomal stability, DNA damage response (DDR) and apoptosis (Portela & 

Esteller, 2010).  

The deregulation of the epigenome is under intensive study to determine how genes 

are being targeted for deregulation, and how they accumulate and contribute to tumor 

initiation and progression. It has been shown that the various epigenetic modifications 

that a cell acquires provide it with growth advantage. According to Shikhar et al., the 

“cancer stem cell model” elucidates in part the role that epigenetic alterations play in 

tumor initiation and progression. This model proposes that epigenetic alterations are 

one of the earliest events that occur in stem or progenitor cells at the beginning of 

cancer initiation. Similar to genetic mutations that cause genetic instability and trigger 

the manifestation of more mutations, epimutations also make the cells prone to 

undergo further epigenetic modifications (Feinberg, Ohlsson, & Henikoff, 2006; 

Sharma, Kelly, & Jones, 2010). Given the fact that stem cells have distinct epigenetic 

mechanisms that distinguish them from progenitor and differentiated cells, any 

epigenetic alterations in stem cells would result in defective progenitor cells able to 

become neoplastic upon accumulation of more epigenetic or genetic alterations 

(Sharma, Kelly, & Jones, 2010).  

 

1.5 The major deregulated cellular machineries in cancer 

1.5.1 Cell cycle 

1.5.1.1 Cell cycle overview 

According to the cell theory, all cells arise when pre-existing cells undergo cell 

division, after which the daughter cells in turn divide and give rise to new cells, and 

the cycle continues (Sapp, 2003). This process is known as the cell cycle or the cell 
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division cycle. It consists of two major phases: the interphase and the mitotic phase (M 

phase). Interphase is the longest phase of the cycle, composed of 3 sub-phases namely 

gap 1 (G1), synthesis (S) and gap 2 (G2). In G1, newly divided cells grow in size. Cells 

then replicate in S sub-phase, duplicating their DNA and centrioles. Finally, in G2, they 

continue growing and preparing for mitosis in terms of energy and organelle 

duplication. During the M phase, cells divide by passing through four mitotic phases 

namely prophase, metaphase, anaphase and telophase. At the end of each mitosis, the 

original cell gives rise to daughter cells that are 100% identical to each other (Alberts 

et al., 2002). The frequency of cell cycle depends on the tissue type and the stage of 

development of the organism. Some cells like epithelial cells maintain a high turnover 

rate, and actively undergo cell cycle. Other types of cells, like muscle and nerve cells 

are considered as post-mitotic cells that, at a certain stage after completion of the M 

phase, permanently enter a quiescent phase called G0 (Tomura et al., 2013). Other 

types of cells, like T lymphocytes transiently enter the G0 phase when extracellular 

conditions are not favorable for the cell to proceed in the cycle and can exit this phase 

when the appropriate progression signals are received (Lea et al., 2003).  

The cell cycle is tightly regulated and cells proceed through the phases only if 

they pass the checkpoints. The main regulatory proteins are the CDKs and their 

activators, the cyclins (Barnum & O'Connell, 2014). 

 

1.5.1.2 Cell cycle regulation 

CDKs are serine/threonine cell cycle regulator protein kinases that 

phosphorylate and activate downstream target proteins, which drive the cell cycle 

forward. CDKs are activated by forming complexes with their activators, cyclins, 



27 
 

which bind to their catalytic sites and send nuclear localization signals. Cyclins are 

continuously synthesized and degraded based on necessity, due to their destruction box 

and PEST sequences that are targeted for ubiquitin-mediated degradation after each 

cycle phase (Vermeulen, Van Bockstaele, & Berneman, 2003). In eukaryotes, several 

types of CDKs and cyclins have been identified, and some of them are also involved 

in cellular processes other than the cell cycle, such as DNA damage repair, 

differentiation and metabolism (Hydbring, Malumbres, & Sicinski, 2016; Vermeulen, 

Van Bockstaele, & Berneman, 2003). CDK2, CDK4 and CDK6 are interphase CDKs, 

whereas CDK1 is a mitotic CDK known as cell division control protein 2 (CDC2) 

(Casimiro, Crosariol, Loro, Li, & Pestell, 2012). As for the cyclins, they are classified 

into four groups: cyclins A, B, D and E. Each cell cycle phase or checkpoint requires 

a specific CDK-cyclin combination. Cyclins D are synthesized in response to GF 

stimulations, and they bind to CDK4 and CDK6 to promote the cell’s entry into G1 

phase. The transition from G1 to S is mediated by CDK2-cyclin E complex, whereas 

during the S phase, cyclin A replaces cyclin E. During late G2 mitotic preparations and 

early mitosis, the cell cycle is regulated by the CDK1-cyclin A complex and finally 

during mitosis, cyclin B takes over to maintain CDK1 activation (Vermeulen et al., 

2003). At the end of mitosis, CDK1 switch-off reverses its effects and allows 

chromosome decondensation, nuclear envelope formation and cytokinesis (Potapova 

et al., 2006).  

Since cell cycle regulation is crucial for maintaining homeostasis and 

controlled cell proliferation, CDKs, which are the cell cycle regulators, are themselves 

regulated through several mechanisms, other than cyclin binding. CDK-activating 

kinases (CAKs) phosphorylate CDKs at their threonine and cytosine residues, hence 

regulating them through conformational change (Lolli & Johnson, 2005). CDK1 
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regulation follows this mechanism: Wee-1 and Myt1 phosphorylate and inactivate it, 

whereas cdc25 dephosphorylates and activates it. CDKs are also regulated by 

sequestration of their associated molecules: cyclin B receives a nuclear exclusion 

signal until prophase. Wee-1 and Myt1 are sequestered in the nucleus and Golgi, 

respectively until mitosis (F Liu, J J Stanton, Z Wu, & H Piwnica-Worms, 1997; Heald, 

McLoughlin, & McKeon, 1993). Cdc25 resides in the cytoplasm by interacting with 

14-3-3 protein (Peng et al., 1997; Yang, J., Winkler, Yoshida, & Kornbluth, 1999). 

CDK regulation pathways are often mediated by TSGs, the most famous of which is 

the pRb protein mediation in the regulation of the G1-S transition, where pRb is 

inhibited by CDK4, CDK6, CDK2 and CDK3-cyclin C complex and activated by 

CIP/KIP inhibitors, as illustrated in figure 3 (Deshpande, Sicinski, & Hinds, 2005). 

 

Figure 3. G1/S cell cycle control involving CDK2, CDK4, CDK6 and the TSG 

pRb. 

 

The function of cyclins is reversed by CDK inhibitors (CKIs) that act by 

binding to CDKs or CDK-cyclin complexes (Besson, Dowdy, & Roberts, 2008). There 
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are two families of CKIs, namely the INK4 and the CIP/KIP family. p15 (INK4b), p16 

(INK4a), p18 (INK4c) and p19 (INK4d) belong to the first family, and they inhibit the 

binding of CDK4 and CDK6 to cyclin D in G1 phase. Members of the CIP/KIP family 

p21, p27 and p57 also inhibit G1 CDK-cyclin complexes, in addition to the CDK1-

cyclin B. Regulation of CKIs occurs both intrinsically and extrinsically. For instance, 

p21 is regulated through its internal p53-binding domain; p15 and p27 are dependent 

on external TGF-β signaling (Vermeulen et al., 2003). 

Above all the regulatory proteins mentioned above, progression through the 

cell cycle is controlled as well by specialized surveillance mechanisms, known as 

checkpoints that scan the cell at crucial points of the cell cycle to allow or forbid further 

advancements (Barnum & O'Connell, 2014). 

1.5.1.3 Cell cycle checkpoints 

The three major cell cycle checkpoints found at critical stages of the cell cycle 

prevent the endurance of any defective cell, which, if unchecked could proliferate and 

increase the number of abnormal daughter cells. The G1/S checkpoint is a DNA 

damage checkpoint that checks for the presence of DNA damage in the cell that may 

be due to surrounding physical, chemical, biological or endogenous genotoxic agents 

(Dasika et al., 1999). DNA damage is sensed by ataxia telangiectasia mutated (ATM) 

and ataxia and rad3 related (ATR) protein kinases, which act through p53 and its 

downstream targets p21, Mdm2 and Bax to inhibit CDKs and initiate an arrest 

(Vermeulen et al., 2003). In case of DNA damage recognition, cell cycle is arrested 

until the damage is repaired. If the repair is unsuccessful due to aberrant DNA repair 

system or checkpoint fail, the cell either enters a state of senescence or apoptotic 
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machinery is activated or the cell irrationally progresses through the cycle, yielding 

more cells with the damage (Malumbres & Barbacid, 2009).  

A second DNA damage checkpoint coincides at G2/M transition, and scans the 

size of the cell as well as the success of DNA replication that took place in the previous 

phase S, before permitting the entry of the cell into mitosis. Unlike the G1/S 

checkpoint, this checkpoint is p53-independent, and mediated by Chk1 and Chk2 

protein kinases, which act through sequestering phosphorylated cdc25 to prevent 

CDK1-cyclin B activation (Stark & Taylor, 2004). 

Furthermore, the spindle assembly checkpoint (SAC) is a mitotic checkpoint 

that ensures proper chromosome segregation of sister chromatids at the metaphase-

anaphase transition. In case of inappropriate attachment of chromatids on the spindle 

fiber, SAC targets the mediators of chromosome segregation, such as anaphase-

promoting complex/cyclosome (APC/C) and its cofactor, eventually disrupting CDK1-

cyclin B complex (Malumbres & Barbacid, 2009). 

Hence, the deregulation of any of the components that directly or indirectly 

participate in the regulation of the cell cycle would lead to several diseases, including 

cancer and neurodegenerative disorders (Bonda et al., 2010; Malumbres & Carnero, 

2003). 

1.5.1.4 Cancer: a disease of the cell cycle 

Deregulation of the cell cycle machinery is a common feature seen in almost 

all cancer types, since it gives rise to a population of cells with the potential to infinitely 

replicate even at unscheduled times, increasing the risk of accumulating mutations that 

would sustain the tumor. Altered gene regulation affects almost all components of the 
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cell cycle, including CDKs, cyclins, CDK-activating enzymes, CKIs, CDK substrates 

and checkpoint proteins (Malumbres & Barbacid, 2009). 

Mechanisms of deregulation of CDKs, cyclins and CDK-activating enzymes in 

cancer include amplification, overexpression and translocation. Amplification of 

CDK4, for instance, is well documented in sarcomas and gliomas (Wolfel et al., 1995). 

Overexpression of CDK1 and CDK2 is well reported in colon adenomas, whereas 

epithelial malignancies frequently overexpress CDK4, and some leukemia types and 

mesenchymal tumors show CDK6 overexpression. Other mechanisms include 

mutations in CDK4 and CDK6 that hinder CKI binding. As for cyclins, overexpression 

of cyclins A, E, D2 and D3 has been described in several human malignancies, and 

amplification and translocation of cyclin D1 in breast and B-cell malignancies, 

respectively. In addition, CDK activating enzymes are often deregulated in tumors 

(Vermeulen, Van Bockstaele, & Berneman, 2003). Overexpression of cdc25, which 

results from mutated c-myc and ras oncogenes is one example (Nilsson & Hoffmann, 

2000).  

As for CKIs, they are frequently silenced along with the intermediate pRb 

pathway. p16 is often hypermethylated, deleted or mutated, keeping pRb in the 

phosphorylated inactive form, and allowing progress to G1. p16 deletions are found in 

50% of gliomas, 40-60% of nasopharyngeal and pancreatic tumors and 20-30% of 

acute lymphoblastic leukemia (ALL) (Hall & Peters, 1996). Regularly, p15 is mutated 

along with p16 due to their close proximity in the genome (Wade Harper & Elledge, 

1996). Interestingly, p27 downregulation is not due to mutations or deletions, but 

rather uncontrolled increase in proteasome-dependent proteolysis, rendering tumors 

more malignant and aggressive (Hattori et al., 2007). Breast cancer and leukemia often 

contain deregulations in p18 and p21 genes, respectively. p21 deregulation can also 
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result from p53 mutation, which is the most common gene mutation observed in most 

cancers types (Abaza, Orabi, Al-Quattan, & Al-Attiyah, 2015; Vermeulen, Van 

Bockstaele, & Berneman, 2003).  

The most common CDK substrate mutations usually involve pRb-related 

alterations, like deletions, missense mutations, or inactivation by viral oncoproteins. 

pRb pathway deregulations are present in 90% of cancers (Hall & Peters, 1996; 

Vermeulen, Van Bockstaele, & Berneman, 2003). 

Furthermore, checkpoint mutations comprise alterations of p53 and associated 

proteins like its inhibitor Mdm2, which is overexpressed in leukemia, lymphoma, 

breast cancer and others. DNA damage checkpoint deregulation leads to genomic 

instability, and mitotic checkpoint deregulation results in chromosomal instability 

triggering tumor development (Malumbres & Barbacid, 2009; Vermeulen et al., 2003). 

1.5.1.5 Cell cycle-targeting therapies 

Considering the importance of the proper functioning of the cell cycle in the 

maintenance of healthy tissues, and the significance of targeting specific aberrant 

molecules, scientists aimed to discover compounds that could directly or indirectly 

target the defects (Law, Corsino, Narayan, & Law, 2015). Many classes of CDK 

inhibitors exist today as anti-cancer drugs, all of which act by competitive inhibition 

of ATP binding. The different classes target different molecules, the majority and the 

most powerful of which are compounds that directly inhibit CDK kinase activity. 

Purine and pyrimidine analogues, flavonoids, butyrolactone, paullones, indolinones, 

plant cytokinin analogues are common classes that seem to be promising (Vermeulen 

et al., 2003). Adverse effects of such CKIs include high toxicity, since these 

compounds target all types of cells in the body, including normal cells. Moreover, most 
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of them do not show high efficiency (Shapiro, 2006). This may be due to the strategy 

being non-specific, where the CDKs that are targeted are not essential for the 

maintenance of the tumor. Future studies should therefore focus on the CDKs and 

cyclins that the tumors rely on and target them accordingly. Interestingly, studies 

targeting cell cycle components revealed that some are only essential for the survival 

of tumor cells, but not normal cells of the same tissue type. In one study, it has been 

shown that breast carcinoma induced by Erbb2 gene, where CDK4 is essential for 

tumor development, but not for normal breast development. This differential 

requirement between normal and cancer cells is an opportunity to selectively target 

tumor cells by inhibiting CDK4 in Erbb2-positive breast tumors (Malumbres & 

Barbacid, 2006; Potapova et al., 2006; Yu, Q. et al., 2006). 

The uncontrolled proliferation of cancer cells resulting from a deregulated cell 

cycle machinery is usually accompanied by malfunction of the apoptotic machinery, 

which participates, in turn, in the accumulation of damaged cells (Pucci, Kasten, & 

Giordano, 2000).  

 

1.5.2 Apoptosis 

1.5.2.1 Apoptosis overview 

For a healthy tissue structure and functioning, the increasing number of new 

daughter cells should be compensated by regulated loss of old and/or damaged cells, 

assuring normal cell turnover. This is achieved mainly by apoptosis, a highly regulated 

and programmed cell death mechanism. Apoptosis is an essential process in embryonic 

development and tissue formation, ageing, immune system defenses and removing 

damaged cells (Norbury & Hickson, 2001). In adult humans, on average 109 cells 
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undergo apoptosis each day (Elmore, 2007). Apoptosis is mediated by a vast number 

of regulatory genes that either promote (pro-apoptotic) or inhibit (anti-apoptotic) cell 

death (Di Pietro et al., 2009).  Several other types of cell deaths exist, including 

necrosis, autophagy, pyroptosis, necroptosis and others. Each of these types is unique 

in terms of objective, regulation and programmability, triggering conditions, effects on 

cell morphology, machinery and enzymes involved (Kroemer et al., 2008).  

The most important components of the apoptotic machinery are the caspases, 

proteins belonging to a family of cysteine-aspartic proteases. The caspase family is 

very broad and caspases are not only involved in cell death, but also in other 

physiological processes like cell proliferation, migration and differentiation (Li & 

Yuan, 2008). In the apoptotic frame, there are two classes of caspases: initiators and 

executioners. Caspases are normally in their inactive zymogen (pro-caspases) form and 

following a cascade of activation become active caspases to initiate apoptosis (Shi, 

2004). As an initiation step, initiator pro-caspases 8 and 9 are activated into caspases 

8 and 9, which in turn activate executioner pro-caspases 3, 6 and 7. Activated 

executioner caspases promote a series of cellular events, including DNA 

fragmentation, destruction of nuclear proteins, cytoskeleton and cross-linking proteins, 

expression of phagocytic ligands and formation of apoptotic bodies. Apoptotic bodies 

are then eliminated via phagocytosis by macrophages, ensuring no damage occurs to 

the surrounding tissue (Elmore, 2007).  

There are two distinct pathways of apoptosis, the intrinsic or mitochondrial 

pathway, and the extrinsic or death receptor pathway. The intrinsic pathway is solely 

initiated by the cell itself upon cellular damage detection. Cells respond to two signals: 

absence of pro-survival proteins or presence of cell damaging agents, like toxins, 

viruses and reactive oxygen species (ROS) (Brenner, D. & Mak, 2009). When these 



35 
 

signals are received, mitochondrial pores open allowing leakage of its pro-apoptotic 

contents, mainly cytochrome C, Smac/Diablo and Htra2/Omi. Cytochrome C then 

binds to adaptor protein APAF1, which assemble to form the apoptosome (Acehan et 

al., 2002). It is the apoptosome that then recruits and activates initiator pro-caspase 9, 

which activates pro-caspase 3 that officially executes apoptosis (Cain, Bratton, & 

Cohen, 2002). Smac/Diablo and Htra2/Omi do not initiate apoptosis by their own, but 

rather they indirectly promote it by inhibiting inhibitors of apoptosis proteins (IAPs) 

(Ekert & Vaux, 2005). 

The extrinsic pathway, in contrast to the mitochondrial one, is triggered by 

interactions between the damaged cell and the immune system cells, which produce 

death ligands that bind to death receptors (DRs) of the damaged cells. This binding 

recruits pro-caspase 8 to death-inducing signal complex (DISC) localized in the 

cytoplasm. This complex then undergoes dimerization, activating caspase 8. Then, in 

some cells caspase 8 directly cleaves and activates executioner caspases, whereas in 

other cells the inhibitory effect of IAPs should be relieved to allow activation of 

executioner caspases by caspase 8 (Spencer, Gaudet, Albeck, Burke, & Sorger, 2009).  
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Table 1. Comparison between different types of cell death.  

Although other types of cell deaths do exist, apoptosis is the machinery that is 

recurrently disturbed in cancer. 

 Apoptosis Necrosis Necroptosis Pyroptosis Autophagy 

Control of 

mechanism 
Programmed 

Non-

programmed 
Programmed Programmed 

Programmed 

 

Effects on cell 
Cell 

shrinkage 

Cell 

swelling 

Cell 

swelling 

Cell 

swelling 

No changes 

in cell size 

Inflammatory 

response 
Absent Present Absent Absent Absent 

 

 

Aim 

Elimination 

of cells to 

maintain 

homeostasis 

Premature 

elimination 

of cells 

associated 

with 

pathology 

Programmed 

version of 

necrosis; 

upon 

exposure to 

extrinsic 

stimuli 

(TNF-α or 

Fas ligand) 

Elimination 

of cells in 

response to 

infection 

with 

intracellular 

pathogens 

Degradation 

and 

recycling of 

cell 

components 

 

 

1.5.2.2 Deregulation of apoptosis in cancer 

Deregulation of the apoptotic machinery appears to be involved in different 

stages of cancer, starting from initiation, where it acts as the driving force, to tumor 

progression and therapy resistance. This phenomenon can result from an imbalance of 

pro- and anti-apoptotic proteins, decreased caspase function or impaired death receptor 

signaling (Pistritto, Trisciuoglio, Ceci, Garufi, & D'Orazi, 2016).  

The ratio of pro- and anti-apoptotic proteins is one important parameter often 

disturbed in cancer.  The first thing that should be mentioned regarding this balance is 

the B-cell lymphoma 2 (Bcl-2) family of proteins, the central apoptosis regulator. This 

family consists of both pro- and anti-apoptotic proteins, which primarily act through 
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the mitochondrial pathway and regulate membrane permeability. Overexpression of 

anti-apoptotic and/or underexpression of pro-apoptotic proteins decrease or prevent 

apoptosis (Pistritto, Trisciuoglio, Ceci, Garufi, & D'Orazi, 2016). For instance, CLL 

tumorigenesis is not only due to increased proliferation, but also decreased cell death 

due to defected apoptotic machinery (Wong, 2011). Mutations of the “guardian of the 

genome”, TP53, also have been shown to have a huge impact on apoptosis. This was 

elucidated in many studies, whereby the downregulation of the mutant p53 increased 

the rate of apoptosis in human cancer cells (Vikhanskaya, Lee, Mazzoletti, Broggini, 

& Sabapathy, 2007). Moreover, overexpression of IAPs, which act as oncogenes by 

continuously suppressing caspase function, is another common characteristic of cancer 

cells that prevents their apoptosis. Survivin, Apollon and Livin are all highly expressed 

in NSCLC, glioma and melanoma, respectively. Altered IAP expressions also grant 

chemotherapy resistance to pancreatic cancerous cells (Lopes, Gangeswaran, 

McNeish, Wang, & Lemoine, 2007). Furthermore, studies have shown that decreased 

apoptosis does not only induce tumor development but is also a factor conferring drug 

resistance. For instance, the higher the Bcl-2/Bax ratio is in B-lymphocytes of chronic 

lymphocytic leukemia (CLL), the lower the drug-induced apoptosis (Williamson, 

Kelly, Hamilton, McManus, & Johnston, 1998). 

Reduced caspase activity directly reduces the apoptotic rate in cancers. For 

instance, decreased caspase 9 activity is observed in colorectal cancers, and it is 

correlated with poor prognosis (Shen et al., 2010). Caspase 3 downregulation 

contributes to breast cancer resistance to chemotherapy (Devarajan et al., 2002).  

The deregulation can also be in the extrinsic pathway, affecting the death 

receptor signaling. Impaired signaling can be caused by receptor downregulation, 

receptor malfunction or reduced levels of death signals. This is observed in cervical 
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cancer that is settled by loss of Fas, and in resistant leukemia cells that under-express 

CD95 (Fulda, Los, Friesen, & Debatin, 1998; Reesink-Peters et al., 2005).  

Several strategies have been approved to target alterations in anti-apoptotic 

proteins or to promote apoptosis through drugs, gene therapy or immunotherapy. 

However, improving the outcome of these therapies requires selective targeting of 

defective apoptotic machinery components in cancer cells while keeping normal cells 

intact; in other words avoid the use of pan-apoptotic inhibitors (Wong, 2011). Several 

studies have been conducted where they have selectively targeted apoptosis, such as 

targeting anti-apoptotic proteins like the Bcl-2 family of proteins. Other studies have 

targeted cell cycle and DNA repair components, death receptors, tumor necrosis factor 

(TNF)-related apoptosis inducing ligand (TRAIL) and the transcription factor NF-κB 

to indirectly induce apoptosis (Dai et al., 2015; Hassan, Watari, AbuAlmaaty, Ohba, 

& Sakuragi, 2014). Targeted therapies are based on using viral carriers or non-viral 

nanoparticles that have been modified to selectively target cancer genes and not normal 

ones. Other strategies include the use of chimeric proteins expressed by modified 

autologous cells (Jia, Chen, & Yang, 2012). Several of these molecules have been 

approved, and many others are currently being evaluated in clinical trials (Lim, Greer, 

Lipkowitz, & Takebe, 2019).   

 

1.6  Leukemia 

1.6.1 Leukemia Overview 

Leukemia is the broad name describing several malignant disorders 

characterized by an increased number of abnormal blood cells that accumulate in the 

blood and/or bone marrow (Wang et al., 2019). All types of blood cells arise by the 



39 
 

process of hematopoiesis, which occurs primarily in the bone marrow. Hematopoiesis 

starts with the pluripotent hematopoietic stem cells (HSCs) which divide 

symmetrically, producing identical stem or progenitor cells, or asymmetrically, 

producing HSCs and progenitor cells (Ogawa, LaRue, & Mehrotra, 2013). The 

progenitor cells belong to either the myeloid or the lymphoid lineages, that have less 

self-renewing capacity than their ancestor HSCs. Myeloid cells then further 

differentiate producing megakaryocytes, monocytes, erythrocytes, mast cells and 

myeloblasts, whereas lymphoid cells produce T and B lymphocytes and NK cells 

(Kondo, 2010).  

Leukemogenesis follows the CSC model, where the tumor is sustained by rare 

cells, called leukemia stem cells (LSCs), which have self-renewing ability and are the 

precursors of all leukemia cells. Similar to HSCs, LSCs differentiate into progenitor 

cells called leukemic colony forming units (CFU-L) that then differentiate into 

leukemic blasts. As the differentiation progresses, the level of self-renewing capacity 

decreases, ending up with blasts that lack it. In leukemic blasts, cells are very diverse 

in terms of differentiation, since CFU-Ls often carry defects and produce 

phenotypically and morphologically immature cells (Jin, Dick, & Hope, 2004). 

Leukemogenesis is established by normal HSCs or progenitor cells that have 

accumulated mutations or by progenitor cells having inherited mutations from pre-

LSCs and continuing to acquire more mutations (Nagarajan, 2010). Over time, more 

than one model of leukemogenesis have been proposed to describe the exact role of 

leukemic immature, mature and stem cells regarding their self-renewal capabilities.   

Today it is believed that leukemia carries immature and mature neoplastic cells, which 

proliferate due to their acquired mutations, some of them randomly differentiate and 

others self-renew (Nagarajan, 2010; Reya, Morrison, Clarke, & Weissman, 2001). 
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These abnormal blood cells will increase in number, eventually crowding out normal 

blood cells, thus preventing their normal function. Although it may differ from one 

type to another, patients with leukemia in general present anemia, thrombocytopenia, 

leukocytosis, fatigue, shortness of breath and excessive bleeding and bruising 

(Shephard, Neal, Rose, Walter, & Hamilton, 2016). 

Different types of this heterogeneous disease vary in terms of morphological, 

cytogenetic, immunophenotypic and molecular features. These differences actually 

mirror the alterations that cells undergo during leukemogenesis, and is one way of 

identifying the type and origin of the disease (Guenova & Balatzenko, 2013). 

 

1.6.2 Types of Leukemia 

Subtypes of leukemia are classified based on both the original lineage of the 

leukemic cells (myeloid or lymphoid) and the speed of progression (acute or chronic). 

Myeloid or myelogenous leukemia affects erythrocytes, platelets and white blood cells 

except lymphocytes, while lymphoid leukemia involves lymphocytes. Acute leukemia 

onset is fast, symptoms appear suddenly and immediate treatment is needed. A slower 

development occurs in chronic leukemia, taking months or years until detection 

(Guenova & Balatzenko, 2013). Although recently new subtypes of leukemia have 

been identified, the four main ones are acute myeloid leukemia (AML), acute lymphoid 

leukemia (ALL), chronic myeloid leukemia (CML) and chronic lymphoid leukemia 

(CLL). In general, CLL includes only mature cells, acute leukemias are made of only 

precursor cells, whereas CML consists of both mature and precursor cells. In addition, 

the four subtypes present at different age ranges, have unique risk factors triggering 
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their initiation and distinct genetic pre-dispositions requiring specific therapies 

(Juliusson & Hough, 2016).  

 

1.6.3 Leukemia Epidemiology 

In 2019, there was an estimated of 61,780 new cases of leukemia, representing 

approximately 3% of all new cancer cases, and 22,840 predicted deaths caused by 

leukemia in the Unites States (US) (Siegel, Miller, & Jemal, 2019). According to the 

National Cancer Institute’s (NCI) Surveillance, Epidemiology and End Results 

(SEER) data, between 2009 and 2015, the 5-year survival rate of leukemia was 62.7% 

(Howlader et al., 2019). As previously stated, the age of onset is unique to each subtype 

of leukemia. For instance, ALL occurs most commonly in early childhood, CML 

appears in all age groups but rarely in young children, CLL is observed in patients 

older than 40 years, and AML affects mostly older adults (Foà, 2011; Kalmanti et al., 

2014; Parikh et al., 2012; Shallis, Wang, Davidoff, Ma, & Zeidan, 2019).  

Common risk factors for leukemia are similar to that of all cancers, such as 

exposure to carcinogens, radiation and UV, smoking and family history of cancer 

(Arshad, Zain-Ul-Abidin, & Shamsher, 2018). 

 

 

 

1.7 Acute Myeloid Leukemia 

1.7.1 AML Overview 
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AML is the most common malignant myeloid disorder in adults and the most 

lethal type of leukemia. Abnormal accumulation of undifferentiated myeloid blasts in 

the blood and bone marrow is a characteristic feature of AML. These leukemic blasts 

do not respond to normal regulators of proliferation, produce special chemokines that 

block differentiation, thus impede proper hematopoiesis function, resulting in bone 

marrow failure (Vakiti & Mewawalla, 2020; Youn, Mantel, & Broxmeyer1, 2000).  If 

left untreated, patients might get fatal infections, bleed and have organ infiltration. 

Even though AML affects mostly both young and old adults, the median age of AML 

patients is 68 years (Howlader et al., 2019). The risk factors related to the incidence of 

genetic defects are similar to the risk factors accompanied by leukemia, mentioned 

previously. AML may be either de novo or secondary. Risk of developing de novo 

AML increases with age, as mutations accumulate. On the other hand, secondary AML 

refers to therapy-related AML and AML evolving from previous hematological 

disorders like myelodysplastic syndrome (MDS) (Boddu et al., 2017). Secondary AML 

is generally observed to be more resistant to standard therapy than de-novo AML 

(Pagano et al., 2005). 

Diagnosis of AML is carried out by testing peripheral blood and performing 

bone marrow aspiration. According to the WHO criteria, diagnosis is confirmed when 

more than 20% of the marrow consists of leukemic blasts (Jaffe, Harris, & Vardiman, 

2001). To determine the lineage type and cell surface markers (CD33 or CD13), 

leukemic cells are analyzed by multi-parameter flow cytometry. More advanced tests 

may be performed, such as fluorescence in situ hybridization (FISH), microRNA and 

gene expression, gene copy numbers, DNA methylations, proteome profiling, allele 

information and more, in order to complete the genetic and epigenetic profiles of each 

patient (Elihu & Hartmut, 2006; Popat & Abraham, 2011).  
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 As in the case of most cancers, gain of cancer cell characteristics and 

transformation into leukemic cells is induced by genetic and epigenetic alterations. In 

97% of AML patients, leukemic cells exhibit genetic mutations (Vakiti & Mewawalla, 

2020).  

A large number of such mutations and chromosomal alterations is associated 

with this heterogeneous type of leukemia, which is categorized into subgroups based 

on the observed genetic alterations. Due to this heterogeneity and the differences 

observed among the subgroups, disease severity, prognosis, treatment choice and 

outcome, and survival rate depend on each patient’s genetic and epigenetic profiles, as 

well as their physical characteristics (Lohse, Statz-Geary, Brothers, & Wahlestedt, 

2018). These characteristics are used as prognostic factors, and they include patient 

age, ethnicity, weight, performance status and comorbidities, in addition to other 

indications, like white blood count, karyotypic, minimal residual disease (MRD), 

chemotherapy response and cytogenetic and molecular somatic aberrations of 

leukemic cells (Popat & Abraham, 2011). Based on these features, patients are 

categorized into favorable, intermediate or adverse (unfavorable) cytogenetic risk 

groups. In general, favorable risk AML dominates in younger patients, whereas 

adverse risk AML is more common in elderly (Juliusson & Hough, 2016). For instance, 

t(8;21) and t(15;17) are considered a favorable karyotypic feature, while monosomy 5 

or 7 is categorized as intermediate, and inv(3) and t(6;9) as adverse (Döhner, Mrózek, 

Döhner, & Bloomfield, ; Vakiti & Mewawalla, 2020). Still, outcome of different 

patients within the same risk category may vary, and this may be due to other features 

of the disease that should be identified for better understanding of the disease. Proper 

profiling and evaluation of prognostic factors are crucial for disease subcategorization, 
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choice of therapy and outcome prediction (Lohse, Statz-Geary, Brothers, & 

Wahlestedt, 2018). 

 

1.7.2 Genetics in AML 

The genetic changes contributing to initiation of tumorigenesis and 

transformation of normal blasts into leukemic cells belong to two classes. Class 1 

genetic damages occur in RAS or receptor tyrosine kinase (RTK) genes, like FMS-like 

tyrosine kinase 3 (FLT-3) and c-KIT, affecting the PI3K/AKT and RAS/MAPK 

signaling pathways and result in their constitutive activation leading to uncontrolled 

proliferation and survival of cells (Ntziachristos, Mullenders, Trimarchi, & Aifantis, 

2013). Class 2 lesions, on the other hand, include overexpression of homeobox (HOX) 

genes and formation of fusion genes resulting from translocations and inversions. 

These lesions usually block the differentiation of myeloid cells. Interestingly, almost 

all AML cases show alterations of both classes. Scientists even detected the association 

and co-occurrence of lesions of one class with other lesions of the second class to be 

essential for AML initiation (Döhner et al., ; Elihu & Hartmut, 2006; Kelly & Gilliland, 

2002; Stefan Fröhling, Claudia Scholl, D. Gary Gilliland, & Ross L. Levine, 2005). 

Some gene mutations are triggered by environmental risk factors, like exposure to 

carcinogens which cause mutation in NAD(P)H:quinone oxidoreductase 1 (NQO1), an 

enzyme that detoxifies these quinones. Another very common mutation often seen in 

AML is that of nucleophosmin (NPM1). NPM1 is involved in a variety of processes, 

the most important of which are ribosome biogenesis, maintenance of genomic 

stability, p53-dependent stress response and modulation of growth suppressive 

pathways through alternate reading frame (Arf) interaction. The wild type NPM1 

protein shuttles between the nucleus and cytoplasm, whereas the mutant form of the 
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protein is restricted to the cytoplasm only. Studies have demonstrated that functional 

loss of NPM1 promotes myeloproliferation and development of hematological 

cancers. Approximately 31% of AML cases report NPM1 mutations. Several pathways 

explain the effect of mutated NPM1 on leukemogenesis (Falini et al., 2005). The 

cytoplasmic NPM1, known as NPM1c, inhibits cell cycle arrest and the activity pro-

apoptotic caspases 6 and 8, which induce myeloid blast cell differentiation. Moreover, 

NPM1c stimulates proliferation and activates the oncogene c-myc (Besten, Kuo, 

Williams, & Sherr, 2005; Bonetti et al., 2008; Leong et al., 2010). All of the mentioned 

consequences of NPM1 mutations contribute to leukemogenesis in the presence of 

other alterations leading to malignancy. Despite the undesirable effects that NPM1 

mutations have on cells, their presence is sign of better prognosis and high complete 

remission (CR) and overall survival (OS) in cytogenetically normal AML cases that 

lack FLT3-ITD (Heath et al., 2017; Liu, Y. et al., 2014). Another gene, which is 

frequently mutated in AML, is FLT3. FLT3 encodes a membrane protein of type III 

platelet-derived growth factor (PDGF) family and is involved in cell survival and 

proliferation (Kavianpour, Ahmadzadeh, Shahrabi, & Saki, 2016).The frequency of 

FLT3-ITD and mutations of FLT3 tyrosine kinase domain (FLT3-TKD) is 20% of all 

AML and 30%-45% of cytogenetically normal AML cases. Such mutations over-

activate FLT3 signaling leading to increased blast proliferation. The presence of FLT3 

mutations in AML increases the risk of relapse in patients (Vakiti & Mewawalla, 

2020). Another family of frequently mutated genes in AML is the family of 39 HOX 

genes, which encode transcription factors. These are actively expressed in HSCs and 

progenitor cells, and often in a lineage-restricted manner. Gain and loss of function 

mutations are both described in AML, in addition to chromosomal translocations that 

affect HOX expression, such as HOX-NUP98 fusions. Overexpression of HOX genes 
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promotes expansion of stem and progenitor cells, while blocking their differentiation. 

On the other hand, loss of function of these genes results in defects in hematopoietic 

cells inhibiting their proliferation and differentiation abilities (Alharbi, Pettengell, 

Pandha, & Morgan, 2013; Kramarzova et al., 2014). Interestingly, overexpression of 

HOX genes is linked to NPM1 mutations and these cases have poor prognosis (Nagy 

et al., 2019). Several germline predisposing mutations were also identified in AML, 

namely CEBPA, GATA2, RUNX1, ETV6, TP53, TERT, among others (Porter, 2016).  

 

1.7.3 Epigenetics in AML 

Despite the immense contributions that genetic aberrations have in 

leukemogenesis and specifically in AML initiation and progression, they are most of 

the time accompanied by disruptions of epigenetic mechanisms, together enhancing 

malignant transformation of cells,  by gaining and maintaining cancer cell 

characteristics (Chen, J., Odenike, & Rowley, 2010). Although epigenetic alterations 

in AML were discovered later than the genetic mutations, they were since considered 

as crucial in understanding the pathogenesis of the disease as the DNA changes. These 

discoveries did not only allow scientists to better characterize AML, but also opened 

up new opportunities for targeting leukemic cells, considering the fact that these 

modifications are pharmacologically targetable and reversible (Mehdipour, Santoro, & 

Minucci, 2015). Upon examining AML cells, global hypomethylation was observed 

mainly in advanced therapy resistant AML, along with hypermethylation targeting 

repetitive sequences and TSGs involved in cell cycle, apoptosis and/or DNA repair 

(Plass, Oakes, Blum, & Marcucci, 2008). This can be illustrated by the common 

silencing of the cell cycle inhibitor p15INKb via its hypermethylation (Esteller, 2003). 

Evaluation of AML DNA methylation of thousands of gene promoters revealed that 
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8.3% of total CGIs were aberrantly methylated, which is equivalent to 2,000 silenced 

genes (Plass et al., 2008; Rush et al., 2001). Several mechanisms have been proposed 

for the alterations in DNA methylation in AML cells that seem to be targeted and 

selective, rather than random. One mechanism involves fusion proteins associated with 

AML, like the PML-RARα resulting from the t(15;17) in acute promyelocytic 

leukemia (APL), that actively recruits DNMTs to promoters containing a retinoic acid 

response element and silencing them. The same scenario is described for the t(8;21) 

yielding AML1-ETO fusion proteins, that recruit DNMT1 and HDACs to target 

promoters (Di Croce et al., 2002; Liu, S. et al., 2005; Sharma, Kelly, & Jones, 2010)).  

Another explanation supports the fact that at the beginning of leukemogenesis, 

epigenetic patterns are random, but over time, these provide survival and proliferative 

advantages to the cells, which are selected and pass their epigenetic patterns to their 

daughter cells. Often, aberrant methylation results from mutations of genes that 

directly or indirectly perturb methylation patterns. For instance, DNMT3a mutations, 

present in 20% of adult AML, affect the activity of the enzyme, thus decreasing its 

capability to methylate CpG islands (Ley et al., 2010). DNMT3a mutations lead to 

overexpression of HOXa genes, which block differentiation of hematopoietic 

precursor cells (Yan et al., 2011). Dysregulation of DNMT3a, DNMT3b and DNMT1 

expressions are often due to an miRNA actively involved in AML, miR-29 (Garzon et 

al., 2009). Mutations of isoctrate dehydrogenase (IDH1), IDH2, and TET2 genes and 

fusions of TET1 genes are also common in AML, and disturb DNA methylation (Plass 

et al., 2008). IDH is one of the enzymes that catalyze reactions in the Kreb’s cycle, and 

its mutations are responsible for DNA hypermethylation by affecting H3K9me3 

demethylase KDM4C (Ntziachristos et al., 2013). In AML, promoter 

hypermethylation of an RNA decapping enzyme, NUDT16, increases c-myc mRNA 
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half-life, and activates this oncogene (Llinàs-Arias & Esteller, 2017). AML karyotypes 

with inv(16) show HDAC8-mediated deacetylation of p53 protein and silencing (Qi et 

al., 2015). Fusion proteins formed with the mixed lineage leukemia (MLL) gene, which 

is a H3K4 methyltransferase affect its function and deregulate its target genes, which 

include HOX genes (Krivtsov & Armstrong, 2007; Pengfei Wang et al., 2009).  

Currently, many of these epigenetic markers serve as prognostic factors in 

AML. For example, DNMT3a mutations co-occurring with FLT3-ITD have 

unfavorable therapy outcome in patients. DNMT3a, IDH1 and IDH2 mutations are 

associated with favorable response to treatments like decitabine and azacitidine and 

predict better clinical remission rate. On the other hand, TET2 mutations are considered 

as adverse prognostic factors in normal karyotype AML patients (Prada-Arismendy, 

Arroyave, & Röthlisberger, 2016). Often, epigenetic markers also dictate the choice 

and strategy of therapy. For instance, high dose chemotherapy is often given to patients 

with DNMT3a mutations (Patel et al., 2012). 

 

1.7.4 Current therapies of AML 

During the last decades, major advancements have been made to improve AML 

therapy outcomes and increase survival rates, by identifying prognostic factors, 

determining genetic and epigenetic alterations involved in disease onset and therapy 

response, and categorizing the disease to ensure each patient gets treated with a 

regimen that suits their unique leukemic profile (Watts & Nimer, 2018). 

AML therapy consists of two phases, the first of which is called “induction 

therapy”, whose goal is to eliminate leukemic blasts from the blood and bone marrow, 

trying to achieve complete remission. The standard treatment for this phase is the 



49 
 

“3+7” regimen, which consists of 3 days of anthracycline daunorubicin (45 mg/m2 or 

60 mg/m2) intravenously or anthracenedione mitoxantrone, in combination with 7 days 

of cytarabine (100mg/ m2) (Dombret & Gardin, 2016). This standard regimen confers 

a CR rate between 60% to 80% for young adults (Büchner et al., 2012). Many 

adjustments of this regimen have been explored, by increasing doses or combining 

with other drugs. Only some of these were considered to be promising, including 

escalating doses of anthracycline that showed to improve outcome (Popat & Abraham, 

2011). The outcome of this regimen in elderly is not as efficient as it is in younger 

adults, due to the higher tumor resistance and unfavorable risk karyotypes observed in 

older patients, in addition to pronounced side effects. Decreasing the doses of the drugs 

to alleviate the side effects, on the other hand, is not effective in promoting cytotoxicity 

of the leukemic blasts. Due to these facts, CR and survival rates remain very low for 

this age group, requiring new treatment approaches, such as the use of monoclonal 

antibodies and epigenetic modulators (Villela & Bolaños-Meade, 2011). 

Investigational therapy was therefore suggested for old patients and patients with 

unfavorable risk AML. Upon remission, the second phase of the therapy starts, 

consisting of dose intensification of the chemotherapy, sometimes followed by 

autologous or allogeneic hematopoietic stem cell transplant (HSCT). The goal of this 

phase, known as post-remission phase is to prolong survival of patients that have 

reached CR, by eliminating the remnant cells that were not killed by the induction 

therapy (Elihu & Hartmut, 2006; Tamamyan et al., 2016).  

Following stem cell transplantation, the graft-versus-leukemia effect, which 

refers to the ability of donor immune cells to recognize and destroy recipient’s cancer 

cells, implies that AML blasts are antigenically different from normal blasts and 

perhaps are sensitive to immunotherapy. Since then, several antibodies were tested 
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against AML. Gemtazumab ozogamicin (OG) and Lintuzumab, for example, targets 

relapsed or refractory CD33+ AML cells (Villela & Bolaños-Meade, 2011).  

Taking into account the heterogeneous nature of AML, the need to apply 

personalized medicine in AML is becoming more noticeable (Heuser, Mina, Stein, & 

Altman, 2019). Thus, new targeted therapies have recently been discovered, including 

FLT3 and IDH inhibitors, checkpoint inhibitors, CAR-T cell therapy, RAS and MEK 

inhibitors and other drugs like flavopiridol and cloforabine (Tamamyan et al., 2016; 

Villela & Bolaños-Meade, 2011). Moreover, targeting signaling pathways that are 

implicated in AML pathogenesis is potential. For instance, the PI3K/AKT/mTOR 

pathway is a possible target, since it is fundamental for sustaining growth and 

maintenance of AML cells (Villela & Bolaños-Meade, 2011). Still, none of these 

targeted therapies alone could cure the heterogeneous AML. Radioimmunotherapy and 

reduced-intensity allogeneic HSCT are other emerging approaches (Popat & Abraham, 

2011). 

In addition to the above therapeutic strategies, AML is also treated by targeting 

epigenetic writers, erasers or readers, using DNMT, HDAC, HAT, HDM, HMT 

inhibitors, or targeting gene mutations that result in aberrant epigenetic alterations. An 

example illustrating the latter case is small molecule inhibitor of IDH1, Ivosidenib 

(Tibsovo), which reverses the effects of IDH1 mutation by allowing hematopoietic 

differentiation (Kucukyurt & Eskazan, 2019).  The major agents that directly target the 

epigenetic alterations are hypomethylating agents and HDAC inhibitors, the two of 

which are also recently being tested in combination. Hypomethylating agents consist 

of azanucleosides, which act as competitors of deoxynucleosides and sequester 

DNMTs by covalently binding to them and preventing promoter hyermethylation and 

subsequent gene silencing. 5-azacytidine (AZA) and 5-aza-2’deoxycytidine (DAC) are 
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azanucleosides, which are FDA-approved in the treatment of MDS (Plass et al., 2008). 

HDAC inhibitors, on the other hand, have shown promising results in preclinical 

models, by inducing autophagy, cell death, apoptosis and growth arrest, although 

overall clinical studies remain poor. Vorinostat, Tricostatin A, Panobinostat are some 

examples of HDAC inhibitors, and these usually are more likely to have significant 

effects when combined with chemotherapy drugs or DNA demethylating agents, by 

enhancing the actions of the latter (San José-Enériz, Gimenez-Camino, Agirre, & 

Prosper, 2019). Vorinostat has been extensively tested for its ability to synergize with 

a vast number of other agents in the treatment of AML in-vitro, in-vivo and in clinical 

trials . These agents have been of different functions, including proteasome inhibitors, 

FLT3 inhibitors, etoposide, decitabine, cytarabine, among others (How et al., 2015; 

Kirschbaum et al., 2014; Lin et al., 2014; Miller et al., 2009; Shiozawa et al., 2009).  

In another study, combination of Trichostatin A and a HMT inhibitor, Chaeotocin, 

significantly increased induction of apoptosis compared to each inhibitor alone, and 

caused a dramatic increase in activation of aberrantly silenced genes in HL60, KG-1, 

Kasumi, K562 and THP1 cells (Tran et al., 2013). 

 

Clearly, considering the current AML death and survival rates, further 

scrutinizing is essential to combat therapy resistance, which is the main cause of AML 

death. According to Popat, the poor outcome of current therapies could be due to false 

positive results obtained in phase 2 clinical trials, patient heterogeneity, lack of control 

groups, small sample sizes and other reasons. Addressing these issues is one of the 

main challenges in the discovery of novel therapeutics (Popat & Abraham, 2011). 
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1.7.5 AML epidemiology 

Despite extensive research advancements and improved treatment strategies, 

AML death rates remain high. Leukemic cells of elderly patients often contain genetic 

mutations that promote therapy resistance (Zhang, Gu, & Chen, 2019)  After initial 

diagnosis, 5-year survival rates of AML are around 60% for young adults, but only 5% 

and 2% for patients older than 65 and 75 years, respectively (Popat & Abraham, 2011). 

There is no strong sex-specific prevalence for leukemia and men are slightly more 

affected than women, with a ratio of 3:2 (Elihu & Hartmut, 2006). Based on the data 

from the SEER, in 2019 there was an estimation of 21,450 new cases of AML in the 

U.S, accounting for 1.2% of all new cases of any cancer type, in parallel with 10,920 

deaths caused by this type of leukemia (Howlader et al., 2019). According to the 

American cancer society 2020 cancer facts and statistics, the incidence rate of AML 

has increased by 2% from 2008 to 2017, with a stable death rate for the same period. 

CR rates have been significantly improved with the advances of therapy. Interestingly, 

the main cause of death for any age is therapy resistance, and not treatment-related 

toxicity (Cancer facts & figures 2020.2020).  

 

 

1.8  AML in research 

1.8.1 In-vitro cancer research and the use of cell lines 

Preliminary cancer research made its largest progress with the discovery and 

establishment of human cancer-derived cell lines (Mirabelli, Coppola, & Salvatore, 

2019). Previous research mainly consisted of testing only animal models, which 

presented several limitations and drawbacks. Therapeutic studies in animal models do 



53 
 

not always mirror the behavior that human tumors would show, which appears in 

subsequent clinical trials. Current common systems include genetically engineered 

mouse models, patient-derived xenografts, patient stem cell-derived organoids and 

cancer cell lines (Hynds, Vladimirou, & Janes, 2018). Cancer cell lines maintain the 

same genomic, phenotypic and morphological characteristics as the original tumors 

from which they were derived. However, considering the fact that one important factor 

in tumor pathophysiology is its microenvironment, results obtained from in-vitro 

experiments using cancer cell lines might not always mirror those obtained following 

in-vivo or clinical trials (Ferreira, Adega, & Chaves, 2013). Nowadays, three-

dimensional (3D) cell culturing partially mimics the tumor microenvironment 

(Edmondson, Broglie, Adcock, & Yang, 2014). The use of cell lines in cancer research 

has been quite debatable, due to the experimental conditions that could affect the 

behavior of cells. Moreover, different cell lines of the same cancer subtype may have 

different responses to a certain treatment in the same way that therapy outcome may 

vary among patients having the same cancer subtype, since each patient has unique 

alterations, and genetic and epigenetic profiles (Risbridger, 2015). However, the 

majority of these issues can be overcome by frequent screening of cells via high-

throughput analysis of their genetic and molecular characteristics (Mirabelli, Coppola, 

& Salvatore, 2019; Sharma, Haber, & Settleman, 2010). Despite the limitations, the 

use of cell lines is an essential preliminary method to inspect cancer behavior (Ferreira, 

Adega, & Chaves, 2013). 

 

1.8.2 AML cell lines 

The use of cell lines in hematopoietic malignancy is widespread and they 

represent an appropriate model for leukemia. Analysis of several myeloid cell lines 
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using DNA microarray and comparative genomic hybridization has evidenced that 

these cell lines maintain the cytogenetic aberrations of the disease, and therefore are 

optimal for studying mechanisms of tumorigenesis and drug efficacy (Rücker et al., 

2006). Examples of established myeloid cell lines include U937, HL-60, KG-1, 

MONO-MAC-1, UT-7 and THP-1. U937 is one very frequently used cell line in 

leukemia research. U937 cells are pro-monocytic and derived from the histiocytic 

lymphoma of a 37 year old Caucasian male by Sundstromm and Nilsson. U937 cells 

can be maintained for relatively higher passage numbers than other cell lines without 

any changes at the genetic and molecular levels. U937 cells can be differentiated into 

mature monocytes or macrophages following simple protocols (Chanput, Mes, & 

Wichers, 2014). These cells produce lysozyme and are sensitive to TNF and Fas 

antibodies. U937 chromosomes also bear t(10;11) and t(1;5) along with duplications 

in 2p, 6p and 13q (Strefford et al., 2001).  

 

 

1.9 Epigenetic modulators in AML 

1.9.1 SAHA and DAC 

As described above, epigenetic alterations are nowadays considered one of the 

major events that lead to neoplasmic transformation. Consequently, the role of 

epigenetic modulators in cancer therapy has been and is under immense investigation.  

Suberoylanilide hydroxamic acid (SAHA) is an FDA-approved HDAC inhibitor for 

treating cutaneous T-cell lymphoma (Song et al., 2014). Since its discovery, it is being 

tested on several types of cancers, including leukemia, breast cancer (Bellarosa et al., 

2012; Peela, Barrientos, Truong, Mouneimne, & Nikkhah, 2017), NSCLC, large cell 
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lung carcinoma (Zhao et al., 2014), larynx cancer (Grabarska et al., 2017) and others. 

By inhibiting the histone deacetylation, SAHA induces apoptosis, cell cycle arrest, 

DNA damage and terminal differentiation and inhibits cell proliferation, migration and 

microtubule polarization (Peela et al., 2017; Song et al., 2014). This HDAC inhibitor, 

also known as Vorinostat, acts by generating double-strand breaks and oxidative DNA 

damage to the cells (Petruccelli et al., 2011).  In spite of its broad spectrum HDAC 

inhibiting ability, SAHA has shown to be somehow selective to cancer cells, by 

inducing DNA damage that normal cells can repair, unlike cancer cells (J.-H. Lee, M. 

L. Choy, L. Ngo, S. S. Foster, & Paul A. Marks, 2010). The selectivity of SAHA to 

cancer cells is also explained by the action of thioredoxin in normal cells, a small redox 

protein (Bubna, 2015).  Anticancer activities of SAHA are provided by its ability to 

regulate different signaling pathways and apoptotic pathways through the Bcl-2 family 

of proteins (Song et al., 2014). The anti-proliferative activity of SAHA on leukemia 

cell lines was also mediated by acetylation of alpha tubulin and heat shock protein-90, 

which in their turn suppressed the activity of survival proteins (Bali et al., 2005).  

According to Silva et al., apoptosis induced by Vorinostat on several AML cell lines 

was associated and correlated with differentiation of the cells, mediated by p21 gene 

(Silva, Cardoso, Belo, & Almeida, 2013). Clinical trials of SAHA on cancer have 

shown it to be relatively tolerable at effective doses (Marks, 2007). 

2’-deoxy-5-azacytidine or decitabine (DAC) is another epigenetic compound 

that is widely studied. DAC is a DNMT inhibitor and its mechanism of inhibition lies 

in its 5-azacytidine, which crosslinks with DNMT and inactivates it (Brown & Plumb, 

2004). This inhibition reverses the aberrant silencing of crucial genes, like TSGs, 

which results in their re-expression, enhancing proper cell cycle arrest and 

differentiation. Low and tolerable doses of DAC have shown promising anti-cancer 
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activities, especially in hematological malignancies (Lyons et al., 2003). Use of 

decitabine as single agent in solid tumors has been disappointing, therefore recent 

studies focus on combining it with other therapies (Brown & Plumb, 2004). Currently, 

DAC is used to treat MDS, under the trade name Dacogen, and acts by reactivating the 

silenced genes (Zeng et al., 2017). The effect of DAC in AML recently is being studied 

extensively. Since low doses of DAC are well-tolerated, it is considered to be a good 

alternative for the treatment of old AML patients that cannot tolerate the standard 

chemotherapy. Use of decitabine in the treatment of AML in patients >65 years is 

approved in the European Union (He et al., 2017). However, FDA has not approved 

its use in AML yet, since phase III clinical trials did not show significant survival 

difference compared to cytarabine, thus it is only applied as off-label (Malik & Cashen, 

2014). Side effects caused by DAC include myelosuppression and gastrointestinal 

toxicity (Derissen, Beijnen, & Schellens, 2013). In-vitro studies of DAC in human 

AML cell lines demonstrated that DAC induces sub-G1 arrest and it acts mainly 

through DNA-mediated mechanisms like epigenetic mechanisms and DNA damage. 

Interestingly, low doses of DAC are able to trigger gene expression changes as a result 

of DNA hypomethylation, and high doses inhibit cell proliferation (Hollenbach et al., 

2010). Schmelz et al. evaluated the effect of DAC on AML, epithelial and peripheral 

blood mononuclear cells (PBMCs). DAC-induced mitochondrial apoptosis was 

observed only in AML cells, which shows that these cells are more sensitive than 

normal cells. Deciphering the mechanism of cell cycle arrest revealed that DAC 

targeted the hypermethylated TSG in AML, p73, which was re-expressed and inducing 

its downstream target, p21 which is a CKI regulating the progression at G1 and S 

phases (Schmelz, Wagner, Dörken, & Tamm, 2005).  



57 
 

     

Figure 4. Chemical structures of SAHA (C14H20N2O3) (A) and DAC (C8H12N4O4) 

(B).  

 

1.9.2 Epigenetic modulators in combination therapies 

Since malignant transformation and maintenance of cells require the 

deregulation of more than one machinery in the cell affecting different types of genes 

and signaling pathways, in many cases combining different therapeutic agents has 

shown to be a better option than using each agent alone (Bayat Mokhtari et al., 2017). 

This strategy does not only simultaneously target more than one aberration, but also 

reduces the side effects that patients experience, because when combining two or more 

agents, better outcome is achieved at lower effective doses, compared to when the 

same agents are used alone. This is usually the result of synergistic, additive or 

potentiating effect of the two combined agents (Bayat Mokhtari et al., 2017). Many 

studies focus on the effect of epigenetic modulators, especially SAHA and DAC, 

combined with other agents. For example, DAC has been combined with 

anthracyclines and TKIs sorafenib and midostaurin. DAC and valproic acid 

combination therapy synergistically induced inhibited cell growth and induced 

apoptosis in leukemia cell lines (Yang, H., Hoshino, Sanchez-Gonzalez, Kantarjian, & 

Garcia-Manero, 2005). Similarly, the HDAC inhibitor SAHA was demonstrated to 

sensitize cancer cells to other therapies, including chemotherapy (Song et al., 2014), 

radiotherapy  (Chen, X. et al., 2013) and epigenetic modulators. Compared to each 

B A 
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drug alone the combination of SAHA and homoharringtonine significantly increased 

apoptosis via the tumor necrosis factor-related apoptosis inducing ligand (TRAIL) in 

AML cell lines (Cao et al., 2013). In another study, paclitaxel, another 

chemotherapeutic agent, was combined with SAHA and significant inhibition of cell 

growth, cell cycle, autophagy and migration were observed with decreased levels of 

Bcl-2, c-myc and mdr1, and increased levels of the pro-apoptotic Bax in paclitacel-

resistant ovarian cancer cells (Liu, Z. et al., 2014). Even phase II clinical trials of 

monotherapy with SAHA on AML have shown that the HDAC inhibitor has negligible 

effects, suggesting that it is most potent when used in combination with other agents 

(Schaefer et al., 2009).  

Combination therapy of SAHA and DAC in AML cell lines has been very 

recently examined, and these agents revealed promising synergistic effects on cell 

proliferation and histone acetylation. In addition, AXL receptor tyrosine kinase was 

identified as a biomarker, since it was upregulated upon treatment (Young, Clarke, 

Kettyle, Thompson, & Mills, 2017). However, the exact mechanism of action of this 

combination and the underlying molecular changes that it induces have not been 

elucidated yet. 
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Chapter Two 

Purpose of this study 

This study aims at evaluating the anti-neoplastic effects of combining SAHA and 

DAC in-vitro using U937 AML cells. The first step is the assessment of viability of 

cells treated with either drug and cells treated with their combination, to identify the 

optimal conditions of combination, which are able to enhance the effects of each of the 

inhibitors. Based on the changes observed, analysis of cell cycle progression and 

identification of the type of cell death will be performed for both mono-treatments and 

combination treatments. Lastly, in an attempt to decipher the molecular mechanisms 

and signaling pathways involved, changes in protein levels will be evaluated. 
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Chapter Three 

Materials and Methods 

3.1 Cell line and culture conditions 

U937 promonocytic leukemia cells were purchased from the American Type 

Culture Collection (ATCC) and were cultured in Roswell Park Memorial Institute 

(RPMI) 1640 media, supplemented with 10% fetal bovine serum (FBS) (Sigma 

Aldrich, St Louis, MO, USA), 100 u/ml penicillin and 100 µg/ml streptomycin 

(Lonza, Allendale, NJ). Cells were cultured in a humidified atmosphere with 95% 

air and 5% CO2 at 37 °C.  

 

3.2 Drugs 

Suberoylanilide hydroxamic acid (SAHA) and decitabine (DAC) were 

purchased from Abcam (Cambridge, UK). SAHA was dissolved in dimethyl 

sulfoxide (DMSO) to prepare a 1000 mM stock solution. DAC was dissolved in 

sterilized distilled water to prepare a 10 mM stock solution. Both SAHA and DAC 

were aliquoted and stored at -80 °C. Further dilutions of the drugs were prepared 

using culture media.  

 

3.3  In-vitro cell proliferation assays 

Cell proliferation was evaluated using WST-1 assay, according to the 

manufacturer’s instructions. U937 cells were seeded in triplicate wells into 96-well 

cell culture plates at a density of 2x104 cells/well and incubated overnight prior to 
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drug treatment. Cells were treated with different concentrations of SAHA or DAC, 

alone or combined, for different time points (24, 48 or 72 h). After incubating for 

the corresponding times, 10 µL of WST-1 reagent (Roche, Penzberg, Germany) 

were added to each well, after which cells were further incubated for 2 h. 

Absorbance at 450 nm was measured using Varioskan Flash microplate ELISA 

plate reader (Thermo Fisher Scientific, Waltham, MA, USA). Results are 

presented as proliferation percentage of treated cells relative to 100% proliferation 

of untreated control cells. The data shown are obtained from at least three 

independent experiments.  

 

3.4 Cell cycle analysis 

The distribution of cells in each cell cycle phase was assessed using propidium 

iodide flow cytometric analyses of cellular DNA content. U937 cells were seeded 

into 6-well cell culture plates at a density of 5x104 cells/well and incubated 

overnight prior to SAHA mono-treatment (24 and 48 h), DAC mono-treatment (48 

and 72 h for DAC) or combination treatment (24 h SAHA and 48 h DAC). Cells 

were collected by centrifugation at 1500 rpm for 5 minutes at 4 °C, then washed 

twice with ice-cold PBS, resuspended in 600 µL of cold PBS and finally fixed in 

1.4 mL of cold absolute ethanol. The samples were then stored at -80 °C for at least 

12 h before staining and analyses. The staining solution was prepared with PBS, 1 

mg/mL propidium iodide (Sigma Aldrich, St Louis, MO, USA) and 100 µg/mL 

RNase A (Roche, Penzberg, Germany) in a volume ratio of 600:30:2. The fixed 

cells were suspended and incubated with 500 µL of staining solution in dark for 40 

minutes and then analyzed by flow cytometry (BD Accuri C6, Becton-Dickinson, 
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Mansfield, MA, USA). To evaluate the proportions of cells in different cycle 

phases, 10,000-gated events were acquired. Analysis of the cell cycle distribution 

was performed using C Flow Software (version 1.0.227.4, Accuri Cytometers, Ann 

Arbor, MI, USA).  

 

3.5 Apoptosis assay 

Cell apoptosis was assessed using Annexin V-FITC apoptosis detection kit 

(Abcam, Cambridge, UK) according to the manufacturer’s instructions. Cells were 

seeded in 6-well cell culture plates at a density of 5x104 cells/well and incubated 

overnight prior to SAHA or DAC treatment for different time points (24, 48 or 72 

h). Cells were then centrifuged at 1500 rpm for 5 minutes at 4 °C. Then they were 

washed twice with ice-cold PBS, resuspended in 500 µL binding buffer and stained 

with 5 µL Annexin V-FITC and 5 µL propidium iodide. Samples were then 

incubated in the dark for 15 minutes. Apoptosis was measured through FL-1 (530 

nm) and FL-2 (585 nm) filters. The early apoptotic cells (Annexin V positive only) 

and late apoptotic cells (Annexin V and PI positive) were then quantified. 

 

3.6 Protein extraction and quantification 

Total proteins were extracted using QproteomeTM Mammalian Protein Prep Kit 

(Qiagen, Hilden, Germany) according to manufacturer’s instructions. Cells were 

seeded into 6-well plates and treated with SAHA or DAC for the desired time 

point. Cells were then collected by centrifugation at 1500 rpm for 5 minutes at 4 

°C, washed twice with ice-cold PBS, and homogenized in lysis buffer 

supplemented with protease inhibitor and benzonase nuclease. Protein 
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quantification was performed using DC Protein Assay II kit (Bio-Rad, Germany). 

A standard curve was plotted using increasing concentrations of bovine serum 

albumin (BSA). The concentrations of the proteins of interest were calculated 

based on the BSA curve. Protein samples were stored at -80 °C until use.  

 

3.7 Western blotting 

Based on the quantification, the appropriate amounts of the protein samples 

equivalent to 50 µg of proteins were dissolved in 20 µL of Laemmli containing 

10% β-mercaptoethanol, 0.004% bromophenol blue, 20% glycerol, 0.125M Tris-

HCl of pH 6.8 and 4% SDS. The dissolved samples were boiled for 7 minutes to 

be denatured, after which they were separated by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) at 130 V until the bromophenol 

blue dye reached the bottom of the resolving gel, which was made of 10% 

acrylamide. Separated proteins were then transferred to activated PVDF 

membranes at 0.25 A for 80 minutes. The membranes were then blocked in 5% 

BSA prepared in PBS supplemented with 0.05% Tween-20 at room temperature 

for 1 hour. Next, the membranes were incubated for 1.5 hours with primary 

antibodies prepared in 2% BSA. Monoclonal antibodies for p21, Bax, cytochrome 

C, caspase 3, caspase 8, caspase 9 (Abcam, Cambridge, UK) were used. Bax and 

caspases 3, 8 and 9 were diluted to 1:1000; p21 and cytochrome C were diluted to 

1:1500. β-actin (diluted to 1:2000) was used as a loading control (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA). The membranes were then incubated for 

an hour with appropriate secondary antibodies (Promega, USA). Finally, the 
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immunoblots were visualized with enhanced chemiluminescent reagent (ECL; GE 

Healthcare) using ChemiDoc XRS+ imaging machine (Bio-Rad, Germany). 

 

3.8 Statistical analysis 

All experiments were performed in triplicate wells and were repeated three 

times. Results are expressed as mean ± SD. Statistical comparisons were performed 

using t-tests. p values of p < 0.05, p < 0.001, p < 0.0001 (*, **, *** respectively) 

were considered significant. GraphPad software (version 5.00, GraphPad Software 

Inc, La Jolla, CA, USA) was used to perform statistical analyses. 

 

 

 

 

 

 

 

 



65 
 

Chapter Four 

Results 

4.1  Effect of SAHA and DAC on the viability of U937 cells 

The viability of U937 cells upon treatment with SAHA or DAC was assessed 

using the WST-1 cell proliferation assay. Cells were treated with SAHA for both 24 h 

and 48 h, with 0, 1, 2 and 4 µM of the drug (Figure 5A). Compared to untreated control 

cells, the lowest dose of 1 µM of SAHA reduced the viability of U937 cells by 8.8 ± 

3.1 % and 24.7 ± 4.1 % in the 24 h and 48 h treatments, respectively. Whereas the 

highest dose, 4 µM reduced the viability of U937 cells by 29.5 ± 5.3 % and 79.7 ± 8 

% in the 24 h and 48 h treatments, respectively. These results show that SAHA reduces 

viability of U937 cells in a dose- and time-dependent manner.  For the concentrations 

used, the 24 h treatment with SAHA did not reach its half-maximal inhibitory 

concentration (IC50) nevertheless that of 48 h reached it at 2 µM. 

As for DAC, since the 24 h treatment with the highest dose of 2 µM decreased 

the viability of the cells by only 6.5 ± 2.5 %, which was a non-significant change, U937 

cells were therefore treated for longer intervals of 48 h and 72 h with 0, 0.5, 1 and 2 

µM of DAC. Relative to the control cells, the viability of cells treated for 48 h 

decreased by 12.1 ± 5.2 % and 20.7 ± 4.1 % for the lowest and highest doses, 

respectively. As for the 72 h treatment with DAC, the viability of the cells decreased 

by 23.7 ± 3.8 % for the 0.5 µM and 53.7 ± 3.4 % for the 2 µM. IC50 of DAC was 

reached after 72 h treatment with 1.6 µM (Figure 5B). Based on these results, all 

subsequent experiments involving DAC included only 48 and 72 h incubation. 
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Figure 5. Percent viability of U937 cells treated with SAHA and DAC using the 

WST-1 cell viability assay. (A) SAHA induced a dose- and time-dependent decrease 

in the viability of U937 cells treated for 24 h and 48 h with 1, 2 and 4 µM of SAHA. 

(B) 24 h DAC treatment resulted in a non-significant decrease in cell viability, but 48 

h and 72 h treatments induced a dose- and time-dependent decrease in the viability of 

U937 cells.  These data represent the mean values ± SD of three independent trials, 

each performed in triplicates. *, ** and *** denote p<0.05, p<0.001 and p<0.0001, 

respectively. 
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4.2  Effect of SAHA and DAC on the cell cycle progression of U937 

cells 

Based on the results obtained from the cell viability experiments, analysis of 

the cell cycle was performed for cells treated with various concentrations of SAHA 

and DAC, in order to determine whether these drugs have an effect on the cell cycle 

progression of U937 cells. The results are represented in terms of percentage of cells 

present in each of the sub-G1, G1, S and M phases of the cell cycle. The phases of the 

cell cycle are identified by the amount of DNA content that cells have. The DNA 

content of cells in the sub-G1 is less than 2n, in the S phase it is between 2n and 4n and 

cells in their G2/M phase have a 4n DNA content. The intensity of fluorescence of cells 

stained with propidium iodide (PI) increases with increasing DNA content. The results 

are analyzed by comparing the percentages of cells found in each phase with the 

increasing doses of the treatment. In untreated samples, most cells appear in the G1 

phase, where the G1 checkpoint screens for cellular defects before the cell is committed 

to replication and division of its genetic content. A significant increase of number of 

cells in a certain phase indicates that the cells are being arrested at that phase, which is 

accompanied by a loss of cells in another phase.  

U937 cells treated with various concentrations of SAHA for both 24 h and 48 

h were stained and tested with the flow cytometry, then the obtained results were 

analyzed by the C6 flow software (Figure 6A). Following the 24 h treatment, the 

percentage of cells found in the G1 phase significantly increased from 63.2 ± 1.8 % in 

the control group to 73.6 ± 0.2 % in the sample of cells treated with 1 µM of SAHA, 

indicating a G1 arrest. Treatment of cells with 1 µM of SAHA for 48 h also exhibited 

a G1 arrest, which was shown by a significant increase in the percentage of cells found 
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in the G1 phase from 61.7 ± 5.2 % for control cells to 81 ± 3.9 % for treated cells. For 

both time points, the G1 arrest was accompanied by significant decrease of cells in the 

S phase from 31.45 ± 3.5 % to 21.7 ± 0.9 % and from 33.2 ± 2.5 % to 8.6 ± 2.1 %, for 

24 and 48 h, respectively. Interestingly, 24 h treatment with a higher dose of 2 of 

SAHA caused an S arrest manifested by a significant increase in the percentage of cells 

in the S phase from 21.7 ± 0.9 % to 34.3 ± 7.5 %. This S arrest was further emphasized 

with 4 µM of SAHA treatment, where the percentage of cells found in the S phase 

increased to 46 ± 2.9 %. The S arrest was concomitant with a decrease in the percentage 

of cells in the G1 phase from 73.6 ± 0.2 % to 58.9 ± 6.6 % and to 44.3 ± 0.4 % for 1, 2 

and 4 µM SAHA, respectively. On the other hand, when the cells were treated with 2 

µM and 4 µM of SAHA for 48 h, the percentage of cells in sub-G1 phase significantly 

increased from 9.1 ± 0.3 % to 16.7 ± 4.6 % and to 47.1 ± 2.9 %, indicating an increase 

in the amount of dead cells. This sub-G1 arrest was accompanied by a significant 

decrease in the percentage of cells found in the G1 phase, from 77.6 ± 5.5 % to 25.3 ± 

2.5 %, for cells treated with 2 and 4 µM SAHA, respectively. Moreover, a significant 

increase in the distribution of the cells in the S phase from 5.1 ± 1.5 % to 27.7 ± 5.2 % 

was observed for 2 and 4 µM SAHA-treated cells.  
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dose and duration. These data represent the mean values ± SD of three independent 

trials, each performed in triplicates. * and ** denote p<0.05 and p<0.001, respectively. 

 

On the other hand, when U937 cells were treated with various concentrations 

of DAC for 48h, the distribution of the cells throughout the cell cycle phases remained 

almost stable between control and treated cells, whereby non-significant changes were 

observed. Nevertheless, 72 h treatment with DAC significantly increased the 

percentage of cells in the sub-G1 phase from 5.8 ± 0.7 % in control cells to 30.9 ± 3.6 

% in cells treated with 2 µM, indicating that DAC promoted death of the cells. The 

increase in sub- G1 phase was associated with a significant decrease in the percentage 

of cells found in the G1 phase, from 68.9 ± 2.2 % in control sample to 46.5 ± 1.4 % in 

the 2 µM DAC sample (Figure 6B). This result confirms the cytotoxic effects observed 

on U937 cells upon DAC treatment for 72 h. 

 

 

M1: Sub-G1 

M2: G1 

M3: G2/M 

M4: S 

 

 

M5: Sub-G1 

M6: G1 

M7: G2/M 
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late apoptotic cells which are damaged or almost dead are permeable to PI, unlike 

healthy and early apoptotic cells. Therefore, using both FL1-H and FL2-H filters 

sensitive to the Annexin V-FITC and PI respectively, the state of the cells is identified, 

as either viable, early apoptotic or late apoptotic. Cells that appear to be negative for 

both dyes are considered as viable, those that show to be positive for Annexin V but 

negative for PI are early apoptotic and those that are positive for both dyes are late 

apoptotic. As for cells that have died via a mechanism other than apoptosis, they will 

turn out to be negative for Annexin V but positive for PI.  

 

 

Figure 7. Principle of Annexin V-FITC/PI apoptosis assay. Upon early 

apoptosis, phosphatidyl serine molecules are exposed on the plasma 

membrane, and recognized by Annexin V. Meanwhile, the plasma membrane 

is not permeable to PI until late apoptosis, where it is degraded and damaged, 

allowing entry of PI through the plasma membrane. 

 

Treatment with SAHA increased the percentage of total apoptotic cells from 

6.1 ± 0.6 % for control untreated cells to 21.4 ± 4.2 % for cells treated with 4 µM 

SAHA for 24 h. The same pattern was observed for cells treated with SAHA for 48 h, 

where the percentage of total apoptotic cells increased from 6.6 ± 1.6 % to 63.9 ± 5.9 

% for control and 4 µM SAHA treated cells, respectively. These results suggest that 
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SAHA induces apoptosis in U937 cells in a dose- and time-dependent manner (Figure 

8A). 

 

 

 

Figure 8A. Effect of SAHA treatment on apoptosis of U937 cells. SAHA induced 

apoptosis of cells in a dose- and time-dependent manner. These data represent the mean 

values ± SD of three independent trials, each performed in triplicates. *, ** and *** 

denote p<0.05, p<0.001 and p<0.0001, respectively. 
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Similarly, when U937 cells were incubated with DAC for 48 h or 72 h, the 

percentage of total apoptotic cells increased in a dose- and time-dependent fashion 

from 5.9 ± 1.8 % in control untreated cells to 18.4 ± 0.9 % in cells treated with 2 µM 

DAC for 48 h; with longer incubation periods, a more pronounced increase was 

observed: from 5.5 ± 0.8 % in control cells to 40.6 ± 7.4 % in cells treated with 2 µM 

for 72 h. These results were in line with the previous findings by cell viability assays, 

and demonstrate that treatment of U937 cells with either SAHA or DAC promotes 

apoptotic cell death (Figure 8B). 
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Figure 8B. Effect of DAC treatment on apoptosis of U937 cells. DAC induced 

apoptosis in the cells in a dose- and time-dependent manner. These data represent the 

mean values ± SD of three independent trials, each performed in triplicates. * and ** 

and denote p<0.05 and p<0.001, respectively. 

 

 

 

4.4  Effect of simultaneous combination of SAHA and DAC on the 

viability of U937 cells 

In order to enhance the anti-neoplastic efficiency of SAHA and DAC treatment, 

U937 cells were co-treated with SAHA and DAC for 48 h and cell proliferation was 

evaluated using WST-1 cell viability assay, as previously described. Cells were treated 

with the same range of DAC concentration as used before (0.5, 1 and 2 µM) combined 

with the lowest assayed concentration of SAHA (1 µM) for 48 h. The concentration of 

SAHA was chosen to be fixed at 1 µM, a low cytotoxic dose, in order to prevent death 

of all the cells in the samples, and to be able to detect the mechanism of action of the 
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combination. Mono-treatment with 0.5 µM DAC decreased cell viability by 12.1 ± 5.2 

% and mono-treatment with 1 µM SAHA decreased cell viability by 23.7 ± 4.2 %. Co-

combining the latter doses of DAC and SAHA inhibited U937 viability by 28.7 ± 4.1 

%, which is lower than the addition of the effects observed with the mono-treatments 

(12.11 % + 23.7 % = 35.81 %). The same pattern is seen for remaining doses, when 

the sum of the effects of mono-treatments is compared to the effects of the co-

combination, respectively: 39.8 % vs 34.65 ± 4.4 % for 1 µM DAC and 1 µM SAHA 

and 42.41 % vs 36.28 ± 3.7 % for 2 µM DAC and 1 µM SAHA (Figure 9). 

 

 

Figure 9. Percent viability of U937 cells simultaneously treated with SAHA and 

DAC. Cells were treated with 1 µM SAHA only, 0.5, 1 and 2 µM DAC only and their 

simultaneous combination for 48 h. These data represent the mean values ± SD of three 

independent trials, each performed in triplicates. * denotes p<0.05. 

 

 



77 
 

4.5  Effect of sequential combination of SAHA and DAC on the 

viability of U937 cells 

In an attempt to investigate if a sequential combinatorial strategy could enhance 

the anti-proliferative effects of SAHA and DAC, U937 cell line, cells were first primed 

with 24 h of DAC treatment (0.5, 1 and 2 µM), followed by the addition of SAHA (1 

µM) for another 24 h. Accordingly, cells were treated for a total of 48 h with DAC and 

24 h with SAHA. The viability of cells was then evaluated with WST-1 cell viability 

assay. Interestingly, relative to the simultaneous combination, the sequential 

combination further enhanced the anti-proliferative effect of the co-treatment. The 

sequential combination of 1 µM  SAHA with 2 µM of DAC decreased the U937 cell 

viability by 30.7 ± 3.7  %, compared to 8.8 ± 3.1 % for 1 µM SAHA alone and 18.7 ± 

4.1 % for 2 µM DAC alone. Therefore, the sequential combination produced more than 

an additive effect (8.8 % + 18.7 % = 27.5 %) in inhibiting cell proliferation of U937 

cells. Based on these data, subsequent experiments were performed by adopting the 

described sequential combination treatment protocol used (Figure 10). 
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Figure 10. Percent viability of U937 cells primed with DAC followed by 

incubation with SAHA. Cells were primed with 0.5, 1 and 2 µM of DAC for 24 h, 

and then incubated with SAHA for another 24 h, bringing the total treatment time to 

48 h. These data represent the mean values ± SD of three independent trials, each 

performed in triplicates. * and ** and denote p<0.05 and p<0.001, respectively. 

 

 

4.6  Effect of sequential combination of SAHA and DAC on the cell 

cycle progression of U937 cells 

After identifying the combinatorial conditions that enhance the effects of 

SAHA and DAC, the cell cycle progression of U937 cells was re-assessed following 

sequential treatment of the cells with SAHA and DAC. Treatment with 1 µM of SAHA 

for 24 h induced a significant G1 arrest, which was manifested by a significant increase 

in the percentage of G1 cells from 69.3 ± 1.3 % in the untreated sample to 74.7 ± 7.9 

% in the treated sample. The escalation in the G1 cell percentage was concomitant with 

a significant decrease in the percentage of cells in the S phase from 22.3 ± 2.6 % to 
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13.1 ± 1.6 % in the untreated and treated samples, respectively. Following 48 h of 

treatment with 1 µM of DAC, the percentage of cells in G1 phase slightly increased 

from 69.3 ± 1.3 % to 73.9 ± 2.1 % in the untreated and treated samples, respectively. 

As for cells sequentially treated with both SAHA and DAC, there was an enhanced 

increase in the percentage of cells in the G1 phase to 79 ± 2.6. SAHA contributed to 

G1 arrest by an increase of 5.4 %, whereas DAC contributed by an increase of 4.6 %. 

Their sequential combination increased the percentage of cells found in the G1 phase 

by 9.6 %, which is approximately the additive effect of SAHA and DAC. The 

sequential combination also significantly increased the percentage of cells in the sub-

G1 phase from 1.3 ± 0.06 % to 7.2 ± 0.16 %, indicating that the combination treatment 

was inducing cell death. Both increases in the percentage of cells in the sub-G1 and G1 

phases were accompanied by a significant decrease in the percentage of cells in the S 

phase from 22.3 ± 2.6 % to 13.1 ± 1.6 %, in the untreated and sequentially treated 

samples, respectively (Figure 11). 

 

 
M1: Sub-G1 

M2: G1 

M3: G2/M 

M4: S 
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Figure 11. Effect of sequential treatment with SAHA and DAC on the cell cycle 

of U937 cells. Cells treated with the sequential combination of SAHA and DAC were 

assessed by propidium iodide assay. These data represent the mean values ± SD of 

three independent trials, each performed in triplicates.  *, ** and *** denote p<0.05, 

p<0.001 and p<0.0001, respectively. 

 

4.7  Effect of sequential combination of SAHA and DAC on 

apoptosis of U937 cells 

To determine if the observed effect of the sequential combination on cell 

viability can be attributed to the induction of cell apoptosis, the Annexin V-FITC/PI 

apoptosis assay was performed on U937 cells primed with DAC and followed by 

SAHA treatment. Mono-treatment with SAHA for 24 h significantly increased the total 

percentage of apoptotic cells from 6.6 ± 0.6 % in the untreated sample to 10.2 ± 0.7 % 

in the treated sample. Treating U937 cells with DAC for 48 h induced apoptosis in a 

dose-dependent manner, by increasing the percentage of total apoptotic cells to 12 ± 
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0.7 %, 12.7 ± 0.7 % and 16.8 ± 1.1 % for 0.5, 1 and 2 µM of DAC treatment, 

respectively. When cells were primed with 0.5, 1 and 2 µM of DAC for 24 h, followed 

by 1 µM of SAHA treatment for another 24 h, the percentage of total apoptotic cells 

increased to 17.2 ± 0.4 %, 23.6 ± 0.5 % and 26.2 ± 0.5 % of apoptotic cells, 

respectively. In summary, the sequential combination significantly increased the 

percentage of total apoptotic cells, relative to samples treated with either SAHA or 

DAC (Figure 12). 
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Figure 12. Effect of sequential treatment with SAHA and DAC on apoptosis of 

U937 cells. Following sequential treatment of cells with SAHA and DAC, the 

percentage of total apoptotic cells significantly increased compared to control 

untreated cells and cells treated with either SAHA or DAC. These data represent the 

mean values ± SD of three independent trials, each performed in triplicates. * and ** 

and denote p<0.05 and p<0.001, respectively. 

 

4.8 Effect of sequential combination of SAHA and DAC on the 

expression of pro-apoptotic proteins 

In an attempt to decode the molecular mechanism underlying the anti-proliferative 

and pro-apoptotic properties elicited by the sequential combination of SAHA and DAC 

treatment on U937 cells, the protein levels of some pro-apoptotic proteins were 

evaluated using western blot. The level of proteins involved in both the extrinsic 

(caspases 3 and 8) and the intrinsic (caspase 9, Bax and cytochrome C) apoptotic 

pathways were measured, in addition to the cyclin-dependent kinase inhibitor p21, a 

tumor suppressor gene.  
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The protein levels of Bax, cytochrome C and p21 were higher in cells treated 

sequentially with SAHA and DAC as compared to cells treated with either drug alone 

as well as in untreated control cells. 

As for the caspases, upon sequential treatment, the levels of the intrinsic pro-

caspase 9 were greater relative to the control untreated cells. However, these levels 

were lower than the ones observed when cells undergo mono-treatments with SAHA 

and DAC. The cleaved active form of caspase 9 showed increased protein expression 

levels for the sequential treatment relative to untreated and each of the drugs alone. 

Treatments with SAHA and DAC alone did not trigger any changes in the extrinsic 

pro-caspase 8 level. Nonetheless, sequential treatment decreased their levels, and it 

was associated with increasing levels of cleaved caspase 8.  As for pro-caspase 3 and 

cleaved caspase 3, both showed increase in their protein levels relative to the untreated 

and mono-treated cells. In brief, sequential combination treatment of SAHA and DAC 

on U937 cells affected the expression levels of proteins involved in both the intrinsic 

and extrinsic apoptotic pathways, along with the expression levels of the cell cycle 

inhibitor p21 (Figure 13). 
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Figure 13. Effect of sequential combination of SAHA and DAC on the expression 

of pro-apoptotic proteins. The expressions of caspase 3, caspase 8, caspase 9, p21, 

cytochrome C, Bax and β-actin were evaluated for cells treated with SAHA or DAC 

only, cells sequentially treated with DAC then SAHA, and untreated cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter Five 



85 
 

Discussion 

The complex pathogenesis of cancer and its global high incidence and death 

rates have generated major efforts in cancer research, which has made huge 

advancements during the past decades. So far, these studies have provided much 

highlights into the way tumorigenesis proceeds, the risk factors associated with the 

onset of the disease, correlations of genetic and epigenetic alterations with the 

deregulation of key cellular machineries, and novel and improved therapeutic and 

diagnostic strategies (Biemar & Foti, 2013). Nonetheless, there is still much to 

discover and identify in the field of cancer, considering the high death rates, therapy 

resistance and relapse rates (Siegel, Miller, & Jemal, 2020). Leukemia, and specifically 

AML, is one type of hematological malignancy whose research has yielded enormous 

improvements lately (Watts & Nimer, 2018; Yu, M. & Zheng, 2017). AML is the most 

common leukemia in adults, accounting for 80% of such cases, and is characterized by 

rapid buildup of abnormal myeloid blasts (Vakiti & Mewawalla, 2020). As is the case 

for almost all cancer types, several genetic mutations have been identified in AML 

affecting proper signal transduction, genetic stability, chromatin remodeling, DNA 

methylation, and apoptosis, including FLT-3, NQO1, NPM1, IDH1 and IDH2. A 

number of such mutations affect genes involved in epigenetic processes, eventually 

deregulating the epigenetic machineries. These include mutations of EZH2 involved 

in histone modifications, and those of DNMT3a and TET2 involved in DNA 

methylation (Bewersdorf, Shallis, Stahl, & Zeidan, 2019). Epigenetic deregulations are 

as well contributing to leukemogenesis, especially deregulations of DNA methylation 

and histone acetylation. TSG-targeted DNA hypermethylation and histone 

deacetylation are well documented in AML cells. Since identifying the contribution of 
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epigenetic alterations in tumorigenesis and recognizing their dynamic reversibility, the 

implementation of epigenetic therapeutic strategies has been extensively studied 

(Kelly, De Carvalho, & Jones, 2010). The enzymatic machinery responsible for histone 

deacetylation and DNA methylation includes HDACs and DNMTs, respectively. Their 

deregulated expression and aberrant recruitment of effector proteins are frequently 

observed in tumorigenesis. For instance, leukemia and lymphoma cells commonly 

show overexpressed or uncontrolled recruitment of HDACs to promoter regions, 

leading to aberrant silencing of TSGs  (Yu, et al., 2015). Likewise, DNA 

hypermethylation is well documented in AML, leading to aberrant silencing of tumor 

suppressor genes, which are crucial in preventing accumulation of defective cells 

(Garzon et al., 2009). In an attempt to target these reversible alterations that, in part, 

lead to acute myeloid leukemogenesis, several HDAC and DNMT inhibitors have been 

studied. Among these, SAHA, an HDAC inhibitor and DAC, a DNMT inhibitor have 

shown to be promising therapeutic agents. Although SAHA and DAC are FDA-

approved for T-cell lymphoma and MDS, respectively, they were recently repurposed 

for the treatment of AML. Phase I clinical trials of using DAC and SAHA in AML 

patients have shown to increase survival rates (How et al., 2015; Kirschbaum et al., 

2014). In an attempt to use lower doses of drug, overcome treatment-related toxicity, 

enhance the efficacy of drugs, and target more than one defects in cells, combination 

therapy is often adopted (Bayat Mokhtari et al., 2017). In fact, many HDAC inhibitors 

including Trichostatin A and Vorinostat showed to have amplified effects only if 

combined with other chemotherapeutic or epigenetic drugs like chaeotocin, cytarabine 

and etoposide (San José-Enériz, Gimenez-Camino, Agirre, & Prosper, 2019). 

Interestingly, studies on combining low doses of SAHA and DAC to treat leukemic 

cells showed that normal peripheral lymphocytes were not affected by the treatment, 
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denoting that this strategy could be considered as a cancer cell-targeted therapy, which 

may reduce side effects (Brodská, Holoubek, Otevřelová, & Kuželová, 2013). 

This study aimed to identify combinatorial conditions that enhance the 

activities of DAC and SAHA in an AML model cell line U937 and scrutinize their 

molecular mechanisms of action. Consistent with previous findings, mono-treatment 

with SAHA or DAC induced dose and time dependent decreases in cell viability, 

promoted apoptosis and cell cycle arrest (Cao, Cheng, You, Qian, & Qian, 2013; 

Hollenbach et al., 2010). As for the effects exhibited by these mono-treatments on the 

progression of cell cycle, they were unique for different concentrations and duration 

of treatment. When cells were treated with low doses of SAHA for 24 h only, G1 arrest 

was induced. This finding was compatible with previous studies on four other AML 

cell lines (Dreyer, Decker, Wagner, Peshcel, & Licht, 2004). However, higher doses 

of SAHA (2 and 4 µM) induced an S phase arrest. This dose-dependent differential 

cell cycle phase arrest is commonly observed in treatments with HDAC inhibitors. 

Low doses have shown to arrest the cells at the G1 phase, whereas at higher cytotoxic 

doses cells accumulate in G1/S and G2/M phases (O'Grady & Lawless, 2015). Longer 

exposure of U937 cells to SAHA resulted in a surge in the sub-G1 phase, which is an 

indication of cells that have lost their DNA content, and a suggestion of apoptotic dead 

cells (Kajstura, Halicka, Pryjma, & Darzynkiewicz, 2007). The effect that DAC 

treatment had on the cell cycle progression of cells was dissimilar to that of SAHA. 

Treatment duration of 48 h did not have any significant effect on the cell cycle 

progression, which was concordant with the negligible cell viability effects for 48 h-

treated cells․  When cells were treated with DAC for 72 h, however, they were found 

to be accumulated in the sub-G1 phase, indicating cell death. Previous studies of DAC 

on AML cell lines have shown that low doses of the DNMT inhibitor DAC only 
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induces hypomethylation, and not cell cycle arrest and apoptosis (Klco et al., 2013). In 

this study, the results could be explained by the fact that shorter DAC exposure was 

only able to change the methylation levels, but not its outcomes at the level of cell 

cycle arrest and death. Interestingly, cell growth inhibition, cell cycle arrest and death 

were mediated by apoptosis. Both SAHA and DAC induced apoptosis in a dose- and 

time-dependent fashion, as shown by the Annexin/PI assay. The apoptosis-inducing 

characteristic has been observed in several previous studies for SAHA on NB4 and 

U937 cell lines and for DAC on NB4 and Kasumi cell lines (Petruccelli et al., 2011; 

Soncini et al., 2013). After assessing the effects of SAHA and DAC mono-treatments 

on U937 cells, two different combination strategies were designed and tested by cell 

viability experiments. For these combinations, the lowest concentration of SAHA 

previously assayed (1 µM) was chosen to be combined with the full range of DAC 

(0.5, 1 and 2 µM), to minimize the cytotoxic effects of SAHA while maintaining its 

epigenetic modulating potential. The first strategy consisted of simultaneous 

combination, in which SAHA and DAC were added at the same time and kept for 48 

h, whereas the second one involved sequential combination by first priming cells DAC 

for a certain time, and then treating them with SAHA. The cell viability experiments 

revealed that simultaneous combination did not greatly enhance the effects of the two 

drugs in mono-treatments, and their cytotoxic effects were not even additive. 

Nevertheless, sequentially combining the two epigenetic drugs showed to have 

stronger growth inhibitory effects than each drug alone and the sum of their effects. 

These results are supported by previous findings that also state that sequential 

combination treatments of OCI-AML3 and HL-60 AML cells promoted more growth 

inhibitory effects than each drug alone and compared to simultaneous treatments which 

required higher doses to achieve minor synergism (Young, Clarke, Kettyle, Thompson, 



89 
 

& Mills, 2017). A similar result was observed when SAHA and DAC were combined 

with the chemotherapeutic agent doxorubicin in the treatment of breast cancer cells, 

where the sequential combination was significantly better in providing the cells 

sensitivity to doxorubicin than the simultaneous combination (Vijayaraghavalu, 

Dermawan, Cheriyath, & Labhasetwar, 2013). Based on the results obtained, the 

sequential combination method was used to study the effects on cell cycle, apoptosis 

and decipher the underlying molecular mechanism. The observed pattern of apoptosis 

induced by the sequential combination of SAHA and DAC was predictable, as it 

showed that the percentage of total apoptotic cells, consisting of early and late 

apoptotic cells, was significantly higher than the sum of the total apoptosis percentages 

induced by SAHA and DAC individually. These results revealed that the amplified 

cell growth inhibition that was observed upon sequential combination treatment could 

be explained by the intensive pro-apoptotic effect of this treatment relative to the 

mono-treatments. In addition, cell cycle progression analyses of the sequentially 

combined cells showed that the combination significantly enhanced the G1 arrest, 

which was contributed by both SAHA and DAC, in addition to an increase in the 

percentage of dead cells, denoted by a significant increase in the percentage of sub-G1 

cells. These cell cycle progression analyses were in accordance with the cytotoxicity 

results obtained by cell viability experiments and confirm the additive potentials of 

SAHA and DAC in inducing G1 arrest.  

 Studying the expression of pro-apoptotic proteins confirmed that the epigenetic 

modulators being investigated were inhibiting cancer cell growth by promoting 

apoptosis. The increase in the expressions of Bax and cytochrome C in cells treated 

with the sequential combination of SAHA and DAC, compared to control cells and 

cells treated with SAHA or DAC alone. Being a pro-apoptotic protein, Bax is regularly 
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overexpressed and localized from the cytoplasm into the mitochondria, to take part in 

the intrinsic apoptotic mechanism (Brodská, Holoubek, Otevřelová, & Kuželová, 

2013). As for cytochrome C, its upregulation mediates caspase activation by binding 

to Apaf-1 and procaspase 9, eventually forming the apoptosome (Chandra, Liu, & 

Tang, 2002). This overexpression is therefore another indication of intrinsic apoptosis 

induction by the sequential combination of SAHA and DAC. The CKI p21 was also 

overexpressed upon SAHA and DAC combination treatment relative to the control, 

but its expression only slightly increased when cells were treated with either SAHA or 

DAC. This could be related to the cell cycle arresting and pro-apoptotic features of p21 

as a tumor suppressor, which were enhanced by SAHA, DAC and their combination 

(Gartel & Tyner, 2002). Previous studies have documented HDAC-mediated cell cycle 

arrest executed by p21, which could be the case in this study (O'Grady & Lawless, 

2015). The expressions of the caspase involved in intrinsic apoptosis, namely pro-

caspase 9, and its active cleaved form were also increased as a result of sequential 

combination treatment, signifying the role of the combination of SAHA and DAC in 

the promotion of intrinsic apoptosis. Interestingly, the caspase involved in extrinsic 

apoptosis, caspase 8, and the executioner caspase 3 were also affected by the 

combination. Although the expression of pro-caspase 8 was unchanged for the mono-

treatments, and decreased for the sequential combination conditions, the cleaved 

caspase 8 was upregulated for cells treated with the sequential combination. As for 

caspase 3, which is an effector caspase, both pro-caspase 3 and its cleaved form were 

upregulated. These findings indicate that SAHA and DAC did not only activate the 

intrinsic, but also the extrinsic apoptotic mechanism when applied sequentially. The 

activation of the extrinsic apoptotic pathway following the sequential combination is 

due to the characteristics of both DAC and SAHA. Decitabine has shown to induce the 
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extrinsic apoptosis through overexpression of Fas and DR5, which are key molecules 

in the extrinsic pathway (Cassier, Castets, Belhabri, & Vey, 2017).  Similarly, it has 

been documented that SAHA induces TRAIL-mediated apoptosis in AML cells, which 

is associated with the recruitment of caspase 8 (Gronemeyer et al., 2005; Nakata et al., 

2004; Wang & El-Deiry, 2003). These modifications at the protein level suggest that 

the anti-neoplastic actions of the sequential combination are due to the activation of 

both the intrinsic and extrinsic apoptotic pathways. Further experimental trials are 

needed to measure the significance of changes in protein expression levels. 
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Chapter Six 

Conclusions 

In summary, this study evaluated the effects of monotherapies with SAHA and 

DAC on U937 acute myeloid leukemic cells, which induced dose- and time-

dependent decreases in cell viability associated with cell cycle arrest and apoptosis 

induction. Among the two tested strategies, sequential combination better 

enhanced the anti-proliferative activities of SAHA and DAC than simultaneous 

combination. Priming the cells with DAC and then incubating them with SAHA 

amplified the cytotoxic effects of the drugs, as well as their apoptosis-inducing 

potential. Ultimately, analyses at the level of proteins showed that both intrinsic 

and extrinsic mechanisms of apoptosis were involved. Further studies are required 

to determine the complete molecular mechanism of the combination strategy 

adopted. The next step should be assessing the combinatorial effects of SAHA and 

DAC in-vivo. 

The results obtained reinforce the fact that combination epigenetic therapy is 

promising in cancer research, and specifically in AML. 
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