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Abstract 
The world population is ageing and with this shift is a concurrent rise in comorbidities such as 
Alzheimer’s disease (AD) and cancer. Interestingly, an increasing number of studies have reported 
certain AD drugs to possess anti-cancer properties. This raises the possibility of repurposing these AD 
drugs for the treatment of cancers such as chronic myeloid leukaemia (CML). This requires the 
understanding of the possible interconnection between CML and AD at the molecular level. The overall 
aim of this research was to study the crosstalk between cell apoptosis and autophagy in the modulation 
of cell death and to determine if AD medications, singly and in combination with a CML drug, have 
the potential to be repurposed for the treatment of CML.  

HEK293T (cell model of AD) and K-562 (cell model of CML) cells were individually treated with the 
test drugs for 24 and 48 h, depending on the assay. Cell viability was assessed by overlaying the treated 
cells with CyQUANT® Direct assay dye for 40 min before fluorescence signal detection at a 
wavelength of 485/520 nm excitation/emission. Cell death assay was also conducted using BD 
FACSCalibur flow cytometer to detect fluorescent emission at 530 nm (FL1), 575 nm (FL3) and 
excitation wavelength of 488 nm, in Annexin V/PI-stained treated cells. To examine the autophagic 
and apoptotic effects modulated by the drug treatments, Western blot analyses were carried out and the 
proteins of interest were quantified using Image Studio software on the Odyssey® Fc LI-COR Imaging 
System.  

The results demonstrated that the chemotherapy drug, Doxorubicin, caused death in both HEK293T 
and K-562 cells by modulating the apoptotic pathway. In 48 h Doxorubicin (1 μM)-treated K-562 cells, 
the autophagic proteins, Beclin-1 (p < 0.05) and LC3 (p < 0.001), were also upregulated. With the 
addition of Chloroquine (10 µM), a known autophagy inhibitor, these autophagic activities were 
verified as being involved in the induction of cell death in the CML cells. When Imatinib (1 μM), a 
known tyrosine kinase inhibitor, was used in the treatment of CML K562 cells, it was shown to also 
induce apoptotic cell death effect but without the involvement of the Beclin-1-induced autophagy 
pathway. Therapeutically relevant but low concentrations (1, 5 and 10 μM) of Memantine and 
Donepezil (AD drugs) were shown to be non-toxic in this study, as they induced no measurable cell 
death in both cell lines tested, with Memantine (1 μM) increasing the viability of HEK293T (the AD 
cell model) by 41% (p < 0.05). Following the results of the preliminary study, further investigations 
were carried out employing the combination of Doxorubicin (1 μM) and Memantine (1 μM) to 
determine if the Doxorubicin-killing effect in the CML cells can be enhanced while mitigating its 
adverse effects in HEK293T non-cancer cells. For the first time, we report herein the apoptotic and 
autophagic effects of Doxorubicin and Memantine as a combination drug in K-562 and HEK293T 
cells. The presence of Memantine in the combination induced an increase in the levels of anti-apoptotic 
Bcl-2 proteins in the non-cancerous HEK293T cells (p = 0.001), but not in K-562 cells. Also, the 
autophagy-mediated cell death pathway initially induced by Doxorubicin in K-562 cells was 
maintained in the Doxorubicin/Memantine (1 μM)-treated CML cells.  
 
The findings from this study indicated that the AD drug, Memantine, could modulate the apoptotic 
pathway to reduce the Doxorubicin-induced death effect in the non-cancerous HEK293T cells without 
suppressing its killing effect in the K-562 CML cells. Further studies (in vitro and in vivo) are 
warranted to help develop this therapeutic strategy that offers non-cancer cell protection while 
simultaneously providing therapeutic benefits against the cancer cell population in AD and CML co-
morbidity.  
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1. Literature review  

1.1 Introduction 
There is a global increase in life expectancy and with longevity comes the increased prevalence of 

individuals suffering from multiple conditions, ultimately leading to health and economic 

implications (Barnett et al., 2012; DESA, 2019; Wenkstetten-Holub et al., 2021). The existence 

of comorbidity occurs for varying reasons, including scenarios like, when the two diseases have a 

common underlying initiator or share a common risk factor, when the presence of one disorder 

abruptly increases the risk of having the second and by random chance (when the occurrence of 

both diseases are common within a population) (Valderas et al., 2009). Cancer and 

neurodegeneration are two major human health threats which may exist in comorbidity. These two 

conditions have been shown to share a common molecular pathology as well as active cell cycling 

(Behrens et al., 2009; Liu and Ander, 2012). However, since the major characteristics of AD 

involves degeneration and the main feature of cancer is cell proliferation, it is still believed that 

people suffering from cancer are less likely to get neurodegenerative disorders such as AD, while 

those with AD are less likely to get cancer (Freedman et al., 2016; Bowles et al., 2017). 

Nevertheless, bearing in mind that age is a big risk factor for both conditions, there is a possibility 

of co-morbidity with increasing age (American Cancer Society, 2021; NHS, 2021; Mendizabal et 

al., 2016; SEER, 2019). Furthermore, cancer patients undergoing chemotherapy are at risk of 

neurological side effects of losing healthy cells, including nerve cells of the brain, along with the 

targeted cancer cells (Cheung et al., 2018). 

In cancers, such as chronic myeloid leukaemia (CML), there is an unregulated growth and 

accumulation of myeloid leukaemia cells in the bone marrow and blood (Wang et al., 2014). 

Current treatment therapies are unable to eradicate all neoplastic cells involved in this disease, 

particularly in the central nervous system (CNS) (Branford et al., 2002; Wolff et al., 2003; Cortes 

and lang, 2021). AD drugs (Memantine and Donepezil) on the other hand are not only known for 

their protective effects (Chen et al., 1998; Miki et al., 2006; Noh et al., 2009; Kafi et al., 2014; 

Inagaki et al., 2019) but have also been shown to be toxic against cancer cells (Abdul and Hoosein, 

2005; Ki et al., 2010; Kamal et al., 2015; Seifabadi et al., 2017; Yoon et al., 2017; Albayrak et al., 

2018). With the possibility of an existence of a complex association between these two conditions, 

repurposing AD drugs to target CML may help improve the understanding of the common 
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mechanism(s) between CML and AD and aid in the development of a combination therapeutic 

strategy that can tackle both CML and AD through multiple pathways. 

 

1.2 Chronic myeloid leukaemia 

1.2.1 Epidemiology of chronic myeloid leukaemia 
Leukaemia is the 15th most common cancer and the 11th leading cause of cancer mortality in the 

world (Sung et al., 2021). CML accounts for approximately 15% of the recently diagnosed 

leukaemia cases in adults with an incidence of 1-2 cases per 100,000 adults (Jabbour and 

Kantarjian, 2020). In the United Kingdom, between 2016 and 2018, about 226 cases of CML 

deaths were reported per year, which is equivalent to over 4 individuals per week (Cancer Research 

UK, 2021). Due to the exiguity of acquiring reliable data from poor underdeveloped countries, the 

global prevalence of CML is not known but an extrapolation from existing data suggests a yearly 

occurrence of more than 100,000 patients worldwide. Thus, representing a significant global health 

burden (Tadwalkar, 2017; Lin et al., 2020). 

 

1.2.2 Pathophysiology of chronic myeloid leukaemia 
CML is a myeloproliferative neoplastic disease involving unregulated growth and accumulation 

of myeloid leukaemia cells in the bone marrow and blood (Wang et al., 2014). The occurrence of 

a truncated chromosome 22 known as the Philadelphia chromosome, is the hallmark of the 

disorder. This abnormal chromosome results from a balanced genetic translocation 

(t(9;22)(q34;q11.2)) formed from a fusion of the Abelson (ABL) gene, from chromosome 9q34.1 

and the breakpoint cluster region (BCR) gene, on chromosome 22q11.2 (Jabbour and Kantarjian, 

2020) (Figure 1.1). The exact breakpoint where the translocated genes are fused varies, resulting 

in the formation of three principal transcripts, following alternative splicing (Chasseriau et al., 

2004; Score et al., 2010; Amin and Ahmed, 2021). These three recombination transcripts can 

evolve from the fusion of ABL between exons 1b and 2 with BCR at intron 13/14 (M-BCR (major 

breakpoint)), intron 1 (m-BCR (minor breakpoint)) or exon 19 (μ -BCR (μ breakpoint) regions to 

form p210, p190 or p230 transcripts, respectively (Fainstein et al., 1987; Saglio et al., 1990; Pane 

et al., 1996). Regardless of the transcript formed, the aberrantly fused gene encodes a proto-

oncogene region of BCR-ABL which persistently enhances tyrosine kinase activities. Thus, 
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resulting in a dysregulated proliferation of the hematopoietic stem cells, differentiation inhibition 

and cell death resistance. Unlike the non-constitutively active, receptor tyrosine kinases which get 

turned on only when an appropriate signalling molecule binds to its receptor, BCR-ABL is able to 

remain active, turning on multiple signalling pathways in a kinase-dependent manner. Thus, 

overriding the tightly regulated homeostatic circuit within cells. Within the BCR and ABL 

structures, there are various functionally distinct domains present which have been demonstrated 

to exhibit multiple functions in intracellular signalling (Narayanan et al., 2013; Dölker et al., 2014; 

Gao et al., 2017; Peng et al., 2021) (Figure 1.1). Moreover, the continuously increased activities 

observed in BCR-ABL may result from the interference of the BCR region with one of such active 

sites present in the normal ABL gene (Hantschel et al., 2003). Some of the functionally active 

domains present in the 160 kDa BCR protein structure include a coiled-coil oligomerisation 

domain, tyrosine 177 domain, serine/threonine kinase activity domain, Rho guanine-nucleotide-

exchange factor (RhoGEF) domain, pleckstrin homology domain and a Rac GTPase activating 

protein (Rac-GAP) domain (Chu et al., 2007; Sahay et al., 2008; Demehri et al., 2010; Narayanan 

et al., 2013; NCBI Gene, 2021; Peng et al., 2021). On the other hand, ABL 145 kDa gene, 

consisting of 11 exons, contains an N-cap with a signal sequence for myristoylation, Src homology 

3 and 2 (SH3 and SH2) domains and a catalytic site, within which lies a phosphorylation site, 

important for the regulation of enzymatic activities (Franz et al., 1989; Mayer and Baltimore, 1994; 

Pluk et al., 2002; Smith et al., 2003; Dölker et al., 2014; NCBI Gene, 2021). The N-cap as well as 

the SH3 domain act as important negative regulators of the tyrosine kinase. The N-cap binds the 

hydrophobic pocket in the C-terminal lobe of the catalytic domain and induces a conformational 

change that allows the SH3 domain to bind the linker, a segment which connects SH2 to the kinase 

catalytic domain, thereby maintaining the kinases’ inactive state (Mayer and Baltimore, 1994; Pluk 

et al., 2002; Hantschel et al., 2003). However, in the pathophysiology of CML, during 

translocation, when the N-terminal of ABL is fused to the BCR sequence, the N-cap which blocks 

the catalytic site of the kinase in order to regulate its activities, is lost. Therefore, the kinase remains 

permanently on, promoting an unregulated constitutively active cellular pathway in the disease 

(Franz et al., 1989; Hantschel, 2012). 
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Besides CML, the expression and activities of BCR-ABL can be observed in acute lymphoblastic 

leukaemia (ALL) (Verrma et al., 2014; Rafiei et al., 2015), acute myeloid leukaemia (AML) 

(Zhang et al., 2015) as well as in cases of mixed-phenotype acute leukaemia (MPAL) (Matutes et 

al., 2011; Choi et al., 2014). Studies have also shown that the BCR-ABL p210 transcript is the 

most commonly detected in CML and occasionally occurs in AML and ALL. The p190 transcript 

is commonly detected in B-cell ALL, occasionally in AML but rarely observed in CML (Hermans 

et al., 1987; Fainstein et al., 1987; Li et al., 1999; Kang et al., 2016). However, regardless of the 

transcript distribution, the BCR-ABL oncogene remains most prominent in CML with its 

expression pattern worsening as the disease progresses through the various phases. 

Figure 1.1 Schematic diagram showing the formation of BCR-ABL kinase from ABL and BCR genes 
In CML, the exchange between the breakpoints of BCR and ABL genes generates two chromosomes: Derivative 
chromosome 9 and the hallmark of CML, the Philadelphia chromosome. Following translocation, the Philadelphia 
chromosome carries the aberrant BCR-ABL fusion gene. Different BCR-ABL transcripts encoding proteins with 
different molecular weights may be generated, depending on the exact position of the breakpoints. However, in CML, 
p210 (shown above), is the most commonly detected transcript. Some of the functionally distinct domains that can 
be observed in p210 BCR-ABL are also shown in the figure above, including the catalytic domain. This kinase 
catalytic domain is bound by a small myristoylation N-cap sequence in the normal ABL gene, to keep the kinase in 
an autoinhibited state. However, during the fusion of ABL to the BCR sequence, the N-cap is lost. The internal control 
mechanisms become disrupted, resulting in enhanced tyrosine kinase activities as seen in CML. 
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1.2.3 Phases and clinical features of chronic myeloid leukaemia 
CML is diagnosed and categorised into phases mainly based on the number of immature white 

blood cells (blasts) detected in the blood or bone marrow (American Cancer Society, 2018). Some 

patients experience symptoms relating to anaemia and splenomegaly such as fatigue, anorexia, left 

upper quadrant fullness, pain and weight loss. However, about 40% of CML cases are 

asymptomatic and diagnosed accidentally during routine tests (Sawyers, 1999; Ebert and Hagspiel, 

2012; Ahmad et al., 2021). Typically, CML progresses through three phases: the chronic phase, 

accelerated phase and the blast crisis phase. At the relatively benign chronic phase, patients are 

found to have less than 10% blasts in their blood and bone marrow samples. Within 3-5 years, this 

chronic phase may progress to an accelerated phase and finally to the rapidly fatal, blast crisis 

phase (Kantarjian et al., 1988; Faderl et al., 1999). There are no universally accepted criteria for 

the signs of the accelerated phase but according to the World Health Organisation (WHO), some 

of the indicators of this phase include an increase in the percentage of blasts (10-19%), presence 

of ≥ 20% of basophils in the peripheral blood, persistent thrombocytopenia (<100 x 109/L) and 

thrombocytosis (>1000 x 109/L), persistent splenomegaly (unresponsive to therapy) and multiple 

chromosomal changes in the Philadelphia chromosome-positive cells that occurs during therapy 

(Baccarani et al., 2013; Arber et al., 2016). CML in the accelerated phase is less responsive to 

treatment compared to the chronic phase. At the treatment-refractory blast crisis phase, ≥ 20% of 

blasts are present in the blood and bone marrow, extramedullary blast proliferation occurs and 

large blasts clusters can be seen in bone marrow biopsies (Kantarjian et al., 1988; Baccarani et al., 

2013; Arber et al., 2016). The phenotype of the blast crisis phase can be myeloid, lymphoid or 

both (Khalidi et al., 1998; Sumimoto et al., 2010; Liu et al., 2020). At this rapidly fatal stage, the 

blasts resemble acute leukaemia cells morphologically but are highly resistant to chemotherapy, 

leading to death within 12 months (Vallejos et al, 1974; Cortes and Kantarjian, 2003; Jain et al 

2017). The pathological transformation from one phase to another involves various complex 

molecular processes, an increase in the expression levels of BCR-ABL and the development of 

drug-resistant cells leading to relapse after an initial response (Elmaagacli et al., 2000; Marum et 

al., 2016; Jain et al 2017). Thus, making CML treatment more challenging, especially in the 

advanced blast crisis phase. 
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1.2.4 Current treatment for chronic myeloid leukaemia with tyrosine kinase 

inhibitors 
CML was initially managed with various treatment options such as busulfan, hydroxyurea, 

interferon-alfa and cytarabine (Negrin and Schiffer, 2016; American Cancer Society, 2022). 

However, the drugs were palliative, unstable and limited by their non-specificity, toxicities and 

harmful side effects (Hehlmann et al., 1988; Bhagwatwar et al. 1996; Cortes et al., 1996; Thiele 

et al., 2000; Stone, 2004; Begna et al., 2016). Over time, the clinical outcome of patients with 

CML improved with the development of tyrosine kinase inhibitors (TKIs), compounds that inhibit 

BCR-ABL activities. Presently, Imatinib is the gold standard, frontline therapy for CML (Johnson 

et al., 2003; Medeiros et al., 2018). Imatinib inhibits the growth of leukaemic cells by 

competitively binding to BCR-ABL tyrosine kinase, thereby preventing the normal binding of 

ATP and the subsequent removal and transfer of phosphate groups from ATP to tyrosine residues 

on various substrates (Capdeville et al., 2002; Druker, 2008). Imatinib specific mode of action 

helps to reduce tyrosine kinase activities and prevent the excess proliferation of CML cells. 

However, little is known about the long term effect of this drug, with suggestions that Imatinib is 

unable to completely destroy all neoplastic stem cells, especially in the CNS, thereby leading to 

the development of resistance in patients as the BCR-ABL subclones increases and mutates (Gorre 

et al., 2001; Branford et al., 2002; Takayama et al., 2002; Wolff et al., 2003; Druker et al., 2006; 

Hochhaus et al., 2020). This led to the introduction of patients to other TKIs including, the second-

generation (Dasatinib, Nilotinib, Bosutinib) and third-generation (Ponatinib) TKIs (Cortes et al., 

2013). This represented progress and additional options for CML treatment. In fact, the widespread 

use of TKIs has reduced the number of CML patients who progress to the blast crisis phase, thereby 

increasing the life expectancy of these patients to almost equal the life expectancy of the general 

population (Sasaki et al., 2015). However, these drugs are still not without side effects nor have 

their introduction been translated into improved long-term survival or permanent remission (Cortes 

et al., 2012; Delphine et al., 2012; Larson et al., 2014; Jain et al., 2017; FDA, 2018). Most 

importantly, despite the use of these TKIs, a significant minority of patients still transform to the 

fatal blast crisis phase, wherein, even the gold standard CML treatment, Imatinib, has been 

observed to have no significant outcome on a long-term basis (Palandri et al., 2008; Druker et al., 

2006; Cortes et al., 2012; Cortes et al., 2013; Hochhaus et al., 2020). Furthermore, varying 

mutations occur in the BCR-ABL kinases which interfere with the ability of TKIs to bind, thus 
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contributing to the development of treatment resistance in CML (Gorre et al., 2001; Branford et 

al., 2002; Shah et al., 2002; Von Bubnoff et al., 2006). Also, the exact molecular mechanism 

involved in the evolution of CML cells and the process by which leukaemic cells are able to 

reactivate their BCR-ABL signal transduction with the aid of the non-eradicated leukaemic stem 

cells, following a previous inhibition to TKIs, remains a major problem in CML treatment therapy. 

Therefore, patients undergoing TKI treatments and living a nearly normal life have to be monitored 

regularly for BCR-ABL burden or evidence of genetic mutation that may lead to sudden resistance 

in treatment and disease progression (Baccarani et al., 2013). Bearing in mind that the acquisition 

of additional genetic defects coupled with the multistep phenomenon is known to be involved in 

the development of resistance, a feature accompanied or shortly followed by progression of CML 

from chronic to blast crisis phase (Sacha et al., 2003; Soverini et al., 2005), the pursuit for 

alternative mechanisms and treatment strategies, such as intensive chemotherapy is necessary. 

Such treatment strategies may help circumvent the resistance in CML, especially at the blast crisis 

phase. 

 

1.2.5 Chemotherapeutic treatment of chronic myeloid leukaemia with Doxorubicin 
Despite the fact that majority of CML patients have increased life expectancy from treatment with 

TKIs, a significant number of patients still progress to the blast crisis phase and become even more 

resistant to these TKI treatments. This may be a result of genetic changes which occur in the 

leukaemic cells as the disease progresses. In the advanced blast crisis phase of CML, about 25% 

of the cells exhibit morphological features similar to lymphoblastic leukaemia cells, while a higher 

proportion is almost indistinguishably similar to AML cells (Derderian et al., 1993; Cortes et al., 

2016). Thus, for more effective targeting of CML at this phase, treatment regimen usually includes 

the use of other conventional anti-cancer drugs, such as Doxorubicin (hereafter referred to as Dox), 

with or without TKIs, to inhibit leukaemic cells via different signalling pathways (Vallejos et al., 

1974; Synowiec et al., 2015; Li et al., 2018; Li et al., 2019). Dox is categorised as one of the most 

potent chemotherapeutic drugs employed in the treatment of cancers with poor prognosis (Nylén 

et al., 1989; Kamthan et al., 1990; Verschoor et al., 2020). It is a class I anthracycline that is non-

selective in its actions. Dox interacts with the DNA of the cell, intercalating with the base pairs 

(Meriwether and Bachur, 1972; Momparler et al., 1976). This prevents the activities of the DNA-
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associated enzymes such as the topoisomerase enzymes. Topoisomerases are ubiquitous enzymes 

which are essential in the viability of all living organisms. They play a vital role in various DNA 

processes including replication, transcription and chromatin organisation (Watt and Hickson, 

1994). DNA topoisomerase I and II are involved in the relaxation of supercoiled DNA. 

Anthracyclines such as Dox, which intercalates with the cell’s DNA are known as topoisomerase 

II inhibitors. The inhibitory activity of topoisomerase II enzymes or other molecular targets make 

them capable of inhibiting critical steps involved in the catalytic processes of the cells, including 

transcription and DNA replication, thus producing a range of cytotoxic effects and inducing cell 

death (Laroche-Clary et al., 2000; Lebrecht et al., 2004). Dox can be used in conjunction with 

other alternative cancer treatments, such as allogeneic stem cell transplant. The combination of 

allogeneic stem cell transplant with higher doses of the chemotherapy drugs aid in increasing the 

patients’ chance of remission. However, the treatment involves a risk of morbidity and mortality 

(Gratwohl, 2016). Therefore, the combination is recommended for CML patients in the blast crisis 

phase with no optimal treatment response and limited treatment alternatives. Dox, even as a 

singular drug has been documented as being effective at the molecular level of cancer (Leung and 

Wang, 1999; Luo et al., 2000; Vu et al., 2020). However, due to its lack of selectivity on cancer 

cells and its detrimental cytotoxic effects to various organs, including the heart (Wang et al., 2004; 

Ueno et al., 2006; Xu et al., 2012; Li et al., 2016) and kidney (Lebrecht et al., 2004; Lahoti et al., 

2012), the drug’s use is limited. It is noteworthy that 50% of Dox molecules are eliminated from 

the body in an unchanged state (Camaggi et al., 1988). This gives the drug ample opportunity to 

interact with essential organs in the body including the kidney which is the main organ of excretion 

(Bárdi et al., 2007). Thus, promoting Dox-induced organ toxicity. Nonetheless, such an effective 

drug, with an alternative mechanism of action may be considered for the TKI-resistant patient 

population but should be combined with another compound with the ability to reduce the Dox-

accompanied toxic effects in the non-cancer cells, especially in cases where co-morbidity with 

other ailments, like Alzheimer’s disease (AD), exists. 
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1.3 Alzheimer’s disease 

1.3.1 Epidemiology of Alzheimer’s disease 
Currently, more than 55 million individuals have been reported as being affected by dementia 

worldwide, with an occurrence of almost 10 million new cases every year (WHO, 2021). AD is 

the most common form of dementia contributing 50% to 75% of reported dementia cases in the 

United Kingdom (Alzheimer's Society, 2021). In 2019, the UK Alzheimer’s Society commissioned 

a report from the Care Policy and Evaluation Centre (CPEC) at the London School of Economics 

and Political Science. The report estimated that about 850,000 individuals living in the UK, had 

dementia, with a projected increase of 1.6 million people in 2040 (Wittenberg et al., 2020). Also, 

the mortality rate of AD and other dementias in the United Kingdom has overtaken ischaemic heart 

diseases, cerebrovascular diseases, chronic lower respiratory diseases and lung cancer, four 

diseases previously conceded as the major causes of death in the United Kingdom (ARUK, 2021). 

 

1.3.2 Classification and clinical features of Alzheimer’s disease 
AD is an irreversible neurodegenerative disease characterised by the progressive loss of neurons 

which are essential for cognitive and memory functions (Alzheimer’s Society, 2021). Based on the 

individual’s age at onset, this condition can be grouped into early- and late-onset AD. Early-onset 

AD is uncommon and occurs in individuals less than 65 years of age, with about 13% 

being familial Alzheimer’s disease (FAD) (Campion et al., 1999; McMurtray et al., 2006; Mendez, 

2019). FAD occurs as a result of inherited genetic mutation in Amyloid Precursor Protein (APP), 

presenilin1 (PSEN1) and presenilin2 (PSEN2); subunits of gamma secretase, thereby causing an 

increase in the production ratio of amyloid beta 42:40 (Sherrington et al., 1996; Tanzi and Bertram, 

2005; Bird, 2012). Late-onset AD is more common and age has been implicated as its major risk 

factor, with a rising prevalence of the disease between the ages of 65 and 85 years (Sloane et al., 

2002; Bekris et al., 2010; Prince et al., 2014). The timely detection and accurate diagnosis of AD 

provides a better chance for the management of the disease. However, there is no simple, reliable 

test to diagnose the disease and a definitive diagnosis can only be possible post-mortem (NHS, 

2021; NIA, 2021). Regardless of the varying forms or age at which AD is clinically diagnosed, the 

common histological findings include neuron degeneration, plaques and tangles (Tomlinson et al., 

1970; Brookmeyer et al. 2018). 
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1.3.3 Pathology of Alzheimer’s disease 
AD is a neurodegenerative condition whose neuropathological features include aggregates of 

amyloid beta (Aβ) forming highly insoluble and proteolysis-resistant fibrils called plaques, 

misfolded hyperphosphorylated tau proteins forming neurofibrillary tangles and accumulation of 

cytosolic lipids, leading to neuronal and synaptic loss (Murphy and LeVine, 2010; Perl, 2010; 

King et al., 2020). 

 

1.3.3.1 Amyloid beta pathology in AD 

Aβ is a self-aggregating 36 to 43 amino acid peptide (about 28 extracellular amino acids and 12 to 

15 residues of hydrophobic transmembrane domain) generated from the proteolytic cleavage of 

APP in the acidic compartments of the endosomes, by β and γ-secretase during amyloidogenesis 

(Haass and Selkoe, 1993; Lahiri et al., 1994; Robert, 2004; Murphy and LeVine, 2010; Chen et 

al., 2017). APP is a type I transmembrane protein synthesised in the endoplasmic reticulum 

(O'Brien and Wong, 2011, Muresan and Muresan, 2015) and found in high abundance in the CNS 

(Zheng and Koo, 2011; Ramaker et al., 2016). It undergoes alternative splicing and generates APP 

mRNA encoding proteins of 695 (the most abundant isoform found in neurons), 751 and 770 

amino acids. APP is cleaved into fragments by enzymes (α, β and γ-secretases) in order to become 

more functional. In the amyloidogenic pathway, when β-secretase (BACE1) cleaves APP, soluble 

APPβ (sAPPβ) is released leaving a membrane-bound fragment referred to as C-terminal fragment 

beta (CTFβ; C99) (Figure 1.2). CTFβ is cleaved almost immediately by γ-secretase releasing Aβ 

and APP Intracellular Domain (AICD) (Thinakaran and Koo, 2008). The cleavage by γ-secretase 

is somewhat imprecise, causing the production of many isoforms of Aβ, with the most common 

forms being the Aβ40 (~80-90%) and Aβ42 (~5-10%) (Mori et al., 1992; Haass et al., 1993; Murphy 

and LeVine, 2010; Sun et al., 2015). Aβ42, is more hydrophobic and commonly found in plaques 

deposited on the walls of the blood vessels of the brain due to its high tendency to aggregate 

(Selkoe, 2001). However, the plaques do not cause an immediate interference with the functioning 

of the vessels until their involvement becomes severe, leading to vascular rupture, haemorrhaging, 

inflammatory processes and other complications (Kuchibhotla et al, 2008; Meyer-Luehmann et 

al., 2008; Perl, 2010) (Figure 1.2).  
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1.3.3.2 Tau pathology in AD 

Tau is a major microtubule-associated protein usually located in the axon of neurons. It acts as a 

support structure for growing axons, binding to the tubulin of microtubules thereby ensuring 

stability and facilitating intracellular transport (Weingarten et al., 1975; Griffin, 2006; Mietelska-

Porowska et al., 2014). Tau is a phosphoprotein with about 80 serine/threonine and five tyrosine 

potential phosphorylation sites, whose involvement in the development of AD and other 

tauopathies is yet to be fully validated (Buée et al., 2000; Blennow, 2004; Wang et al., 2013). In 

Figure 1.2 Amyloid beta mediated effects in the pathogenesis of Alzheimer’s disease  
Overexpression of β-secretase leads to the cleavage of APP by β and γ-secretase resulting in the formation of Aβ monomers 
and eventually plaques. Plaques obstruct neuron signalling. Its sticky nature allows it to aggregate and adhere to the blood 
vessels causing vascular rupture, haemorrhaging and accumulation of blood in the brain. Aβ also binds to glutamate receptors 
leading to an endocytic process of receptor-bound Aβ and improper functioning of the proteasome. The binding of Aβ to the 
NMDA receptor causes the permeabilisation of the membrane allowing an increased influx of calcium ions into the cell 
cytoplasm. The ions migrate into the matrix of the mitochondria, leading to its permeability, reduced activity, release of 
Cytochrome c and caspases activation.  
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individuals with AD, tau is abnormally hyperphosphorylated causing conformational changes and 

aggregation into paired helical filaments mixed with straight filaments forming neurofibrillary 

tangles (NFTs) (Grundke-Iqbal et al., 1986; Wang and Mandelkow, 2016) (Figure 1.3). The 

sequence of events leading to the formation of NFTs causes the microtubule to fall apart as tau 

detaches. This compromises the integrity of the cytoskeleton, disrupts the intracellular transport 

system of the neuronal functioning and initiates a disease cascade leading to symptoms associated 

with AD (Evans et al., 2000; Iqbal et al., 2000). 

 

 

 
 

 

 

 

 

 

Figure 1.3 Tau protein dysfunction due to hyperphosphorylation  
Under normal physiological conditions, tau is a microtubule-associated protein. However, due to its multiple phosphorylation 
sites, tau could be abnormally phosphorylated by the activities of various protein kinases. This causes tau to detach from the 
microtubules, misfold and form both soluble and insoluble filaments which aggregates to form NFTs. Tau pathology is 
suggested as a downstream phenomenon involving various stimulatory activities, including Aβ. The interference of Aβ with 
various biological pathways causes the phosphorylation of proteins such as tau. This leads to inflammation and stimulation of 
microglial cells to produce cytokines, thereby resulting in the upregulation of kinases involved in tau phosphorylation and 
increased tauopathy. 
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1.3.4 Current drug management for AD 
A limited number of drugs have been approved for the management of AD. They include the 

acetylcholinesterase (AChE) inhibitors: Tacrine (NYT, 1993; Crismon, 1994; NICE, 2011), 

Donepezil (ALZFORUM, 1996, NICE, 2011), Rivastigmine (ALZFORUM, 1996; NICE, 2011; 

Yiannopoulou and Papageorgiou, 2013), Galantamine (NICE, 2011; Kim and Park, 2017); the N-

methyl-D-aspartate (NMDA) receptor antagonists: Memantine (Annicchiarico et al., 2007; NICE, 

2011) and a recently approved amyloid plaque targeted drug, Aducanumab (marketed as Aduhelm) 

(FDA, 2021). 

  

 
Figure 1.4 The chemical structure of the five symptomatic drugs used in the management of AD  
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The first five approved AD drugs are symptomatic treatments and their limitation in usage 

includes, short half-lives, generally poor tolerability and excessive side effects, such as headache, 

anorexia, nausea, diarrhoea, diaphoresis, asthenia, urinary incontinence, severe hepatotoxicity and 

sleep disorder (Eagger et al., 1991; Rubio et al., 2007; Tinklenberg et al., 2007; Schneider, 2009; 

Ma et al., 2014). The use of Tacrine has been discontinued in some countries such as the U.S, due 

to its hepatotoxic effect (Satpute et al., 2015). The other four AD symptomatic drugs, which are 

less toxic and better tolerated are still used in the palliative management of the disease. However, 

these medications are not curative and lose their efficacy as the disease progresses.  

Just recently, after almost two decades of continuous research, an immunotherapeutic drug known 

as Aducanumab (Aduhelm) was newly added to the list of approved AD drugs (FDA, 2021). The 

drug is a human anti-Aβ monoclonal antibody originally derived from healthy aged, cognitively 

normal donors whose immune systems were observed to have successfully resisted AD 

(ALZFORUM, 2021). Unlike the previously approved AD drugs (Tacrine, Donepezil, 

Rivastigmine, Galantamine and Memantine) which targeted the symptoms of the disease, 

Aducanumab targets the underlying pathophysiological process of AD by reducing the amount of 

aggregated amyloid beta plaques present in the brain (Bussiere et al., 2013; Sevigny et al., 2016). 

The anti-Aβ drug is also able to cross the blood-brain barrier and can still be detected weeks after 

dosage. Thus, suggesting a long-term retention (Sevigny et al., 2016). The drug has also been 

observed to preferentially bind parenchymal amyloids over the vascular ones (Bussiere et al., 

2013; Sevigny et al., 2016). However, similar to most treatments, the use of Aducanumab has been 

observed to present side effects. In a previously conducted clinical trial, drug dosage of ≤ 30 mg/kg 

was observed to be generally well tolerated with no severe side effects (Ferrero et al., 2016). 

However, patients who received dosages of 60 mg/kg were reported to show side effects. One such 

unwanted drug reaction was amyloid-related imaging abnormalities (ARIA) (Ferrero et al., 2016). 

ARIA has been described as the most common side effect of Aducanumab usage, even at a lower 

dosage of 10 mg/kg (Sevigny et al., 2016). This drug-related effect is presented as swelling in 

some areas of the brain and can be detected using Magnetic resonance imaging (MRI) scans. Some 

other Aducanumab drug side effects include headache, dizziness, diarrhea, urinary and upper 

respiratory tract infection (Ferrero et al., 2016; Sevigny et al., 2016). Although these side effects 

are said to resolve over time, some scientists are of the opinion that more research needs to be done 

to determine if the benefit of the drug outweighs its side effects. In addition, some experts believe 
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that the use of the drug does not translate into a meaningful difference in the patients’ health 

(Alexander et al., 2021; The Guardian, 2021). Despite these conflicting opinions, evidence has 

suggested that the aggregation of amyloids forming plaques is neurotoxic and contributes to 

neuronal function abnormalities (Kuchibhotla et al, 2008; Meyer-Luehmann et al., 2008). Thus, 

the clearance of these proteins can aid in the modification of AD progression. Therefore, with the 

ability of Aducanumab to target the hallmark of AD (amyloid plaques), its potentials seem to be 

very promising and provides a meaningful therapeutic advantage over the already existing AD 

drugs. However, due to limited information available as at the time of this present study as well as 

imminent post-approval investigations to verify the benefits of this drug, this research focused on 

the already well-known approved AD drugs (Donepezil, Rivastigmine, Galantamine and 

Memantine) and selections were made based on the scientific evidence available. 

In the management of AD, various criteria need to be considered in selecting the best regimen for 

each individual. During the pathogenesis of the disease, there is an upregulated amount of 

acetylcholinesterase (AChE) catalysing the breakdown of the available acetylcholine (ACh) 

(Zhou et al., 2015). This causes a compromise of the cholinergic pathway in the brain, resulting in 

AD symptoms (Herholz, 2008; Zhou et al., 2015; Biswas et al., 2016). The cholinesterase 

inhibitors (Donepezil, Rivastigmine, Galantamine) help to improve these symptoms by enhancing 

the communication between neurons. These drugs increase the concentration and duration of ACh, 

an essential neurotransmitter which is reduced as AD progresses (Colovic et al., 2013). Amongst 

the three AChE currently being used in the management of AD, Donepezil is suggestive to be the 

most advantageous. Firstly, the drug has an oral bioavailability of 100% compared to Rivastigmine 

and Galantamine which have a bioavailability of 71.7% and 88.5%, respectively. Secondly, 

Donepezil has a longer duration of action (70 to 80 h) in comparison to most of the other 

cholinesterase inhibitors (0.3 to 12 h). Thus, allowing for a convenient once-a-day dosing (Ohnishi 

et al., 1993; Nordberg and Svensson, 1998). Furthermore, in a comparative study by Hansen et al. 

(2008), Donepezil and Rivastigmine were reported to be more efficacious than Galantamine. 

Moreover, based on a major drug selection criteria, side effects experienced by the individual, 

Donepezil has been observed to give the least adverse effect, with Rivastigmine showing the 

highest out of the three AChE. Above all, Donepezil has also been observed to activate both 

initiator and activation caspases 8, 9 and 3 in acute promyelocytic leukaemia cells and increased 

the cleavage of PARP-1, thereby resulting in the death of the cancer cells (Ki et al.,2010). Another 
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mechanism of AD treatment involves the use of a receptor antagonist called Memantine. The drug 

acts as a reversible NMDA receptor blocker thereby preventing excitotoxicity through the 

regulation of calcium influx and glutamate activity in the brain (Parsons et al., 1999). Besides the 

use of Memantine in the management of AD, the drug has been reported to be cytotoxic against 

breast cancer cells (Seifabadi et al., 2017). With the ability of these AD drugs (Donepezil and 

Memantine) to target a number of pathways in various diseased conditions, a possibility of an 

unknown beneficial effect on blood cancer, such as CML, may also exist.  

 

1.4 AD drug repurposing in combination with anti-cancer drugs in CML 

treatment  
In a bid to find potentially better therapeutic strategies, several drugs have been used in targeting 

diseases they were not originally developed for (Ki et al., 2010; Fantini et al., 2014; Andresen and 

Gjertsen, 2017; Oral et al., 2017; Seifabadi et al., 2017; Albayrak et al., 2018). Some of the drugs 

used in the treatment of cancer have been shown to have effects in AD treatment (Hayes et al., 

2013; Brunden et al., 2010; Kitaoka et al., 2013; Fantini et al., 2014). This could be due to the 

biological theory that cancer and AD may share common mechanistic links where an alteration in 

certain proteins lead to either carcinogenesis or neurodegeneration. During AD neurodegeneration, 

there is an upregulated amount of AChE enzymes which breaks down the amount of acetylcholine 

released into the synaptic cleft, thereby decreasing the stimulating signals (Zhou et al., 2015). 

Previously, this cholinergic system was believed to be specific to acetylcholine-producing nerve 

cells only. However, emerging evidence indicates that acetylcholine is produced and released in 

both neuronal and some non-neuronal neoplastic cells (Song et al., 2003; Schlereth et al., 2006; 

Cheng et al., 2008). Besides neurotransmission, acetylcholine is now recognised as being involved 

in other functional roles such as proliferation (Song et al., 2003; Cheng et al., 2008; Dobrovinskaya 

et al., 2016), apoptosis (De Sarno et al., 2003; Kakinuma et al., 2005) and cellular migration (Tang 

et al., 2012; Yang et al., 2015; Kato et al., 2021). These roles are fundamental processes observed, 

not only in neurons, but also in non-neuronal cells as well as in tumourigenic cells. Thus, 

suggesting the involvement of the cholinergic pathway in the pathogenesis of malignancies. The 

cholinergic pathway is one of the major targets in AD management involving the use of 

cholinesterase inhibitors. The drugs work by inhibiting AChE, thereby increasing the level of 
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acetylcholine available in the synapses to help alleviate patient symptoms (Colovic et al., 2013). 

Since cancer cells also exhibit a cholinergic system, the use of cholinesterase inhibitors may be an 

effective target against CML cells, acting differently, compared to the protective effects the drugs 

give in the cholinergic pathway of neurons. 

Another AD therapeutic strategy involves the use of NMDA receptor antagonist which targets the 

NMDA receptors in order to prevent cell excitotoxicity due to glutamate activities. These 

glutamate activities seem to be selectively detrimental to non-cancer cells compared to malignant 

cells, as cancer cells have been reported to take in very low concentrations of glutamate but release 

amounts that are sufficient to induce cell toxicity to surrounding cells (Ye and Sontheimer, 1999; 

Seidlitz et al., 2009). This high amount of glutamate released into the extracellular space could 

result in over-stimulation of other NMDA-receptor-expressing cells. Hence, the presence of 

growing cancer cells, such as brain tumour cells, could actively induce cell death in other healthy 

cells surrounding them via excitotoxicity. The inhibitory actions of NMDA receptor antagonists, 

Memantine could aid in attenuating healthy cells from cancer cell-induced toxicity. Therefore, the 

repurposing of AD drugs in the treatment of cancers, such as CML, may prove to be a useful 

approach since these AD drugs are also able to cross the blood-brain barrier, thereby targeting 

cancer cells which may have migrated to the brain and spinal cord, an unfortunate complication 

sometimes associated with CML (Wolff et al., 2003; Radhika et al., 2011; Chiba et al., 2018). 

Furthermore, in previous studies, AD drugs, such as Memantine and Donepezil, have been used to 

target various molecular pathways involved in cancers such as leukaemia (Ki et al., 2010; Kamal 

et al., 2015), prostate (Albayrak et al., 2018) and breast cancer (Seifabadi et al., 2017). At certain 

doses, these AD drugs are seen to be cytotoxic in cancer. In addition, bearing in mind that the 

major limitation of anti-cancer drugs is its toxicity in non-cancer cells, the repurposing of AD drug 

in CML and its use as a combinatory treatment with an anti-cancer drug may help alleviate the 

toxicity observed in normal healthy cells, since AD drugs are known to be cytoprotective. 

However, the mechanism(s) by which these drugs may affect two common regulatory pathways 

(autophagy and apoptosis) in both CML and AD, through the differential modulation of common 

regulatory proteins, under the same experimental condition, is yet to be elucidated. Understanding 

the mechanistic difference cancer and AD drugs (as single and combination treatment) have in 

non-cancer versus cancer cells will be useful in informing our decision in choosing drugs that 

selectively mitigate toxicity in non-cancer cells without affecting its anti-cancer actions. 
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1.5 Cell death and regulatory pathways 

1.5.1 Apoptosis (programmed cell death I) 
Apoptosis is a form of programmed cell death that occurs via a regulated sequence of events. The 

process is characterised by morphological and biochemical hallmarks, including cell shrinkage, 

nuclear DNA fragmentation and membrane blebbing, eventually leading to the elimination of cells 

without the release of harmful substances (Hengartner, 2000; Nikoletopoulou et al., 2013). 

Apoptosis involves the activation of caspases, a family of cysteine proteases, which can be initiated 

through the extrinsic or intrinsic pathway (Loreto et al., 2014). The extrinsic pathway of apoptosis 

is activated when death ligands attach to the death receptors on the plasma membrane of the cells. 

The stimulation of these death receptors (Tumour necrosis factor (TNF), TNF-related apoptosis-

inducing ligands (TRAIL) and Fas receptor) result in the activation of the initiator caspase-8, 

which can propagate the apoptosis signals by direct cleavage of downstream effector caspases, 

such as caspase-3, thereby leading to cell death (Loreto et al., 2014). The intrinsic pathway is 

controlled by the Bcl-2 family of proteins and is initiated by the release of the Cytochrome c, from 

the inner space of the mitochondria due to various apoptotic stimuli (Caltabiano et al., 2013) 

(Figure 1.5). The release of Cytochrome c into the cytosol leads to the formation of the cytochrome 

c/Apaf-1/caspase-9-containing apoptosome complex and the eventual activation of the executioner 

caspase-3 leading to cell death (Hu et al., 1999; Qin et al., 1999; Jan, 2019) (Figure 1.5). The Bcl-

2 family of proteins has been suggested to be key regulators involved in this process (Kuwana et 

al., 2002). The family consists of pro-apoptotic and anti-apoptotic members. The expression levels 

and interaction amongst these proteins play an essential role in the cellular regulation of apoptosis. 

Hence, anti-apoptotic Bcl-2 or Bcl-xL is able to inhibit apoptosis by binding to pro-apoptotic 

proteins (such as Bax and Bak) and interfering with their actions (Oltval et al., 1993; Loreto et al., 

2014). Besides the apoptotic pathway, Bcl-2 proteins also interact with Beclin-1, a protein 

involved in autophagy (programmed cell death II) (Liang et al., 1998; Li et al., 2020).  

 

1.5.2 Autophagy signalling pathway (programmed cell death II) 
Autophagy is a cellular process that plays a dual role by enhancing survival or promoting cell death 

(Nikoletopoulou et al., 2013; Mizushima, 2018). During stressful conditions, aged cellular 

materials are degraded to generate amino acids and fatty acids which can be used for protein 



Rosemary Ofili (M00554158) PhD thesis  
  

29 
 

synthesis and ATP generation in the cell (Zare-shahabadi et al., 2015). However, prolonged 

autophagy can lead to non-apoptotic cell death through excessive self-digestion or activation of 

apoptosis (Shimizu et al., 2004; Linder and Kögel, 2019). Autophagy is characterised by a chain 

of physiological events induced by stimuli such as oxidative stress (Lin and Kuang, 2014; Chang 

et al., 2022), excitotoxicity (Shacka et al., 2007; Davis et al., 2021) and nutrient unavailability 

(Kawamata et al., 2017). The process may occur in three forms: chaperone-mediated autophagy 

(CMA), microautophagy and macroautophagy. CMA is a selective degradation process that 

involves the targeting and lysosomal translocation of soluble intracellular proteins with an amino 

acid sequence related to KFERQ (Q-glutamine flanked by basic-acid-bulky basic/bulky) (Kirchner 

et al., 2019; Robert et al., 2019). The process involves the activity of the chaperone complex 

proteins comprising of heat shock cognate 70 (hsc70), hsc70 interacting protein (hip), heat shock 

protein 40 (hsp40), heat shock protein 90 (hsp90), bcl-2 association anthagogene 1 (Bag-1) and 

the lysosomal proteins including Lysosome Associated Membrane Protein(s) (LAMP) and 

cathepsins. Activation of the CMA causes the cytosolic chaperone complex via hsc70 to 

selectively bind to the recognised motif of a soluble protein and translocate it via the LAMP2A 

receptor in an unfolded state, with the aid of a lysosomal hsc70 (lys-hsc70), into the lysosomal 

lumen, where protein degradation occurs (Gorantla and Chinnathambi, 2021; Ikami et al., 2022). 

Microautophagy is a non-selective process which complements the other two forms of lysosomal 

degradation. The process involves the direct engulfment of cytoplasmic cargoes by lysosomal 

invagination and autophagic tube formation. Macroautophagy, commonly referred to as 

autophagy, is a degradative process involving the formation of autophagosomes which fuses with 

lysosomes to degrade their contents. The process consists of five steps: initiation, nucleation, 

elongation, maturation and fusion (Figure 1.5). The initiation phase begins in the ER with the 

action of a protein complex involving Unc-51 Like autophagy activating Kinase1 (ULK1), which 

is upregulated during energy deficiency via the 5’-adenosine monophosphate-activated protein 

kinase (AMPK) pathway (Laker et al., 2017). AMPK pathway is a highly conserved cellular 

energy sensor found in almost all eukaryotic cells (Vara-Ciruelos et al., 2019). The kinase is 

activated when there is biological stress or a cellular deplete of ATP/AMP or ATP/ADP ratio. This 

causes the binding of AMP or ADP to the binding pocket of AMPK, resulting in a conformational 

change of the kinase and the induction of numerous downstream molecules, either directly or 

indirectly (Davies et al., 1995; Oakhill et al., 2010; Vara-Ciruelos et al., 2019). The activation of 
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AMPK may have dual functionality. The kinase could inhibit the mammalian target of rapamycin 

complex 1 (mTOR1) activities and other energy-consuming pathways to decrease ATP 

consumption (Inoki et al., 2003; Leprivier et al., 2013; Vara-Ciruelos et al., 2019). On the other 

hand, AMPK could promote cell survival by maintaining the levels of intracellular NADPH (Jeon 

et al., 2012) and through the activation of autophagy via ULK1 (Egan et al., 2011; Vara-Ciruelos 

et al., 2019). As autophagy progresses through the initiation phase, ULK1 phosphorylates another 

protein, Beclin-1, which together with its complexes (Vps15, Vps34 and Atg14) form a core 

component of Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) class III kinase complex 

(McKnight and Yue, 2013; Menon and Dhamija, 2018) (Figure 1.5). Increasing concentration of 

PIP3 causes the rapid recruitment of WIPI (WD-repeat protein Interacting with Phosphoinositide) 

proteins which accumulate at the ER forming a cradle-like structure called the phagophore. This 

leads to the recruitment of Atg complex for microtubule-associated protein 1 light chain 3 (LC3) 

lipidation which helps to target selected substrates and proteins to the developing phagophore in 

order to form a mature autophagosome (Strong et al., 2021; Verma et al., 2021). The 

autophagosome then fuses with the lysosome via SNARE proteins and Rab7, forming an 

autolysosome. This results in the degradation of the membrane of the autophagosome with its 

content through proteolytic enzymes and acidification (Zare-shahabadi et al., 2015; Verma et al., 

2021). These proteolytic enzymes are beneficial in cellular recycling, however, an elevated amount 

of enzymes, such as cathepsins, could result in cell death (Talukdar et al., 2016).  

As previously mentioned, the AMPK pathway is regulated by AMP/ATP ratio. Therefore, in the 

presence of high amount of nutrients and energy, mTOR, a downstream effect of the PI3K pathway 

occurring via the phosphorylation and inactivation of Tuberous Sclerosis Complex 2 (TSC2) by 

AKT, is activated. ULK1 activity which is negatively regulated by activated mammalian target of 

rapamycin complex 1 (mTORC1) is turned off, leading to the downregulation of Beclin-1, an 

essential autophagy initiator, which could also be inhibited by anti-apoptotic Bcl-2 (a protein 

involved in apoptosis) (Marquez and Xu, 2012; Menon and Dhamija, 2018), thereby turning off 

the catabolic pathway of autophagy.
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Figure 1.5 Schematic representation of the intrinsic apoptotic pathway and autophagy pathway  
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1.6 Protein modulation of the apoptotic and autophagy pathways in CML and 

AD 
AD and CML are two conditions where common biological malfunctioning results in opposite 

effects, leading to an inverse correlation of death in AD and cell survival in CML. In AD, there is 

progressive death of neuronal cells, while in CML, the cancer cells have the ability to continuously 

divide by bypassing the cell death pathways. Cancer cells are known to be more resistant to death 

stimuli compared to non-cancerous cells. This may be due to the presence of different gene 

expressions in the varying cell types as well as the complex regulation of cell apoptosis and 

autophagy modulated by multiple proteins. Cancer cells are able to alter the processes that could 

detect irregularities in their functions, thereby, preventing the proper signals for cell death 

activation. Therefore, an understanding of the mechanistic differences protein-modulating cancer 

and AD drugs have in non-cancer versus cancer cells will be useful in finding drugs that will 

selectively mitigate toxicity in healthy cells without affecting its anti-cancerous actions.  

Drug targeting in diseases such as CML and AD has been possible through the modulation of 

various intracellular processes, including, autophagy and apoptosis. The promotion and inhibition 

of these processes contribute to the difference between death and survival in cells. The processes 

of autophagy and apoptosis may be regulated by the same proteins (such as Bcl-2 and p62) and 

respond to similar signals (such as growth factors and calcium) (Marquez and Xu, 2012; Song et 

al., 2018; Menon and Dhamija, 2018; Sukumaran et al., 2021). Proteins such as the Bcl-2 family 

are able to induce death or survival by acting on each other or by influencing other molecules, 

including the autophagy-related proteins. The balance between the expression levels of anti-

apoptotic and pro-apoptotic proteins is crucial to the regulation of both the apoptotic and the non-

apoptotic cell death pathways.  

In previous studies, anti-apoptotic proteins such as Bcl-2 have been detected, not only in malignant 

cells, but also in some non-cancerous tissues which demonstrate high cellular turnovers, like the 

intestine, skin, neuronal cells and bone marrow (Hockenbery et al., 1991; Kønig et al., 2019). The 

overexpression of Bcl-2 proteins has been implicated in the promotion of cell survival and poor 

prognosis in cancer (Benito et al., 1995 Ozretic et al., 2018; Song et al., 2019). Although, K-562 

CML cells have been reported to be relatively more resistant to apoptosis-inducing stimuli 

compared to other leukaemic cells such as HL-60 (Diomede et al., 1990; Benito et al., 1995; Yin 
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et al., 2011), NB4 (Zhang et al., 2005; Yin et al., 2011), U937 and KCL22 (Yin et al., 2011), the 

cell line expresses little to no detectable level of Bcl-2 proteins (Benito et al., 1995; Yin et al., 

2011; Cerella et al., 2017; Vu et al., 2020). The relatively higher survival advantage of K-562 cells 

has instead been linked to the increased expression of Bcl-xL, a protein which like Bcl-2, functions 

as an apoptotic death repressor (Zhang et al., 2005; Yin et al., 2011). The Bcl-2 family of proteins 

are able to downregulate apoptosis by inhibiting the permeabilisation of the outer membrane of 

the mitochondria and the release of Cytochrome c through the formation of partnerships with the 

pro-apoptotic proteins based on their Bcl-2 homology 3 (BH3) domains (Kale et al., 2018). For 

instance, Bcl-2 is able to form a bond with its heterodimer partner, Bax, while Bcl-xL may bond 

to its heterodimer partner, Bak (Chen et al., 2005; Kale et al., 2018). 

Another functional property of the Bcl-2 family of proteins includes their involvement in 

autophagy. The anti-apoptotic Bcl-2 proteins, which downregulate apoptosis by antagonising the 

activities of the pro-apoptotic proteins, can also downregulate autophagy through its involvement 

with Beclin-1. Thus, emphasising the possible interconnection existing between the apoptotic and 

autophagy pathways. At the inception of autophagy, Beclin-1, together with its complexes (Vps15, 

Vps34 and Atg14) form a core component of the phosphatidylinositol-4,5-bisphosphate 3-kinase 

(PI3K) class III kinase complex (McKnight and Yue, 2013; Menon and Dhamija, 2018), thus, 

making the protein an essential autophagy initiator. Beclin-1 is able to interact with anti-apoptotic 

Bcl-2 family members including Bcl-2 and Bcl-xL, via its BH3 domain (amino acids 114–123) 

(Shimizu et al., 2004; Pattingre et al., 2005; Xu and Qin, 2019). When pro-apoptotic Bax or Bak 

levels are reduced compared to the levels of anti-apoptotic Bcl-2 or Bcl-xL, the dominant anti-

apoptotic proteins could interact with Beclin-1, thereby preventing the association of Beclin-1 with 

the class III PI3K complex and resulting in the inhibition of the autophagy pathway. The inhibitory 

effect of the protein interaction occurs in the endoplasmic reticulum, but not in the mitochondria 

(Pattingre et al., 2005; Maiuri et al., 2007; Marquez and Xu, 2012). Inhibition of the initiation 

stage of autophagy results in the modulation of LC3 autophagosomal proteins and upregulation of 

p62 proteins (Bjørkøy et al., 2005; Komatsu et al., 2007; Runwal et al., 2019). Several studies 

have reported Beclin-1 as being involved in both the autophagic and apoptotic pathways (Furuya 

et al., 2005; Daniel et al., 2006; Huang et al., 2014). However, Beclin-1 overexpression is unable 

to inhibit the anti-apoptotic action of Bcl-2 or Bcl-xL (Ciechomska et al., 2009). This 

unidirectional action may be possible as a result of the weak binding of Beclin-1 to the anti-
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apoptotic proteins, thereby allowing an ample amount of Bcl-2 or Bcl-xL to be available for anti-

apoptotic functioning (Maiuri et al., 2007). The interaction between Beclin-1 and Bcl-2 or Bcl-xL 

proteins may be disrupted through phosphorylation or ubiquitination of Beclin-1. It can also be 

due to mutation of the BH3 domain of Beclin-1 or the BH3 receptor domains of the anti-apoptotic 

proteins. Alternatively, the disruption could occur due to a displacement of the weak interaction, 

allowing other BH3 only proteins to competitively bind to Bcl-2/ Bcl-xL (Maiuri et al., 2007), thus 

releasing Beclin-1 to be available for autophagic activities.  

Autophagy may serve as an adaptive survival mechanism to protect cells during stressful 

conditions or it could result in a self-destructive process. In malignancies, the role of autophagy 

remains debatable and maybe cancer subtype-specific. A number of studies have described the 

ability of autophagy to function as a tumour suppressant pathway (Laane et al., 2009; Goussetis et 

al., 2012; Tong et al., 2013; Neri et al., 2014; Ristic et al., 2014), while others have documented 

it as a cancer survival pathway (Degenhardt et al., 2006; Samaddar et al., 2008; Wang et al., 2014; 

Cheong et al., 2016). Also, in non-cancer cells, several studies have presented conflicting reports 

about the involvement of autophagy in these cells. There have been contradicting reports of cell 

death due to upregulated autophagy (Matsui et al., 2007; Song et al., 2015; Pabón et al., 2018) and 

cell survival (Hamacher-Brady et al., 2006; McKnight et al., 2014; Yazdankhah et al., 2014). It is 

important to note that non-cancer cells are probably never defective of apoptosis and only induce 

the autophagic cell death pathway when there is no alternative pathway for them to die (Yonekawa 

and Thorburn, 2013).  

The interactions of apoptotic and autophagic modulating proteins may result in the death or 

survival of cells. However, the exact mechanism by which their interactions differ in CML and 

AD models is yet to be elucidated. Thus, the exploration of the protein expression profiles, before 

and after drug treatments, is necessary to give an insight into the differential roles played by these 

proteins under normal physiological conditions in CML and AD models and to aid in better 

understanding the sensitivity of the cells towards cancer and AD drug treatments.  

 



Rosemary Ofili (M00554158) PhD thesis  
  

35 
 

1.7 Summary of the choice of methodology 

1.7.1 Rationale for an in vitro study 
Clinical trials play a pivotal role in providing the evidential basis for modern therapies (Bondemark 

and Ruf, 2015; NIHR, 2019). The methodology involves the comparison of drug efficacy in 

patients suspected or diagnosed with a condition versus those confirmed not to have or are not 

showing any perceptible signs of the disease. However, it must be preceded by in vivo (animal 

studies) and in vitro work to help reduce cost while identifying the relevant biomarkers at the early 

stages of the conditions (Polli, 2008). In most disease conditions such as AD, there is no perfect 

disease model, however, it is essential that an appropriate preclinical model is selected to 

efficiently translate the findings from in vitro to human studies. The adoption of experimental 

models is highly dependent on the specific aspect to be investigated (Drummond and Wisniewski, 

2017). Thus, in order to study specific pathways at the molecular levels in AD, in vitro studies are 

preferable. In oncology, the selection of the most effective therapy remains a major challenge and 

is dependent on continuous trials (Artemov et al., 2015). Hence, in vitro studies are necessary to 

allow for a specie-specific, less complicated and more detailed analysis of the mechanism of drugs 

before progressing to animal and human studies. Moreover, the use of cancer cells distinctly 

similar to the parent histology from which they were obtained, allows for a more detailed study of 

the mechanisms involved and the direct comparison of experimental results (Greshock et al., 

2007). Undisputedly, clinical trials remain the gold standard for the evaluation of drug efficacy in 

humans, however, as mentioned above, they must be preceded by in vivo (animal studies) and in 

vitro work. In vitro studies may not fully simulate in vivo conditions but they form the bedrock for 

studying diseases at a molecular level in order to understand their molecular mechanisms. At 

Middlesex University, in vivo studies are currently not permitted for biomedical research. Hence, 

in this study, an in vitro model was employed for the investigation of the drug modulation of the 

pathways involved in CML and AD. 

 

1.7.2 Selection of cell lines for the study 
1.7.2.1 Selection of cell lines for CML model  

Since the advent of TKIs, CML has had a better prognosis compared to the other forms of 

leukaemia. However, some patients still develop resistance to TKIs and advance to the deadly blast 
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crisis phase (Gorre et al., 2001; Druker et al., 2006; Prakash et al., 2021). This resistant cancer 

prototype exhibits genes which are centrally involved in neoplastic changes and cellular 

differentiation. One important gene is BCR/ABL, which occurs as a result of the translocation 

balance of the Abelson gene (ABL1) from chromosome 9q34 with the breakpoint cluster region 

(BCR) gene on chromosome 22q11.2 (Jabbour and Kantarjian, 2018). The BCR-ABL protein 

generated is a constitutively active tyrosine kinase that influences a number of major signalling 

pathways. The use of established tumour cell lines which have the distinct phenotypic and 

karyotypic characters of CML have been extremely useful models in the molecular investigation 

of the disease (Table 1.1). One of such cell lines is K-562, which is derived from the pleural 

effusion of a 53-year old female CML patient in the myeloid blast phase (Lozzio and Lozzio 1975). 

Considering the great variability amongst CML cell lines, K-562 which has been well described 

in literatures and shows no difference in its transcript expression compared to CML patients 

(Drexler, 1994; Peng et al., 2007; Sales et al., 2019), was employed in this study. 

 

Table 1.1 Features of some commonly used cell lines in CML studies 
K-562 cells  

 K-562 is a CML cell derived from the pleural effusion of a 53-year old female patient in the 
terminal blast phase 
 The cell line is the first CML-derived continuous cell line  
 Erythroid lineage  
 Ph+, -, BCR/ABL+: myeloid, erythroid  

(Lozzio and Lozzio 1975; Klein et al., 1976; Drexler, 1994; Clarke and Holyoake, 2017)  
KU812 cells  

 CML in myeloid blast phase  
 Derived from the peripheral blood of a 38-year-old male patient in blast phase of CML  

(Clarke and Holyoake, 2017)  
Bv-173  

 Bv-173 is a B-cell precursor leukaemia cell  
 Derived from the peripheral blood of a 45-year-old man with CML in blast crisis  
 Ph+  

(Drexler, 1994; Clarke and Holyoake, 2017)  
NALM-1  

 NALM-1 is a B-cell precursor lymphoid cell derived from the peripheral blood of a 3-year-old 
girl with CML in lymphoid blast phase  

 Ph+  
(Minowada et al., 1977; Drexler, 1994; Clarke and Holyoake, 2017)  

KCL-22  
 KCL-22 is Ph+ cells derived from the pleural effusion of a 32-year-old woman with 

CML in myeloid blast phase 
 (Kubonishi and Miyoshi, 1983; Clarke and Holyoake, 2017) 
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KYO-1  
 CML in myeloid blast phase  
 Derived from the peripheral blood of a 22-year-old man with CML in blast phase  
 Ph+  
 Undifferentiated myeloid cell line  

(Ohkubo et al., 1985; Clarke and Holyoake, 2017)  
MOLM-1  

 CML in blast phase  
 Derived from the bone marrow of a 41-year-old man with CML in blast phase  
 Megakaryocytic lineage  

(Drexler, 1994; Clarke and Holyoake, 2017)  
MOLM-6  

 CML in blast phase  
 Derived from the peripheral blood of a 44-year-old man with CML in blast phase  

(Clarke and Holyoake, 2017)  
 

1.7.2.2 Selection of cell lines for an AD-aspect model  

Primary neuronal cells are suitable for neurological studies as they are more biologically relevant 

and resemble in vivo neurons (Gresch and Altrogge, 2012). However, mature neurons do not 

undergo cell division and therefore are challenging to culture in vitro to obtain sufficient cell 

numbers for experiments (Gordon et al., 2013). This poses a challenge to reproducibly measure 

and interpret pharmacological data based on the primary neuronal cells. In addition, primary cell 

lines are also more difficult to transfect (Gordon et al., 2013). Cell transfection will be necessary 

for further studies when developing an in vitro AD model expressing specific proteins. Several 

AD-related in vitro studies have successfully used immortalised cancer cells including SH-SY5Y 

(human neuroblastoma) (Feng et al., 2009; Shi et al., 2011; Liu et al., 2011), IMR-32 (human 

neuroblastoma) (Lahiri et al., 1994; Sarkar et al., 2017), PC12 (rat pheochromocytoma) (Park et 

al., 2008; Chen et al., 2018) and MC65 (sub-clone of human neuroblastoma SK-N-MC) (Lin et 

al., 2009). Non-cancerous cell lines have also been utilised in AD-related in vitro studies including 

CRL-2467 murine microglial cells (Zhao et al., 2013) and HEK293 (human embryonic kidney) 

cells (Peters et al., 2009; Zhu et al., 2011; Rocchi et al., 2017). The use of non-human mammalian 

cell lines overexpressing AD disease-related proteins was initially considered as models for the 

study, however, to limit the evolutionary gap between such models and humans, they were ruled 

out from utilisation in the present study. Table 1.2 provides a summary of some of the commonly 

used cell lines which were considered as AD models for this research. 
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Table 1.2 Features of some commonly used cell lines in AD studies 
SH-SY5Y (human neuroblastoma) 

 SH-SY5Y includes both adherent and suspended cells as it was sub-cloned from SK-N-SH cell 
line, which has been reported to contain dual morphological phenotypes, similar 
to neuroblasts and epithelial cells (Ross et al., 1983)  

 Retinoic acid can be employed in the differentiation of SH-SY5Y cells resulting in 
characteristics similar to neurons while inhibiting epithelial growth. It aids the stimulation of a 
homogenous neuronal cell population, thereby allowing the cells in the culture to be at the same 
phase of the cell cycle. However, this forced differentiation manipulation could lead to 
inconsistent results even after the same differentiation treatment, maybe due to slight variation in 
passage number (Kovalevich and Langford, 2013). 

HEK293 (Human Embryonic Kidney 293) 
 HEK293 is a human-derived fast-growing cell suitable for expression studies as the cell line 

possesses the biochemical ability to carry out most of the post-translational modifications to 
robustly express the protein of the artificially inserted nucleic acids (Thomas and Smart, 2005)  

 The cell line is originated from a similar biological process as neurons and have similar 
regulatory mechanisms (protein folding, trafficking, translation, transcription) (Graham et al., 
1977)  

 HEK293 shows characteristics of an immature neuron, expressing neurofilament subunits and 
neuron-specific proteins (Shaw et al., 2002)  

 HEK293T is a variant of HEK293 which contains the SV40 T-antigen and also neurological 
properties (Shaw et al., 2002).  

N-Tera-2/ NT2 (human embryonal carcinoma neuronal)  
 NT2 cells is a human-derived cell line isolated from a male patient with embryonal carcinoma  
 The cell line can be induced into a neuronal culture with retinoic acid and other inhibitors of 

mitosis  
 Retinoic acid can be used in the differentiation of NT2 cells to generate cells comprising of 

neuronal phenotype (Coyle et al., 2011).  

IMR-32 (human neuroblastoma)  
 IMR-32 is a human-derived cell line which may be differentiated via a multistep process to 

produce a complex feature associated with the cell line (Rao and Kisaalita, 2002)  
 IMR-32 cells have been shown to form intracellular fibrillary material that reacts with anti-Paired 

helical Filament (PHF) specific antibodies, under certain culture conditions. Thus, is employed in 
APP and PHF (Hughes et al., 1994; Neill et al., 1994)  

PC12 (rat pheochromocytoma of the adrenal medulla)  
 PC12 has a neural origin and is extensively used for neuronal studies involving neurosecretion, 

differentiation and neurite outgrowth (Westerink and Ewing, 2008)  
 The cell line can be differentiated into neuronal-like cells by treating them with nerve growth 

factor (NGF) in the absence of serum (Gordon et al., 2013)  

HT-22 (mouse hippocampal neuronal)  
 HT-22 is a mouse neuronal cell line sub-cloned from HT-4 cells (Morimoto and Koshland, 

1990)  
 The cell line is usually employed in neuronal study involving glutamate-induced due to its 

sensitivity to glutamate (Pfeiffer et al., 2014; Sato et al., 2016)  
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No cell line optimally mimics AD. However, based on the characteristics of HEK293 (Table 1.2), 

the cellular aspect and pathways of interest in this study, the HEK293 variant, HEK293T cells, 

were employed as an in vitro model for this AD-related study. HEK293 was originally derived 

from the kidney cells of a human embryo and transformed by exposure to sheared adenovirus type 

5 (Ad5) DNA in a laboratory in the Netherlands, in 1973 (Graham et al., 1977). The cell line has 

been considered a kidney embryonic epithelial cell (Ashokkumar et al., 2006; Cusick et al., 2010), 

as well as fibroblasts (Cooper et al., 1998; Yung et al., 2012). Several studies have mentioned the 

cell as a non-neuronal cell line since they do not express the heterotetrameric amino acid receptors 

(NMDA) which functions as a membrane calcium channel and are essential for the activities of 

the excitatory neurotransmitter in the CNS (Grant et al., 1997; Collett and Collingridge, 2004). 

However, there are contradictory reports that HEK293 cells are derived from a neuronal lineage 

as they exhibit some neuronal traits such as the expression of over 60 neuron-specific genes such 

as neurofilament proteins, neuroreceptors and other ion channel subunits (Berjukow et al., 1996; 

Gunthorpe et al., 2001; Shaw et al., 2002; Thomas and Smart, 2005). It is thought that the 

adenovirus employed for cell transformation specifically targets neuronal lineage cells, turning on 

genes which could otherwise remain quiescent, even after the differentiation of the cells. Several 

variants of HEK293 cells have been developed. However, in this study, HEK293T, a variant that 

is able to amplify vectors containing the SV40 origin of replication, thus increasing protein 

expression levels during transfection (Lin et al., 2014), was employed. HEK293T, was selected 

for this study for various reasons including, its human origin and neuronal lineage. Unlike some 

other human-derived cell lines used in AD studies, which had to undergo forced differentiation in 

other to express characteristics similar to neurons, HEK293T needed no such manipulation. Also, 

to rule out the issue of changes in karyotype, selection and tumourigenicity, HEK293T cells were 

utilised at low passage numbers of less than 10. Since very high passage numbers have been 

observed to be associated with tumorigenicity in the original HEK293 cell line (Shen et al., 2008). 

Furthermore, due to the presence of SV40 origin of replication in its biochemical machinery, 

HEK293T is able and allows a robust expression of any protein of interest from artificially inserted 

nucleic acids (Thomas and Smart, 2005). This feature would be necessary for the transfection 

studies envisaged to follow this present one, wherein the expression of gene(s) of interest, related 

to AD, will be targeted and investigated. 
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1.7.3 Drug selection for the study 
In order to investigate the common pathways involved in CML and AD, already known drugs used 

in the treatment of these conditions were utilized.  

Imatinib is the gold standard, frontline therapy for CML (Johnson et al., 2003; Medeiros et al., 

2018). Its specific mode of action helps reduce tyrosine kinase activity and prevents excess 

proliferation of cells in CML. Prior to drug selection, literature search was done to acquire more 

knowledge regarding the effects of Imatinib in the considered pathways as well as other molecular 

pathways (Table 1.3). Also, the cell types used as well as drug concentrations, were considered. 

Based on the importance of Imatinib in CML treatment and scientific findings, the drug was 

included in this study. However, due to drug intolerance or resistance, not all patients respond to 

Imatinib treatment and as such, the drug has been reported to fail or have a suboptimal response 

in some patients (Gorre et al., 2001; Branford et al., 2002; Stagno et al., 2007; Baccarani et al., 

2013; Prakash et al., 2021). Therefore, an alternative treatment strategy also needed to be 

considered. 

In this study, K-562 cells were employed as cell models for the blast phase of CML. A phase where 

treatment is very worrisome due to mutations and increased drug resistance. In the blast crisis 

phase of CML, the cells are observed to act like ALL cells (Derderian et al., 1993; Cortes et al., 

2016; Houshmand et al., 2019). Acute lymphoblastic leukaemia cells have been shown to be more 

sensitive to chemotherapeutic drugs such as Vincristine, Dox and Dexamethasone (Kantarjian et 

al., 2000). Dox is an anti-cancer agent with a different mode of cytotoxic action. The drug is a 

broad-spectrum antibiotic used in the treatment of cancers due to its potent killing effect (Gamen 

et al., 2000; Pilco-Ferreto and Calaf, 2016). It is one of the most effective anti-cancer drugs 

reported to effectively reduce cell viability of cancer cells by inducing apoptosis, as a single drug 

or in combination (Sadeghi-Aliabadi et al., 2010; Pilco-Ferreto and Calaf, 2016). Dox is one of 

the most useful anti-cancer agents and still represents the cornerstone in the therapy of many 

carcinoma types. For these reasons, further literature reviews were carried out on the molecular 

effects of Dox, considering the cell lines and drug concentrations used (Table 1.4) and Dox was 

also included in the study.  
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Table 1.3 In vitro effects of Imatinib in cancer and non-cancer cells 
Experimental models Drug(s) used 

(Conc.) 
Incubation 

time Molecular effects References 

*Chronic myeloid leukaemia K-562 cells Imatinib (1 
μM) 

48 h ↑ apoptotic cell death 
↑ LC3B-II (+ bafilomycin)  
↑ senescence 
↓ in p21 
↑ in p27 

Drullion et al., 
2012 

*Human gastric cancer cell lines: AGS, MKN45, 
and SNU638 
*Mouse Embryonic Fibroblasts (MEF) 

Imatinib (30, 
50, 100 μM) 

48 h ↓ cell viability in all three gastric cancer cell lines 
↓ cell proliferation in a time‑ and dose‑dependent 
manner 
↑ cell cycle arrest at the G2/M phase 
↑ apoptosis in AGS and SNU638 cells 
↑ ROS in AGS cells in a time-dependent manner 

Kim et al., 
2019 

*BCR/ABL+ (K-562, BV173, KCL22, KU812, 
MC3, LAMA84) cell lines 
*BCR/ABL – (KG1, SU-DHL-1, U937, Daudi, 
NB4, NB4.306) cell lines 
*Non-neoplastic (PHA blasts, LAK, fibroblasts, 
LCL, renal epithelial cells, endothelial cells, 
CD34(+)) and fresh human leukemic cells 

CGP57148B 
(Imatinib 0.1, 
0.3, 1, 3, 10 

μM and 
1,2,4,16 μM) 

1 h – 4 
days 

↓ proliferation in all BCR/ABL+ cell lines 
↑ apoptosis 
↓ tyrosine phosphorylation in K-562 and LAMA84 
cells 
 

Gambacorti-
Passerini et al., 

1997 

*Mouse neuroblastoma (N2a), muscle (C2C12), 
hypothalamic (GT1) cell lines 
*Murine neuronal septum (SN56 cells), fibroblast 
(NIH3T3) 
*Monkey kidney (COS-7, Vero) cell lines 
*Chinese hamster ovary cells CHO  
*Human lung carcinoma cell line (A549), 
peripheral blood mononuclear, 
semi-permanent foreskin fibroblasts 

Imatinib (0.25 
- 20 μM) 

24 h ↑ in size and amount of lysosomes 
↑ LC3-II 
↑ autophagosomes in N2a, COS-7, A549, GTI, SN56 

Ertmer et al., 
2007 

*Human leukaemia cell lines: K-562 and TK6 
cells 

Imatinib (0.01 
- 10 μM) 

 
 

24, 48, 72 
h 
 

↑ cytotoxicity in TK6 cells 
↓ proliferation in K-562 cells 

Almeida et al., 
2018 

Dox (0.001 - 
1 μM) 

↓ cell viability (both cell lines) 
↓ proliferation (both cell lines) 

Fucoxanthin 
(0.1 - 10 μM) 

↑ cytotoxicity in K-562 cells 
↓ cell proliferation (both cell lines) 
↓ Bcl-2 and caspase-3 

Where, ↑ = Activation, upregulation, induced  ↓ = Deactivation, downregulation, inhibited
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Table 1.4 Molecular effects of Dox in some experimental studies 
Experimental models Drug(s) used 

(Conc.) 
Incubation 

time Molecular effects References 

*Hela tumour cells Dox (0.1, 1 
and 2 μM) 

 
 

72 h 
 

↓ cell survival 
 

Sadeghi-
Aliabadi et 
al., 2010 Simvastatin 

(0.25, 0.5, 1, 2, 
5 and 10 μM) 

↑ cell viability (0.25 μM)) 
↓ cell survival (2, 5 and 10 μM) 

*Breast cancer cells  
MCF-10F, MCF-7, MDA-MB-231 
 

Dox (1, 2, 4 
and 8 μM) 

24 and 48 
h  
 

↓ cell viability 
↑ apoptosis 
↑ oxidative stress 

Pilco-Ferreto 
and Calaf, 

2016 
*Male rats (Sprague Dawley; 500-520g) Dox (12 

mg/kg) (i.p 
administration) 

Sacrificed 
7 days 
later 

↑ kidney damage 
↑ oxidative stress 
↑ apoptosis and necrosis 

Lahoti et al., 
2012 

*MCF‐7 breast cancer cells  Adriamycin 
(1-5 µM) 

0 - 48 h ↑ apoptotic cell death 
 

Leung and 
Wang, 1999 

*Human hepatoblastoma cell line: HepG2 Taxol (50 nM) 
+ Dox (5 µM)  

0 - 72 h Inability of Bcl-2 protein alone to protect cells from 
drug-induced apoptosis 

Luo et al., 
2000 

*Acute myeloid leukaemia (MOLM‑13, 
OCI-AML2) cells  
*U‑937 histiocytic lymphoma monocytic cells 
*Chronic myeloid leukaemia K-562 cells 

Dox ( 0.5, 1, 5 
µM) 

48 h ↓ viability of MOLM‑13 cells  
Selective toxicity against MOLM‑13 vs U‑937 cells  
↓ proliferation in MOLM‑13 cells 
↑ apoptotic and necrotic death in U-937 cells 
↓ Beclin-1 protein expression in MOLM‑13 cells 
Bcl‑2 (15‑20 kDa isoform) was found to be selectively 
expressed in MOLM‑13 cells only 

Vu et al., 
2020 

Where, ↑ = Activation, upregulation, induced  ↓ = Deactivation, downregulation, inhibited
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In the management of AD, a limited number of drugs have been approved. They include the 

acetylcholinesterase (AChE) inhibitors: Tacrine (NYT, 1993; NICE, 2011), Donepezil 

(ALZFORUM, 1996, NICE, 2011), Rivastigmine (ALZFORUM, 1996; NICE, 2011; 

Yiannopoulou and Papageorgiou, 2013), Galantamine (NICE, 2011; Kim and Park, 2017); the N-

methyl-D-aspartate (NMDA) receptor antagonists, Memantine (Annicchiarico et al., 2007; NICE, 

2011) and the newly approved immunotherapeutic drug, Aducanumab. Tacrine was excluded from 

drug the selection because it is known for its cytotoxicity and has been banned in most countries 

(Satpute et al., 2015). Also, for the lack of substantial evidence at the time of this research, 

Aducanumab was exempted from the study. Amongst the AChE, Donepezil was selected for 

various reasons. Firstly, the drug has an oral bioavailability of 100% compared to Rivastigmine 

and Galantamine which had a bioavailability of 71.7% and 88.5%, respectively. Donepezil also 

has a longer duration of action (70 to 80 h) in comparison to most of the other cholinesterase 

inhibitors (0.3 to 12 h). The drug has also been reported to show the least adverse effect, with 

Rivastigmine showing the highest out of the three AChE (Hansen et al. 2008). Donepezil has been 

observed as being involved in the apoptosis of acute promyelocytic leukaemia cells (Ki et 

al.,2010). Memantine, the only approved NMDA antagonist which has been reported to promote 

cell survival by exerting anti-autophagic and anti-apoptotic effects, was also recruited for the study 

(Song et al., 2015; Chen et al., 2017). In cancers, such as prostate (Albayrak et al., 2018) and 

breast (Seifabadi et al., 2017) cancers, Memantine has been shown to induce apoptosis. Based on 

the multiple modes of action of these AD drugs, an AChE, Donepezil and NMDA antagonist, 

Memantine were selected for this study. Moreover, based on the author’s literature findings, both 

drugs seemed to be the most documented in cancer research amongst all the approved AD drugs.  

With extremely limited data available on the potential cancer-killing effect of neuroprotective 

drugs, it would be interesting to investigate the effects of Donepezil and Memantine in CML. Thus, 

both drugs were employed in this study along with approved frontline CML drug, Imatinib and the 

very potent chemotherapy drug, Dox. 
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1.7.4 Summary of the rationale for the study 
Target-specific CML drugs are unable to eradicate all sub-clones of neoplastic stem cells in CML, 

particularly in the CNS. Therefore, it is necessary to investigate other non-target-specific cancer 

drugs, such as Dox, as well as drugs known to penetrate the CNS (Donepezil and Memantine), as 

alternative strategies for CML treatment. Currently, there are limited data comparing drugs for AD 

and CML. Therefore, studies involving the effect of these drugs as single treatments and in 

combination, in cell models of these diseases are warranted. Apoptosis and autophagy are two 

complex regulatory pathways common in AD and CML. Thus, investigating the modulation of 

these pathways by CML and AD drugs may help elucidate the possible interconnection between 

these two conditions and provide strategies to tackle them. 
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1.8 Aims and Objectives 

1.8.1 Aim of the study 
To study the crosstalk between cell apoptosis and autophagy in the modulation of cell death and 

to determine if AD medications, singly and in drug combination with a CML drug, has the potential 

to be repurposed for the treatment of CML. 

 

1.8.2 Objectives of the PhD study 
The objectives for achieving the aims were: 

• To evaluate the effects of selected cancer (Imatinib and Doxorubicin) and AD (Memantine and 

Donepezil) drugs on apoptotic and autophagy pathways, using cell models of CML and AD.  

• To investigate the effects of combination drug, Doxorubicin and Memantine, on the 

modulation of the apoptotic and autophagic pathways to attenuate death in the non-cancer cells 

without inhibiting the death of the CML cells. 

 

1.8.3. Novelty of the research 
AD drugs, such as Memantine, have been reported to have anti-cancerous effects via the NMDA 

channels. However, their role in the apoptotic and autophagic pathway of CML is limited. Herein, 

the molecular effects of selected AD and anti-cancer drugs were studied in a cell model of CML 

compared to non-cancerous HEK293T cells, under the same experimental conditions. 

Furthermore, as an innovative therapy approach, Memantine was combined with an anti-cancer 

drug, Doxorubicin, to complement its chemotherapeutic effect in CML while decreasing toxicity 

in non-cancer cells. 

 

1.9 Outline of the thesis 
Background literature, rationale, aims and objectives of this study have been provided in this 

chapter. Chapter 2 outlines the experimental procedures used to achieve the objectives of this PhD 

work. Chapter 3 reports the basal levels of apoptotic and autophagic proteins in cell models of 

CML (K-562) compared to AD (HEK293T). It also describes the effects of anti-cancer (Imatinib 
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and Dox) and AD (Donepezil and Memantine) drugs, as single-drug treatments in the cells. For 

further studies, a combination drug (Dox/Memantine) was selected based on the results acquired 

in chapter 3. Chapter 4 reveals the potentials of Dox/Memantine drug combination in K-562 and 

HEK293T cells. Chapter 5 summarises the key findings, overall discussion and conclusion of the 

study.  
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Chapter 2 
Method
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2. Method 
2.1 Cell Culture and maintenance 
Human embryonic kidney cells, HEK293T, from American Type Culture Collection (ATCC) was 

cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Thermo Fischer Scientific, UK), 

while K-562 chronic myelogenous leukaemia cells (purchased from ATCC) were cultured in 

Gibco RPMI 1640 medium (purchased from Thermo Fischer Scientific, UK) as recommended by 

ATCC. The individual media were supplemented with 10% foetal bovine serum, 1% L-glutamine 

and 1% penicillin/streptomycin (sourced from Thermo Fischer Scientific, UK). The cells were 

maintained at 37°C in a 5% CO2 humidified incubator. Cell passaging was performed at least twice 

a week or when the cells were about 80% confluent. All experiments carried out utilised cells at 

passage number 3 to 6. Trypan blue dye exclusion test was carried out using HyClone™ Trypan 

blue dye to determine the number of viable cells and cell viability of 97% and above was the 

accepted standard for proceeding with any experimental assay.  

 

2.2 Trypan blue exclusion assay 
Growing cells were assessed periodically and percentage cell viability was determined using the 

trypan blue exclusion assay. The method is based on the principle that live cells possess intact 

membranes which excludes dyes while dead cells have a compromised cell membrane that is 

penetrable by dyes. To determine the percentage viability of the cells (K-562 and HEK293T), an 

aliquot of the cell suspensions containing a convenient-to-count number of cells was centrifuged 

and re-suspended in 5 mL of media. A volume of the re-suspended cell suspension was then mixed 

with trypan blue dye in a 1:2 dilution and incubated for 2 min at room temperature. Afterwards, a 

drop of the cell-dye mixture was then applied on a clean haemocytometer and viewed under a light 

microscope. The number of viable (unstained) and dead (stained) cells were counted to determine 

the total number of cells. While the percentage of viable cells was calculated thus: 

Viable cells (%) = Total number of viable cells per aliquot x100 

   Total number of cells per aliquot 

The assay was also utilised to determine the doubling time of the cells. The exponential phase was 

then determined and experiments were carried out using cells in this phase. 
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2.3 Cell viability measurement using CyQUANT® Direct assay 
Human embryonic kidney cells (1x105 cells/mL) were individually treated with Memantine, 

Donepezil and Dox at final concentrations of 1, 5 and 10 μM for 24 and 48 h in 96 well plates. 

Cells treated with dimethyl sulfoxide (DMSO) (final conc. 0.05%) (vehicle) served as a control 

for the experiment. Actively dividing cells in their exponential phase were used for this experiment 

and the treatments were performed in triplicates. After the incubation periods, 48 µL of 

CyQUANT® Direct nucleic acid stain, a live cell-permeable reagent, and 240 µL of the 

background suppressor I masking dye both from the CyQUANT® Direct Cell Proliferation Assay 

kit (Invitrogen, UK) were combined with 11.7 mL of PBS, to make a total reagent-mix of 12 mL, 

which was sufficient for each microplate. CyQuant® Direct assay was the preferred option for 

assessing cell viability as it measures the DNA content of the cells, which is a tightly regulated 

indicator that directly correlates to cell number. The assay employs a combination of dyes. The 

masking dye blocks the staining of dead cells or cells with compromised cell membranes resulting 

in only healthy live cells being stained by the CyQuant® Direct nucleic acid intercalation dye. 

Following the preparation of the detection reagent-mix, 100 µL was added to the cell treatments 

in each well. The microplates were then incubated at 37°C for 40 minutes in the dark and 

fluorescence signals (excitation 485 nm, emission 520 nm) were detected using a microplate 

reader. Cell viability was quantified based on the number of stained live cells, which was linearly 

dependent on the fluorescence intensity given off by these cells. 

 

2.4 Flow cytometry cell death assessment using double staining of AlexaFluor® 

488 Annexin V/PI 
HEK293T cells (1x106 cells/mL) were treated with Dox (final concentration of 1 µM, 5 µM), 

Imatinib (final concentrations of 1 µM), Memantine (final concentration of 1 µM, 5 µM, 10 µM) 

and Donepezil (final concentration of 1 µM, 5 µM, 10 µM). The same density of K-562 CML cells 

were also treated with Dox (final concentration of 1 µM), Imatinib (final concentrations of 1 µM) 

and Memantine (final concentration of 1 µM, 5 µM, 10 µM). Following a 48 h incubation period, 

the cells were harvested by centrifugation (5,000 rpm for 5 min), washed twice in cold PBS and 

re-suspended in 1X Annexin-binding buffer. The cell suspension was then stained with Alexa 

Fluor® 488 Annexin V (5 µL), propidium iodide (PI; 1 µL of 100 µg/mL) and incubated in the 
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dark at room temperature for 15 minutes. Prior to analysis using BD FACSCalibur flow cytometer, 

the cells were further diluted in 400 – 500 µL of annexin-binding buffer.  

Annexin V conjugated to the Alexa Fluor® 488 dye and Propidium iodide (PI) was used in 

combination to label and differentiate the cell population based on their membrane integrity and 

permeability. Healthy cells possess an intact plasma membrane composed of lipids which are 

distributed on the inner and outer surface of the membrane. One of such lipids located in the inner 

leaflet of the cell membrane is called phosphatidylserine (PS). In the early stages of apoptosis, the 

membrane of the cell is altered causing PS to be translocated from the inner to the outer part of the 

plasma membrane. Annexin V, is a calcium dependent phospholipid-binding protein with high 

affinity for PS. The protein (conjugated to a fluorescence dye) binds to the exposed PS on the cell 

surface causing the cells to show green fluorescence. During necrosis, the integrity of the plasma 

membrane decreases and the cells becomes permeable to PI, which causes cells to show red 

fluorescence. Hence, dead cells show both red and green fluorescence. Viable cells maintain an 

intact membrane and show little to no fluorescence. This dual staining technique allows for 

discrimination between viable, apoptotic and necrotic cells during the analysis on BD 

FACSCalibur flow cytometer. Flow cytometry is a valuable tool for the measurement of the 

properties of a population of cells. The technique is based on the principle of light scattering and 

emission of fluorescence as laser beam hits the cells. Detectors within the system are able to 

measure fluorescence in tagged cells, forward and side scatter which corresponds to the size and 

complexity of the cells, respectively.  

BD CellQuest Pro Software was used for general data acquisition and analysis. The total event 

was set at 10,000. The fluorescence emission was measured at 530 nm (FL1) and 575 nm (FL3), 

using wavelength 488 nm excitation and the viable cell population which had a low fluorescence 

were distinguished from the non-viable cells based on the differential staining.  

 

2.5 Gel electrophoresis and Western immunoblotting 

2.5.1 Protein extraction and quantification 
To probe for the expression of apoptotic and autophagy regulating proteins, as well as amyloid 

beta 40 and 42 proteins, gel electrophoresis and Western blot analyses were carried out. HEK293T 

and K-562 cells were individually treated with Dox (1 µM), Imatinib (1 µM), Donepezil (1, 5, 

10 µM) and Memantine (1, 5, 10, 20, 30, 50 µM). K-562 cells were also treated with a combination 
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of Dox (1 µM) and chloroquine (1 µM). In a follow-up investigation, HEK293T as well as K-

562 cells were treated with a combination of Dox (1 µM) and Memantine (1 µM). Following a 48 

h incubation period, the drug-treated cells were harvested, washed with cold PBS buffer and lysed 

for total protein extraction. Cell lysing was carried out using Pierce™ RIPA Buffer (Thermo 

Scientific, UK) containing undiluted Halt Protease Inhibitor Cocktail (HPIC, Thermo Scientific, 

UK) to prevent proteolytic degradation during cell lysis and protein extraction. HEK293T adherent 

cells were scraped off the walls of the treatment flask. Cells were sonicated and centrifuged at 

14,000 rpm for 10 min at (4°C). The total volume of supernatant containing the protein extracts 

were collected and the total protein concentration was determined using Bio-Rad Bradford protein 

assay reagent. Absorbance acquisition was determined with the aid of the FLUOstar Omega (BGM 

Labtech) plate reader at 595 nm wavelength. A standard curve was constructed based on the 

absorbance measurements of a set of protein standards whose concentrations (100 - 1500µg/mL) 

span the range that can be quantified by the Bradford assay. Afterward, regression lines and 

equations were then generated and used to calculate the concentrations of the HEK293T and K-

562 protein samples. 

  

2.5.2 SDS-PAGE electrophoresis, immunoblotting and visualisation 
Following protein quantification, protein samples (30 μg each) were separated using SDS-PAGE 

(sodium dodecyl sulfate polyacrylamide gel electrophoresis) technique, in Bio-Rad Mini-

PROTEAN® TGX™ precast polyacrylamide gels. SDS is an anionic detergent that disrupts the 

tertiary structure of proteins, giving the molecules a negative charge. When the proteins have the 

same charge, their electrophoretic mobility is inversely proportional to the molecular size of the 

proteins, under a given electric field. Therefore, larger proteins receive more friction and migrate 

slower through the gel. For amyloid beta, separation was carried out using 18% 

acrylamide/ bisacrylamide tris-tricine gels due to the small size of the protein. Gel 

electrophoresis was carried out for 1h at a constant voltage of 100 V and then transferred unto 

a 0.2 µM Trans-Blot Turbo nitrocellulose membrane (Bio-Rad, UK). Due to the interaction of the 

proteins with SDS during gel electrophoresis, the negatively charged proteins can successfully 

migrate unto the anode-facing nitrocellulose membrane, under electric current. The membrane 

blots were blocked in 5% BSA or 5% non-fat milk (depending on the protein of interest to be 

probed) prepared in PBS containing 0.01% Tween-20 (PBS-T) for 1 h at room temperature. 
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Blocking steps were necessary to prevent background noise due to non-specific binding of 

antibodies. Subsequently, corresponding blots were incubated overnight, on a rocker at 4°C with 

the following primary antibodies (specific to the target protein) diluted in either 5% w/v BSA or 

non-fat milk, 1X PBS-T: anti-Bcl-2 (1:1000; cat#ab32124, Abcam), anti-Bcl-xL (1:1000; 

cat#ab32370, Abcam), anti-Bax (1:1000; cat#ab32503, Abcam), anti-Bak (1:1000; cat#ab32371, 

Abcam), anti-Cytochrome c (1:5000; cat#ab133504, Abcam), anti-Beclin-1 (1:2000; 

cat#ab207612, Abcam), anti-p62 (1:1000; cat#ab91526, Abcam), anti-LC3B (1:3000; 

cat#ab51520, Abcam), anti-beta Amyloid 1-42 (1:1000; cat#ab12267, Abcam) or anti-beta 

Amyloid 1-40 (1:1000; cat#ab20068, Abcam) and mouse monoclonal antibodies against the 

loading control, β-actin (1:3000 dilution; Bio-Rad, UK). After the overnight incubations, the 

membrane blots were washed with PBS-T prior to a 1 h incubation at room temperature with Goat 

Anti-Rabbit/ Anti-Mouse IgG (H+L)-HRP conjugated secondary antibody (Bio-Rad, UK). 

Secondary antibodies were selected based on their ability to recognise the host species used for 

producing each primary antibody. It was also ensured that the host animals for the primary and 

secondary antibodies differ in order to increase binding specificity. Antibody complexes were 

visualised using Thermo Scientific Pierce ECL Western Blotting Substrate. This 

chemiluminescent assay depends on the reaction between the HRP conjugated on the secondary 

antibodies and the luminol substrate, thereby emitting light which can be captured and measured 

to quantify the analyte in the sample. The protein band intensities were quantified using Image 

Studio Software on the Odyssey® Fc LI-COR Imaging System. Protein expressions were 

normalised to the loading control, β-actin. This was achieved by dividing the quantified expression 

of each protein by the corresponding β-actin detected in that same lane. The ratio obtained is more 

reliable than using the absolute expression values in comparing protein expression from one lane 

to another. This normalisation method helps to minimise or rule out the issue of variation which 

may arise from unequal sample loading across gel lanes and/or uneven transfer of proteins from 

gel to membrane. 

 
2.6 Statistical analysis 
Each procedure was performed in at least three independent experiments and data were expressed 

as mean ± standard error of the mean (S.E.M.). Statistical analyses were performed using Minitab 

18® software. Normality and equal variance tests were conducted to determine if the data were 
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parametric. Parametric data were then analysed using one-way ANOVA for group analyses with 

the application of Tukey test. Statistical significance was accepted when p-value was found to be 

less than or equal to 0.05. All relevant outputs of the statistical analyses performed are in the 

Appendices (I – X). 
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3. Evaluation of the effects of selected leukaemic and Alzheimer’s 

disease drugs on the apoptotic and autophagy pathways using cell 

models for AD and CML  

3.1 Introduction 
CML is a stem cell disease in which the presence of BCR-ABL oncoprotein causes an unregulated 

growth and accumulation of myeloid leukaemia cells in the bone marrow and blood (Wang et al., 

2014). Unlike non-cancer cells, these genetically altered cells are able to devise multiple ways to 

circumvent cell death (Wuilleme-Toumi et al., 2005; Agrawal et al., 2008; Sakuma et al., 2013; 

Zhao et al., 2014). One such mechanism is the modulation of proteins involved in the apoptotic 

pathway, perhaps through the increased and decreased expressions of anti-apoptotic (such as Bcl-

2 and Bcl-xL) and pro-apoptotic (such as Bax, Bak and Cytochrome C) proteins, respectively. The 

de-stabilisation of these proteins inhibits dimerisation of the pro-apoptotic proteins in the 

mitochondrial outer membrane through the counteraction of the anti-apoptotic proteins, thereby 

suppressing apoptotic death in leukaemic cells. Apoptotic proteins may also interact with 

autophagy-related proteins (including Beclin-1, LC3-I, LC3-II and p62). Thus, dysregulation of 

apoptosis may be involved in the poor regulation of autophagy, contributing to poor treatment 

outcomes.  

Presently, Imatinib is the gold standard, frontline therapy for CML treatment (Johnson et al., 2003; 

Medeiros et al., 2018). The drug is action-specific and inhibits the growth of CML cells by 

competitively binding to BCR-ABL oncoprotein (Capdeville et al., 2002; Druker, 2008; Moschovi 

and Kelaidi, 2021). However, during the deadly blast crisis phase of CML, where the cells 

resemble AML cells, the prognosis is dismal. Hence, a more aggressive therapy, such as Dox, is 

often included (Bassan et al., 1987; American Cancer Society, 2022). Dox is known for its 

effectiveness against several cancers, including haematological (Panaretakis et al., 2002; Li et al., 

2019), stomach (Florou et al., 2013) and breast (Pilco-Ferreto and Calaf, 2016) cancers, due to its 

ability to interact with a cell’s DNA structure. This results in the inhibition of the action of DNA-

associated enzymes, leading to cell death (Meriwether and Bachur, 1972; Momparler et al., 1976). 

However, due to the non-selective killing action of Dox (Wang et al., 2004; Li et al., 2016; 

Fraczkowska et al, 2018), there is a need to study ways of reducing its toxicity in non-cancerous 
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cells. Interestingly, a number of studies have reported Donepezil (Ki et al., 2010) and Memantine 

(Kamal et al., 2015; Seifabadi et al., 2017; Yoon et al., 2017; Albayrak et al., 2018) as possessing 

anti-cancer properties. This raises the possibility of repurposing AD drugs for the treatment of 

cancers such as CML. However, little is known about the mode of action that AD drugs exert to 

give the cytotoxic effect in cancer cells, with almost no report on their effects in CML. Therefore, 

in this chapter, two intricately connected pathways (apoptosis and autophagy) which may respond 

to the same key regulatory proteins were investigated to evaluate how therapeutically relevant 

doses of established anti-cancer and AD drugs may possibly modulate these pathways in in vitro 

models of CML and AD. 

 

3.2 Aims and Objectives 

3.2.1 Aim of the study 
To investigate the molecular effects of leukaemic and AD drugs in the modulation of the apoptotic 

and autophagic pathways in cell models of CML (K-562 cells) and AD (HEK293T cells). 

 

3.2.2 Objectives of the study 
• To determine if AD drugs (Donepezil and Memantine) exert an inhibitory effect on the 

viability of non-cancerous HEK293T cells compared to Dox  

• To determine the cell death effects induced in leukaemic- and AD- drug-treated K-562 and 

HEK293T cells 

• To compare the basal levels of apoptotic and autophagy proteins in K-562 and HEK293T cells  

• To evaluate how leukaemic and AD drugs, as individual drug treatments, are able to modulate 

the apoptotic and autophagic pathways in the investigated cell lines 

• To select potential compounds for a combinational drug study 
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3.3 Results  

3.3.1 Method development 

3.3.1.1 Growth pattern of K-562 and HEK293T cell lines incubated under normal growth 

conditions 

Under normal growth conditions, the pattern of growth for K-562 CML cells and non-cancerous 

HEK293T cells were periodically assessed to ensure that the growth condition was optimal for the 

cells to be investigated. A representative of a trypan blue dye exclusion assay carried out is shown 

in Figure 3.1. The growth of the cells was observed to increase slowly during the lag phase as a 

result of the initial adaptation of the cells to the growth environment. The lag phase was then 

followed by the exponential (log) growth phase. The doubling time for both cell lines was 

approximately 24 h. All experiments were carried out with cells showing growth within the 

exponential phase. Cell viability was required to be 97% or above before proceeding with any 

experimental assay. 

 

 

 

 

 

 

 

 

Figure 3.1 Growth curve of K-562 and HEK293T cell lines under normal growth conditions  
Trypan blue assay was used to assess the growth pattern of viable (A) K-562 cells within a 54 h incubation period (B) HEK293T cells within a 96 
h incubation period. The doubling time for both cell lines was approximately 24 h. 
 

A B 
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3.3.1.2 The effect of the vehicle (dimethyl sulfoxide) on K-562 and HEK293T cell lines 

To determine if the solvent had an effect on the cell viability of K-562 and HEK293T, the cells were incubated in DMSO (final conc. 

0.05%) and the effect was compared to cells separately co-incubated in culture media (RPMI or DMEM) for 24, 48 and 72 h. Cell 

viability test was then conducted using CyQUANT® Direct assay. An initial decrease in K-562 and HEK293T cells incubated in media 

for 24 h compared to the 0 h (control cells), was observed (both p < 0.01). However, the cell viability of K-562 cells was later (at 72 h) 

observed to increase significantly compared to the control cells (p < 0.05). No statistically significant difference was observed between 

cells treated with 0.05% DMSO (vehicle control) compared to untreated cells in media (p > 0.05) (Figure 3.2). As the test drugs required 

organic solvent for dissolution, for further experiments DMSO (final conc. 0.05%) was used for the drug preparations and as vehicle 

control. 

 

     

 

 

 

 

 

 

A 

Figure 3.2 Effect of the vehicle (DMSO) on the cell viability of incubated K-562 and HEK293T cell lines  
CyQUANT® Direct assay was employed to measure the cell viability of (A) K-562 and (B) HEK293T cells after 24, 48 and 72 h incubation in DMSO (final conc. 0.05%) compared to 
media control. Experiments were repeated three times and data are expressed as mean ± SE of percentage control. Basic statistical analysis was performed using 2-sample t-test and 
significant difference are shown as: * when p ≤ 0.05, significant; ** when p ≤ 0.01, highly significant. No statistical difference, indicated as ‘ns’, was seen between the cells incubated in 
0.05% DMSO versus cells in media control. 
 

B 
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3.3.2 Dox inhibited the cell viability of non-cancerous HEK293T more potently than 

Memantine and Donepezil 
In order to determine if the established AD drugs, Memantine and Donepezil, had an effect on the 

growth of non-cancerous HEK293T cells at therapeutically relevant concentrations, cell viability 

was assessed using CyQUANT® Direct assay. HEK293T cells were treated separately with 0.05% 

DMSO (the vehicle control), 1, 5 and 10 µM of Dox, Memantine and Donepezil. Dox, an 

anthracycline antibiotic known to be toxic to both non-cancerous and cancerous cells served both 

as a test compound and a positive control drug in the experiment (Figure 3.3). 

Dox inhibited the cell viability in a dose- and time-dependent manner with a very high statistical 

significance (p < 0.001, at all three concentrations) compared to the vehicle control (Figure 3.3). 

At 48 h, the drug reduced cell viability by 64%, 88% and 93% in 1, 5 and 10 µM Dox-treated 

HEK293T cells, respectively (Figure 3.3).  

When treated with Memantine, HEK293T cells showed no statistically significant difference from 

the untreated control cells (p > 0.05), except for the 24 h Memantine 1 µM-treated cells, which 

increased viability by 41% (p < 0.05). Contrary to this, the lowest tested concentration of 

Donepezil (1 µM) significantly inhibited cell viability by 49% (p < 0.01) and 43% (p = 0.001) at 

24 and 48 h, respectively, compared to the vehicle control. However, a higher concentration of 

Donepezil (10 µM) induced a slight but statistically significant increase in the viability of 

HEK293T cells at 48 h (p < 0.05) (Figure 3.3). Noteworthy is that time (24 and 48 h) did not affect 

the activities of Memantine or Donepezil (at 1,5 and 10 µM) (Appendix IIB). However, the activity 

of Memantine (1 µM) was observed to be significantly different from the inhibitory action 

observed in the Donepezil (1 µM)-treated HEK293T cells at both the 24 and 48 h time point tested 

(p < 0.05) (Appendix IIIB). 
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Figure 3.3 The effect of Donepezil and Memantine on HEK293T cell growth compared to Dox  
The cell viability of HEK293T cells treated with Dox, Memantine and Donepezil (1, 5 and 10 µM) was assessed using CyQUANT® Direct assay. 
Dox inhibited HEK293T cell viability in a dose- and time-dependent. At the lowest concentration tested (1 µM), Memantine increased the cells 
viability. On the other hand, Donepezil (1 µM) inhibited HEK293T cell viability by 49% and 43% at the 24 and 48 h, respectively. But at the 
highest dose of tested (10 µM), Donepezil caused an increased cell viability at 48 h. 
Experiments were repeated at least three times and the data are expressed as mean ± SE. Statistical analysis was performed using one-way ANOVA, 
Tukey post-hoc test for grouping and pairwise comparison. Basic statistics were performed using 2-sample t-test to compare HEK293T cells treated 
with 0.05% DMSO versus media. Statistical differences were accepted as: p > 0.05, no significance (ns); *, p ≤ 0.05, significant; **, p ≤ 0.01, 
highly significant; ***, p ≤ 0.001, very highly significant. 
 



Rosemary Ofili (M00554158) PhD thesis  
  

61 
 

3.3.3 Memantine and Donepezil did not promote apoptotic death in HEK293T and 

K-562 cells, in contrast to the effect of Dox  
Unusually, Donepezil at a low concentration of 1 µM showed more cytotoxic effect to HEK293T 

cells than at higher concentrations (5 and 10 µM) (Figure 3.3). In order to verify the validity of 

these results, cell death analyses using Annexin V/PI assay were carried out on Donepezil-treated 

HEK293T cells. For comparison, the effects of Memantine on HEK293T and K-562 cells were 

also assessed. All cell treatments were compared to the vehicle cells, which acted as the negative 

control. Dox (5 µM) and Imatinib (1 µM) were employed as positive controls for HEK293T and 

K-562 cells, respectively.  

Minimal cell death (< 5%) was observed in all Memantine and Donepezil drug-treated HEK293T 

and K-562 cells (Table 3.1). However, when the Memantine treatments were compared in both 

cell lines, Memantine 1, 5 and 10 µM were shown to kill 9.6%, 11.6% and 10% more K-562 cells 

than HEK293T cells, respectively. This effect was found to be significant in Memantine 10 and 1 

µM treated cells (p < 0.05). 

At 48 h, Dox 1 and 5 µM killed 37% and 57% of HEK293T cells, respectively, which was 

significant compared to the untreated HEK293T negative control cells (p < 0.01) (Table 3.1). Dox 

(1 µM) also decreased the cell viability in K-562 cells by 26% compared to the control cells (p < 

0.05). However, 11% more HEK293T cells were observed to be killed compared to the cancerous 

K-562 cells (p < 0.05) (Table 3.1). When K-562 cells were incubated in Imatinib (1 µM), the drug 

caused a reduction in the viability of the CML cells by 23% at 48 h, compared to the control cells 

(p < 0.05). Even though Dox (1 µM) reduced K562 cell viability by 3% more than observed in 

Imatinib (1 µM)-treated cells, the difference was not statistically significant (p > 0.05) (Table 3.1). 
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Table 3.1 Cell death effects of anti-cancer and AD drugs in HEK293T and K-562 cells 
Treatments                  HEK293T                                                        K-562 

 Viable cells Non-viable cells Viable cells Non-viable cells 

Control cells 97.6 ± 0.10 2.4 ± 0.10 88.0 ± 1.22 12.0 ± 1.22 

Dox 5 µM 43.0 ± 1.50*** 57.0 ± 1.50 NT NT 

Dox 1 µM 63.1 ± 2.36** 36.9 ± 2.36 74.1 ± 0.84* 25.9 ± 0.84 

Donepezil 10 µM 98.6 ± 0.28 1.5 ± 0.28 NT NT 

Donepezil 5 µM 98.0 ± 0.07 2.0 ± 0.07 NT NT 

Donepezil 1 µM 96.5 ± 0.76 3.5 ± 0.76 NT NT 

Memantine 10 µM 98.9 ± 0.16 1.1 ± 0.16 88.9 ± 0.19 11.1 ± 0.19 

Memantine 5 µM 98.7 ± 0.10 1.3 ± 0.10 87.1 ± 3.11 12.9 ± 3.11 

Memantine 1 µM 99.3 ± 0.53 0.7 ± 0.53 89.7 ± 0.79 10.3 ± 0.79 

Imatinib 1 µM NT NT 77.1 ± 1.97* 22.9 ± 1.97 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results are presented as the mean cell population (%) ± standard error. n=2. Statistical difference was accepted 
as *, p ≤ 0.05, significant; **, p ≤ 0.01, highly significant; ***, p ≤ 0.001, very highly significant. compared to 
untreated cells. NT = not tested 
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3.3.4 K-562 and HEK293T cells expressed contrasting amounts of proteins at basal 

level 
Before studying the modulation of proteins in drug-treated cells, the expression levels of some 

proteins involved in apoptosis (Bcl-2, Bcl-xL, Cytochrome c, Bak and Bax) and autophagy 

(Beclin-1, p62, LC3) were investigated in HEK293T and K-562 cells under basal (untreated) cell 

growth conditions.  

K-562 cells showed lower basal expressions of the pro-apoptotic proteins (Cytochrome c, Bak and 

Bax) (all p ≤ 0.001) and a higher level of anti-apoptotic Bcl-xL (p = 0.01) compared to HEK293T 

cells (Figure 3.4A & C). The levels of Bcl-xL in K-562 cells were observed to be 3.8 times higher 

than the amount detected in HEK293T cells (Figure 3.4C). However, the expression of anti-

apoptotic Bcl-2 in the leukaemia K-562 cells was below the detection level (Figure 3.4C).  

Beclin-1 was highly expressed in both cell lines, with HEK293T showing a 2.9-fold higher 

expression compared to K-562 cells (p < 0.01, Figure 3.4C). The level of the autophagosome 

formation proteins (LC3-II/ LC3-I) was 2.6-fold higher in HEK293T than in the CML cells (p < 

0.05, Figure 3.4C). Also, there was an 8.6-fold less expression of p62 proteins in HEK293T 

compared to K-562 cells which were very highly significant (p < 0.001) (Figure 3.4C).  

In order to assess the basal level of amyloid beta proteins expressed in the HEK293T cells, amyloid 

beta 40 and 42 proteins were probed. However, the proteins were observed to be below the limit 

of detection (Figure 3.4B).  
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Figure 4.1 The effect of Donepezil and Memantine on HEK293T cell growth compared to Dox.  
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Figure 3.4 Basal protein levels expressed in HEK293T and K-562 cell lines 
(A) Representative blot image showing the protein expression levels in 48 h incubated HEK293T and K-562 cells  
(B) Representative blot image for Aβ40 and Aβ42 probing in HEK293T cells. Aβ protein was below the limit of detection  
(C) Bar chart showing the detected apoptotic and autophagy protein levels, normalised to β-actin  
Protein expressions were determined using Western blot analyses. Unstressed K-562 cells showed greater survival ability compared to HEK293T 
cells by downregulating the expression of pro-apoptotic proteins.  
Experiments were repeated three times and data are expressed as mean ± SE. Basic statistical analysis was performed using 2-sample t-test and 
significant differences were shown as: * when p ≤ 0.05, significant; ** when p ≤ 0.01, highly significant; and ***, p ≤ 0.001, very highly 
significant. 
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3.3.5 Imatinib promoted the expression of pro-apoptotic proteins in K-562 cells 
To determine the effect of the first-line treatment for CML, K-562 cells were treated with Imatinib 

(1 µM) and compared to the non-cancerous HEK293T cells.  

In HEK293T cells, Imatinib increased the expression of pro-apoptotic Bak (p = 0.001) as well as 

anti-apoptotic Bcl-2 (p < 0.001) and Bcl-xL (p = 0.01) proteins (Figure 3.5B & C). A 5-fold 

increase of Bax proteins was also observed in these cells but was not statistically significantly 

different from the untreated HEK293T cells (Figure 3.5B). In addition, Imatinib had no effect on 

the expression of Cytochrome c in the HEK293T cells (p > 0.05) (Figure 3.5B).  

For the autophagic markers, a decrease in the levels of Beclin-1 was observed, however, the 1.2-

fold decrease was not statistically different compared to the levels of Beclin-1 expressed in 

untreated HEK293T cells (p > 0.05) (Figure 3.5D). LC3 protein levels were also unaffected by 

Imatinib treatment but the sequestosome1-multifunctional adaptor protein, p62/SQSTM1, was 

increased 8.2-fold (p < 0.001) (Figure 3.5D).  

When the apoptotic markers were assessed in Imatinib-treated K-562 cells, the CML cells showed 

an increase in Bak (p < 0.05) and Cytochrome c (p = 0.001) expressions with a concomitant 

decrease in the level of anti-apoptotic Bcl-xL (p < 0.01) (Figure 3.5B & C). However, the 1.3-fold 

Bak increase observed in the Imatinib-treated K-562 cells (p < 0.05, compared to untreated K-562 

cells) was much lower compared to the 10.2-fold change increase observed in Imatinib-treated 

HEK293T cells (p = 0.001, compared to untreated HEK293T cells; p = 0.001, comparison between 

the cells) (Figure 3.5B). Also, the very low levels (near to the detection limit) of Bax and the non-

detectable levels of Bcl-2 which were observed in untreated K-562 cells were not significantly 

altered by Imatinib treatment (Figure 3.5B & C).
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Figure 3.5 Effects of Imatinib on the levels of proteins involved in apoptosis and autophagy in HEK293T and K-562 cell lines after 48 h treatment 
(A) Representative Western blot image 
(B) Pro-apoptotic proteins: Cytochrome c, Bak and Bax (C) Anti-apoptotic proteins: Bcl-xL and Bcl-2 (D) Autophagy-related proteins: LC3, p62 and Beclin-1 
Imatinib modulated the apoptotic pathway. In K-562 cells it caused an increase in the levels of Bak and Cytochrome c, while decreasing the levels of Bcl-XL proteins. But in HEK293T 
cells, the drug increased the levels of Bcl-XL as well as Bcl-2 anti-apoptotic proteins.  
Data were normalised to β-actin expression levels. Experiments were repeated thrice and data are expressed as mean ± SE. Basic statistical analysis was performed using 2-sample t-test 
and significant differences were shown as: p > 0.05, no significance (ns); * when p ≤ 0.05, significant; ** when p ≤ 0.01, highly significant and ***, p ≤ 0.001, very highly significant. 
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3.3.6 Dox modulated both the apoptotic and autophagy proteins in HEK293T and 

K-562 cells 
The effects of Dox (1 µM) on different proteins involved in the apoptotic and autophagic pathways 

were evaluated. 

In both cell lines (HEK293T and K-562) tested, Dox had no significant effect on the levels of anti-

apoptotic Bcl-2 proteins expressed, compared to their individual controls (p > 0.05, for both cell 

lines). However, the drug caused an 8.6 and 6-fold decrease in the levels of Bcl-xL in K-562 and 

HEK293T cells, respectively, when compared to their untreated control cells (p < 0.01, for both 

cell lines) (Figure 3.6C). 

When the pro-apoptotic proteins were evaluated, Dox-treated HEK293T cells showed a 3.5-fold 

reduction, 1.1 and 1.4-fold increase in the expressions of Bax (p < 0.01), Bak (p < 0.05) and 

Cytochrome c proteins, respectively, compared to the untreated HEK293T control cells (Figure 

3.6B). 

In the Dox-treated K-562 cells, there was a significant decrease of 1.9-fold in the levels of pro-

apoptotic Bak proteins compared to the untreated K-562 cells (p < 0.001) (Figure 3.6B). Also, the 

initially observed low levels of Bax proteins (0.005, normalised to β-actin) were observed to 

further decrease below the level of detection. However, these decreased levels were not significant 

when compared to the low levels of Bax in the untreated K-562 cells (p > 0.05) (Figure 3.6B). 

Despite the reduced levels observed in both pro-apoptotic Bak and Bax proteins, a statistically 

significant high amount of 8.8-fold increase of Cytochrome c protein was detected, compared to 

the untreated K-562 control cells (p = 0.001) (Figure 3.6B). 

When autophagy proteins were assessed, Dox-treated K-562 cells showed a 1.4-fold increase in 

the levels of Beclin-1 protein compared to the untreated K-562 cells (p < 0.05). Also, in 

comparison to the untreated K-562 control cells, Dox-treated K-562 cells showed a very highly 

significant increase of LC3-II to LC3-I ratio (p < 0.001) with an extremely low level of p62 

proteins, which was below the limit of detection (p = 0.001) (Figure 3.6D). In contrast to K-562 

cells, in Dox-treated HEK293T cells, an accumulation of p62 proteins occurred (p < 0.001), as the 

level of Beclin-1 declined 2-fold compared to the control (p = 0.001) (Figure 3.6D). 
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Figure 3.6 Effects of Dox on the levels of proteins involved in apoptosis and autophagy in HEK293T and K-562 cell lines after 48 h treatment  
(A) Representative Western blot image 
(B) Pro-apoptotic proteins: Cytochrome c, Bak and Bax (C) Anti-apoptotic proteins: Bcl-xL and Bcl-2 (D) Autophagy-related proteins: LC3, p62 and Beclin-1 
Dox modulated the apoptotic and autophagy pathways. The drug downregulated the levels of Bcl-XL and upregulated Cytochrome c in both K-562 and HEK293T cell lines. In the 
autophagy pathway, Dox induced an increase in the autophagic activities in K-562 cells but reduced it in HEK293T cells.  
Data were normalised to β-actin expression levels. Experiments were repeated thrice and data are expressed as mean ± SE. Basic statistical analysis was performed using 2-sample t-test 
and significant differences were shown as: p > 0.05, no significance (ns); * when p ≤ 0.05, significant; ** when p ≤ 0.01, highly significant and ***, p ≤ 0.001, very highly significant. 
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3.3.6.1 Chloroquine-induced autophagy inhibition upregulated Bcl-2 and downregulated 

Cytochrome c in Dox-treated K-562 cells 

In order to verify if the autophagy activities absent in HEK293T but observed in Dox (1 µM)-

treated K-562 cells acted as a cytoprotective mechanism or contributed to its cytotoxic death 

effects, chloroquine diphosphate (CQ) was employed to cause a blockage in the observed 

autophagy flux in K-562 cells. 

The incubation of K-562 cells with Dox (1 µM) alone showed autophagic activities with the 

involvement of upregulated Beclin-1 proteins (Figure 3.6D). When the CML cells were treated 

with CQ (10 µM), there was still no significant effect on the expression levels of Beclin-1 

compared to the levels observed in untreated and Dox 1 + CQ 10 (µM) combination-treated cells, 

respectively (both p > 0.05) (Figure 3.7B).  

When the final stage of autophagy was probed through the investigation of p62 (an adaptor protein 

which itself is degraded during autophagy), the levels of the proteins remained unchanged in the 

CQ-treated cells compared to the untreated K-562 control cells (p > 0.05) (Figure 3.7B). However, 

these unchanged p62 protein levels were very significantly higher when compared to K-562 cells 

treated with Dox alone, where an undetectable level was initially observed (p < 0.001) (Figure 

3.7B).  

An examination of the Dox-CQ combination-treated K-562 cells showed a 1.7-fold decrease in 

p62 levels compared to the untreated control cells (p < 0.001) (Figure 3.7B). The combination-

treated cells also showed an increase in p62 proteins when compared to Dox and a decrease when 

compared to CQ, both with very high statistically significant differences (p < 0.001) (Figure 3.7B). 

Furthermore, the effect of the CQ-induced autophagy inhibition was examined in the apoptotic 

pathway. The treatment of K-562 cells with CQ showed an increase in the expression levels of 

anti-apoptotic Bcl-2 proteins compared to the untreated control and Dox 1 µM treated K-562 cells 

(both p < 0.001) (Figure 3.7C). When the Dox-CQ combination-treated cells were examined, the 

cells showed a level of Bcl-2 which was very significantly higher than the untreated control cells 

(p < 0.001) and 7.7-fold higher compared to the levels observed in the K-562 cells treated with 

Dox 1 µM alone (p < 0.001) (Figure 3.7C). However, these Bcl-2 levels in the Dox-CQ-treated K-

562 cells remained 1.4-fold lower than the levels observed in K-562 cells treated with CQ alone 

(p < 0.05) (Figure 3.7C). 
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For pro-apoptotic protein, Cytochrome c, CQ-treated K-562 cells resulted in a non-significant 

increase of the protein compared to the untreated control cells (p > 0.05) (Figure 3.7C). However, 

these increased Cytochrome c levels were observed to be 3.3-fold lower than the amount expressed 

in Dox-treated K-562 cells (p = 0.001) (Figure 3.7C). When the Dox-CQ combination-treated cells 

were assessed, a 1.9-fold non-significant increase in Cytochrome c was measured (p > 0.05, 

compared to the untreated control cells). These levels were also observed to be lower (5-fold) than 

the amounts expressed in the Dox-treated K-562 cells (p < 0.001) (Figure 3.7C). 
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Figure 3.7 Effects of Dox-CQ co-incubation compared to Dox or CQ sole treatments on the levels of proteins involved in apoptosis and autophagy in K-562 cell lines 
after 48 h treatment  
(A) Representative Western blot image 
(B) Autophagy-related proteins: Beclin-1 and p62  
(C) Anti-apoptotic Bcl-2 and pro-apoptotic Cytochrome c 
Cells were treated with Dox (1 µM) + CQ (10 µM), Dox (1 µM) or CQ (10 µM) and protein expressions were determined using Western blot. The CQ-treated K-562 cells indicated autophagy 
blockage through the increase of p62 levels. The levels of anti-apoptotic Bcl-2 was also elevated in these autophagy-inhibited K-562 cells.  
Data were normalised to β-actin expression levels. Experiments were repeated at least twice and data are expressed as mean ± SE. Statistical analysis was performed using one-way ANOVA, 
Tukey test and the statistical differences amongst treatments and/or controls were accepted as: p > 0.05, no significance (ns); * when p ≤ 0.05, significant; ** when p ≤ 0.01, highly significant 
and ***, p ≤ 0.001, very highly significant. 
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3.3.7 Donepezil inhibited autophagy activities in HEK293T cells 
The effects of Donepezil (1, 5 and 10 µM) on different proteins involved in the apoptotic and 

autophagic pathways of HEK293T and K-562 cells were evaluated. 

An upregulation of Bak proteins by 8, 4.9 and 6.7-fold was observed in HEK293T cells treated 

with 1, 5 and 10 µM of Donepezil, respectively (Figure 3.8B). In addition, Cytochrome c levels 

were also increased except in the 5 µM Donepezil-treated cells, where a 1.3-fold decrease was 

observed but this was statistically non-significant compared to the untreated control cells (p > 0.05) 

(Figure 3.8B). The levels of Bax proteins were also increased in the HEK293T Donepezil-treated 

cells, however, the increase was not significant compared to the control (p > 0.05) (Figure 3.8B).  

When anti-apoptotic proteins were examined, Bcl-2 was observed to be upregulated at all 

concentrations of Donepezil tested (p < 0.01) (Figure 3.8C). The levels of Bcl-xL were also 

increased in Donepezil-treated HEK293T cells. However, the 3.5 and 3.9-fold increases observed 

in Donepezil 5 μM and 10 μM treated cells, respectively, were not significant when compared to 

the untreated HEK293T control cells (p > 0.05) (Figure 3.8C). At the lowest concentration, 

Donepezil 1 µM, which was initially observed to reduce HEK293T cell viability (Figure 3.3), 

showed a significant increase of 4.9-fold in the expression level of Bcl-xL proteins (p < 0.05) 

(Figure 3.8C).  

In K-562 cells, Cytochrome c levels were increased by 4.8, 8.5 and 8.3-fold in 1, 5 and 10 µM 

Donepezil-treated cells, respectively (p < 0.01) (Figure 3.8B). The levels of Bax proteins were also 

increased in K-562 cells. However, the 6-fold increase observed at the lowest concentration of 

Donepezil tested, 1 µM, was not statistically significant compared to the untreated K-562 cells (p 

> 0.05) (Figure 3.8B). The levels of Bak showed a non-significant increase of 1.2, 1.3 and 1.3-fold 

in Donepezil 1, 5 and 10 µM-treated K-562 cells, respectively (Figure 3.8B).  

The assessment of the anti-apoptotic proteins in K-562 cells showed that the levels of Bcl-xL in 

all concentrations of Donepezil tested were not statistically different from the untreated K-562 

control cells (p > 0.05) (Figure 3.8C). Also, the expression of Bcl-2, which was initially observed 

to be below the limit of detection, was increased in all the Donepezil-treated K-562 cells. However, 

this increase was not significantly different when compared to the control (p > 0.05) (Figure 3.8C).  
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In the autophagy pathway, all Donepezil treatments showed a highly significant decrease in the 

levels of Beclin-1 in HEK293T (p ≤ 0.001, at all three concentrations) with upregulation of p62 

proteins (p < 0.01, at all three concentrations) (Figure 3.8D). The levels of LC3-II/LC3-I in the 

Donepezil 1 and 5 µM-treated HEK293T cells were increased by 3 and 2.3-fold, respectively (p < 

0.01) (Figure 3.8D). 

In K-562 cells, Beclin-1 levels were also highly significantly decreased in all Donepezil treatments 

compared to the untreated K-562 control cells (p < 0.01, at all three concentrations). The levels of 

p62 showed no statistically significant change compared to the control (p > 0.05), except at the 

highest concentration of Donepezil (10 µM), where a 1.4-fold reduction was observed (p < 0.05) 

(Figure 3.8D). An increase of 4.3, 1.6 and 1.1-fold in LC3-II/LC3-I levels was observed in 

Donepezil 1, 5 and 10 µM-treated K-562 cells, respectively. However, the increase was non-

significant when compared to the untreated K-562 cells (Figure 3.8D). 
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Figure 3.8 Effects of Donepezil on the levels of proteins involved in apoptosis and autophagy in HEK293T and K-562 cells lines after 48 h treatment 
(A) Representative Western blot image 
(B) Pro-apoptotic proteins: Cytochrome c, Bak and Bax (C) Anti-apoptotic proteins: Bcl-xL and Bcl-2 (D) Autophagy-related proteins: LC3, p62 and Beclin-1 
Cells were treated with Donepezil (1, 5, 10 µM) and protein expressions were determined using Western blot. In K-562 cells, at 5 and 10 µM Donepezil induced an increase in Bax levels. 
Cytochrome c was also upregulated in the K-562 cells at all concentrations tested. In the autophagy pathway, Donepezil was observed to reduce autophagy activities in HEK293T cells by 
reducing Beclin-1 levels and increasing the expression of p62.  
Data were normalised to β-actin expression levels. Experiments were repeated thrice and data are expressed as mean ± SE. Basic statistical analysis was performed using 2-sample t-test and 
significant differences were shown as: p > 0.05, no significance (ns); * when p ≤ 0.05, significant; ** when p ≤ 0.01, highly significant and ***, p ≤ 0.001, very highly significant. 
 

A 
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3.3.7.1 The levels of pro-apoptotic and anti-apoptotic regulators determine the fate of cells 

In order to verify if HEK293T Donepezil 1 and 10 µM-treated cells, which showed an increase in 

both pro-apoptotic (including Cytochrome c) and anti-apoptotic proteins (Figure 3.8B & C), were 

more susceptible to apoptotic cell death rather than survival, the Bax:Bcl2 and Bax:Bcl-xL ratios 

were examined.  

The ratio of Bax:Bcl2 was increased by 10%, 161% and 50% in Donepezil 1, 5 and 10 µM-treated 

HEK293T cells, respectively (Figure 3.9). However, Bax:Bcl-xL ratio was observed to decrease 

by 37% and 16% in Donepezil 1 and 10 µM-treated HEK293T cells, respectively (Figure 3.9). 

However, both alterations of Bax:Bcl2 and Bax:Bcl-xL ratios were non-significant compared to 

the untreated HEK293T control cells (p > 0.05). The levels of Bax:Bcl-xL in Donepezil 5 µM-

treated HEK293T cells remained unaltered (Figure 3.9). 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Effects of Donepezil on apoptotic-related protein ratios in HEK293T cells 
Cells were treated with Donepezil (1, 5, 10 µM) and protein expressions were determined using Western blot. Donepezil-treated HEK293T 
cells (48 h) showed no modification to Bax:Bcl-2 nor Bax:Bcl-xL ratios. Protein expression levels were normalised to β-actin and expressed 
as mean ± SE (n=3). Basic statistical analysis was performed using 2-sample t-test and no statistical difference, indicated as ‘ns’, was seen 
between the untreated HEK293T control cells versus the Donepezil=treated cells. 
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3.3.8 Memantine upregulated anti-apoptotic proteins in HEK293T cells but not in 

K-562 cells 
Following the ability of the NMDA receptor antagonist, Memantine, to promote cell viability in 

HEK293T cells (Figure 3.3), the drug was investigated to determine its effects in the apoptotic and 

autophagy protein expression levels in both non-cancerous HEK293T and K-562 CML cells.  

In the autophagy pathway, a highly significant decrease of 2.1, 1.7 and 1.7-fold in Beclin-1 levels 

were observed in HEK293T cells incubated in Memantine 1, 5 and 10 µM, respectively (p < 0.01, 

for all three concentrations), compared to the untreated cells. The levels of p62 proteins in these 

Memantine-treated cells were also observed to be significantly upregulated, compared to the 

untreated HEK293T control cells (p < 0.01, at all three concentrations) (Figure 3.10D). When 

LC3-II to LC3-I ratio were measured, the levels of the autophagosome formation marker in 

Memantine (5 and 10 µM)-treated HEK293T cells were observed to be non-significantly altered, 

except in HEK293T cells treated with the lowest tested concentration of Memantine, 1 µM, which 

showed a highly significant 2.2-fold increase (p < 0.01) (Figure 3.10D). 

In K-562 cells, Beclin-1 showed a very highly significant 2.5, 2.1 and 2-fold decrease in 

Memantine 1, 5 and 10 µM treatments, respectively, compared to the untreated K-562 control cells 

(p < 0.001, at all three concentrations) (Figure 3.10D). The levels of p62 and LC3-II/LC3-I proteins 

were increased at the same Memantine concentrations. However, the 1.5-fold increase of p62 

observed in Memantine 5 µM-treated K-562 cells as well as the increased levels of LC3 in 

Memantine 1, 5 and 10 µM-treated cells, were not significantly different from the untreated control 

cells (p > 0.05) (Figure 3.10D). 

To determine if higher doses of Memantine would have a different effect on the protein levels 

expressed compared to the investigated lower concentrations (1, 5 and 10 µM), 20, 30 and 50 µM 

of Memantine were included in the experimental study. 

In HEK293T cells, Beclin-1 levels were observed to remain low showing a decrease of 2.7, 2.8 

and 2.5-fold in Memantine 20, 30 and 50 µM-treated cells compared to the untreated HEK293T 

control cells (p < 0.001, at all three concentrations) (Figure 3.10D). The expression levels of p62 

in these higher-concentration Memantine-treated cells were lowered to the level of the control. 
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LC3-II/LC3-I was reduced below the control levels and was non-significant when compared to the 

untreated cells (p > 0.05) (Figure 3.10D). 

When the pro-apoptotic proteins were investigated, the high concentrations (20, 30 and 50 µM) of 

Memantine exerted a 3.6, 2.1 and 2.4-fold reduction in the levels of Cytochrome c in HEK293T 

cells, respectively (p < 0.01, at all three concentrations). But at the lower tested concentrations, the 

high levels of Cytochrome c remained similar to the control, except at 5 µM where a significant 

increase of 1.4-fold was observed (p < 0.01) (Figure 3.10B). In Bax proteins, an increase of 5.3, 

1.7 and 4.2-fold was observed in HEK293T cells treated with Memantine 1, 5 and 10 µM, 

respectively. However, the Bax levels decreased, even below the control and showed a 3.5, 2.5 

and 1.9-fold reduction when the cells were treated with the higher concentrations of 20, 30 and 50 

µM of Memantine, respectively, compared to the untreated cells. None of the changes in the Bax 

levels were significant when compared to the untreated HEK293T control cells (p > 0.05) (Figure 

3.10B). Furthermore, pro-apoptotic Bak levels were also observed to increase in HEK293T cells 

treated with low doses of Memantine. At 5 µM, a significant increase of 4.7-fold was observed (p 

< 0.05), while Memantine 1 and 10 µM treatments induced a very highly significant increase of 

9.5 and 11.8-fold of Bak proteins, respectively (p < 0.001) (Figure 3.10B). At higher 

concentrations of Memantine, Bak levels were much lower but still showed a 3.3, 1.6 and 1.8-fold 

increase compared to untreated cells. However, the Bak increased levels observed at these higher 

concentrations were not significant compared to the control (p > 0.05) (Figure 3.10B). 

In HEK293T cells, anti-apoptotic Bcl-2 proteins showed a 4, 1.9 and 1.6-fold increase in 1, 5 and 

10 µM Memantine low-dose treated cells, respectively (p < 0.01, at all three concentrations). At 

higher concentrations of 20, 30 and 50 µM, Bcl-2 levels were reduced to similar levels as the 

untreated HEK293T cells, showing no statistical difference compared to the control (p > 0.05) 

(Figure 3.10C). In Memantine 20, 30 and 50 µM-treated HEK293T cells, another anti-apoptotic 

protein, Bcl-xL, showed a 2.4, 2.6 and 3.7-fold reduction below the control. However, the decrease 

was statistically non-significantly different compared to the untreated HEK293T cells (p > 0.05) 

(Figure 3.10C).  

In K-562, high-dose Memantine treatments caused the LC3-II to LC3-I ratio which was initially 

similar to the control levels at lower Memantine concentrations (1, 5 and 10 µM), to be 

upregulated, especially at the highest tested concentration of 50 µM Memantine, where a 26.7-fold 
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increase occurred (p < 0.001), with a simultaneous 3.5-fold increase in p62 protein level (p < 

0.001) (Figure 3.10D). In addition, an LC3 isoform (~13kDa), which was not detected in any of 

the low-dose Memantine-treated cells, was observed only in the K-562 cells treated with 

Memantine 20, 30 and 50 µM (Figure 3.10A). 

In the assessment of the pro-apoptotic proteins, all Memantine-treated K-562 cells were observed 

to show an increment in Bax protein levels from 6 to 26-fold. However, the increase observed was 

not statistically significant when compared to the untreated control cells (p > 0.05) (Figure 3.10B). 

In both low and high-doses of Memantine-treated K-562 cells, Bak also showed a non-significant 

increase in its expression levels compared to the untreated K-562 cells (p > 0.05), except at 10 µM 

Memantine treatment, where a very highly significant increase of 1.9-fold was observed (Figure 

3.10B) (p = 0.001). Noteworthy, the apoptosis triggering protein, Cytochrome c, was observed to 

be very highly upregulated in all Memantine-treated K-562 cells (p ≤ 0.001) except at the 10 µM 

concentration, where the 1.7-fold protein increase showed no significant difference when 

compared to the control cells (p = 0.056) (Figure 3.10B). 

For the anti-apoptotic proteins, in all Memantine-treated K-562 cells, Bcl-2 proteins, which were 

below detection level in untreated K-562 cells, showed a non-significant increase compared to the 

control (p > 0.05) (Figure 3.10C). On the other hand, the levels of Bcl-xL were reduced in K-562 

cells, except at 10 µM, where a 1.2-fold increase was observed (Figure 3.10C). However, similar 

to the Bcl-2, all expression changes observed in Bcl-xL levels were also not significant when 

compared to the untreated K-562 control cells (Figure 3.10C). Although, it is noteworthy to point 

out that the amount of Bcl-2 proteins expressed in the Memantine-treated K-562 cells was 

relatively low compared to the high level of Bcl-xL proteins that were expressed in the cells (Figure 

3.10C). 
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Figure 3.10 Effects of Memantine on the levels of proteins involved in apoptosis and autophagy in HEK293T and K-562 cells lines after 48 h treatment 
(A) Representative Western blot image 
(B) Pro-apoptotic proteins: Cytochrome c, Bak and Bax  
(C) Anti-apoptotic proteins: Bcl-xL and Bcl-2  
(D) Autophagy-related proteins: LC3, p62 and Beclin-1 
Cells were treated with Memantine high-dose (50, 30 and 20 µM) and low-dose (10, 5 and 1 µM) and protein expressions were determined using Western blot.  
At the lowest concentrations tested (5 and 1 µM), Memantine increased the expression of Cytochrome c in K-562 cells. Low-dose Memantine (10, 5 and 1 µM) upregulated 
anti-apoptotic proteins (Bcl-2 and Bcl-XL) in HEK293T cells. Memantine (10, 5 and 1 µM) was observed to reduce autophagy activities in HEK293T cells by reducing Beclin-
1 levels and increasing the expression of p62.  
Data were normalised to β-actin expression levels. Experiments were repeated thrice and data are expressed as mean ± SE. Basic statistical analysis was performed using 2-
sample t-test (compare treatments vs control). Significant differences were shown as: p > 0.05, no significance (ns); * when p ≤ 0.05, significant; ** when p ≤ 0.01, highly 
significant and ***, p ≤ 0.001, very highly significant. 
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3.3.9 Summarised data of the drug-treated cells 
Table 3.2 Effects of Imatinib and Dox in HEK293T and K-562 cells 

Proteins 

Imatinib (1 µM) Dox (1 µM)  
 

Summary of the statistically significant 
results 

HEK293T K-562 HEK293T K-562 

Proteins levels normalised to β-actin 
Fold change ↑ or ↓ compared to control 

 
Anti-apoptotic proteins 

 

Bcl-2 1.55 
4.0↑ 

p<0.001 

0.027 
↑ 
ns 

0.43 
1.1↑ 
ns 

0.025 
↑ 
ns 

Imatinib increased Bcl-2 in HEK293T cells 
 
Imatinib increased the levels of Bcl-xL in 
HEK293T cells whilst Dox reduced the expression 
of the anti-apoptotic protein 
 
Both Imatinib and Dox caused a decrease in the 
levels of Bcl-xL in K-562 cells. However, Dox 
gave a 2-fold decreased effect 

Bcl-xL 1.20 
2.9↑ 

p=0.01 

0.43 
3.6↓ 

p<0.01 

0.07 
5.9↓ 

p<0.01 

0.18 
8.6↓ 

p<0.01 

 
Pro-apoptotic proteins 

 

Bax 1.62 
4.6↑ 
ns 

0.51 
102↑ 

ns 

0.10 
3.5↓ 

p<0.01 

Not 
detected 

↓ 
ns 

Dox increased the levels of pro-apoptotic Bak and 
Cytochrome c in HEK293T cells but decreased the 
levels of Bax 
 
In K-562 cells, Dox also caused an increase in 
Cytochrome c but with a decrease in Bak 
 
Imatinib promoted Bak expression in HEK293T 
cells 
In K-562 cells, Imatinib increased the levels of 
Bak and Cytochrome c 

Bak 11.60 
10.2↑ 

p=0.001 

0.80 
1.3↑ 

p<0.05 

1.29 
1.1↑ 

p<0.05 

0.31 
1.9↓ 

p<0.001 
Cytochrome 

c 
0.87 
1.1↓ 
ns 

1.39 
11.6↑ 

p=0.001 

1.29 
1.4↑ 

p<0.05 

1.05 
8.8↑ 

p=0.001  
Autophagic proteins 

 

Beclin-1 5.62 
1.2↓ 
ns 

1.91 
1.3↓ 
ns 

3.45 
2.0↓ 

p<0.05 

3.45 
1.4↑ 

p<0.05 

In K-562 cells, Dox induced an increase in the 
levels of Beclin-1 but reduced it in HEK293T cells 
 
Both Dox and Imatinib-treated K-562 cells 
showed an increase in LC3-II/LC3-I and decrease 
in p62 
 
Conversely, in HEK293T cells, both Dox and 
Imatinib increased the levels of p62 

LC3-II/ 
LC3-I 

0.17 
1.1↓ 
ns 

0.32 
4.6↑ 

p=0.001 

0.09 
2.0↓ 
ns 

0.33 
4.7↑ 

p<0.001 
p62 0.98 

8.2↑ 
p<0.001 

0.47 
2.2↓ 

p<0.001 

1.33 
11.1↑ 

p<0.001 

Not 
detected 

↓ 
p=0.001 
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Table 3.3 Effects of Donepezil and Memantine at lowest concentration tested in 
HEK293T and K-562 cells 

Proteins 

Donepezil (1 µM) Memantine (1 
µM) 

 
 

Summary of the statistically significant 
results  

HEK293T K-562 HEK293T K-562 

Proteins levels normalised to β-actin 
Fold change ↑ or ↓ compared to control 

 
Anti-apoptotic proteins 

 

Bcl-2 1.03 
2.6↑ 

p<0.001 

0.026 
↑ 
ns 

1.56 
4.0↑ 

p<0.001 

0.049 
↑ 
ns 

Donepezil and Memantine increased the levels of 
both Bcl-2 and Bcl-xL in HEK293T cells, but not in 
K-562 cells 

Bcl-xL 2.02 
4.9↑ 

p<0.05 

1.79 
1.2↑ 
ns 

2.12 
5.2↑ 

p<0.01 

1.01 
1.5↓ 
ns  

Pro-apoptotic proteins 
 

Bax 1.04 
3.0↑ 
ns 

0.03 
6.0↑ 
ns 

1.84 
5.3↑ 
ns 

0.03 
6.0↑ 
ns 

Donepezil and Memantine increased the levels of 
Bak in HEK293T cells 
 
Donepezil promoted Cytochrome c expressions in 
HEK293T and K-562 cells. Memantine increased 
the expression of Cytochrome c only in K-562 cells 

Bak 9.10 
8.0↑ 

p<0.001 

0.73 
1.2↑ 
ns 

10.79 
9.5↑ 

p<0.001 

0.66 
1.1↑ 
ns 

Cytochrome 
c 

1.30 
1.4↑ 

p<0.05 

0.58 
4.8↑ 

p<0.01 

1.07 
1.1↑ 
ns 

0.32 
2.7↑ 

p<0.001  
Autophagic proteins 

 

Beclin-1 2.06 
3.4↓ 

p<0.001 

1.05 
2.3↓ 

p=0.001 

3.34 
2.1↓ 

p=0.001 

0.99 
2.9↓ 

p<0.001 

Memantine decreased the levels of Beclin-1 in both 
cell lines with a simultaneous increase in p62 levels 
 
Donepezil decreased the levels of Beclin-1 in both 
cell lines. In addition, p62 levels were increased the 
Donepezil-treated HEK293T cells 
 
In HEK293T cells, Donepezil and Memantine 
induced an increase in the levels of LC3-II/LC3-I in 
HEK293T cells 

LC3-II/ 
LC3-I 

0.54 
3.0↑ 

p<0.001 

0.30 
4.3↑ 
ns 

0.39 
2.7↑ 

p<0.01 

0.21 
3.0↑ 
ns 

p62 1.49 
12.4↑ 

p<0.01 

1.06 
1.0↑ 
ns 

2.22 
18.5↑ 

p<0.001 

2.61 
2.5↑ 

p<0.001 
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3.4 Discussion 

3.4.1 Basal protein expressions involved in cell apoptosis and autophagy 
The protein profile of cancer cells, unlike non-cancer cells, constitutes factors that allow the 

cells to grow uncontrollably with a higher level of survival developed via various mechanisms. 

One such mechanism involves the deregulation of apoptotic proteins (Hinz et al., 2000; 

Trauzold et al., 2003). Apoptotic proteins are a group of regulatory proteins, some of which 

are constituted, in the Bcl-2 family of proteins. The Bcl-2 family of proteins is comprised of 

the pro-apoptotic (including Bax and Bak) and anti-apoptotic (including Bcl-2 and Bcl-xL) 

proteins. These groups of proteins interact amongst themselves and may also interact with the 

autophagy-related proteins (Beclin-1, LC3-I, LC3-II and p62).  

In the Bcl-2 family, protein interactions are possible due to the possession of Bcl-2 Homology 

(BH) domain(s) (Banjara et al., 2020). There are four BH domains namely BH1, BH2, BH3 

and BH4. The Bcl-2 family of proteins can be characterised based on the specific domain(s) 

they possess. These BH domains are critical to the proper functioning of the proteins, including 

their ability to interact with family members and other regulatory proteins (Pistritto et al., 

2016). Protein-protein interaction is an important partnership which dictates whether or not 

death will occur in a cell. In the apoptotic pathway, the anti-apoptotic Bcl-2 proteins, which 

possess all four BH domains, are able to inhibit the permeabilisation of the outer membrane of 

the mitochondria and the subsequent release of Cytochrome c through the formation of 

partnerships with the multi-BH domain pro-apoptotic proteins (Bax and Bak), through their 

BH3 domain (Ku et al., 2011; Kale et al., 2018). In response to various death stimuli, these 

interactions may be inhibited by the BH3-only proteins, such as Bim and Puma. These BH3-

only pro-apoptotic proteins can induce death in a Bax/Bak-dependent manner or by binding to 

the anti-apoptotic proteins. Thus, activating the multi-BH domain pro-apoptotic proteins to 

cause cell death via the permeabilisation of the mitochondrial outer membrane. The BH3 

domains are not restricted to apoptosis regulation alone. They are also important in the 

autophagy pathway, where under certain circumstances, the actions of Beclin-1, an important 

autophagy initiator, also referred to as BH3-only protein, can be halted (Xu and Qin, 2019). 

With the aid of a BH3 receptor domain, anti-apoptotic Bcl-2 and/or Bcl-xL proteins are able to 

interact with Beclin-1 via its BH3 domain, thereby downregulating its autophagic functions 

(Maiuri et al., 2007; Oberstein et al., 2007; Xu and Qin, 2019). Although, various models have 

described the interaction of the Bcl-2 family of proteins, differently, the BH3 domain has 

consistently been suggested as being critical for the interactive functioning amongst the 
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proteins and as such is contained by all Bcl-2 family members (Lomonosova and Chinnadurai, 

2008; Pistritto et al., 2016). Furthermore, in drug development, the targeting of the BH3 

domains, which are necessary for protein interaction, have also proven useful in the emergence 

of anti-cancer therapies with the development of BH3-mimetics (Zhang et al., 2007; Townsend 

et al., 2021).  

Aside from the presence of BH regions, protein interaction also depends on binding affinity as 

well as relative protein concentration (Shamas-Din et al., 2013). The availability and 

distribution of proteins in a particular action site is important and could occur as a result of 

transportation, post-modification, in response to a defined stimulus (Yang and Qian, 2017). 

This could be termed as protein localisation. This designated protein-recruitment strategy helps 

to regulate protein functions by allowing the physical segregation of proteins and simultaneous 

execution of their various biochemical processes within the same cell. Many proteins function 

on a localisation-dependent basis or may need to perform a particular function in multiple 

compartments (Zaretsky and Wreschner, 2008). The Bcl-2 family of proteins are distributed in 

diverse parts of the cells, probably due to their varying affinities for different intracellular 

membranes and/or binding partners. Based on their localisation, studies are able to suggest 

diverse roles of these proteins in various organelles. For instance, a vast amount of Bcl-2 family 

members is located in the mitochondria and can be referred to as regulators of the mitochondrial 

outer membrane integrity (Karbowski et al., 2006; Berman et al., 2009). However, these 

proteins have also been reported to localise to the endoplasmic reticulum, where the pro-

apoptotic and the anti-apoptotic proteins exert opposing effects on calcium (White et al., 2005). 

Furthermore, anti-apoptotic Bcl-2 proteins localised in the endoplasmic reticulum, but not in 

the mitochondria, have been suggested to negatively regulate Beclin 1-dependent autophagy 

by disrupting the interaction between the autophagy initiator protein and VPS34 (Pattingre et 

al., 2005). All of these emphasies the diverse roles Bcl-2 family of proteins may play based on 

their localisation. The varying localisation of proteins helps to prevent spontaneous actions 

thereby tightly regulating activities within the cell. Protein localisation as well as the binding 

interactions of Bcl-2 family proteins is predominantly dictated by the relative abundance of 

each protein expressed, due to cell signalling (Kale et al., 2018). Therefore, for the purpose of 

this study, cellular protein expression was focused on.  

In molecular pathways where pro-apoptotic, anti-apoptotic and autophagy proteins are 

involved their expression levels are associated with the progression of various diseases and 

participate in the determination of cells fate. This emphasises the importance of investigating 
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the cells’ protein expression levels. Also, in an effort to eliminate cancer cells while preserving 

the non-cancerous ones, understanding the characteristics of cells through knowledge of their 

basal expressions is necessary. In this study, the levels of apoptotic and autophagic proteins 

expressed in K-562 and HEK293T under normal physiological conditions, were assessed.  

Cancer cells have been reported to express anti-apoptotic proteins as a form of protection. In 

previous studies involving apoptotic induction in K-562 (Zhang et al., 2005) and in functional 

studies where murine FL5.12 cells were transfected to express a high amount of Bcl-xL (Boise 

et al., 1993; Minn et al., 1995), the overexpression of anti-apoptotic proteins was observed to 

promote the cells resistant to a variety of apoptotic stimuli. In addition, Bcl-xL has also been 

demonstrated as being necessary for the survival and advancement of CML disease progression 

phenotype (Harb et al., 2013). In this study, overexpression of Bcl-xL, shown to be 3.8 times 

higher in the leukaemic (K-562) cells compared to the non-cancerous (HEK293T) cells, 

occurred (p < 0.01) (Figure 3.4C). However, unexpectedly but in agreement with a previous 

report by Benito et al. (1995), in this present study, K-562 did not express a detectable level of 

Bcl-2 proteins (Figure 3.4A & C). The increased expression of another repressor of apoptotic 

cell death, Bcl-xL, over Bcl-2 in K-562 cells emphasises an indication of the higher 

contribution of Bcl-xL in the CML cells’ viability and its possible involvement in the cells 

insensitivity towards anti-cancer drugs, perhaps, via the autophagy pathway. The K-562 CML 

cells also expressed a lower level of pro-apoptotic proteins (especially Bax) compared to 

HEK293T cells (Figure 3.4C). This upregulation of anti-apoptotic proteins and downregulation 

of the pro-apoptotic proteins emphasises a survival mechanism of leukaemic cells. The 

expression levels of these apoptosis regulating proteins play a pivotal role in the decision of 

the cell’s fate, together with autophagy proteins (Tanner et al., 2011; Rubinstein and Kimchi, 

2012; Delou et al., 2016). 

The degradative process of autophagy helps in generating energy in the cells. The release of 

Beclin-1 (a master autophagy mediator) from anti-apoptotic Bcl-2/ Bcl-xL proteins allows the 

autophagy regulating protein to bind to VPS34, VPS15 and ATG14 proteins. This formed 

Beclin-1 complex is activated by ULK1, thus initiating the process of autophagy (Russell et 

al., 2013) (Figure 1.5). Another autophagy-related protein is LC3, which acts as an ubiquitin-

like protein. The active form of this protein, LC3-II, is generated by the conjugation of cytosolic 

LC3-I to phosphatidylethanolamine. This active form is expressed on the autophagosomal 

membranes (Figure 1.5). Hence, it closely correlates with the number or level of 

autophagosomes accumulated and as such, it can be detected as an autophagosome biomarker 
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(Mizushima et al., 2010). Therefore, an increase in the expression level of LC3-I itself, does 

not necessarily translate to an increase in the number of autophagosomes, rather, the amount 

of LC3-II or the ratio between LC3-II and LC3-I is considered a better correlation for the 

number of autophagosomes (Kabeya et al., 2000). Furthermore, the expression level of LC3 

does not spontaneously guarantee autophagic degradation, as LC3 structures have been 

identified in autophagy-deficient cells where it forms an association with p62 proteins (Runwal 

et al., 2019). p62 is an autophagy receptor protein that possesses an LC3 interacting region 

(Pankiv et al., 2007). However, both proteins are not completely inversely correlated. p62 

protein can be described as a multifunctional protein as it contains several binding motifs 

including an ubiquitin-binding domain, which facilitates its ability to selectively bind cargoes 

to be engulfed during autophagy. Thus, making p62 an autophagy substrate itself and 

decreasing its amount during a functional autophagy flux (Bjørkøy et al., 2005; Komatsu et al., 

2007; Pankiv et al., 2007; Han et al., 2017). High expression of p62 is not necessarily 

associated with malfunction or decline in autophagy, as the protein has been observed to be 

involved in multiple pathways (Jin et al., 2009; Jain et al., 2010). Therefore, bearing in mind 

that these three proteins (Beclin-1, LC3 and p62) are major participants in autophagy and with 

the acknowledgment that the measurement of autophagy flux is challenging due to its dynamic 

multiple-stage processes, herein, the expression levels of these central autophagy-flux related 

proteins (Beclin-1, LC3 and p62) were investigated in unstressed K-562 and HEK293T cells. 

The distinct role of autophagy in cancer is yet to be completely understood. On one hand, the 

overexpression of Beclin-1 and LC3 in colorectal cancer have been linked to the declined 

overall survival of patients (Baginska et al., 2013; Myung et al., 2013; Schmitz et al., 2016). 

With high LC3 expressions, being reported to be associated with aggressive disease and poor 

outcomes in cancer (Lazova et al., 2012; Wu et al., 2014). Furthermore, the inhibition of 

Beclin-1 mediated autophagy has been reported as being beneficial in CML treatment (Yu et 

al., 2012; Yu et al. 2020). Increased autophagy inhibition which was characterised by elevated 

levels of p62 was observed to cause sensitisation to lysis in drug-resistant CML cells (Han et 

al., 2017). On the other hand, studies demonstrated that the overexpression of Beclin-1 was 

favourable, as it inhibited cell growth and proliferation in CML cells (Huang et al., 2019) and 

breast cancer (Won et al., 2010), while its inactivation promoted tumorigenesis in vivo (Qu et 

al., 2003). Herein, the current study showed a lower basal expression of Beclin-1 in K-562 

CML cells compared to the non-cancerous HEK293T (Figure 3.4A & C). HEK293T cells 

expressed 2.9 times more of Beclin-1 (p < 0.01) with a lower p62 level (p < 0.001) compared 

to the cancer cells (Figure 3.4C). In addition, the membrane-bound LC3 ratio was low in both 
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cells, with HEK giving a slightly higher expression of 2.6-fold (p < 0.05) (Figure 3.4C). These 

results demonstrate that under normal conditions, the leukaemic cells modulate the apoptotic 

pathway for their maintenance and that the autophagy pathway may be induced as an 

alternative path for adaptation or survival. However, it is pertinent to remember that besides 

apoptotic cell death, under some stressful circumstances, the induction of autophagy may also 

promote autophagic cell death. 

 

3.4.2 Modulation of the apoptotic and autophagy pathways by cancer drugs  

3.4.2.1 The modulation of the apoptotic and autophagy pathways by Imatinib  

Imatinib is a commercially available drug approved for the treatment of CML. In CML, during 

the formation of the dysregulated BCR-ABL protein, the activities of varying regulatory 

domains present in the BCR and ABL genes are affected, including the SH3 domain which is 

a negative regulator of the tyrosine kinase of the ABL gene (Pendergast et al., 1991; Gross et 

al., 1999; Smith et al., 2003). The disruption of these domains causes the BCR-ABL kinase to 

remain permanently on and in turn mediate an array of intracellular effects leading to cellular 

transformation and CML progression. Thus, making the aberrant fusion protein, BCR-ABL, an 

important target for the treatment of CML. Imatinib is a 2-phenylaminopyrimidine TKI that 

selectively targets this constitutively active BCR-ABL kinase responsible for the activation of 

numerous signalling pathways that results in uncontrollable cell growth and disrupted genomic 

stability in CML. The inhibitory effect of Imatinib on BCR-ABL phosphorylation causes a 

blockage in CML cells proliferation and induces apoptosis (Gambacorti-Passerini et al., 1997). 

The drug has also been reported to activate apoptosis in gastric cancer (Kim et al., 2019) and 

other leukaemic cells (Gambacorti-Passerini et al., 1997).  

In CML, where the enhanced BCR-ABL expression correlates with the disease phase, Imatinib 

has been observed to have significant activities in the chronic and the accelerated phases 

(Druker et al., 2001; Kantarjian et al., 2002; Talpaz et al., 2002; Jabbour et al., 2006). However, 

a lesser effect has been reported in the advanced blast crisis phase (Druker et al., 2001; Sawyer 

et al., 2002; Palandri et al., 2008; Ghahramanyan et al., 2019). In addition, despite the clinical 

results achieved by the use of Imatinib, the emergence of resistance and its ineffectiveness in 

leukaemic stem cells remain a major challenge (Gorre et al., 2001; Branford et al., 2002). These 

leukaemic stem cells do not depend on BCR-ABL activity for their survival and as such, they 
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are able to resist the conventional therapy of Imatinib, leading to a repopulation of the 

malignancy via various pathways (Chomel et al., 2011; Chu et al., 2011; Corbin et al., 2011). 

In a previous study by Ertmer et al. (2007), Imatinib was reported to induce autophagy in both 

cancer and non-cancerous mammalian cells probably by inhibiting the ABL gene. Further 

research reported that Imatinib-induced autophagy acted as a survival mechanism in CML 

cells. Thus, its suppression potentiates the sensitivity of CML cells to Imatinib (Carew et al., 

2007; Bellodi et al., 2009). These findings suggested an important role played by autophagy in 

leukaemogenesis. However, in this study, Imatinib (1 μM) was unable to modulate the 

autophagy pathway in both K-562 CML cells as well as in HEK293T cells (Figure 3.5D). In 

the non-cancerous HEK293T cells, Imatinib 1 μM induced survival by increasing the 

expression of anti-apoptotic Bcl-2 (p < 0.001) and Bcl-xL (p = 0.01) proteins in the treated 

cells compared to the untreated control cells (Figure 3.5C). However, evident from the 

unchanged levels of Beclin-1 and an 8.2-fold increase in p62 proteins, autophagy was not 

stimulated in the Imatinib (1 μM)-treated HEK293T cells (Figure 3.5D). On the other hand, 

Imatinib 1 μM promoted cell death in K-562 via the apoptotic pathway. The drug inhibited the 

death repressor, Bcl-xL and stimulated the expression of the pro-apoptotic proteins (Bak and 

Cytochrome c) in the CML cells (Figure 3.5). This was similar to the report by Lee et al. (2013) 

where an increase in apoptotic activities was observed following the treatment of K-562 cells 

with 0.2 μM of Imatinib; a dose much lower than the concentration employed herein. Also, 

when cell death analysis was carried out, Imatinib 1 µM caused 23% of K-562 cells to die 

(Table 3.1) with 19% of the cells dying via the apoptotic pathway (Appendix V). Furthermore, 

similar to HEK293T cells, Imatinib did not stimulate a Beclin-1-induced autophagy in K-562 

cancer cells (Figure 3.5D). This was contrary to a previous report by Ertmer et al. (2007), where 

the inhibition of BCR-ABL by Imatinib was suggested to have induced autophagy, independent 

of tissue type or cell immortalisation status. However, it is imperative to mention that the 

researchers did not include models of CML in that particular study. In a more recent CML 

investigation, where models of the blast crisis phase were included, Imatinib (0.01 – 10 μM) 

was shown to have no cytotoxic effect against the K-562 cells (Almeida et al., 2018). This 

spiked a speculation that the presence of autophagy in drug modulated CML cells may be as a 

result of activities against the BCR-ABL kinase which may lead to disease regression or 

probably cell death. However, in the advanced blast crisis phase, such as was investigated 

herein, Imatinib (1 μM) may have been unable to effectively target the BCR-ABL molecules 

to bring about an increased death effect, especially in the non-apoptotic pathway. This 
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emphasises the challenges encountered in the management of CML, especially in the blast 

crisis phase, where only an extremely low percentage of patients have been observed to achieve 

complete cytogenetic remission (Sawyers et al., 2002). In this phase, the leukaemic cells have 

evolved and gained more resistance against TKIs including Imatinib, probably due to genetic 

instability and alterations including amplification and increased mutations of the BCR-ABL 

gene. Moreover, Imatinib has been reported as being unable to eliminate the non-oncogenic 

addicted, quiescent stem cells in CML (Corbin et al., 2011), thereby resulting in unforeseen 

activities, relapse or short term remission of patients in the blast crisis phase (Gorre et al., 2001; 

Branford et al., 2002; Palandri et al., 2008; Prakash et al., 2021).  

In this present study, despite the non-stimulation of Beclin-1 in the Imatinib treated CML cells, 

surprisingly, an unexplainable increase in the levels of autophagosomes evident from the 

increased LC3-II/LC3-I ratio (p = 0.001) as well as a 2.2-fold decrease in p62 levels (p < 0.001) 

was observed (Figure 3.5D). Besides TKIs such as Imatinib, some ABL-independent agents 

have also been proven to be effective in the treatment and probable survival of CML patients, 

particularly the anthracycline drug, Dox (Bacigalupo et al., 1997; Van Rhee et al., 1997; 

Trialists, 1997; Quintás‐Cardama et al., 2007; Allan et al., 2011; Synowiec et al., 2015; 

Almeida et al., 2018). 

 

3.4.2.2 The modulation of the apoptotic and autophagy pathways by Dox  

Dox is a broad-spectrum anti-cancer drug and one of the most effective agents reported to 

reduce cell viability in cancer cells by inducing apoptosis, as a singular drug or as a 

combination therapy (Jakubowska et al., 2007; Maurel et al., 2010; Sadeghi-Aliabadi et al., 

2010; Pilco-Ferreto and Calaf, 2016; Almeida et al., 2018). Previous studies have reported Dox 

as demonstrating multiple effects on various cancer cells, ranging from growth inhibition in 

gastric carcinoma cells (Florou et al., 2013), to apoptosis in myeloma, lymphoma and 

leukaemic cells (Panaretakis et al., 2002; Li et al., 2019). However, the use of the drug is 

limited due to its toxicity in non-cancer cells (Wang et al., 2004; Li et al., 2016; Fraczkowska 

et al, 2018). In an effort to better understand the molecular mechanisms of Dox in both CML 

and AD, experiments were conducted to investigate the effect of the drug on the apoptotic and 

autophagic pathways in CML K-562 and non-cancerous HEK293T cells. 

As anticipated, the cytotoxic drug reduced the viability of HEK293T cells in a dose- and time-

dependent manner (Figure 3.3), with Dox (1 and 5 µM) inducing significant death in the non-
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cancerous cells (Table 3.1). For the first time, the effects of a therapeutic relevant dose of Dox 

in CML versus AD in vitro models were compared. Dox (1 µM) induced 11% more cell death 

in HEK293T compared to K-562 CML cells (p < 0.05) (Table 3.1). This pattern is suggestive 

of Dox’s capability of inducing escalated apoptotic death in non-cancer cells, possibly due to 

diminished levels of cytoprotective proteins, compared to the leukaemic cells.  

When protein expressions were probed, it was observed that the DNA damaging drug, Dox, 

induced some apoptotic effects in both HEK293T and K-562 cells (Figure 3.6). In HEK293T 

cells, Dox (1 µM) induced a significant decrease in the expression of anti-apoptotic Bcl-xL (p 

< 0.01), with an increase in the levels of pro-apoptotic Bak (p < 0.05) and Cytochrome c (p < 

0.05), compared to the untreated HEK293T cells. An unexplainable decrease in the levels of 

Bax (p < 0.01) was also observed (Figure 3.6). These findings were similar to reports by Lahoti 

et al. (2012), where upregulation of some pro-apoptotic proteins was reported, leading to the 

release of caspases. A few studies have specifically documented the cytotoxicity of Dox in 

HEK293 cells (Mehdizadeh et al., 2020; Benyettou et al., 2017), however, more attention has 

been drawn to other cell types, such as cardiomyocytes. Herein, the apoptotic effects observed 

in HEK293T cells emphasise the toxic ability of Dox in non-cancer cells, even at a therapeutic 

dose of 1 µM. The data also reveals a suggestive pattern of Dox (1 µM) exposing HEK293T 

cells to death via the intrinsic pathway of apoptosis. This is evident by the reduction in the 

expression of Bcl-xL, leading to the unavailability of the anti-apoptotic proteins to interact with 

the increasing levels of the death promoter, Bak (which augments the formation of 

mitochondrial pores), thus resulting in a consistent increase in the release of Cytochrome c into 

the cytosol (Figure 3.6).  

In cancer cells, Dox is known to exert a range of effects, ultimately leading to death (Yu et al., 

1996; Lahoti et al., 2012). In this study, the leukaemic K-562 cells treated with Dox (1 µM) 

showed some form of toxicity as reflected in the decreased levels of Bcl-xL, a protein whose 

expression had previously been reported to act as a major form of protection in CML cells 

(Shimizu et al., 2004; Zhang et al., 2005; Yin et al., 2011), with a concomitant increase in 

Cytochrome c levels (Figure 3.6). This increased expression of Cytochrome c illustrated 

activities of the intrinsic apoptotic pathway. However, the observed downregulation of Bak 

and the non-participation of Bax proteins suggested the cells’ inability to activate a robust death 

cascade (Figure 3.6). This was previously indicated in the apoptotic cell death evaluation, 

where only 9.9% of the K-562 cells were observed to have died via the apoptotic pathway 

(Appendix V). This observed minimal death effect could be as a result of the ability of the 

cancer cells to exert mechanisms in order to resist or minimise Dox toxicity in the cells. One 
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of such mechanism of action in K-562 cells may be brought about by the de-regulated activities 

of BCR-ABL kinase, which include the continuous stimulation of STAT5, a signalling pathway 

involved in cell viability, growth and accelerated DNA repair mechanisms within cells (Sillaber 

et al., 2000; Slupianek et al., 2001). Through the enhancement of DNA repair, such resistant 

activities may lead to suppression of apoptosis as previously demonstrated in BCR-ABL 

positive cells, even after the release of Cytochrome c (Deming et al., 2004). Herein, the 

apoptotic cell death effect of the Dox-treated K-562 cells could be likened to the observations 

from previous studies, where the leukaemic cells were shown to exhibit some form of resistance 

to Dox treatment, reflected by their marginal cell death number of less than 40% (Blagosklonny 

et al., 2001; Srdic‐Rajic et al., 2016). 

It is worth mentioning that Dox which has previously been reported as not affecting Bcl‑2 

(p26‑Bcl‑2‑α) isoform protein levels in either MOLM‑13 or U‑937 cancer cells (Vu et al., 

2020), was also observed herein, to have no statistically significant effect on the levels of the 

Bcl-2 proteins in both K-562 and HEK293T cells, compared to their individual controls (p > 

0.05) (Figure 3.6C). However, as previously mentioned, in both cell lines tested, the drug 

caused a significant reduction in the levels of another anti-apoptotic protein, Bcl-xL, compared 

to their untreated controls (p < 0.01) (Figure 3.6C). Furthermore, when cell death was assessed 

using flow cytometry, the drug demonstrated a level of selectivity in its cytotoxicity against 

non-cancerous HEK293T compared to K-562 cells (p < 0.05) (Table 3.1), with 6.1% more K-

562 cells observed to have died via the non-apoptotic pathway (Appendix V). This spiked the 

speculations that another route(s) may have been activated causing the cancer cells death via a 

non-apoptotic pathway. A critical look at the involvement of the pro-apoptotic proteins in the 

K-562 cells emphasized this by showing a decline in the levels of Bak and a non-participation 

of the Bax proteins. Pro-apoptotic Bax has previously been reported to inhibit autophagy by 

enhancing caspase-mediated cleavage of Beclin-1 and reducing the levels of autophagosome 

formation (Luo and Rubinsztein, 2010). However, in this study, Bax was not involved in the 

observed Dox-induced apoptotic effect in K-562 cells (Figure 3.6). Hence, the autophagy 

pathway was investigated. 

The activities of autophagy in cells may serve dual roles. In cancer cells, several mechanisms 

have been devised to inhibit cell death, one of which is autophagy (Sakuma et al., 2013; Zhao 

et al., 2014). The initial activation of autophagy activities has been observed to act as an 

adaptive response to survive stressful drug treatment in cancer cells (Abedin et al., 2007; Ding 

et al., 2007; Zhao et al., 2014). However, continuity in the autophagy activation may promote 
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apoptosis or lead to non-apoptotic cell death (Liu et al., 2016). In Dox-treated cancer cells, 

varying effects have also been reported to occur via the autophagy pathway. These autophagy-

modulating capacities of the chemotherapeutic drug (Dox) have been reported in multiple 

myeloma cells (Pan et al., 2011), liver cancer cells (Qian and Yang, 2009) and breast cancer 

cells (Cosan et al., 2010; Amani et al., 2020). In breast cancer cells, Dox at 0.05 - 0.5 µM 

concentrations, was reported to induce autophagy which acted as a cell survival mechanism, 

but at >1 µM, death was induced via apoptosis (Cosan et al., 2010). In contrast, in a more 

recent breast cancer study, Dox, at an even higher concentration of 26 μM, was observed to 

induce a cytoprotective autophagic mechanism (Amani et al., 2020). In CML, Dox-induced 

autophagy functionalities have also been documented, however, in comparison to other forms 

of cancer, very little is still known. In a previous study by Wang et al. (2017), the induction of 

autophagy was observed to be involved in the increased drug-resistant abilities when CML 

cells were treated with 0.75 µM of Dox. This was contradictory to a more recent study where 

an increased anti-tumour effect was observed when autophagy was induced in Dox (0.5 µM) 

treated K-562 cells, through the use of Rapamycin (Li et al., 2019). From these reports, it is 

critical to note that Dox-induced effects may vary depending on the exact concentration 

administered. To the best of the author’s knowledge, there is yet to be a report on the effect of 

Dox on the autophagic pathways of CML cells at a therapeutic relevant dose of exactly 1 µM.  

In non-cancer cells, several studies have also presented conflicting reports about the 

involvement of autophagy in Dox-induced toxicity of the same cells. The observation of cell 

death in cardiomyocytes, due to upregulated Beclin-1, has previously been reported (Lu et al., 

2009; Xu et al., 2012) with evidence of cardiomyocytes survival in contrasting studies (Sishi 

et al., 2013; Johnson et al., 2017; Yi et al., 2017). Furthermore, a more recent study 

demonstrated that the downregulation of autophagy in Dox-treated heart cells induced 

apoptosis (Gu et al., 2018). Based on these previous studies, there is compelling evidence that 

the effect of autophagy in Dox-treated cells may lead to either death or survival, depending on 

the concentration of Dox and the cell models employed. However, nothing is known about the 

effect of autophagy-related proteins in Dox (1 µM)-treated K-562 cells (CML model) 

compared to non-cancerous HEK293T (AD model), under the same experimental conditions.  

Herein, the results from the investigations of the autophagy pathway employing Dox at a 

therapeutic relevant dose of 1 µM, revealed an induction of Beclin-1 regulated autophagy in 

K-562 cells but not in the non-cancerous HEK293T cells. A thorough assessment of the 

pathway showed a negative correlation in the levels of Beclin-1 in both Dox-treated cell lines; 
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with a downregulation in HEK293T cells (p < 0.05) but upregulation in K-562 cells (p < 0.05) 

(Figure 3.6D). In addition, LC3-II/LC3-I, an effective biomarker for monitoring 

autophagosome formation, was upregulated (p < 0.001) in Dox-treated K-562 cells, with a 

decreased expression of p62 proteins to a non-detectable level (p = 0.001), compared to the 

control (Figure 3.6D). In contrast, Dox-treated HEK293T cells showed a non-significant 

decrease in the levels of LC3-II/LC3-I (p > 0.05) with an increased level of p62 proteins (p < 

0.001) (Figure 3.6D), compared to the control HEK293T cells. The protein expression profiles 

indicated that the autophagy activities in Dox (1 µM) treated K-562 cells, which was initially 

lower under basal conditions, were distinctly enhanced compared to HEK293T cells. These 

observations are similar to the effect seen in the study by Myung et al. (2013), where cancer 

cells were reported to increase the expression of autophagy markers relative to the normal 

epithelial cells. Due to the complexity of the association amongst the physiological processes, 

elucidating the exact role of autophagy in drug-induced conditions remains challenging. 

However, in this study, it was observed that HEK293T cells which showed downregulation in 

autophagy markers (Figure 3.6D), resulted in an 11% higher Dox-induced cell death compared 

to K-562 cells (p < 0.05) (Table 3.1). This may be because the non-cancerous cells possess less 

potency to resist stressors, thus having a lower survival threshold compared to the leukaemic 

cells. In addition, the induced autophagy activities in K-562 cells may have improved the 

cancer cells’ survival chances or even contributed to its death.  

Altogether, the observed results suggest an important role played by autophagy in the 

cancerous cells indicated by the upsurge of autophagic activities in the Dox-treated K-562 cells 

compared to its activities at basal levels (Figure 3.6). Unlike Imatinib (1 μM) which had no 

significant effect on Beclin-1 to induce autophagy, a pathway previously demonstrated to be 

modulated as a result of Imatinib activities against the dysregulated BCR-ABL kinase (Ertmer 

et al. 2007), Dox (1 μM) which is known to affect multiple pathways was able to modulate 

both the autophagy as well as the apoptotic pathways. 

 

3.4.2.3 Imatinib and Dox promote apoptosis in K-562 cells but Dox alone is able to 

modulate the alternative autophagy cell death pathway 

Imatinib and Dox have both been used in the treatment of cancer. However, in the advanced 

blast crisis phase of CML where various pathways are turned on, the use of a chemotherapeutic 
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drug with multiple modes of action is suggested to be more beneficial in promoting the death 

of the CML cells. Dox has been demonstrated as being more effective than Imatinib in 

increasing cytotoxicity and decreasing CML cells proliferation (Almeida et al., 2018). In 

contrast to Imatinib which initiates its inhibitory effect by specifically targeting BCR-ABL, a 

path that is hindered when the kinases mutate, Dox acts differently and induces its anti-

neoplastic effects through varying alternative pathways including, the non-selective 

intercalation of the cell’s DNA thereby inhibiting the activities of topoisomerase II enzymes. 

This leads to the blockage of various downstream steps that are critical in the catalytic 

processes of the cells, including transcription and DNA replication, thus producing a range of 

cytotoxic effects and eventually leading to the death of cells (Laroche-Clary et al., 2000; 

Lebrecht et al., 2004). Despite the effectiveness of Dox, its non-selective action makes its 

induced toxicity in non-cancerous cells outweigh the enthusiasm of making use of the drug.  

In the management of CML, one essential factor is the prevention of the cells from advancing 

to the blast crisis phase. However, for patients whose conditions have already evolved to the 

highly modified stage of blast crisis, the prognosis is dismal and requires more aggressive 

treatment of intensive chemotherapy. At this phase, the blast cells have been observed to 

resemble the immature cells seen in patients with other types of leukaemia, specifically acute 

lymphoblastic leukaemia (ALL) for about 25% of patients, acute myeloid leukaemia (AML) 

for about 50% of patients or undifferentiated immunophenotype in 25% of patients (Derderian 

et al., 1993; Cortes et al., 2016). With the emergence of these leukaemia-like blast cells and 

the presence of mutated BCR-ABL kinases which are insensitive to Imatinib treatment, a 

subpopulation of patients desperately needing alternative therapeutic strategies is generated. 

Therefore, at such a stage, Dox, which unlike Imatinib has effective cytotoxicity against 

leukaemic stem cells (Sonneveld et al., 1981; Perry et al., 2020) and is effective against ALL 

as well as AML (Bhutani et al., 2002; Wunderlich et al., 2013; Shi et al., 2019; Vu et al., 2020), 

is preferable over the standard Imatinib treatment. 

The results of the protein expression profile when HEK293T and K-562 cells were incubated 

in Imatinib or Dox as single drug treatments are summarised in table 3.2. Both drugs were able 

to modulate the apoptotic pathway in K-562 CML cells, with Dox promoting the release of 

Cytochrome c despite the non-involvement and downregulation of Bax and Bak, respectively 

(Table 3.2). However, when cell death was analysed using Annexin V/PI, Imatinib showed a 

9.1% increase in the number of K-562 cells that died via apoptosis, compared to Dox 

(Appendix V). The reduced apoptotic cell death number detected in the Dox-treated cells may 



Rosemary Ofili (M00554158) PhD thesis  
  

97 
 

have been as a result of the effect of Dox on the PI-stained cells. PI is a fluorescent DNA 

intercalating dye that stains cells in the late apoptotic and necrotic stages. However, Dox is also 

an intercalating agent that inhibits DNA synthesis. Hence, the drug may alter the binding of PI 

to the DNA of the cells, thus inhibiting the nuclear fluorescence of the PI-stained cell 

population that can be detected during analysis (Krishan et al., 1978). It is pertinent for such 

interference to be taken into account as this may have resulted in an underestimation of the 

total number of dead cells, particularly the PI-stained Dox-treated cell population in the late 

stage of apoptosis.  

Furthermore, analysis of the autophagy-related proteins showed Dox, but not Imatinib, to have 

promoted the expression of Beclin-1 in the K-562 CML cells. The observed autophagy-

modulating ability of Dox in addition to its apoptotic effects emphasised the ability of the drug 

to act through more than one pathway, unlike Imatinib which specifically acts on the BCR-

ABL kinase and is unable to effectively combat leukaemic stem cells and BCR-ABL mutated 

cells. Thus, considering that autophagy is a double-edged sword with the ability to suppress or 

encourage the growth of tumour cells, the autophagy modulating effect of Dox in K-562 cells 

made this drug a more interesting candidate for further investigation. Furthermore, based on 

this apoptotic and autophagic effects observed in the Dox-treated K-562 cells and the 

interactions which exist amongst the apoptotic and autophagic proteins, it was hypothesised 

herein that the Dox-induced downregulation of Bcl-xL (a major anti-apoptotic protein in K-

562 cells) may have been sufficient and involved in the upregulation of Beclin-1, thus 

promoting possible cytotoxicity or chemoresistance in the Dox-treated leukaemic cells, via the 

autophagy pathway. This emphasises the interaction between Bcl-xL and Beclin-1 and is 

similar to observations by Pattingre et al. (2005), who reported the involvement of anti-

apoptotic Bcl-2 in the inhibition of autophagy, based on its interaction with Beclin-1. Thus, it 

was worth investigating further to confirm if the Dox-induced autophagy observed in this study 

acted as a cytoprotective mechanism or contributed to the cytotoxic death effects observed in 

the K-562 CML cells. 

 

3.4.2.4 Dox induced death in K-562 cells via the autophagy pathway  

Increasing evidence points to the importance of autophagy induction in cancer cells. However, 

the role of autophagy in these cells remains debatable as previous studies have documented the 

presence of autophagy as a survival mechanism (Degenhardt et al., 2006; Samaddar et al., 



Rosemary Ofili (M00554158) PhD thesis  
  

98 
 

2008; Wang et al., 2014; Cheong et al., 2016), as well as a death pathway (Laane et al., 2009; 

Goussetis et al., 2012; Tong et al., 2013; Neri et al., 2014). Therefore, since autophagy 

induction does not strictly result in the death of cells it was important to determine its role in 

the Dox-treated K-562 cells. To better understand the dynamic nature of autophagy, it is 

necessary for the artificial blocking of the turnover of autophagy-related proteins to be done.  

Herein, the blockage of autophagy was employed using CQ (10 µM) in order to obtain further 

information regarding the autophagic activities initially observed in the Dox (1 µM)-treated K-

562 cells. To avoid complicating the interpretation of the CQ-autophagy inhibition, it is worth 

mentioning that although the drug is termed an autophagy inhibitor, it does not affect the 

initiation phase of autophagy but rather influences the final degradative phase of the process. 

CQ is able to block autophagic flux by inhibiting the fusion between the autophagosomes and 

lysosomes. This autophago-lysosomal blockage ability of CQ, even after the subsequent 

increase in autophagosome numbers, has previously been documented (Yoon et al., 2010; 

Musiwaro et al., 2013; Mauthe et al., 2018). Based on such previous studies, the treatment of 

K-562 cells with a therapeutically relevant dose of 10 µM of CQ was also considered to be 

sufficient to inhibit autophagy with almost no involvement in the activation of cell death 

(Shacka et al., 2006; Yoon et al., 2010; Hirata et al., 2011; Maycotte et al., 2012; Zhou et al., 

2019).  

In this study, it was initially hypothesised that the CML cells may have modified some amino 

acids necessary for the complete activation of apoptosis, post the mitochondrial level, due to 

the reduced expression of Bak (p < 0.001) and non-involvement of Bax (p > 0.05) in the Dox 

(1µM)-treated K-562 cells compared to the untreated K-562 control cells (Figure 3.6B). 

However, a previous study in mouse embryonic fibroblast had shown that despite the non-

involvement of pro-apoptotic Bak and Bax, cell death was still able to occur via the non-

apoptotic pathway (Shimizu et al., 2004). Hence, with the observed increased levels of a major 

autophagy regulator protein, Beclin-1, and the percentage of dead K-562 cells (26%) (Table 

3.1), it was then speculated that the CML cells may have activated the autophagy pathway 

through the upregulation of Beclin-1 in an attempt to survive the stressful Dox-induced 

apoptosis. However, the continuous autophagy activities may have acted as a cell death 

scaffold, resulting in the non-apoptotic death of the K-562 cells at 48 h. Therefore, in order to 

confirm if the effect of the autophagic activities observed in K-562 Dox-treated cells, enhanced 

cell death or promoted survival, the cells were treated with an autophagy inhibitor, CQ (10 

µM).  
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The co-incubation of K-562 cells with Dox (1 µM) and CQ (10 µM) resulted in the inhibition 

of the Dox-induced autophagy, evident by the increased levels of p62, an autophagy 

degradative protein, in the co-treated cells, compared to the K-562 cells treated with Dox (1 

µM) alone (p < 0.001) (Figure 3.7). Also, as envisaged, since CQ does not affect the initiation 

stage of autophagy, the levels of Beclin-1 remained unchanged in the CQ (10 µM)-treated K-

562 cells compared to the untreated cells (p > 0.05) (Figure 3.7). Furthermore, there was an 

increase in the levels of Bcl-2 (p < 0.001) and a decrease in the levels of Cytochrome c (p = 

0.001) in the CQ (10 µM)-treated K-562 cells compared to the Dox (1 µM)-treated cells (Figure 

3.7). This demonstrated a level of survival in the autophagy inhibited K-562 CQ-treated cells. 

Thereby suggesting that the presence of autophagic activities in the Dox-treated K-562 acted 

as a tumour suppressor and promoted cell death at the 48 h timeline tested.  

The anti-apoptotic effect observed in the CQ-treated cells was in contrast to a previous study 

where CQ-autophagy inhibition was observed to potentiate the cytotoxicity of Dox in liver 

cancer cells (Zhou et al., 2019). However, based on the cell death analysis initially carried out 

(Table 3.1), the decreased levels of Bcl-xL (p < 0.01) (Figure 3.6C), increased expression of 

Cytochrome c (p = 0.001) (Figure 3.6B) and further acquired autophagy inhibition results on 

the Dox (1µM)-treated K-562 cells, wherein CQ-autophagy inhibition was shown to have 

promoted survival in the Dox-treated CML cells, it can be deduced that the activation of the 

autophagy pathway in the Dox (1 µM)-treated CML cells eventually promoted K-562 cell death 

(Figure 3.7). Thus, reporting for the first time that Dox at a therapeutically relevant dose of 1 

µM is able to induce death in K-562 CML cells, not only through the apoptotic pathway but 

also through the non-apoptotic (autophagy) pathway via the modulation of their shared 

regulatory proteins.  

Taken together, the data implied that autophagy may have compensated for the deficiency in 

apoptotic cell death thereby promoting an autophagy-mediated cell death. Thus, the result of 

this study identifies an importance of Dox (1 µM) in CML cells which is in accordance with 

its anti-cancerous effects, thereby strengthening the reports about the function of Dox in cancer 

cells. Furthermore, bearing in mind that Dox at a therapeutically low dose of 1 µM was also 

able to induce significant cell death in non-cancerous HEK293T cells via the apoptotic pathway 

(Table 3.1; Figure 3.6), it is of great importance that further studies be carried out to investigate 

how this Dox-induced killing effect may be prevented or minimised in the non-cancerous 

HEK293T cells without affecting the drug effectiveness in K-562 CML cells. Such research 

involving drug combination through the modulation of the apoptotic and/or autophagy pathway 
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may hereby prove useful, especially, in rare conditions where patients present co-morbidity 

involving CML and AD.  

 

3.4.3 The modulation of the apoptotic and autophagy pathways by AD drugs 
Approved AD drugs are known for their neuroprotective effects and possess two well-studied 

modes of action: inhibiting acetylcholinesterase and blocking the NMDA. However, the drugs 

have also been suggested to affect other pathways, including the apoptotic and autophagy 

pathways (Noh et al., 2009; Ki et al., 2010; Yoon et al., 2017; Albayrak et al., 2018). 

 

3.4.3.1 The modulation of the apoptotic and autophagy pathways by Donepezil  

Studies involving AD drugs have reported the ability of Donepezil, an acetylcholinesterase 

inhibitor, to attenuate non-cancer cells from death through prevention of GSK‐3 activity and 

inhibition of the apoptotic pathway at clinically relevant concentrations of 0.1 - 10 μM (Noh et 

al., 2009; Mortazavian et al., 2013; Sharifipour et al., 2014). The drug has also been shown to 

protect against Dox-induced cognitive impairment (Ongnok et al., 2021). Donepezil has been 

observed to induce cytotoxic effects on solid tumours and leukaemic cells at extremely high 

concentrations ranging from 100 μM to above 200 μM (Ki et al., 2010). The drug induced 

apoptosis by activating both initiator and activator caspases 8, 9 and 3 in acute promyelocytic 

leukaemia cells, thereby increasing the cleavage of PARP-1 and resulting in the death of cancer 

cells (Ki et al.,2010).  

In this present study, the effect of Donepezil was investigated in K-562 CML cells and 

HEK293T cells. At clinically relevant concentrations of 1 - 10 μM, Donepezil-treated K-562 

CML cells were observed to upregulate Cytochrome c expression with an increase in Bax 

(Figure 3.8B). In HEK293T cells, Donepezil, at the lowest concentration tested, 1 μM, 

surprisingly caused a decrease in cell viability (Figure 3.3B) but was unable to stimulate the 

death of the cells via the apoptotic pathway (Table 3.1).  

When the protein expression levels in Donepezil (1, 5, 10 μM)-treated HEK293T cells were 

probed, the cells were observed to show upregulation in both anti-apoptotic (Bcl-2) and pro-

apoptotic proteins (Bak and Cytochrome c) (Figure 3.8). The increased expression of both the 

anti-apoptotic as well as pro-apoptotic proteins in the Donepezil-treated HEK293T cells was 

not expected. Although, the initially observed cell viability reduction in Donepezil-treated 
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HEK293T cells suggested a reduction in the cells’ survival. Hence, the ratio of the pro-

apoptotic to anti-apoptotic proteins was evaluated to determine the cell’s fate (Figure 3.9). This 

method was considered since the ratio between pro-apoptotic and anti-apoptotic protein gives 

more information as to whether the cells are susceptible to apoptotic cell death rather than 

survival, compared to individual protein expressions (Oltval et al., 1993; Sato et al., 1994; 

Hengartner, 2000). However, no significant difference was observed in the levels of pro-

apoptotic to anti-apoptotic protein ratios (Bax:Bcl2 and Bax:Bcl-xL) in the HEK293T 

Donepezil-treated cells compared to the untreated cells (p > 0.05) (Figure 3.9). This suggested 

that the increased levels of anti-apoptotic Bcl-2 proteins in HEK293T cells may have kept Bax 

in check but might not have been sufficient to restrain pro-apoptotic Bak, which may directly 

influence the release of Cytochrome c even without a commitment to apoptosis. Thus, leading 

to a high percentage (> 96%) of viable HEK293T Donepezil-treated cells observed in the cell 

death analysis (Table 3.1). Furthermore, Donepezil was observed to modulate the autophagy 

pathway. The drug decreased Beclin-1 expression in both cell lines investigated, with an 

increased expression of p62 in HEK293T cells (Figure 3.8D).  

Although, Donepezil did not cause significant death in HEK293T cells (Table 3.1), the reduced 

viability effect of the drug on the non-cancerous HEK293T cells (Figure 3.3) cast a bit of doubt 

on the use of Donepezil as a combination drug. Thus, Memantine, which was seen to 

consistently increase HEK293T cells viability was considered as a better option for further 

investigation in the combinatory study. 

 

3.4.3.2 The modulation of the apoptotic and autophagy pathways by Memantine  

Another AD-approved drug with a different mode of action compared to Donepezil, is 

Memantine. The ability of this NMDA antagonist drug to promote cell survival in non-cancer 

cells by exerting anti-autophagic and anti-apoptotic effects has been reported (Song et al., 

2015; Chen et al., 2017). In prostate cancer, Memantine has also been shown to induce 

apoptosis (Albayrak et al., 2018). Low-dose Memantine is neuroprotective (Chen et al., 1998; 

Kafi et al., 2014; Song et al., 2015), however, care needs to be taken as a conducted study 

concluded that Memantine gave off adverse effects at doses lower than is required to provide 

a therapeutic benefit (Creeley et al. 2006). Also, the concentration of Memantine in the serum 

of AD patients receiving oral doses of 10 – 20 mg/day has been reported to be about 1 μM 

(Parsons et al., 2008). Thus, in this study, clinically relevant concentrations of 1, 5 and 10 μM 
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Memantine were investigated. All three concentrations were observed to be non-toxic and 

promoted viability in non-cancerous HEK293T cells (Table 3.1; Figure 3.3).  

Memantine (1, 5 and 10 μM) was observed to significantly increase anti-apoptotic Bcl-2 (p < 

0.01, at all three concentrations) and Bcl-xL (p < 0.01, at all three concentrations) in HEK293T 

cells but not in K-562 cells (Figure 3.10C). In fact, the initially high Bcl-xL basal expression 

in K-562 cells, which measured 3.8-fold compared to HEK293T cells (p = 0.01), was surpassed 

in the Memantine-treated HEK293T cells. The levels of the anti-apoptotic Bcl-xL protein 

increased by 2.1 (p = 0.01) and 1.3-fold (p < 0.05) in the Memantine-treated HEK293T cells, 

compared to the levels in K-562 cells having the same Memantine concentrations of 1 and 5 

µM, respectively (Figure 3.10C). Furthermore, in K-562 cells, Memantine upregulated the 

expression of Cytochrome c and was observed to kill about 10% more CML cells than 

HEK293T cells (Table 3.1; Figure 3.10B). The cell death effect of Memantine in K-562 cells 

was similar to their untreated cells but when compared to Memantine-treated HEK293T cells, 

a significant difference was observed, especially, in Memantine 1 µM (p = 0.01) and 

Memantine 10 µM (p = 0.001)-treated cells (Table 3.1). These observations demonstrated a 

possible selectivity of Memantine in killing CML cells.  

When autophagy-related proteins were investigated, the drug was observed to induce similar 

effects in HEK293T and K-562 cells. Both cell lines gave a decreased Beclin-1 expression and 

in Memantine 1, 5 and 10 μM-treated cells, upregulated p62 proteins were observed (Figure 

3.10D).  

Under the same experimental conditions, the effect of Memantine at higher concentrations of 

20, 30 and 50 μM in both cell lines was also investigated. High doses of Memantine have 

previously been reported to be efficacious, safe, and well-tolerated in AD patients (Grossberg 

et al., 2013). In this study, Memantine (20, 30 and 50 μM) reduced the expression of 

Cytochrome c in HEK293T but not in K-562 cells (Figure 3.10B). In the CML cells, 

Cytochrome c levels were upregulated independent of Bax nor Bak expression (Figure 3.10B). 

These obtained results further emphasised the selectivity of Memantine against CML cells, 

even at higher concentrations. Downstream effects may need to be assessed in further studies 

to conclude if the release of Cytochrome c in K-562 cells triggered apoptosis. The observed 

cytotoxic effects of Memantine in cancer cells, at higher doses, have previously been 

documented (Seifabadi et al., 2017; Albayrak et al., 2018). However, very little data is 

available about its effect in CML. In a study by Abdul and Hoosein (2005), growth inhibition 
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and cell death were observed in Memantine-treated colon, breast and prostate cancer cell lines 

with an IC50 ranging from 23 to 92 μM. In a similar study, Kamal et al. (2015) treated leukaemia 

cells with Memantine (5 –100 μM) and reported that the drug reduced cell numbers by 

inhibiting proliferation. Furthermore, in a more recent study, Memantine was employed at a 

very high concentration of up to 600 μM and was observed to inhibit proliferation and induce 

cell death by autophagy in glioma cells (Yoon et al., 2017).  

On assessment of the autophagy-related proteins, high concentration of Memantine (20, 30 and 

50 μM) was observed to inhibit Beclin-1 expression and increase the levels of LC3-II/LC3-I 

ratio in K-562 cells. The levels of p62 proteins were also upregulated in the CML cells, 

particularly, at the highest Memantine concentration tested (50 µM) (Figure 3.10D). The high-

dose Memantine may have acted as a chemotherapy agent in K-562, by inducing the release of 

Cytochrome c while inhibiting autophagy, a mechanism which may promote cell survival or 

induce death of the cells. The increase in both LC3-II/LC3-I ratio and p62 may have been an 

indication of impairment in the autophagic flux, as the high concentrations of Memantine (20, 

30 and 50 μM) were observed to cause a disruption of LC3 processing in K-562 cells producing 

an LC3 isoform yet to be reported (Figure 3.10A). This may be a pre-lipidated LC3 or maybe, 

an intermediate cleavage (pro-LC3B) that occurred as a result of Atg4 impairment. However, 

the bands seemed to have a smaller molecular weight compared to pro-LC3B which was 

previously described by Agrotis et al. (2019), hence, needs to be investigated further. The 

uppermost LC3 band visualised was ~18 kDa (LC3-I), the middle band was about 16 kDa, 

corresponding to LC3-II and the lowest band with the greatest mobility was visualised at 

~13kDa (Figure 3.10A). Although, both the high and low-dose Memantine-treated K-562 cells 

showed a downregulation of Beclin-1, only the K-562 cells treated with high-dose Memantine 

expressed these LC3 ~13kDa isoforms as well as an increased level of LC3-II/ LC3-I ratio 

(Figure 3.10D). In addition, the intensity of the detected LC3 (~13kDa) isoform in the K-562 

Memantine-treated cells was observed to be greatest at the highest Memantine concentration 

tested (50 μM) with an accumulation of p62 at this concentration (Figure 3.10D). In contrast, 

HEK293T cells treated with both low and high concentrations of Memantine, did not show this 

~13kDa LC3 isoform (Figure 3.10A).  

Besides the detection of the LC3 (~13kDa) isoform in the higher concentrations of Memantine-

treated K-562 cells, the results of the investigations on both the low and high concentrations of 

Memantine revealed similar inhibition of Beclin-induced autophagy as well as modulated 

apoptotic activities in both HEK293T and K-562 cell lines (Figure 3.10). However, a closer 
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look at the lowest concentration of Memantine tested (1 μM) suggested the drug’s ability to 

promote survival in HEK293T cells but not in K-562 cells. This was evident from the increased 

levels of Bcl-2 and Bcl-xL proteins observed in the HEK293T cells (Figure 3.10C). Contrary 

to this, the levels of the anti-apoptotic Bcl-2 and Bcl-xL proteins remained unaltered in the 

HEK293T cells treated with higher concentrations of Memantine, compared to the control 

(Figure 3.10C). Thus, suggesting Memantine, at a clinically relevant concentration of 1 μM, as 

an optimal dosage to further investigate in the combinatory study.  

The results obtained from the activities of the AD drugs in K-562 and HEK293T cells showed 

Donepezil and Memantine as exhibiting similar effects on the expressions of autophagy and 

apoptotic proteins. When cell viability was compared for each treatment in the non-cancerous 

HEK293T cells, the 24 h activities for Memantine or Donepezil (at 1, 5 and 10 µM) were not 

different from their drug activities at 48 h (p > 0.05, in both treatments). However, a comparison 

between the two treatments showed the activity of Memantine (1 µM) to be statistically 

significantly different from the inhibitory action observed in Donepezil (1 µM) for both 24 (p 

< 0.05) and 48 h (p = 0.001) HEK293T drug-treated cells (Figure 3.3). Thus, Memantine (1 

µM) was selected as a more suitable option to include in the drug combinatory investigation. 
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Chapter 4 
Investigating the effects of a 

combination drug on the modulation 
of the apoptotic and autophagic 

pathways to attenuate death in the 
non-cancer cells without inhibiting 

the death of CML cells 
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4. Investigating the effects of a combination drug on the 

modulation of the apoptotic and autophagic pathways to attenuate 

death in the non-cancer cells without inhibiting the death of CML 

cells 

4.1 Introduction 
The standard frontline treatment for CML utilises the action-specific Imatinib (Johnson et al., 

2003). However, pathological transformation and complex molecular mutations leading to 

increased BCR-ABL expressions in leukaemic cells, thus rendering the cells insensitive to 

BCR-ABL-inactivation by targeted drugs, continues in a subpopulation of patients. With the 

inclusion of a non-specific potent chemotherapeutic drug, Dox, in the treatment of CML, the 

outcome is improved (Bassan et al., 1987; Palamà et al., 2015; Almeida et al., 2018; American 

Cancer Society, 2022). However, since these drugs are unable to cross the blood-brain barrier 

in amounts sufficient to reach a pharmacologic drug concentration, eradication of all sub-clones 

of neoplastic stem cells, particularly in the CNS, remains a challenge (Ohnishi et al., 1995; 

Takayama et al., 2002; Wolff et al., 2003; Sardi et al., 2014). Thus, leading to the rise in the 

number of CML relapses after an initial response (Elmaagacli et al., 2000; Bornhauser et al., 

2004; Leis et al., 2004; Matsuda et al., 2005; Marum et al., 2016; Jain et al 2017). Furthermore, 

due to the non-selective cytotoxicity of Dox in cells, a need for a drug combination which can 

help alleviate this Dox-induced toxicity in non-cancerous cells, is warranted. 

Drugs used in the management of AD, a condition that shares the same active cell cycling and 

inversely mirrors the effects observed in cancer (Behrens et al., 2009; Liu and Ander, 2012), 

are known for their neuroprotective effects and better delivery system across the blood-brain 

barrier. Interestingly, these AD medications, such as Donepezil and Memantine, have also been 

shown to be cytotoxic in cancer by targeting various molecular pathways including the 

apoptotic and authophagy pathways (Ki et al., 2010; Seifabadi et al., 2017; Yoon et al., 2017; 

Albayrak et al., 2018).  

Therefore, it was envisaged that the combination of an anti-cancer drug, which possesses multi-

targeted effects against molecules involved in malignant transformation, with an AD drug, may 

help combat CML. However, it was of prime importance that the effect(s) of selected 

leukaemic and AD drugs were investigated as singular treatments in AD compared to CML 

cells, as very limited reports are available for such studies. Hence, a preliminary study was 
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done (Chapter 3) to investigate the effects of Imatinib, Dox, Donepezil and Memantine as 

single drug treatments in cell models of CML (K-562 cells) and AD (HEK293T). Based on the 

acquired results from the single-drug study, Dox and Memantine were selected for the 

combination study. In this chapter, the potential benefits of combining well-studied drugs, Dox 

and Memantine, which have effective chemotherapeutic and blood-brain barrier penetrating 

potentials were explored in the apoptotic and autophagic pathways of CML and AD. 

 

4.2 Aims and Objectives 

4.2.1 Aim of the study 
To investigate the molecular effects of combination drug (Doxorubicin and Memantine) in the 

modulation of the apoptotic and autophagic pathways to attenuate death in the non-cancerous 

HEK293T cells without inhibiting the Dox-induced death of the CML cells. 

 

4.2.2 Objectives of the study 
• To determine if the combination of anti-cancer (Dox) and AD (Memantine) drugs exert an 

effect on the apoptotic and autophagic proteins expressed in cell models of CML (K-562 

cells) and AD (HEK293T cells) 

• To evaluate if a combination of Dox and Memantine would have an effect on the cell death 

induced by Dox in HEK293T cells 

• To investigate if co-incubation of K-562 cells in Dox-Memantine treatment will sustain 

the Dox-induced cell death effect in the CML cells 
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4.3 Results  
Dox/Memantine drug combination sustained Dox-killing effect by 

downregulating anti-apoptotic proteins in K-562 cells but not in HEK293T 

cells 
Following the experimental results acquired from the single drug-treated cells (Section 3.3), 

Dox, a drug with a different mode of action compared to Imatinib, as well as Memantine, the 

preferred option for conferring cytoprotection in HEK293T cells, compared to Donepezil, were 

selected for further investigation. Dox and Memantine were explored as a combination therapy 

in CML and AD, using K-562 and HEK293T as cell models of the disease. Herein, the 

expression of apoptosis and the autophagy-related proteins were assessed in Dox/Memantine 

combination-treated HEK293T and K-562 cells. The levels were compared to the protein 

expressions in sole treatments of Dox and Memantine. 

In HEK293T cells, Dox/Memantine (1 µM) combination caused a statistically significant 2.2-

fold decrease in Bax (p < 0.05) and a non-significant 1.1-fold decrease in Cytochrome c (p > 

0.05) compared to the untreated HEK293T control cells (Figure 4.1B). The decreased 

Cytochrome c levels in the combination-treated cells were observed to be statistically 

significantly lower compared to the levels expressed in the Dox-treated HEK293T cells (p < 

0.05) but non-significant compared to the levels seen in Memantine (1 µM)-treated HEK293T 

cells (p > 0.05) (Figure 4.1B). However, when the levels of pro-apoptotic Bax in the 

Dox/Memantine HEK293T cells were compared with the Memantine-treated HEK293T cells, 

a highly significant decrease of 11.5-fold was observed (p < 0.01) (Figure 4.1B). The levels of 

Bak in HEK293T cells, which was initially increased in the Dox and Memantine sole 

treatments, were still observed to be upregulated in the Dox/Memantine combination-treated 

cells compared to the untreated HEK293T cells (p < 0.05) (Figure 4.1B). When compared to 

Dox-treated HEK293T cells, the levels of Bak in the combination-treated cells were observed 

to be 3-fold higher (p < 0.05) (Figure 4.1B). However, compared to the expression of Bak in 

the Memantine single-treated HEK293T cells, the protein levels in the combination treatment 

were much lower (2.9-fold) (p < 0.01) (Figure 4.1B).  

When anti-apoptotic proteins were examined, Bcl-xL and Bcl-2 showed a 5.7 (p < 0.01) and 

2.1-fold (p = 0.001) increase, respectively, in the Dox/Memantine-treated HEK293T cells 

compared to Dox-treated cells. However, the increase in the protein levels was not as high as 

the levels observed in Memantine-treated HEK293T cells (Figure 4.1C). In comparison to 
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Memantine-treated HEK293T cells, the levels of Bcl-xL expressed in the combination 

treatment were decreased 5.3-fold (p < 0.01) back to a similar level as observed in the untreated 

HEK293T control cells (Figure 4.1C). Similarly, Bcl-2 proteins were also decreased 1.7-fold 

(p < 0.01) but were still statistically significantly higher than the untreated cells (p = 0.001) 

(Figure 4.1C).  

In K-562 cells, an undetectable level of Bax (p > 0.05) and a significant 1.9-fold decrease in 

Bak proteins (p < 0.01) were observed in Dox/Memantine (1 µM)-treated K-562 cells 

compared to untreated K-562 cells (Figure 4.1B). The decreased levels of Bak were not 

statistically significantly different from the levels observed in the Dox (1 µM)-treated K-562 

cells (p > 0.05). However, in comparison to Memantine (1 µM)-treated cells, the protein levels 

were 2.1-fold significantly less expressed in the combination treatment (p < 0.01) (Figure 

4.1B). The undetectable level of Bax in Dox/Memantine combination-treated K-562 cells was 

not statistically different from the levels observed in K-562 cells treated with Dox or 

Memantine alone (p > 0.05) (Figure 4.1B). An upregulation of Cytochrome c was also observed 

in the Dox/Memantine-treated K-562 cells compared to the untreated cells (p < 0.001) (Figure 

4.1B). The levels were not significantly different from the levels observed in Dox-treated cells 

(p > 0.05), however, the increase of 2.6-fold in Dox/Memantine-treated cells was very highly 

statistically significant when compared to the single treatment of Memantine (p < 0.001) 

(Figure 4.1B).  

In the assessment of the anti-apoptotic proteins, Bcl-2, which were initially observed to be 

below the limits of detection in untreated K-562 cells, showed a difference of 0.005 increase 

(normalised to β-actin) in Dox/Memantine-treated cells (Figure 4.1C). However, these 

expressed Bcl-2 levels were not significant compared to the untreated cells (p > 0.05). When 

the levels of Bcl-2 in Dox/Memantine-treated K-562 cells were compared to sole treatments of 

Dox and Memantine, a statistically significant decrease of 5 (p < 0.001) and 9.8-fold (p < 0.01), 

respectively, were observed (Figure 4.1C). Dox/Memantine (1 µM) treatment also induced a 

2.4-fold decrease in the levels of Bcl-xL expressed in K-562 cells compared to the untreated 

K-562 cells (p < 0.05) (Figure 4.1C). These decreased levels were observed to be 3.5-fold 

higher than the levels observed in Dox (p < 0.05), yet lower, compared to the levels observed 

in Memantine-treated K-562 cells (p < 0.05) (Figure 4.1C). 

When the autophagy proteins were examined, Beclin-1 levels which were initially decreased 

in Dox (1 µM) and Memantine (1 µM) single-treated HEK293T cells, remained at a low level 
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of 1.8-fold decrease compared to untreated HEK293T cells (p < 0.05) (Figure 4.1D). However, 

a slight increase of 1.1-fold was observed in the combination-treated cells compared to both 

Dox and Memantine single-treated HEK293T cells (both p < 0.05) (Figure 4.1D). When LC3-

II/LC3-I autophagosome-related proteins were probed, the levels of the protein remained 

unaltered in the Dox/Memantine combination-treated HEK293T cells compared to the 

untreated cells (p > 0.05) (Figure 4.1D). However, when compared to the single-treated cells, 

the Dox/Memantine-treated cells showed a 2-fold increase and 2.2-fold decrease in the levels 

of LC3-II/LC3-I compared to Dox (p < 0.05) and Memantine (p < 0.05)-treated cells, 

respectively (Figure 4.1D). Similar to the increased p62 levels observed in single-treated Dox 

(1 µM) and Memantine (1 µM) HEK293T cells, the levels of p62 proteins remained increased 

in the Dox/Memantine combination-treated cells compared to untreated HEK293T control cells 

(p = 0.001) (Figure 4.1D). The observed p62 levels in Dox/Memantine 1 µM treated cells were 

observed to be 1.2-fold non-significantly higher than Dox-treated HEK293T cells (p > 0.05) 

and 1.3-fold significantly lower than Memantine-treated HEK293T cells (p = 0.049) (Figure 

4.1D). 

In K-562 cells, Beclin-1 levels were increased in the combination-treated cells compared to 

their untreated control cells (p < 0.05) (Figure 4.1D). These increased levels were not 

statistically different compared to the levels observed in the Dox-treated K-562 cells (p > 0.05). 

However, they were observed to be 3.4-fold higher than the levels detected in Memantine (1 

µM)-treated K-562 cells (p < 0.001) (Figure 4.1D). Also, upregulation of LC3-II/LC3-I (p < 

0.001) and downregulation of p62 (p = 0.001) proteins were observed in the Dox/Memantine 

combination-treated cells, compared to the untreated K-562 cells (Figure 4.1D). The increase 

of LC3-II/LC3-I was not significantly higher than the expression levels observed in Memantine 

(1 µM)-treated K-562 cells (p > 0.05) but was observed to be 1.3-fold statistically significantly 

lower than expressed in Dox-treated cells (p < 0.05) (Figure 4.1D). Furthermore, on assessment 

of the membrane blots, the LC3 (~13kDa) isoform previously observed in high-dose 

Memantine-treated K-562 cells (Figure 3.10A), were also observed in Dox/Memantine 

combination-treated K-562 cells (Figure 4.1A). In addition, a statistically significant increase 

in p62 expression levels was observed in the Dox/Memantine-treated K-562 cells (p < 0.05) 

compared to Dox-treated cells, where an undetectable level was initially observed (Figure 

4.1D). However, these increased levels of p62 proteins expressed in the Dox/Memantine 

combination-treated K-562 cells were 3-fold lower compared to levels observed in Memantine 

1 µM-treated K-562 cells (p < 0.01) (Figure 4.1D). 
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A 

Figure 4.1 Effects of Dox/Memantine combination treatments on the levels of proteins involved in apoptosis and autophagy in HEK293T and K-562 cell lines after 48 h 
treatment  
(A) Representative Western blot image 
(B) Pro-apoptotic proteins: Cytochrome c, Bak and Bax (C) Anti-apoptotic proteins: Bcl-xL and Bcl-2 (D) Autophagy-related proteins: LC3, p62 and Beclin-1 
Dox/Memantine (1µM) caused a decrease and increase of Bcl-xL and Cytochrome c proteins in K-562 cells, respectively. In HEK293T, the levels of Bcl-2 were increased. In the autophagy pathway, 
Dox/Memantine combination is observed to increase autophagy activities in K-562 cells by increasing Beclin-1 and LC3-II/LC3-I levels while decreasing the expression of p62.  
Data were normalised to β-actin expression levels. Experiments were repeated thrice and data are expressed as mean ± SE. Basic statistical analysis was performed using 2-sample t-test and significant 
differences were shown as: p > 0.05, no significance (ns); * when p ≤ 0.05, significant; ** when p ≤ 0.01, highly significant and ***, p ≤ 0.001, very highly significant. 
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4.4 Discussion 

Dox/Memantine drug combination modulates both the apoptotic and 

autophagy pathways in K-562 and HEK293T cells 
The inability of non-specific chemotherapeutic drugs to differentiate cancer from non-cancer 

cells, the failure of TKIs to improve the overall survival of CML patients, especially those in 

the blast crisis phase, as well as the situations where an individual suffers the double blow of 

both AD and CML, prompted this investigation. The approach taken in this chapter was to 

combine and explore if two drugs initially observed (Chapter 3) to have independent effects in 

the investigated cell lines (K-562 and HEK293T) would modulate the apoptotic and autophagic 

pathways differently in order to give a better therapeutic result compared to their effects as 

singular drug treatments. Herein, Dox, a broad-spectrum antibiotic was combined with 

Memantine, an NMDA antagonist drug, to promote death in CML cells while mitigating 

adverse effects in HEK293T non-cancer cells. This strategy was conceived since the 

repurposing of drugs had become a cornerstone therapy in combating various ailments.  

Dox is known to induce increasing cytotoxicity with an increase in drug concentration (Müller 

et al., 1997; Pilco-Ferreto and Calaf, 2016; Zhao and Zhang, 2017). However, even at a low 

therapeutic dosage of 1 µM, the results of this present study showed that Dox also induces 

cytotoxicity in non-cancerous HEK293T cells. Various studies have sort strategies that could 

reduce this Dox-induced toxicity in normal cells of cancer patients, especially cardiotoxicity 

(Swain et al., 1997; O’Brien et al., 2004; Cardinale et al., 2006). Herein, the author reports a 

drug combination strategy that limits Dox-associated toxicity in HEK293T, a kidney cell with 

neurological lineage, without affecting the molecular anti-cancer effects of the drug in CML 

cells. Dox possesses a non-selective ability to combat rapidly dividing cells and achieves its 

killing effects via various mechanisms, including the targeting of the intracellular apoptotic 

pathway (Laroche-Clary et al., 2000; Childs et al., 2002; Lebrecht et al., 2004). On the other 

hand, Memantine is known for its protective features (Chen et al., 1998; Jantas et al., 2008; 

Kafi et al., 2014) and has also been reported as being cytotoxic in cancer cells by targeting 

various molecular pathways including the apoptotic and autophagy pathways (Abdul and 

Hoosein, 2005; Seifabadi et al., 2017; Albayrak et al., 2018). The repurposing strategy of these 

two drugs was considered since both Dox and Memantine, as single treatments, were observed, 

herein, to act differently in HEK293T but similarly in their cytotoxic effect against K-562 cells. 

Also, a limited number of studies involving the protective effects of Memantine, have reported 

the drugs’ ability to prevent Dox-induced cell damage in non-cancer cells (Jantas et al., 2008; 
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Jantas and Lason, 2009), with almost none, to the best of the author’s knowledge, exploring 

both drugs as a combination therapy in CML and AD. Therefore, it was hypothesised that the 

amalgamation of both drugs would bring about similar effects when used in models of CML 

and AD. In CML, disease progression involves the activation of a combination of signalling 

pathways which may not be effectively targeted with an action-specific drug. Also, as the 

disease progresses, the cancer cells migrate to various regions of the body, including the brain 

and the spinal cord (Evans et al., 1970; Radhika et al., 2011; Chiba et al., 2018). Although rare, 

leukaemic cells are able to infiltrate the CNS and up to date, there is yet to be an established 

treatment regime for CML patients suffering from such complications. Dox is effective against 

these cells, however, the drug is unable to cross the blood-brain barrier (Ohnishi et al., 1995; 

Sardi et al., 2014). Thus, the targeting of CML cells with Dox and Memantine combination to 

enhance the killing effect in K-562 cells while inhibiting adverse effects in non-cancer 

HEK293T cells, seemed interesting to investigate.  

The results obtained in this drug combination study, showed the combined drugs at a 

concentration of 1 µM to promote the increase of Cytochrome c expression in K-562 cells but 

not in HEK293T cells (Figure 4.1B). The levels of anti-apoptotic Bcl-xL, which was initially 

expressed in the CML cells at a very high level under normal physiological conditions, were 

reduced 2.4-fold in the Dox/Memantine-treated K-562 cells (Figure 4.1C). In addition, the 

initially observed apoptotic effect of Dox as a single drug in K-562 CML cells, through the 

upregulation of Cytochrome C, was not disrupted by Memantine in the drug-combined treated 

cells (Figure 4.1B). Instead, the combination treatment resulted in the reversal of the apoptotic 

effects Dox had on HEK293T cells (Figure 4.1). Thus, demonstrating the ability of these 

combined drugs to promote cell death and survival in cancer and non-cancer cells, respectively.  

The presence of Memantine in the combination drug was observed to limit the initially 

observed Dox-induced toxicity in HEK293T cells. Memantine may have achieved this by 

accelerating the reparation of the damaged biomolecules in the cells. Thus, leading to the 

increased expression of anti-apoptotic Bcl-2, a protein that had previously been reported (Vu 

et al., 2020) and confirmed herein, not to be modulated by Dox. The Bcl-2 protein levels in 

Dox/Memantine-treated HEK293T cells were increased by 2.1-fold compared to the low levels 

observed in the Dox (1 µM)-treated HEK293T cells (p = 0.001), where a significant percentage 

of 34.1% of the non-cancer cells were initially observed to die by apoptosis. These results were 

similar to reports by Ju et al. (2009) where Memantine was described to have blocked apoptosis 
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in the retina of glaucomatous 9-month-old mice through the upregulation and downregulation 

of Bcl-2 and Bax mRNA expression, respectively.  

The observed anti-leukaemic activities of Memantine, herein, evident by the sustained increase 

of Cytochrome c in K-562 cells, may also be due to the action the drug shows by inhibiting 

NMDA receptors, a structure previously reported to be present in megakaryoblastic leukaemic 

cells, such as K-562 cells (Kamal et al., 2015). Although, it is yet to be established if the 

presence of these receptors contributes to the megakaryocytic malignancies. However, the 

receptors have been described to act as a channel for calcium to enter the cells and support the 

survival of leukaemic cells (Kamal et al., 2015). Herein, NMDA receptor antagonist, 

Memantine, in combination with Dox was able to inhibit survival in the CML cells. The 

observed effect of the NMDA receptor antagonist aligns with the effects reported by Kamal et 

al. (2015), where Memantine (5–100 μM) was observed to reduce cell numbers in K-562 by 

suppressing proliferation.  

In a study by Song et al., 2015, Memantine was observed to downregulate the levels of 

autophagy-related proteins (LC3-II/LC3-I ratio and ATG5), which was initially induced using 

Rapamycin, in SH-SY5Y cell model of AD. Similarly, in this present study, when Memantine 

(1 µM) was employed as a single drug treatment in HEK293T cells, downregulation of Beclin-

1 and increased expression of p62 proteins levels were observed (Figure 4.1D). Thus, 

suggesting an inhibition of autophagy. Dox acted in a similar way to Memantine by inhibiting 

autophagy, however, the chemotherapeutic drug was observed to stimulate death in the 

HEK293T cells via the apoptotic pathway (Table 3.1). Further investigation with Dox and 

Memantine combination did not alter the inhibited autophagic process in the HEK293T cells 

(Figure 4.1D). The combination therapy caused Beclin-1 to be slightly increased above the 

levels observed in the single drug treatments (p < 0.05, compared to Dox and Memantine 

individually), however, remained lower than the untreated HEK293T control cells (p < 0.05). 

The level of p62 proteins also remained higher compared to the untreated cells (p = 0.001) 

(Figure 4.1D). When the individual treatment of cells with Dox (1 µM) and Memantine (1 µM) 

was assessed in the autophagy pathway of K-562 cells, both drugs acted differently. Dox 

promoted autophagy while Memantine caused a downregulation of Beclin-1 (p < 0.001) with 

an increase in p62 levels (p < 0.001) compared to the untreated K-562 cells (Figure 4.1D). 

Dox/Memantine drug combination modulated the autophagy pathway, causing a significant 

increase in Beclin-1 compared to K-562 untreated cells (p < 0.05). These increased levels of 

Beclin-1 were observed to be at a similar level as it was initially observed in Dox-treated K-
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562 cells but with a slightly increased level of p62, compared to the Dox-treated CML cells (p 

= 0.05) (Figure 4.1D). As previously mentioned, cancer cells are able to devise mechanisms 

by which they inhibit cell death, such mechanisms include the activation of autophagy (Mathew 

et al., 2007; Sakuma et al., 2013; Zhao et al., 2014). However, continuous autophagy activities 

may result in non-apoptotic death or even serve as a scaffold for other efficient autophagy-

mediated cell deaths (Laane et al., 2009; Tong et al., 2013; Ristic et al., 2014). In this present 

study, the promotion of autophagic activities in Dox (1 µM)-treated K-562 cells led to the death 

of over 25% of the CML cells. Although, this was 11% lower compared to the dead cells 

observed in the non-cancer Dox (1 µM)-treated HEK293T cells (p < 0.05) (Table 3.1).  

The findings of this present study show the ability of Dox/Memantine drug combination to 

sustain the activated autophagy-mediated cell death effect initially observed in Dox-treated K-

562 cells. In addition, the potential of the combination drug to encourage cell death through 

the downregulation of Bcl-xL and upregulation of pro-apoptotic Cytochrome c in K-562 CML 

cells, but not in HEK293T non-cancerous cells, is highlighted. Thus, suggesting a strategy of 

non-cancer cell protection while simultaneously providing therapeutic benefits against the 

CML cell population. 
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Chapter 5 
Summary, conclusion and future 

works
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5. Summary, conclusion and future works 

5.1 Summary 
There is an increase in the number of individuals living with age-related diseases such as CML 

and AD (Holliday, 1996; Jaul and Barron, 2017; WHO, 2022). Drug resistance and the inability 

to achieve total eradication of these diseases, remain a major challenge. Moreover, the inability 

of anti-cancer drugs to distinguish between healthy and unhealthy cells poses a greater risk to 

patients undergoing cancer treatment, during which, complaints of cognitive dysfunction are 

common.  

In this study, in order to explore the modulation of two connected pathways (apoptosis and 

autophagy), cells (K-562 and HEK293T) were treated with approved cancer drugs, Imatinib 

(Section 3.3.5) and Dox (Section 3.3.6) and AD drugs, Donepezil (Section 3.3.7) and 

Memantine (Section 3.3.8). Increasing understanding of the molecular bases of diseases has 

demonstrated that the abnormal expression and activities of proteins involved in signalling 

pathways contribute to the development of diseased conditions and as such, this was 

investigated.  

 

5.1.1 Basal expressions 
In order for cancer cells to meet their growth and survival requirements, they usually have 

altered metabolic pathways in comparison to non-cancer cells. Under normal growth 

conditions, the unstressed cell lines (K-562 and HEK293T) expressed contrasting levels of 

proteins. The increase of autophagy proteins, Beclin-1 (p < 0.01) and LC3-II/LC3-I (p < 0.05), 

with the concomitant decrease in p62 (p < 0.001) proteins in HEK293T cells compared to K-

562 cells, indicated more autophagy flux in the non-cancerous cells (Figure 3.4C). However, 

it was not clear if at these basal levels the autophagy modulation conferred protection or 

cytotoxicity in the cells. In the apoptotic pathway, K-562 cells expressed lower levels of pro-

apoptotic proteins (Bak, Bax and Cytochrome c) and an increased amount of anti-apoptotic 

Bcl-xL. This was 3.8 times higher compared to the levels expressed in non-cancerous 

HEK293T cells (p < 0.01) (Figure 3.4C). This signified a major difference in the apoptotic 

pathway of the CML versus the non-cancer cells. The CML cells used the tactics of expressing 

anti-apoptotic proteins while downregulating the pro-apoptotic ones as a survival mechanism 

under normal growth conditions. The approach taken in this work helped to characterise how 
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the protein file in K-562 CML cells differs from HEK293T non-cancer cells, prior to drug 

treatments. 

 

5.1.2 Molecular effects of anti-leukaemic drugs in K-562 and HEK293T cells 
When the cells were separately incubated in the anti-cancer drug, both Imatinib and Dox 

modulated the intrinsic apoptotic pathway of the CML cells, causing a decrease in the levels 

of Bcl-xL in the K-562 cells (Figure 3.5C & 3.6C). However, Dox showed a double-fold 

decrease (8.6-fold) in the anti-apoptotic protein compared to Imatinib (3.6-fold). Also, Dox 

was able to enhance autophagy activities in K-562 cells by increasing the levels of Beclin-1 

and causing the levels of p62 to reduce to a non-detectable level (Figure 3.6D). At present, the 

relationship between autophagy and cell death remains unclear. However, cancer cells are 

known to deregulate different molecular pathways. Therefore, therapies with multiple activities 

are considered better, even in CML treatment. Hence, in order to explore the Dox-induced 

effect of autophagy in the CML cells, the autophagy activities were blocked using CQ. It was 

then discovered that autophagy contributed to the inhibition of the survival of K-562 CML 

cells. The addition of CQ resulted in increased levels of Bcl-2 and a decrease in Cytochrome c 

proteins in K-562 cells (Figure 3.7). Despite the favourable anti-cancerous activities displayed 

by Dox in K-562 cells, the drug also showed cytotoxicity in the non-cancerous HEK293T cells. 

Despite the wide use of Dox in cancer treatment, the non-selective toxicity of the drug towards 

non-cancer cells remains a problem. Therefore, an approach that can utilise the anti-leukaemic 

activities of Dox in CML cells while abating the cell death effects in HEK293T cells, was 

desired. 

 

5.1.3 Molecular effects of AD drugs in K-562 and HEK293T cells 
Neuroprotective drugs such as Donepezil and Memantine, which help to prevent deleterious 

effects leading to cell death in AD, have been reported to enhance cell death in tumour cells 

(Rzeski et al., 2001; Abdul and Hoosein, 2005) and as such, they may be effective in the 

treatment of cancers such as CML. In this study, the apoptotic and autophagic effects of 

Donepezil and Memantine were examined in K-562 CML cells and non-cancerous HEK293T 

cells. 

Donepezil (1 µM) upregulated Bcl-2 and Bcl-xL levels in HEK293T cells (Figure 3.8C). 

Surprisingly, the drug also inhibited cell viability (Figure 3.3), increased the levels of Bak and 



Rosemary Ofili (M00554158) PhD thesis  
  

119 
 

Cytochrome c in the non-cancerous cells (Figure 3.8C). These results suggested the ability of 

Donepezil to modulate the proteins involved in the apoptotic pathway by increasing anti-

apoptotic protein levels while inducing apoptosis in HEK293T cells via a mitochondria-

mediated pathway. The ratio of the pro-apoptotic to anti-apoptotic proteins was calculated to 

determine the cell’s fate. However, no statistically significant difference was observed between 

the pro-apoptotic to anti-apoptotic proteins activities (Figure 3.9). It would be interesting to 

explore the possibility of an interfering pathway in the HEK293T-Donepezil treated cells 

which may have led to the contradictory behaviours observed.  

Memantine, another AD drug with a different mode of action to Donepezil was investigated. 

Memantine is a known NMDA channel blocker. The molecular effects of Memantine via the 

NMDA pathway in cancer cells, have been reported (Li and Hanahan, 2013; Yoon et al., 2017; 

Albayrak et al., 2018; Li et al., 2018). However, more work needs to be done to determine its 

cancer-modulating abilities through other pathways. Thereby helping to broaden the 

knowledge about employing this NMDA antagonist drug in the treatment of other diseases like 

CML. Herein, similar to Donepezil, the effects of Memantine (1 µM) were also probed. 

Memantine was observed to increase the cell viability of HEK293T cells (Figure 3.3). Anti-

apoptotic Bcl-2 and Bcl-xL proteins were also enhanced in the cells (Figure 3.10C). Memantine 

also showed a selective inhibition against the CML cells by killing 9.6% more K-562 cells 

compared to the non-cancerous HEK293T cells (p = 0.01) (Table 3.1). When some distinct 

apoptotic proteins were investigated, the drug was observed to potentiate an increase in the 

expression of Cytochrome c in the CML cells (Figure 3.10B). These attributes made 

Memantine a more suitable candidate to explore in combination with Dox. 

 

5.1.4 Molecular effects of anti-leukaemic and AD drug-combination in K-562 

and HEK293T cells 
The growth of tumour cells in locations distant from the primary site of the cancer, is a common 

occurrence. In leukaemia, cancer cells have been observed in the CNS (Wolff et al., 2003). 

Although many chemotherapeutic drugs have been utilized in the treatment of leukaemia, the 

toxicity induced in surrounding healthy cells, the drug penetration ability as well as the rate in 

achieving complete remission, is far from satisfactory. In CML, treatment with chemotherapy, 

especially when the cancer cells have metastasised to the brain, results in serious toxicities 

associated with cognitive dysfunction (Ongnok et al., 2021). Presently, there are no approved 
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pharmacological interventions for such conditions. Drug advances have encouraged various 

combinatory treatments to aid in combating CML more effectively. New compounds or 

repurposing of existing drugs with minimal adverse effects is desirable for a drug combinatory 

approach. In this study, we examined the susceptibility of CML and non-cancerous cells to 

death or survival when treated with Dox and Memantine drug combination. In an effort to 

attenuate HEK293T cells from the Dox-induced cytotoxicity, the cells were co-incubated with 

Dox and Memantine. The selected drug combination was anticipated to give an increased 

molecular therapeutic outcome in the CML cells with reduced side effects in the non-cancerous 

cells. The results obtained from this drug combination study showed the Dox/Memantine 

combination to promote survival in the non-cancerous HEK293T cells by upregulating Bcl-2 

(Figure 4.1C), a protein that was initially observed not to be modulated by Dox (Figure 3.6C). 

In addition, the apoptotic effect of Dox as a single drug in K-562 CML cells, through the 

upregulation of Cytochrome C, was not disrupted by the presence of Memantine in the drug-

combined treated CML cells (p > 0.05) (Figure 4.1B). Dox/Memantine drug combination gave 

an additive and antagonistic drug effect in K-562 and HEK293T cells, respectively. In K-562 

cells, the combination of both drugs maintained the killing effect which was initially observed 

when cells were treated with Dox alone. But in the non-cancerous HEK293T cells, the presence 

of Memantine attenuated the cells from the Dox-induced death by increasing the levels of the 

anti-apoptotic Bcl-2, a protein observed not to be regulated by Dox. This suggests that 

combined Dox and Memantine treatment could be a therapeutic strategy to enhance cell death 

in CML. Also, bearing in mind that cognitive dysfunction is prevalent amongst patients 

receiving chemotherapy and there are presently no approved pharmacological interventions for 

such conditions, the use of Dox and Memantine may prove to be of therapeutic benefit to such 

patients. 

 

5.1.5 Limitations of the study 
There are several limitations to this study and as such, certain shortcomings must be 

highlighted.  

Firstly, the research was performed on HEK293T as a non-cancerous AD model. Without the 

transfection of an AD-involved protein to mimic a path in AD in vivo, this model may be seen 

as an apparent limitation of the study. However, the future direction of this study involves the 

development and analysis of a HEK293T AD model expressing amyloid beta (a hallmark of 
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AD) and as such preliminary pre-transfection data was necessary for comparison post-

transfection of the cells. Hence, this study can be seen as an introduction to the investigation 

of CML and AD co-morbidity.  

Another limitation involved the use of only one inhibitory work. Experiments with inhibitors 

can provide a better understanding of various signalling pathways. Thus, in this study, 

chloroquine was employed to block autophagy. Chloroquine blocks the late stage of autophagy 

by raising the pH of lysosomes, thereby inhibiting the autophagosome-lysosome fusion. Other 

inhibitory works should have also been included. For example, K-562 CML cells were 

observed to express high levels of Bcl-xL. When the cells were treated with Dox, the anti-

apoptotic proteins were observed to be decreased and death induced. The use of Bcl-xL 

inhibitors, such as WEHI-539, to block Bcl-xL expression would have been used to verify if 

the selective inhibition of the protein could have sensitised the CML cells to enhance Dox-

induced cell death. Furthermore, it has been reported that when inhibitors are used at certain 

concentrations, they can cause non-specific toxic effects (Callus and Vaux, 2007). Therefore, 

a range of Chloroquine concentrations should have been tested before usage for the inhibitor 

work. However, based on results from previous studies which had documented the non-

involvement of the drug to cell death activation at this concentration (Shacka et al., 2006; Yoon 

et al., 2010; Hirata et al., 2011; Maycotte et al., 2012; Zhou et al., 2019), Chloroquine (10 µM) 

was selected without further investigations.  

Apoptosis and autophagy were determined using Western blot analyses to detect protein levels. 

To avoid bias and to verify both cell death and the autophagic compartments, some confocal 

work would have been included. However, the present study focused on the comparison of 

protein levels in apoptosis and autophagy. Thus, different proteins which played varying roles 

at intervals of each pathway were selected. Although, it would have been preferable to include 

both Western blot analysis and confocal work and then compare the two sets of results. 

However, taking the acquired data together, a comprehensive overview of apoptotic and 

autophagic activities in the cells was given. Also, the study was limited to the expression of 

proteins. Maybe some gene expression study might have added more value to the acquired data 

in this study. However, since the study focused on the mechanism of action, protein expression 

seemed sufficient, herein. 

In the combination study, only one scientific technique was used to assess the effects of the 

combination drug in the cells. This was an obvious limitation of the study. The inclusion of a 
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second method would have aided in verifying the acquired results. Furthermore, the 

observation of an increased level of anti-apoptotic Bcl-2 in the Dox/Mem-treated HEK293T 

cells was interpreted as cell survival in the non-cancer cells. These increased levels were 

suggested to have inhibited the apoptotic effects initially observed in HEK293T cells treated 

with Dox alone. Although, an increase in the levels of anti-apoptotic Bcl-2 in cells enhances 

survival. However, all other signals must be considered before concluding that the upregulated 

Bcl-2 levels observed in the Dox/Mem-treated HEK293T cells inhibited the apoptotic effects 

initially observed in Dox-treated HEK293T. An extrapolation based on the increased Bcl-2 

levels, alone, is not sufficient to be interpreted as apoptotic inhibition and as such must be 

highlighted as another limitation in this study. A cell viability experiment to determine if the 

combination treatment promoted survival in HEK293T cells, would have been helpful. Most 

importantly, the inclusion of a cell death assay to measure the apoptotic cells present in the 

Dox/Mem-treated HEK293T compared to the apoptotic cells present in Dox-treated HEK293T 

cells would have provided evidence to determine if apoptosis was inhibited in the combination-

treated HEK293T cells or not. 

Finally, this study involved the determination of the mechanism of action of selected drugs in 

CML and AD models. The inclusion of an in vivo study would provide added information on 

the effects of the drugs. However, this was beyond the scope of the current study. 

 

5.2 Future studies 

5.2.1 Investigating the Dox-induced autophagy pathway upstream of Beclin-1  
The physiological process of autophagy, which is not limited to a single signalling pathway 

needs to be further investigated upstream of Beclin-1 expression to evaluate how specific 

molecules played roles that resulted in the Dox-induced autophagy-mediated cell death in CML 

cells but not in HEK293T cells. It would be interesting to know if the 5’-adenosine 

monophosphate-activated protein kinase (AMPK) pathway was involved in the downstream 

effects observed. AMPK has a dual function as it acts as a cellular energy sensor. The kinase 

could inhibit the mammalian target of rapamycin complex 1 (mTOR1) activities and other 

energy-consuming pathways to decrease ATP consumption (Inoki et al., 2003; Leprivier et al., 

2013; Vara-Ciruelos et al., 2019). On the other hand, AMPK could promote cell survival (Jeon 

et al., 2012; Vara-Ciruelos et al., 2019). Exploring these upstream processes will give more 
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information as to what pathways were turned on in the CML cells different from HEK293T 

cells. 

 

5.2.2 Verifying the cell death effect of Memantine in K-562 CML cells 
Emerging evidence report that cell commitment to death may be regulated even after the release 

of Cytochrome c (Deveraux et al., 1998; Jäättelä et al., 1998; Beere et al., 2000). Since 

Memantine (1 µM) was able to induce an increase in the levels of Cytochrome c independent 

of Bak and Bax in K-562 cells, it would be necessary to verify if these increased levels led to 

the activation of caspases and other downstream apoptotic cell death stimuli in the CML cells. 

Also, other pathways which may have been involved in the expression of Cytochrome c in the 

Memantine-treated CML cells need to be explored. This investigation will help to ascertain if 

Memantine aided in the Dox-killing of K-562 cells. Such a synergistic effect of the two drugs 

will aid in uncovering another therapeutic benefit of Memantine to induce apoptotic cell death 

of CML cells. Also, with further research involving the CNS, it will better elucidate the use of 

Dox/Memantine combination in destroying CML cells in areas like the CNS where Dox at 

pharmacologically relevant dosages may not be able to reach. 

 

5.2.3 Investigating the effects of Dox/Memantine on BCR-ABL activities in K-

562 cells 
In CML, the abnormal BCR-ABL is known to be constitutively activated. Due to the 

importance of this fusion protein in CML, Western blot analysis and other relevant scientific 

techniques should be performed in K-562 cells to determine if the combination drug is capable 

of modulating the expression and activities of BCR-ABL oncoprotein in the CML cells 

compared to the Dox-treated cells as well as the untreated counterpart. Abnormal interactions 

between the BCR-ABL and other cytoplasmic molecules can lead to the disruption of various 

cellular processes including Ras (Puil et al., 1994), Janus kinase/signal transducer and activator 

of transcription (JAK/STAT) (Ilaria and Van Etten, 1996; Chai et al., 1997) and 

Phosphatidylinositol 3 kinase (Sattler et al. 1996) pathways. It would be interesting to explore 

if the drug combination is able to inhibit any of these pathways and encourage cell death. 

Results from such studies will provide additional opportunities to develop more effective 

therapeutic strategies against CML through the targeting of the molecular pathways and may 

also help to overcome resistance to tyrosine kinase inhibitors. 
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5.2.4 Investigation of an autophagy-related LC3 isoform in K-562 CML cells 
The high-doses of Memantine (20, 30 and 50 μM) may have acted as a chemotherapy agent in 

K-562, by inducing the release of Cytochrome c while modulating autophagy. An LC3 isoform 

which maybe as a result of disruption in LC3 processing in K-562 cells was observed. This 

isoform was also seen in K-562 cells treated with Dox/Memantine combination drug. The 

reason for the formation of this isoform (yet to be reported) is unknown. The LC3 isoform was 

detected at ~13kDa, a much lower band weight than previously described LC3 proteins. A 

closer look into the mechanisms involved in LC3 processing, in the presence of Atg 

impairments, may shed light in regards to the detected LC3 isoform (~13kDa). 

 

5.2.5 Investigating the effects of Dox/Memantine in an in vitro model AD 

overexpressing amyloid beta 
One major neuropathological feature involved in AD is the formation of amyloid plaques which 

aggregates over the years from smaller amyloid molecules. The targeting of amyloid oligomers 

prior to the formation of plaques may help to slow down or prevent the progression of AD. 

Increasing evidence suggests that apoptotic (Engidawork et al., 2001; Su et al., 2001; Rissman 

et al., 2004) and autophagic (Nixon et al., 2005; Nilsson et al., 2013) mechanisms play a role 

in AD pathogenesis. Therefore, to study the pathogenic processes in AD, levels of apoptotic 

and autophagic proteins involved in mediating/ modulating cell death will be examined in an 

amyloid beta expressing model of the disease. Further investigations are underway to develop 

the in vitro AD model expressing amyloidosis. Information regarding the experimental 

procedure as well as the proposed virtual construct can be viewed in Appendix XII and XIII. 

The intrinsic pathway will be carefully examined as amyloid beta are known to bind and cause 

stress in the mitochondria, leading to the activation of apoptotic proteins and caspases which 

may be capable of cleaving other AD-related proteins such as tau (Su et al., 2001; Rissman et 

al., 2004). Upstream of this pathway, autophagy has been implicated in the secretion of 

amyloid beta into the extracellular space, thereby influencing plaque formation, a major 

hallmark of AD (Nilsson et al., 2013). In this present study, Dox/Memantine combination drug 

has been observed to modulate both the apoptotic and autophagy pathways in CML and in a 

pre-transfected AD model. Thus, it will be interesting to investigate how the combination drug 

can modulate these pathways and probably reduce amyloids in an AD model expressing 

amyloidosis. In the proposed future work, the combination drug will be tested in the developed 
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AD model and some amyloid protein degradation studies will be carried out. Also, the 

alterations in the expression of apoptotic and autophagic proteins will be examined and the 

levels will be compared to the drug combination effect in CML. This will help to further verify 

the combination drug effects in CML-AD co-morbidity. Further experimental approaches will 

also be incorporated to elucidate the mechanism of Dox/Memantine in the investigated cell 

lines. The modulation of the proteins by the combination drug may suggest it as a 

pharmacological combination with promise in AD therapy, acting via the apoptotic and/or 

autophagic pathways. 

 

5.2.6 Evaluating the effects of Dox/Memantine on the cell death pathway in K-

562 and HEK293T cells 
In the combination study, the levels of anti-apoptotic Bcl-xL, which was initially expressed in 

the CML cells at a very high level under normal physiological conditions, were observed to be 

downregulated with an increase in the levels of Cytochrome c. On the other hand, the levels of 

Bcl-2 protein were increased in Dox/Memantine-treated HEK293T cells. These results 

suggested the promotion of cell death and survival in the cancer and non-cancer cells, 

respectively. However, a downstream caspase detection as well as a functional cell death assay 

such as the Annexin V/PI staining prior to flow cytometry, will be needed to verify the response 

of the Dox/Memantine-treated cells to death. 
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5.3 Conclusion 

5.3.1 What is already known? 
Over time, the clinical outcome of patients with CML improved with the development of TKIs. 

However, during the blast crisis phase, where the cells resemble AML cells and migrate to 

secondary sites, such as the CNS, high relapse rates are common (Wolff et al., 2003; Healey et 

al., 2021). Hence, for a more effective treatment, non-targeted drugs such as Dox, is included 

(Bassan et al., 1987; American Cancer Society, 2022). Dox is known for its effectiveness but 

due to its toxicity in non-cancer cells, its use is limited (Wang et al., 2004; Li et al., 2016; 

Fraczkowska et al, 2018). Another condition that inversely mirrors the effects observed in 

cancer is AD (Behrens et al., 2009; Liu and Ander, 2012). Approved AD drugs are known for 

their protective effects. However, at various concentrations, these drugs have also been 

suggested to affect other pathways, including GSK-3 activities (Noh et al., 2009), apoptotic 

(Ki et al., 2010; Albayrak et al., 2018) and autophagy (Yoon et al., 2017) pathways. Converse 

to non-cancer cells, in leukaemic cells, anti-apoptotic proteins (Bcl-2 and Bcl-xL) are known 

to be overexpressed while pro-apoptotic proteins (Bak, Bax and Cytochrome c) are under-

expressed. Furthermore, Bcl-2 proteins are also known to interact with Beclin-1, a protein 

involved in autophagy (Liang et al., 1998). Hence, a critical look at the expression of these 

proteins may elucidate how to better tackle CML and AD. 

 

5.3.2 Key findings and concluding comments 
In this study, under normal physiological conditions, K-562 CML cells showed a greater 

survival ability by expressing lower levels of pro-apoptotic proteins (Bak, Bax and Cytochrome 

c) compared to HEK293T cells. In addition, the CML cells did not express detectable levels of 

anti-apoptotic Bcl-2. Instead, it expressed four times more Bcl-xL proteins compared to the 

non-cancerous HEK293T cells. 

Following drug treatments, Dox, not Imatinib, was observed to induce an autophagy-cell death 

mediated pathway in K-562 cells. Apoptosis is the canonical way for cells to die. However, in 

this study, a crosstalk between the apoptotic and autophagy pathways was observed. Dox-

induced Beclin-1 increment, resulting in decreased and increased expressions of Bcl-xL and 

Cytochrome c in the CML cells, respectively. Hence, the halting of this path induced the 

progression of the blast phase CML cells. Also, Memantine, not Donepezil, demonstrated 

consistent protection on HEK293T cells. Together, both drugs (Dox and Memantine) 
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potentiated an effect against the survival of K-562 CML cells while attenuating HEK293T non-

cancer cells from the Dox-mediated apoptotic cell death. Thus, for the first time, the molecular 

evidence of the ability of Memantine to attenuate HEK293T cells from the deleterious effects 

of Dox through the upregulation of anti-apoptotic Bcl-2 proteins without affecting its anti-

cancerous effects as well as its induction of cellular autophagy in K562 cells, when both drugs 

were administered as combined therapy, is reported.  

These findings suggest the use of Dox/Memantine (1 µM) drug combination as a therapeutic 

strategy against CML resistant cells and in the treatment of conditions involving AD and CML 

co-morbidity. This drug strategy may also apply to other malignancies that are capable of 

infiltrating the CNS. However, there is still a lot of work to be done in order to transform these 

fundamental findings into a functional tool for the treatment of CML and AD in vivo. 

Additional studies will be necessary to confirm the drug action between the combined drugs. 

However, one major advantage of the selected drug combination is the fact that the use of the 

drugs individually has already been established in the diseases they were intended for. Hence, 

the safety, efficacy as well as toxicity profiles of Dox and Memantine in CML and AD, 

respectively, are well studied 

Future studies should explore other in vitro effects of the combination drugs in CML and AD 

including other scientific techniques. With the aid of appropriate staining and microscopy 

techniques, the apoptotic and autophagy effects can be visualised. Also, the work should be 

investigated in other non-cancer and cancer cell lines, including brain cancer cells and most 

importantly primary cells. This will give more comparison of the effects of the drugs in 

different in vitro models of disease. 
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Appendices 
Appendix I: Statistical analyses for the viability of K-562 and HEK293T cells using 
CyQUANT® Direct assay  

A) Media vs 0.05% DMSO at 0, 24, 48 and 72 h (HEK293T cells) 

Protein Sample N Mean StDev SE Mean T-Value DF P-Value 

0 h HEK Media 
0 h HEK DMSO 

3 100.017 0.323 0.19 0.40 
 

4 
 

0.707 
 3 99.67 1.47 0.85 

24 h HEK Media 
24 h HEK DMSO 

3 92.48 2.15 1.2 
-1.02  4  0.365  3 94.61 2.9 1.7 

48 h HEK Media 
48 h HEK DMSO 

3 94.1 12.7 7.3 
0.21  4  0.84  3 92.16 9.64 5.6 

72 h HEK Media 
72 h HEK DMSO 

3 116.3 12.4 7.2 
0.46  4  0.669  3 112.19 9.09 5.3 

 

B) Media vs 0.05% DMSO at 24, 48 and 72 h (K-562 cells) 

Protein Sample N Mean StDev SE Mean T-Value DF P-Value 

0 h K-562 Media 
0 h K-562 DMSO 

3 100.284 0.736 0.43 0.15 
 

4 
 

0.888 
 3 100.00 3.18 1.8 

24 h K-562 Media 
24 h K-562 DMSO 

3 95.47 1.44 0.83 
0.78 4 0.479 

3 94.24 2.32 1.3 

48 h K-562 Media 
48 h K-562 DMSO 

3 98.54 1.95 1.1 
0.37 4 0.731 

3 97.45 4.74 2.7 

72 h K-562 Media 
72 h K-562 DMSO 

3 106.68 3.30 1.9 
-0.67 4 0.537 

3 109.26 5.73 3.3 
 

C) K-562 and HEK293T (Control vs cells incubated for 24, 48 and 72 h)  

Protein Sample N Mean StDev SE Mean T-Value DF P-Value 

0 h HEK Media 
24 h HEK Media 

3 100.017 0.323 0.19 5.46 
 

4 
 

0.005 
 3 92.67 2.31 1.3 

0 h HEK Media 
48 h HEK Media 

3 100.017 0.323 0.19 
0.81  4  0.465  3 94.1 12.7 7.3 

0 h HEK Media 
72 h HEK Media 

3 100.017 0.323 0.19 
-2.28  4  0.085  3 116.3 12.3 7.1 

0 h HEK DMSO 
24 h HEK DMSO 

3 99.67 1.47 0.85 
2.55  4  0.063  3 94.67 3.06 1.8 

0 h HEK DMSO 
48 h HEK DMSO 

3 99.67 1.47 0.85 1.35 
 

4 
 

0.249 
 3 92.12 9.60 5.5 

0 h HEK DMSO 
72 h HEK DMSO 

3 99.67 1.47 0.85 -2.36 
 

4 
 

0.078 
 3 112.26 9.12 5.3 

0 h K-562 Media 
24 h K-562 Media 

3 100.284 0.736 0.43 5.16 
 

4 
 

0.007 
 3 95.47 1.44 0.83 
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0 h K-562 Media 
48 h K-562 Media 

3 100.284 0.736 0.43 1.45 
 

4 
 

0.220 
 3 98.54 1.95 1.1 

0 h K-562 Media 
72 h K-562 Media 

3 100.284 0.736 0.43 -3.27 
 

4 
 

0.031 
 3 106.68 3.30 1.9 

0 h K-562 DMSO 
24 h K-562 DMSO 

3 100.00 3.18 1.8 2.54 
 

4 
 

0.064 
 3 94.24 2.32 1.3 

0 h K-562 DMSO 
48 h K-562 DMSO 

3 100.00 3.18 1.8 0.77 
 

4 
 

0.483 
 3 97.45 4.74 2.7 

0 h K-562 DMSO 
72 h K-562 DMSO 

3 100.00 3.18 1.8 -2.45 
 

4 
 

0.071 
 3 109.26 5.73 3.3 

 

D) Dox vs control and the various concentration of Dox treatments at 24 and 48 h 

Tukey Simultaneous Tests for Differences of Means 
    

Difference of Levels Difference SE of 95% CI T-Value Adjusted 

  of Means Difference  
 P-Value 

DX1 H24 - Ctrl H24 -54.83 4.52 (-68.46, -41.21) -12.12 0 
DX5 H24 - Ctrl H24 -76.17 4.52 (-89.79, -62.54) -16.84 0 
DX10 H24 - Ctrl H24 -84.5 4.52 (-98.12, -70.88) -18.68 0 
DX5 H24 - DX1 H24 -21.33 5.22 (-37.06, -5.60) -4.09 0.008 
DX10 H24 - DX1 H24 -29.67 5.22 (-45.40, -13.94) -5.68 0.001 
DX10 H24 - DX5 H24 -8.33 5.22 (-24.06, 7.40) -1.6 0.42 
Individual confidence level = 98.82%       

 

Tukey Simultaneous Tests for Differences of Means     
Difference of Levels Difference SE of 95% CI T-Value Adjusted 

  of Means Difference  
 P-Value 

DX1 H48 - Ctrl H48 -63.6 5.44 (-79.75, -47.46) -11.7 0 

DX5 H48 - Ctrl H48 -88.45 5.44 (-104.59, -72.30) -16.27 0 

DX10 H48 - Ctrl H48 -93.05 5.44 (-109.19, -76.90) -17.11 0 
DX5 H48 - DX1 H48 -24.84 6.43 (-43.95, -5.74) -3.86 0.011 
DX10 H48 - DX1 H48 -29.44 6.43 (-48.55, -10.34) -4.58 0.003 
DX10 H48 - DX5 H48 -4.6 6.43 (-23.70, 14.50) -0.72 0.889 
Individual confidence level = 98.83%       

 

E) Memantine vs control and the various concentration (1, 5, 10 µM) of Memantine treatments 
at 24 and 48 h 

Tukey Simultaneous Tests for Differences of Means 
    

Difference of Levels Difference SE of 95% CI T-Value Adjusted 

  of Means Difference  
 P-Value 

M1 H24 - Ctrl H24 40.2 11.2 (6.5, 73.8) 3.59 0.019 

M5 H24 - Ctrl H24 10.8 11.2 (-22.8, 44.5) 0.97 0.769 

M10 H24 - Ctrl H24 7.5 11.2 (-26.2, 41.2) 0.67 0.906 
M5 H24 - M1 H24 -29.3 12.9 (-68.2, 9.5) -2.27 0.164 
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M10 H24 - M1 H24 -32.7 12.9 (-71.5, 6.2) -2.53 0.109 
M10 H24 - M5 H24 -3.3 12.9 (-42.2, 35.5) -0.26 0.994 
Individual confidence level = 98.82%       

 

Tukey Simultaneous Tests for Differences of Means     
Difference of Levels 
  

Difference 
of Means 

SE of 
Difference 95% CI  T-Value  

Adjusted 
P-Value 

M1 H48 - Ctrl H48 20.69 8.69 (-5.11, 46.48) 2.38 0.134 

M5 H48 - Ctrl H48 2.92 8.69 (-22.88, 28.72) 0.34 0.986 

M10 H48 - Ctrl H48 2.79 8.69 (-23.01, 28.58) 0.32 0.988 
M5 H48 - M1 H48 -17.8 10.3 (-48.3, 12.8) -1.73 0.352 
M10 H48 - M1 H48 -17.9 10.3 (-48.4, 12.6) -1.74 0.346 
M10 H48 - M5 H48 -0.1 10.3 (-30.7, 30.4) -0.01 1 
Individual confidence level = 98.83%       

 

F) Donepezil vs control and the various concentration of Donepezil treatments (1, 5, 10 µM) 
at 24 and 48 h 

Tukey Simultaneous Tests for Differences of Means     
Difference of Levels Difference SE of 95% CI T-Value Adjusted 

  of Means Difference  
 P-Value 

DP1 H24 - Ctrl H24 -48.8 28 (-133.1, 35.4) -1.75 0.004 
DP5 H24 - Ctrl H24 -19.8 28 (-104.1, 64.4) -0.71 0.891 
DP10 H24 - Ctrl H24 -11.2 28 (-95.4, 73.1) -0.4 0.977 
DP5 H24 - DP1 H24 29 32.3 (-68.3, 126.3) 0.9 0.806 
DP10 H24 - DP1 H24 37.7 32.3 (-59.6, 135.0) 1.17 0.659 
DP10 H24 - DP5 H24 8.7 32.3 (-88.6, 106.0) 0.27 0.993 
Individual confidence level = 98.82%       

 
Tukey Simultaneous Tests for Differences of Means 

   
Difference of Levels Difference SE of 95% CI T-Value Adjusted 

  of Means Difference     P-Value 
DP1 H48 - Ctrl H48 -43.45 8.47 (-68.59, -18.30) -5.13 0.001 
DP5 H48 - Ctrl H48 17.12 8.47 (-8.03, 42.27) 2.02 0.234 

DP10 H48 - Ctrl H48 25.22 8.47 (0.07, 50.37) 2.98 0.049 
DP5 H48 - DP1 H48 60.6 10 (30.8, 90.3) 6.05 0 

DP10 H48 - DP1 H48 68.7 10 (38.9, 98.4) 6.85 0 

DP10 H48 - DP5 H48 8.1 10 (-21.7, 37.9) 0.81 0.849 

Individual confidence level = 98.83%       
 
Where, 
DX1= Dox 1 µM, DX5= Dox 5 µM, DX10= Dox 10 µM;  
DP1= Donepezil 1 µM, DP5= Donepezil 5 µM, DP10= Donepezil 10 µM  
M1= Memantine 1 µM, M5= Memantine 5 µM, M10= Memantine 10 µM  
H24= 24 h, H48= 48 h, Ctrl- Control 
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Appendix II: Drug effects comparison amongst Dox, Memantine and Donepezil (1, 5 and 
10 µM) on the cell viability of HEK293T cells using CyQUANT® Direct assay 

A) Bar chart data representation showing the drug effects comparison between:  

Dox 1, 5 and 10 µM vs Mem 1, 5 and 10 µM (at their common time points) 

Dox 1, 5 and 10 µM vs Donepezil 1, 5 and 10 µM (at their common time points) 

Dox 1, 5 and 10 µM vs Dox 1, 5 and 10 µM (24 and 48 h) 

Memantine 1, 5 and 10 µM vs Memantine 1, 5 and 10 µM (24 and 48 h) 

Donepezil 1, 5 and 10 µM vs Donepezil 1, 5 and 10 µM (24 and 48 h) 

 

 
Appendix IIA: Effect of Dox, Memantine and Donepezil on the viability of HEK293T cells using CyQUANT® 
Direct assay. Figure shows the difference between Dox vs each AD drugs and each drug, at various times tested. 
No significant difference amongst the Memantine doses as well as Donepezil doses tested at 24 h vs 48 h. 
Experiments were repeated at least three times, and data are expressed as mean ± SE. Statistical analysis was 
performed using one-way ANOVA, Tukey test and the statistical differences between the treatments and control 
were accepted as: *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ns= not significant. 
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B) Minitab statistical analysis output showing the p-values for the compared drug effects 
between:  

1) Dox 1, 5 and 10 µM vs Mem 1, 5 and 10 µM (at their common time points) 

Tukey Simultaneous Tests for Differences of Means     
Difference of Levels Difference SE of 95% CI T-Value Adjusted 

  of Means Difference  
 P-Value 

M1 H24 - DX1 H24 95 10.1 (58.7, 131.3) 9.45 0 
M5 H24 - DX5 H24 87 10.1 (50.7, 123.3) 8.65 0 
M10 H24 - DX10 H24 92 10.1 (55.7, 128.3) 9.15 0 
M1 H48 - DX1 H48 84.3 10.1 (48.0, 120.6) 8.38 0 
M5 H48 - DX5 H48 91.4 10.1 (55.1, 127.6) 9.09 0 
M10 H48 - DX10 H48 95.8 10.1 (59.6, 132.1) 9.53 0 
Individual confidence level = 99.86%       

 

2) Dox 1, 5 and 10 µM vs Donepezil 1, 5 and 10 µM (at their common time points) 

Tukey Simultaneous Tests for Differences of Means     
Difference of Levels Difference SE of 95% CI T-Value Adjusted 

  of Means Difference     P-Value 

DP1 H24 - DX1 H24 6 22.4 (-74.7, 86.7) 0.27 1 
DP5 H24 - DX5 H24 56.3 22.4 (-24.3, 137.0) 2.52 0.375 
DP10 H24 - DX10 H24 73.3 22.4 (-7.3, 154.0) 3.28 0.099 
DP1 H48 - DX1 H48 20.2 22.4 (-60.5, 100.8) 0.9 0.998 
DP5 H48 - DX5 H48 105.6 22.4 (24.9, 186.2) 4.72 0.004 
DP10 H48 - DX10 H48 118.3 22.4 (37.6, 198.9) 5.29 0.001 
Individual confidence level = 99.86%       

 

3) Dox 1, 5 and 10 µM vs Dox 1, 5 and 10 µM (24 and 48 h) 

Tukey Simultaneous Tests for Differences of Means 
Difference of Levels Difference SE of 95% CI T-Value Adjusted 

  of Means Difference  
 P-Value 

DX1 H48 - DX1 H24 -8.92 2.27 (-16.54, -1.31) -3.94 0.019 
DX5 H48 - DX5 H24 -12.43 2.27 (-20.05, -4.82) -5.48 0.002 
DX10 H48 - DX10 H24 -8.7 2.27 (-16.32, -1.08) -3.84 0.022 
Individual confidence level = 99.43%       
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4) Memantine 1, 5 and 10 µM vs Memantine 1, 5 and 10 µM (24 and 48 h) 

Tukey Simultaneous Tests for Differences of Means 
    

Difference of Levels Difference SE of 95% CI T-Value Adjusted 

  of Means Difference  
 P-Value 

M1 H48 - M1 H24 -19.6 14 (-66.8, 27.5) -1.4 0.728 
M5 H48 - M5 H24 -8.1 14 (-55.2, 39.1) -0.57 0.991 
M10 H48 - M10 H24 -4.9 14 (-52.0, 42.3) -0.35 0.999 
Individual confidence level = 99.43%       

 

5) Donepezil 1, 5 and 10 µM vs Donepezil 1, 5 and 10 µM (24 and 48 h) 

Tukey Simultaneous Tests for Differences of Means     
Difference of Levels Difference SE of 95% CI T-Value Adjusted 

  of Means Difference  
 P-Value 

DP1 H48 - DP1 H24 5.2 31.6 (-100.8, 111.2) 0.17 1 
DP5 H48 - DP5 H24 36.8 31.6 (-69.2, 142.8) 1.17 0.844 
DP10 H48 - DP10 H24 36.2 31.6 (-69.8, 142.2) 1.15 0.852 
Individual confidence level = 99.43%       

 
Where, 
DX1= Dox 1 µM, DX5= Dox 5 µM, DX10= Dox 10 µM;  
DP1= Donepezil 1 µM, DP5= Donepezil 5 µM, DP10= Donepezil 10 µM  
M1= Memantine 1 µM, M5= Memantine 5 µM, M10= Memantine 10 µM  
H24= 24 h, H48= 48 h 
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Appendix III: Comparison of the cell viability effects between Memantine and Donepezil 
(1, 5 and 10 µM) at 24 and 48 h treatments using CyQUANT® Direct assay 

A) Bar chart data representation showing the drug effect differences between Memantine and 
Donepezil (1, 5 and 10 µM) at their common time points of 24 and 48 h. 

 
Appendix IIIA: Effect of Dox, Memantine and Donepezil on the viability of HEK293T cells using CyQUANT® 
Direct assay. Figure shows the difference between Memantine and Donepezil (1, 5 and 10 µM) 24 and 48 h 
treatments. Experiments were repeated at least three times, and data are expressed as mean ± SE. Basic statistical 
analysis was performed using 2-sample t-test and significant difference shown as: *, p ≤ 0.05; ***, p ≤ 0.001; ns= 
not significant. 

 

B) Minitab statistical analysis output showing the p-values for the comparison between 
Memantine and Donepezil (1, 5 and 10 µM) at their common time points of 24 and 48 h. 

Tukey Simultaneous Tests for Differences of Means     
Difference of Levels Difference SE of 95% CI T-Value Adjusted 

  of Means Difference     P-Value 

M1 H24 - DP1 H24 89 24.4 (0.9, 177.1) 3.64 0.046 
M5 H24 - DP5 H24 30.7 24.4 (-57.4, 118.7) 1.26 0.977 
M10 H24 - DP10 H24 18.7 24.4 (-69.4, 106.7) 0.76 1 
Individual confidence level = 99.86%       
M1 H48 - DP1 H48 64.1 11.3 (26.1, 102.2) 5.66 0.001 
M5 H48 - DP5 H48 -14.2 11.3 (-52.3, 23.9) -1.25 0.804 
M10 H48 - DP10 H48 -22.4 11.3 (-60.5, 15.6) -1.98 0.406 
Individual confidence level = 99.43%       

Where, 
DP1= Donepezil 1 µM, DP5= Donepezil 5 µM, DP10= Donepezil 10 µM  
M1= Memantine 1 µM, M5= Memantine 5 µM, M10= Memantine 10 µM  
H24= 24 h, H48= 48 h  
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Appendix IV: Statistical analyses for the cell death effect of Dox, Imatinib, Donepezil and 
Memantine on K-562 and HEK293T cells using flow cytometer 

Below is the 2-sample tee test results from Minitab showing the significant difference (p-value) 
between treatments: 

A) HEK293T vs control 

Sample N Mean StDev SE Mean T-Value DF P-Value 

Ctrl H48 2 97.632 0.145 0.1 14.66 2 0.005 
DX1 H48 2 63.08 3.33 2.4       

           
Ctrl H48 2 97.632 0.145 0.1 36.35 2 0.001 
DX5 H48 2 42.98 2.12 1.5       

           
Ctrl H48 2 97.632 0.145 0.1 1.52 2 0.268 
DP1 H48 2 96.47 1.07 0.76       

           
Ctrl H48 2 97.632 0.145 0.1 -2.55 2 0.126 
DP5 H48 2 97.953 0.103 0.073       

           
Ctrl H48 2 97.632 0.145 0.1 -3.03 2 0.094 

DP10 H48 2 98.55 0.403 0.28       
           

Ctrl H48 2 97.632 0.145 0.1 -3.12 2 0.089 
M1 H48 2 99.323 0.753 0.53       

           
Ctrl H48 2 97.632 0.145 0.1 -7.42 2 0.018 
M5 H48 2 98.683 0.138 0.098       

           
Ctrl H48 2 97.632 0.145 0.1 -6.66 2 0.022 
M10 H48 2 98.87 0.219 0.16       

 

B) K-562 cells vs control 

Sample N Mean StDev SE Mean T-Value DF P-Value 

Ctrl H48 2 88.03 1.73 1.2 4.72 1 0.042 
Imat1 H48 2 77.08 2.79 2       

           
Ctrl H48 2 88.03 1.73 1.2 9.4 2 0.011 
DX1 H48 2 74.07 1.19 0.84       

           
Ctrl H48 2 88.03 1.73 1.2 -1.14 2 0.372 
M1 H48 2 89.69 1.12 0.79       

           
Ctrl H48 2 88.03 1.73 1.2 0.29 2 0.798 
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M5 H48 2 87.06 4.4 3.1       
           

Ctrl H48 2 88.03 1.73 1.2 -0.71 2 0.549 
M10 H48 2 88.91 0.262 0.19       

 

C) HEK293T vs K-562 cells 

Cell line; Sample N Mean StDev SE Mean T-Value DF P-Value 

HEK293T; M1 H48 2 99.323 0.753 0.53 10.11 2 0.01 
K-562; M1 H48 2 89.69 1.12 0.79       

           
HEK293T; M5 H48 2 98.683 0.138 0.098 3.74 2 0.065 

K-562; M5 H48 2 87.06 4.4 3.1       
           

HEK293T; M10 H48 2 98.87 0.219 0.16 41.27 2 0.001 
K-562; M10 H48 2 88.91 0.262 0.19       

           
HEK293T; DX1 H48 2 63.08 3.33 2.4 -4.39 2 0.048 

K-562; DX1 H48 2 74.07 1.19 0.84       
 
Where, 
DX1= Dox 1 µM, DX5= Dox 5 µM  
DP1= Donepezil 1 µM, DP5= Donepezil 5 µM, DP10= Donepezil 10 µM  
M1= Memantine 1 µM, M5= Memantine 5 µM, M10= Memantine 10 µM  
H48= 48 h, Ctrl- Negative control 
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Appendix V. Flow cytometry analyses of the cell population of viable and non-viable K-
562 and HEK293T cells exhibiting different cell death types following 48 h drug 
treatments 

A) In K-562 cells 

Cell population of viable and non-viable K-562 cells exhibiting different cell death types following 48 
h drug treatments  

Treatments  Non-viable cells 

 Viable cells Early apoptosis Late apoptosis Necrosis 

Untreated 88.0 ± 1.22 7.08 ± 1.260 4.11 ± 0.025 0.79 ± 0.013 

Imatinib 1 µM 77.1 ± 1.97* 12.02 ± 0.443 6.99 ± 0.583 3.91 ± 0.948 

Dox 1 µM 74.1 ± 0.84* 2.79 ± 0.098 7.15 ± 1.075 15.99 ± 1.82 

Memantine 10 µM 88.9 ± 0.19 8.44 ± 0.238 2.32 ± 0.010 0.33 ± 0.042 

Memantine 5 µM 87.1 ± 3.11 10.12 ± 3.233 2.41 ± 0.155 0.41 ± 0.033 

Memantine 1 µM 89.7 ± 0.79 6.80 ± 0.478 2.73 ± 0.150 0.78 ± 0.163 

The results are presented as the mean cell population (%) ± standard error. *, p ≤ 0.05 when compared to untreated 
cells 

 

 

B) In HEK293T cells 

Cell population of viable and non-viable HEK293T cells exhibiting different cell death types following 
48 h drug treatments 

Treatments  Non-viable cells 

 Viable cells Early apoptosis Late apoptosis Necrosis 

Untreated 97.6 ± 0.10 2.03 ± 0.103 0.12 ± 0.008 0.21 ± 0.007 

Dox 5 µM 43.0 ± 1.50*** 44.19 ± 2.90 7.85 ± 0.65 4.98 ± 0.750 

Dox 1 µM 63.1 ± 2.36** 30.95 ± 4.097 3.15 ± 1.383 2.82 ± 0.360 

Donepezil 10 µM 98.6 ± 0.28 0.66 ± 0.092 0.20 ± 0.037 0.59 ± 0.155 

Donepezil 5 µM 98.0 ± 0.07 1.82 ± 0.128 0.06 ± 0.008 0.17 ± 0.048 

Donepezil 1 µM 96.5 ± 0.76 2.90 ± 0.575 0.17 ± 0.085 0.46 ± 0.268 

Memantine 10 µM 98.9 ± 0.16 0.63 ± 0.090 0.14 ± 0.013 0.36 ± 0.052 

Memantine 5 µM 98.7 ± 0.10 1.18 ± 0.028 0.04 ± 0.038 0.10 ± 0.033 

Memantine 1 µM 99.3 ± 0.53 0.23 ± 0.130 0.07 ± 0.058 0.38 ± 0.345 

The results are presented as the mean cell population (%) ± standard error. **, p ≤ 0.01; ***, p ≤ 0.001 when compared 
to untreated cells 
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Appendix VI: Statistical analyses for the measurement of the basal levels of protein in 
HEK293T vs K-562 cells using Western blot 

Below is the 2-sample tee test results using Minitab showing the significant difference (p-
value) between protein levels in both cell lines compared: 

Protein Sample N Mean StDev SE Mean T-Value DF P-Value 

Bcl-2 H48 3 0.385 0.014 0.008 -12.01   0 
Bcl-2 K48 3 0 0 0       

           
Bcl-xL H48 3 0.415 0.114 0.066 -4.11 4 0.01 
Bcl-xL K48 3 1.543 0.462 0.27       

           
Bak H48 3 1.1366 0.0874 0.05 10.02 4 0.001 
Bak K48 3 0.6049 0.0285 0.016       

           
Bax H48 3 0.3505 0.0438 0.025 13.63 4 0 
Bax K48 3 0.00531 0.00197 0.0011       

           
Cyto c H48 3 0.936 0.0693 0.04 19.53 4 0 
Cyto c K48 3 0.117 0.0216 0.012       

           
Beclin-1 H48 3 7.02 1.55 0.89 4.89 4 0.008 
Beclin-1 K48 3 2.456 0.469 0.27       

           
p62 H48 3 0.1242 0.0135 0.0078 -42.11 4 0 
p62 K48 3 1.0314 0.0348 0.02       

           
LC3-II/LC3-I H48 3 0.1793 0.0472 0.027 3.65 4 0.022 
LC3-II/LC3-I K48 3 0.0694 0.0223 0.013       

 
Where, H48= HEK293T cells treated for 48 h  
K48= K-562 cells treated for 48 h 
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Appendix VII: Statistical analyses for the protein expression level in single drug-treated 
HEK293T vs K-562 cells using Western blot  

Shown below is the Minitab outputs of the significant difference (p-value) for treatments 
between: 

A) HEK293T versus control and K-562 cells versus control 

Difference of Levels Difference SE of 95% CI T-Value Adjusted 
  of Means Difference     P-Value 

    Bcl-2       

D 1 H48 - Media H48 0.6482 0.0321 (0.5228, 0.7735) 20.22 0 
D 5 H48 - Media H48 0.105 0.0321 (-0.0204, 0.2303) 3.27 0.007 

D 10 H48 - Media H48 0.4175 0.0321 (0.2921, 0.5428) 13.02 0 
M 50 H48 - Media H48 -0.0139 0.0321 (-0.1393, 0.1114) -0.43 1 
M 30 H48 - Media H48 -0.0484 0.0321 (-0.1738, 0.0769) -1.51 0.999 
M 20 H48 - Media H48 -0.0549 0.0321 (-0.1803, 0.0704) -1.71 0.993 
M 10 H48 - Media H48 0.2419 0.0321 (0.1165, 0.3672) 7.54 0.002 
M 5 H48 - Media H48 0.3568 0.0321 (0.2314, 0.4822) 11.13 0 
M 1 H48 - Media H48 1.1711 0.0321 (1.0457, 1.2965) 36.53 0 
DX 1 H48 - Media H48 0.0463 0.0321 (-0.0790, 0.1717) 1.45 0.999 

Imat 1 H48 - Media H48 1.1692 0.0321 (1.0439, 1.2946) 36.47 0 
D 1 K48 - Media K48 0.0263 0.0321 (-0.0991, 0.1517) 0.82 1 
D 5 K48 - Media K48 0.0184 0.0321 (-0.1070, 0.1437) 0.57 1 

D 10 K48 - Media K48 0.0152 0.0321 (-0.1102, 0.1405) 0.47 1 
M 50 K48 - Media K48 0.0246 0.0321 (-0.1008, 0.1499) 0.77 1 
M 30 K48 - Media K48 0.0236 0.0321 (-0.1017, 0.1490) 0.74 1 
M 20 K48 - Media K48 0.0295 0.0321 (-0.0959, 0.1549) 0.92 1 
M 10 K48 - Media K48 0.043 0.0321 (-0.0824, 0.1684) 1.34 1 
M 5 K48 - Media K48 0.0492 0.0321 (-0.0762, 0.1745) 1.53 0.999 
M 1 K48 - Media K48 0.0487 0.0321 (-0.0767, 0.1741) 1.52 0.999 
DX 1 K48 - Media K48 0.0253 0.0321 (-0.1001, 0.1507) 0.79 1 

Imat 1 K48 - Media K48 0.027 0.0321 (-0.0984, 0.1524) 0.84 1 

        

    Bcl-xL       

D 1 H48 - Media H48 1.608 0.248 (0.637, 2.580) 6.47 0.014 
D 5 H48 - Media H48 1.034 0.248 (0.063, 2.005) 4.16 0.106 

D 10 H48 - Media H48 1.197 0.248 (0.226, 2.168) 4.82 0.059 
M 50 H48 - Media H48 -0.304 0.248 (-1.275, 0.668) -1.22 0.96 
M 30 H48 - Media H48 -0.253 0.248 (-1.224, 0.718) -1.02 0.983 
M 20 H48 - Media H48 -0.247 0.248 (-1.218, 0.724) -0.99 0.985 
M 10 H48 - Media H48 2.677 0.248 (1.705, 3.648) 10.78 0 
M 5 H48 - Media H48 1.5 0.248 (0.528, 2.471) 6.04 0.006 
M 1 H48 - Media H48 1.7 0.248 (0.729, 2.672) 6.85 0.002 
DX 1 H48 - Media H48 -0.343 0.248 (-1.315, 0.628) -1.38 0.007 

Imat 1 H48 - Media H48 0.781 0.248 (-0.191, 1.752) 3.14 0.01 
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  Bcl-xL cont’d    
D 1 K48 - Media K48 0.247 0.248 (-0.724, 1.219) 1 1 
D 5 K48 - Media K48 -0.209 0.248 (-1.181, 0.762) -0.84 1 

D 10 K48 - Media K48 -0.122 0.248 (-1.094, 0.849) -0.49 1 
M 50 K48 - Media K48 -0.224 0.248 (-1.195, 0.747) -0.9 1 
M 30 K48 - Media K48 -0.242 0.248 (-1.213, 0.730) -0.97 1 
M 20 K48 - Media K48 -0.178 0.248 (-1.150, 0.793) -0.72 1 
M 10 K48 - Media K48 0.371 0.248 (-0.600, 1.342) 1.49 0.999 
M 5 K48 - Media K48 -0.098 0.248 (-1.069, 0.874) -0.39 1 
M 1 K48 - Media K48 -0.536 0.248 (-1.508, 0.435) -2.16 0.914 
DX 1 K48 - Media K48 -1.366 0.248 (-2.337, -0.395) -5.5 0.007 

Imat 1 K48 - Media K48 -1.113 0.248 (-2.084, -0.142) -4.48 0.009 

        

    Bak       

D 1 H48 - Media H48A 7.96 0.803 (4.819, 11.100) 9.91 0 
D 5 H48 - Media H48A 4.469 0.803 (1.328, 7.609) 5.56 0.011 

D 10 H48 - Media H48A 6.488 0.803 (3.347, 9.628) 8.08 0.001 
M 50 H48 - Media H48A 0.966 0.803 (-2.174, 4.106) 1.2 0.977 
M 30 H48 - Media H48A 0.723 0.803 (-2.418, 3.863) 0.9 0.995 
M 20 H48 - Media H48A 2.613 0.803 (-0.527, 5.753) 3.25 0.325 
M 10 H48 - Media H48A 12.272 0.803 (9.131, 15.412) 15.28 0 
M 5 H48 - Media H48A 4.224 0.803 (1.084, 7.365) 5.26 0.032 
M 1 H48 - Media H48A 9.653 0.803 (6.512, 12.793) 12.02 0 
DX 1 H48 - Media H48A 0.082 0.803 (-3.059, 3.222) 0.1 0.04 

Imat 1 H48 h - Media H48A 10.462 0.803 (7.322, 13.602) 13.03 0.001 
D 1 K48 - Media K48 0.124 0.803 (-3.017, 3.264) 0.15 0.252 
D 5 K48 - Media K48 0.176 0.803 (-2.965, 3.316) 0.22 0.078 

D 10 K48 - Media K48 0.158 0.803 (-2.982, 3.298) 0.2 0.117 
M 50 K48 - Media K48 0.251 0.803 (-2.889, 3.391) 0.31 0.2 
M 30 K48 - Media K48 0.114 0.803 (-3.027, 3.254) 0.14 0.892 
M 20 K48 - Media K48 0.257 0.803 (-2.883, 3.398) 0.32 0.18 
M 10 K48 - Media K48 0.528 0.803 (-2.612, 3.669) 0.66 0.001 
M 5 K48 - Media K48 0.097 0.803 (-3.043, 3.238) 0.12 0.944 
M 1 K48 - Media K48 0.055 0.803 (-3.085, 3.195) 0.07 0.997 
DX 1 K48 - Media K48 -0.293 0.803 (-3.433, 2.848) -0.36 0 

Imat 1 K48 - Media K48 0.197 0.803 (-2.943, 3.338) 0.25 0.011 

        

    Cytochrome c       

D 1 H48 - Media H48A 0.3664 0.0974 (-0.0145, 0.7473) 3.76 0.022 
D 5 H48 - Media H48A -0.2035 0.0974 (-0.5844, 0.1774) -2.09 0.053 

D 10 H48 - Media H48A 0.4603 0.0974 (0.0794, 0.8412) 4.73 0.002 
M 50 H48 - Media H48A -0.5459 0.0974 (-0.9268, -0.1650) -5.6 0.001 
M 30 H48 - Media H48A -0.4846 0.0974 (-0.8655, -0.1037) -4.97 0.002 
M 20 H48 - Media H48A -0.676 0.0974 (-1.0569, -0.2951) -6.94 0 
M 10 H48 - Media H48A -0.146 0.0974 (-0.5270, 0.2349) -1.5 0.715 
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  Cytochrome c cont’d    
M 5 H48 - Media H48A 0.3393 0.0974 (-0.0417, 0.7202) 3.48 0.036 
M 1 H48 - Media H48A 0.1333 0.0974 (-0.2476, 0.5142) 1.37 0.788 
DX 1 H48 - Media H48A 0.2697 0.0974 (-0.1112, 0.6506) 2.77 0.032 

Imat 1 H48 h - Media H48A -0.0633 0.0974 (-0.4442, 0.3176) -0.65 0.409 
D 1 K48 - Media K48 0.4673 0.0974 (0.0863, 0.8482) 4.8 0.003 
D 5 K48 - Media K48 0.9051 0.0974 (0.5242, 1.2861) 9.29 0 

D 10 K48 - Media K48 0.8746 0.0974 (0.4937, 1.2556) 8.98 0 
M 50 K48 - Media K48 0.2531 0.0974 (-0.1278, 0.6341) 2.6 0 
M 30 K48 - Media K48 0.3142 0.0974 (-0.0667, 0.6951) 3.23 0 
M 20 K48 - Media K48 0.1374 0.0974 (-0.2435, 0.5183) 1.41 0.001 
M 10 K48 - Media K48 0.0857 0.0974 (-0.2952, 0.4666) 0.88 0.056 
M 5 K48 - Media K48 0.1722 0.0974 (-0.2087, 0.5531) 1.77 0 
M 1 K48 - Media K48 0.2071 0.0974 (-0.1738, 0.5881) 2.13 0 
DX 1 K48 - Media K48 0.9327 0.0974 (0.5518, 1.3137) 9.57 0.001 

Imat 1 K48 - Media K48 1.2711 0.0974 (0.8902, 1.6520) 13.05 0.001 

        

    Bax       

D 1 H48 - Media H48A 0.689 0.317 (-0.549, 1.928) 2.18 0.296 
D 5 H48 - Media H48A 0.808 0.317 (-0.431, 2.046) 2.55 0.192 

D 10 H48 - Media H48A 0.75 0.317 (-0.488, 1.989) 2.37 0.238 
M 50 H48 - Media H48A -0.171 0.317 (-1.409, 1.068) -0.54 1 
M 30 H48 - Media H48A -0.212 0.317 (-1.451, 1.026) -0.67 0.999 
M 20 H48 - Media H48A -0.254 0.317 (-1.493, 0.984) -0.8 0.998 
M 10 H48 - Media H48A 1.121 0.317 (-0.118, 2.359) 3.54 0.311 
M 5 H48 - Media H48A 0.237 0.317 (-1.002, 1.475) 0.75 0.999 
M 1 H48 - Media H48A 1.486 0.317 (0.247, 2.724) 4.69 0.096 
DX 1 H48 - Media H48A -0.255 0.317 (-1.494, 0.983) -0.81 0.008 

Imat 1 H48 h - Media H48A 1.266 0.317 (0.028, 2.505) 4 0.131 
D 1 K48 - Media K48 0.021 0.317 (-1.217, 1.260) 0.07 0.104 
D 5 K48 - Media K48 0.027 0.317 (-1.212, 1.265) 0.08 0.039 

D 10 K48 - Media K48 0.037 0.317 (-1.202, 1.275) 0.12 0.007 
M 50 K48 - Media K48 0.099 0.317 (-1.140, 1.337) 0.31 0.532 
M 30 K48 - Media K48 0.126 0.317 (-1.112, 1.365) 0.4 0.273 
M 20 K48 - Media K48 0.068 0.317 (-1.171, 1.306) 0.21 0.848 
M 10 K48 - Media K48 0.048 0.317 (-1.190, 1.287) 0.15 0.964 
M 5 K48 - Media K48 0.031 0.317 (-1.207, 1.270) 0.1 0.996 
M 1 K48 - Media K48 0.025 0.317 (-1.213, 1.264) 0.08 0.999 
DX 1 K48 - Media K48 -0.005 0.317 (-1.244, 1.233) -0.02 1 

Imat 1 K48 - Media K48 0.501 0.317 (-0.737, 1.740) 1.58 0.998 
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    p62       

D 1 H48 - Media H48A 1.37 0.191 (0.623, 2.118) 7.17 0.003 
D 5 H48 - Media H48A 2.048 0.191 (1.300, 2.795) 10.71 0 

D 10 H48 - Media H48A 1.352 0.191 (0.604, 2.100) 7.07 0.003 
M 50 H48 - Media H48A -0.047 0.191 (-0.794, 0.701) -0.24 1 
M 30 H48 - Media H48A -0.029 0.191 (-0.777, 0.718) -0.15 1 
M 20 H48 - Media H48A 0.013 0.191 (-0.735, 0.760) 0.07 1 
M 10 H48 - Media H48A 3.315 0.191 (2.568, 4.063) 17.34 0 
M 5 H48 - Media H48A 1.101 0.191 (0.353, 1.848) 5.76 0.002 
M 1 H48 - Media H48A 2.098 0.191 (1.351, 2.846) 10.97 0 
DX 1 H48 - Media H48A 1.203 0.191 (0.455, 1.951) 6.29 0 

Imat 1 H48 h - Media H48A 0.86 0.191 (0.113, 1.608) 4.5 0 
D 1 K48 - Media K48 0.032 0.191 (-0.716, 0.779) 0.17 0.977 
D 5 K48 - Media K48 -0.034 0.191 (-0.782, 0.714) -0.18 0.972 

D 10 K48 - Media K48 -0.268 0.191 (-1.015, 0.480) -1.4 0.039 
M 50 K48 - Media K48 2.558 0.191 (1.810, 3.306) 13.38 0 
M 30 K48 - Media K48 0.079 0.191 (-0.668, 0.827) 0.41 1 
M 20 K48 - Media K48 0.277 0.191 (-0.471, 1.024) 1.45 0.999 
M 10 K48 - Media K48 0.781 0.191 (0.034, 1.529) 4.09 0.036 
M 5 K48 - Media K48 0.509 0.191 (-0.239, 1.256) 2.66 0.626 
M 1 K48 - Media K48 1.577 0.191 (0.829, 2.324) 8.25 0 
DX 1 K48 - Media K48 -1.031 0.191 (-1.779, -0.284) -5.39 0.001 

Imat 1 K48 - Media K48 -0.56 0.191 (-1.308, 0.188) -2.93 0 

        

    Beclin-1       

D 1 H48 - Media H48A -4.959 0.449 (-6.716, -3.202) -11.04 0 
D 5 H48 - Media H48A -4.409 0.449 (-6.166, -2.652) -9.81 0.001 

D 10 H48 - Media H48A -4.954 0.449 (-6.711, -3.197) -11.03 0 
M 50 H48 - Media H48A -4.173 0.449 (-5.930, -2.416) -9.29 0 
M 30 H48 - Media H48A -4.544 0.449 (-6.301, -2.787) -10.11 0 
M 20 H48 - Media H48A -4.447 0.449 (-6.204, -2.690) -9.9 0 
M 10 H48 - Media H48A -2.96 0.449 (-4.717, -1.203) -6.59 0.005 
M 5 H48 - Media H48A -2.836 0.449 (-4.592, -1.079) -6.31 0.007 
M 1 H48 - Media H48A -3.678 0.449 (-5.435, -1.921) -8.19 0.001 
DX 1 H48 - Media H48A -3.566 0.449 (-5.323, -1.809) -7.94 0.016 

Imat 1 H48 h - Media H48A -1.399 0.449 (-3.156, 0.358) -3.11 0.211 
D 1 K48 - Media K48 -1.403 0.449 (-3.160, 0.354) -3.12 0.001 
D 5 K48 - Media K48 -1.133 0.449 (-2.890, 0.624) -2.52 0.004 

D 10 K48 - Media K48 -1.725 0.449 (-3.482, 0.032) -3.84 0 
M 50 K48 - Media K48 -0.996 0.449 (-2.753, 0.761) -2.22 0.001 
M 30 K48 - Media K48 -1.035 0.449 (-2.792, 0.722) -2.3 0 
M 20 K48 - Media K48 -1.138 0.449 (-2.895, 0.619) -2.53 0 
M 10 K48 - Media K48 -1.225 0.449 (-2.982, 0.532) -2.73 0 
M 5 K48 - Media K48 -1.274 0.449 (-3.031, 0.483) -2.84 0 
M 1 K48 - Media K48 -1.469 0.449 (-3.226, 0.288) -3.27 0 
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  Beclin-1 cont’d    

DX 1 K48 - Media K48 1.002 0.45 (-0.759, 2.763) 2.23 0.025 
Imat 1 K48 - Media K48 -0.544 0.449 (-2.301, 1.213) -1.21 0.146 

        

    LC3-II/LC3-I       

D 1 H48 - Media H48A 0.3587 0.0686 (0.0906, 0.6268) 5.23 0 
D 5 H48 - Media H48A 0.2469 0.0686 (-0.0212, 0.5150) 3.6 0.002 

D 10 H48 - Media H48A 0.0656 0.0686 (-0.2025, 0.3337) 0.96 0.44 
M 50 H48 - Media H48A -0.0977 0.0686 (-0.3658, 0.1704) -1.42 0.361 
M 30 H48 - Media H48A -0.1136 0.0686 (-0.3817, 0.1545) -1.66 0.217 
M 20 H48 - Media H48A -0.1142 0.0686 (-0.3823, 0.1539) -1.67 0.213 
M 10 H48 - Media H48A 0.0734 0.0686 (-0.1947, 0.3415) 1.07 0.662 
M 5 H48 - Media H48A -0.0078 0.0686 (-0.2759, 0.2603) -0.11 1 
M 1 H48 - Media H48A 0.1964 0.0686 (-0.0717, 0.4645) 2.86 0.009 
DX 1 H48 - Media H48A -0.089 0.0686 (-0.3571, 0.1791) -1.3 0.052 

Imat 1 H48 - Media H48A -0.0186 0.0686 (-0.2867, 0.2495) -0.27 0.733 
D 1 K48 - Media K48 0.2482 0.0686 (-0.0199, 0.5163) 3.62 0.39 
D 5 K48 - Media K48 0.035 0.0686 (-0.2331, 0.3031) 0.51 0.995 

D 10 K48 - Media K48 0.0316 0.0686 (-0.2365, 0.2998) 0.46 0.996 
M 50 K48 - Media K48 1.8151 0.0686 (1.5470, 2.0832) 26.47 0 
M 30 K48 - Media K48 0.3008 0.0686 (0.0326, 0.5689) 4.39 0.001 
M 20 K48 - Media K48 0.2126 0.0686 (-0.0555, 0.4807) 3.1 0.013 
M 10 K48 - Media K48 0.0918 0.0686 (-0.1763, 0.3599) 1.34 0.566 
M 5 K48 - Media K48 0.0109 0.0686 (-0.2572, 0.2790) 0.16 1 
M 1 K48 - Media K48 0.1479 0.0686 (-0.1202, 0.4160) 2.16 0.121 
DX 1 K48 - Media K48 0.2661 0.0686 (-0.0020, 0.5342) 3.88 0 

Imat 1 K48 - Media K48 0.2517 0.0686 (-0.0164, 0.5198) 3.67 0.001 
 
 
B) HEK293T versus K-562 cells 
 

Difference of Levels Difference SE of 95% CI T-Value Adjusted 
  of Means Difference     P-Value 

    Bcl-2       

D 1 K48 - D 1 H48 -1.007 0.0321 (-1.1324, -0.8816) -31.41 0 
D 5 K48 - D 5 H48 -0.4717 0.0321 (-0.5971, -0.3464) -14.71 0 

D 10 K48 - D 10 H48 -0.7874 0.0321 (-0.9128, -0.6621) -24.56 0 
M 50 K48 - M 50 H48 -0.3466 0.0321 (-0.4720, -0.2213) -10.81 0 
M 30 K48 - M 30 H48 -0.3131 0.0321 (-0.4384, -0.1877) -9.76 0 
M 20 K48 - M 20 H48 -0.3007 0.0321 (-0.4261, -0.1753) -9.38 0 
M 10 K48 - M 10 H48 -0.584 0.0321 (-0.7094, -0.4586) -18.21 0 

M 5 K48 - M 5 H48 -0.6928 0.0321 (-0.8181, -0.5674) -21.61 0 
M 1 K48 - M 1 H48 -1.5075 0.0321 (-1.6329, -1.3822) -47.02 0 

DX 1 K48 - DX 1 H48 -0.4062 0.0321 (-0.5315, -0.2808) -12.67 0 
Imat 1 K48 - Imat 1 H48 -1.5274 0.0321 (-1.6528, -1.4020) -47.64 0 
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    Bcl-xL       

D 1 K48 - D 1 H48 -0.233 0.248 (-1.204, 0.739) -0.94 0.594 
D 5 K48 - D 5 H48 -0.115 0.248 (-1.086, 0.856) -0.46 0.733 

D 10 K48 - D 10 H48 -0.191 0.248 (-1.162, 0.781) -0.77 0.495 
M 50 K48 - M 50 H48 1.208 0.248 (0.236, 2.179) 4.86 0 
M 30 K48 - M 30 H48 1.14 0.248 (0.169, 2.111) 4.59 0 
M 20 K48 - M 20 H48 1.197 0.248 (0.226, 2.168) 4.82 0 
M 10 K48 - M 10 H48 -1.177 0.248 (-2.149, -0.206) -4.74 0.106 

M 5 K48 - M 5 H48 -0.469 0.248 (-1.440, 0.502) -1.89 0.047 
M 1 K48 - M 1 H48 -1.108 0.248 (-2.080, -0.137) -4.46 0.01 

DX 1 K48 - DX 1 H48 0.106 0.248 (-0.866, 1.077) 0.43 0.001 
Imat 1 K48 - Imat 1 H48 -0.765 0.248 (-1.737, 0.206) -3.08 0.008 

        

    Bak       

D 1 K48 - D 1 H48 -8.368 0.803 (-11.508, -5.227) -10.42 0 
D 5 K48 - D 5 H48 -4.824 0.803 (-7.965, -1.684) -6.01 0.001 

D 10 K48 - D 10 H48 -6.862 0.803 (-10.002, -3.721) -8.54 0.006 
M 50 K48 - M 50 H48 -1.247 0.803 (-4.387, 1.894) -1.55 0.001 
M 30 K48 - M 30 H48 -1.141 0.803 (-4.281, 2.000) -1.42 0 
M 20 K48 - M 20 H48 -2.887 0.803 (-6.028, 0.253) -3.6 0.006 
M 10 K48 - M 10 H48 -12.275 0.803 (-15.415, -9.135) -15.28 0.003 

M 5 K48 - M 5 H48 -4.659 0.803 (-7.799, -1.518) -5.8 0 
M 1 K48 - M 1 H48 -10.13 0.803 (-13.270, -6.989) -12.61 0 

DX 1 K48 - DX 1 H48 -0.906 0.803 (-4.047, 2.234) -1.13 0 
Imat 1 K48 - Imat 1 H48 h -10.796 0.803 (-13.937, -7.656) -13.44 0.001 

        

    Cytochrome c       

D 1 K48 - D 1 H48 -0.7181 0.0974 (-1.0990, -0.3372) -7.37 0.003 
D 5 K48 - D 5 H48 0.2897 0.0974 (-0.0912, 0.6706) 2.97 0.066 

D 10 K48 - D 10 H48 -0.4046 0.0974 (-0.7855, -0.0237) -4.15 0.016 
M 50 K48 - M 50 H48 -0.0199 0.0974 (-0.4008, 0.3610) -0.2 0.302 
M 30 K48 - M 30 H48 -0.0202 0.0974 (-0.4011, 0.3607) -0.21 0.019 
M 20 K48 - M 20 H48 -0.0055 0.0974 (-0.3864, 0.3754) -0.06 0.899 
M 10 K48 - M 10 H48 -0.5872 0.0974 (-0.9681, -0.2063) -6.03 0.024 

M 5 K48 - M 5 H48 -0.986 0.0974 (-1.3669, -0.6051) -10.12 0 
M 1 K48 - M 1 H48 -0.7451 0.0974 (-1.1260, -0.3642) -7.65 0 

DX 1 K48 - DX 1 H48 -0.1559 0.0974 (-0.5368, 0.2250) -1.6 0.43 
Imat 1 K48 - Imat 1 H48 h 0.5155 0.0974 (0.1345, 0.8964) 5.29 0.022 

        

    Bax       

D 1 K48 - D 1 H48 -1.013 0.317 (-2.252, 0.225) -3.2 0.015 
D 5 K48 - D 5 H48 -1.126 0.317 (-2.365, 0.112) -3.56 0.019 

D 10 K48 - D 10 H48 -1.058 0.317 (-2.297, 0.180) -3.34 0.034 
M 50 K48 - M 50 H48 -0.076 0.317 (-1.315, 1.162) -0.24 0.001 
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  Bax cont’d    
M 30 K48 - M 30 H48 -0.007 0.317 (-1.245, 1.232) -0.02 0.948 
M 20 K48 - M 20 H48 -0.023 0.317 (-1.261, 1.216) -0.07 0.637 
M 10 K48 - M 10 H48 -1.418 0.317 (-2.656, -0.179) -4.48 0.119 

M 5 K48 - M 5 H48 -0.551 0.317 (-1.789, 0.688) -1.74 0.05 
M 1 K48 - M 1 H48 -1.806 0.317 (-3.044, -0.567) -5.7 0.027 

DX 1 K48 - DX 1 H48 -0.095 0.317 (-1.334, 1.143) -0.3 0 
Imat 1 K48 - Imat 1 H48 h -1.11 0.317 (-2.349, 0.128) -3.51 0.096 

        

    p62       

D 1 K48 - D 1 H48 -0.432 0.191 (-1.179, 0.316) -2.26 0.227 
D 5 K48 - D 5 H48 -1.174 0.191 (-1.922, -0.427) -6.14 0.002 

D 10 K48 - D 10 H48 -0.712 0.191 (-1.460, 0.035) -3.73 0.008 
M 50 K48 - M 50 H48 3.512 0.191 (2.764, 4.260) 18.37 0 
M 30 K48 - M 30 H48 1.016 0.191 (0.268, 1.764) 5.31 0 
M 20 K48 - M 20 H48 1.171 0.191 (0.424, 1.919) 6.13 0 
M 10 K48 - M 10 H48 -1.627 0.191 (-2.375, -0.879) -8.51 0.013 

M 5 K48 - M 5 H48 0.315 0.191 (-0.433, 1.063) 1.65 0.188 
M 1 K48 - M 1 H48 0.386 0.191 (-0.362, 1.133) 2.02 0.274 

DX 1 K48 - DX 1 H48 -1.327 0.191 (-2.075, -0.580) -6.94 0 
Imat 1 K48 - Imat 1 H48 -0.513 0.191 (-1.261, 0.235) -2.68 0.002 

        

    Beclin-1       

D 1 K48 - D 1 H48 -1.008 0.449 (-2.765, 0.749) -2.24 0.001 
D 5 K48 - D 5 H48 -1.288 0.449 (-3.045, 0.469) -2.87 0.001 

D 10 K48 - D 10 H48 -1.335 0.449 (-3.092, 0.422) -2.97 0 
M 50 K48 - M 50 H48 -1.387 0.449 (-3.144, 0.370) -3.09 0.005 
M 30 K48 - M 30 H48 -1.055 0.449 (-2.812, 0.702) -2.35 0.001 
M 20 K48 - M 20 H48 -1.255 0.449 (-3.012, 0.502) -2.79 0.002 
M 10 K48 - M 10 H48 -2.829 0.449 (-4.586, -1.072) -6.3 0.005 

M 5 K48 - M 5 H48 -3.003 0.449 (-4.760, -1.246) -6.68 0 
M 1 K48 - M 1 H48 -2.355 0.449 (-4.112, -0.598) -5.24 0.004 

DX 1 K48 - DX 1 H48 0.003 0.45 (-1.757, 1.764) 0.01 0.98 
Imat 1 K48 - Imat 1 H48 h -3.709 0.449 (-5.466, -1.952) -8.26 0 

   
     

    LC3-II/LC3-I       

D 1 K48 - D 1 H48 -0.2204 0.0686 (-0.4885, 0.0477) -3.21 0.347 
D 5 K48 - D 5 H48 -0.3218 0.0686 (-0.5899, -0.0537) -4.69 0.001 

D 10 K48 - D 10 H48 -0.1439 0.0686 (-0.4120, 0.1242) -2.1 0.22 
M 50 K48 - M 50 H48 1.8029 0.0686 (1.5348, 2.0710) 26.29 0 
M 30 K48 - M 30 H48 0.3045 0.0686 (0.0364, 0.5726) 4.44 0.001 
M 20 K48 - M 20 H48 0.2169 0.0686 (-0.0512, 0.4850) 3.16 0.004 
M 10 K48 - M 10 H48 -0.0914 0.0686 (-0.3596, 0.1767) -1.33 0.13 

M 5 K48 - M 5 H48 -0.0912 0.0686 (-0.3593, 0.1770) -1.33 0.004 
M 1 K48 - M 1 H48 -0.1584 0.0686 (-0.4265, 0.1097) -2.31 0.092 
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  LC3-II/LC3-I cont’d    
DX 1 K48 - DX 1 H48 0.2452 0.0686 (-0.0229, 0.5133) 3.58 0 

Imat 1 K48 - Imat 1 H48 0.1604 0.0686 (-0.1077, 0.4285) 2.34 0.031 
 
Where, 
H48= HEK293T cells treated for 48 h; K48= K-562 cells treated for 48 h;  
DX1= Dox 1 µM; Imat 1= Imatinib 1 µM 
DP1= Donepezil 1 µM, DP5= Donepezil 5 µM, DP10= Donepezil 10 µM  
M1= Memantine 1 µM, M5= Memantine 5 µM, M10= Memantine 10 µM, M20= Memantine 20 µM, M30= 
Memantine 30 µM, M50= Memantine 50 µM  
H48= 48 h, Ctrl- Control 
 

Appendix VIII: Statistical analyses comparing protein expression levels in Dox 1 µM, 
CQ10 µM and Dox 1 + CQ 10 (µM) drug-treated K-562 cells as detected through Western 
blot analyses  

Shown below is the Minitab outputs of the significant difference (p-value) amongst the drug-
treated K-562 cells: 

Difference of Levels Difference SE of 
95% CI T-Value 

Adjusted 

of Means Difference P-Value 

Beclin-1 

DX 1 K48 - Media K48 1.002 0.258 (0.108, 1.897) 3.88 0.031 
DX1/CQ10 K48 - Media K48 0.843 0.289 (-0.157, 1.843) 2.92 0.094 

CQ10 K48 - Media K48 0.231 0.289 (-0.769, 1.231) 0.8 0.853 
DX1/CQ10 K48 - DX 1 K48 -0.159 0.289 (-1.159, 0.841) -0.55 0.943 

CQ10 K48 - DX 1 K48 -0.771 0.289 (-1.771, 0.228) -2.67 0.127 
CQ10 K48 - DX1/CQ10 K48 -0.613 0.316 (-1.708, 0.483) -1.94 0.306 

Individual confidence level = 98.66%     

p62 

DX 1 K48 - Media K48 -1.0314 0.0298 (-1.1346, -0.9283) -34.64 0 
DX1/CQ10 K48 - Media K48 -0.4218 0.0333 (-0.5372, -0.3065) -12.67 0 

CQ10 K48 - Media K48 -0.0979 0.0333 (-0.2133, 0.0174) -2.94 0.092 
DX1/CQ10 K48 - DX 1 K48 0.6096 0.0333 (0.4942, 0.7249) 18.31 0 

CQ10 K48 - DX 1 K48 0.9335 0.0333 (0.8182, 1.0488) 28.04 0 
CQ10 K48 - DX1/CQ10 K48 0.3239 0.0365 (0.1976, 0.4503) 8.88 0 

 Individual confidence level = 98.66%     

Bcl-2 

DX 1 K48 - Media K48 0.0253 0.0158 (-0.0295, 0.0801) 1.6 0.444 
DX1/CQ10 K48 - Media K48 0.2284 0.0177 (0.1672, 0.2897) 12.92 0 

CQ10 K48 - Media K48 0.3214 0.0177 (0.2602, 0.3827) 18.18 0 
DX1/CQ10 K48 - DX 1 K48 0.2031 0.0177 (0.1419, 0.2644) 11.49 0 

CQ10 K48 - DX 1 K48 0.2961 0.0177 (0.2349, 0.3574) 16.75 0 
CQ10 K48 - DX1/CQ10 K48 0.093 0.0194 (0.0259, 0.1601) 4.8 0.012 

 Individual confidence level = 98.66%     
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Cytochrome c 

DX 1 K48 - Media K48 0.9327 0.0774 (0.6646, 1.2008) 12.05 0 
DX1/CQ10 K48 - Media K48 0.1114 0.0865 (-0.1884, 0.4111) 1.29 0.602 

CQ10 K48 - Media K48 0.2044 0.0865 (-0.0953, 0.5041) 2.36 0.185 
DX1/CQ10 K48 - DX 1 K48 -0.8213 0.0865 (-1.1211, -0.5216) -9.49 0 

CQ10 K48 - DX 1 K48 -0.7283 0.0865 (-1.0281, -0.4286) -8.42 0.001 
CQ10 K48 - DX1/CQ10 K48 0.093 0.0948 (-0.2353, 0.4214) 0.98 0.765 

Individual confidence level = 98.66%     
 
Where, K48= K-562 cells treated for 48 h  
DX1= Dox 1 µM; CQ10= CQ 10 µM;  
DX1/CQ10 = Dox 1 µM + CQ 10 µM  
 

Appendix IX: Statistical analyses for the measurement of the Bax:Bcl-2 and Bax:Bcl-xL 
ratios in Donepezil treated HEK293T cells using Western blot 

Below is the 2-sample tee test results from Minitab showing the significant difference (p-
value): 

Protein Sample N Mean StDev SE Mean T-Value DF P-Value 
Bax:Bcl-2-Untreated 3 1 0.0969 0.056 -0.39 4 0.714 
Bax:Bcl-2-Donepezil 1 µM  3 1.104 0.447 0.26       
Bax:Bcl-2-Untreated 3 1 0.0969 0.056 -2.28 4 0.084 
Bax:Bcl-2-Donepezil 5 µM  3 2.61 1.22 0.7       
Bax:Bcl-2-Untreated 3 1 0.0969 0.056 -1.13 4 0.321 
Bax:Bcl-2-Donepezil 10 µM  3 1.497 0.754 0.44       

          
Bax:Bcl-xL-Untreated 3 1 0.144 0.083 1.73 4 0.159 
Bax:Bcl-xL-Donepezil 1 µM  3 0.633 0.339 0.2       
Bax:Bcl-xL-Untreated 3 1 0.144 0.083 0 4 0.999 
Bax:Bcl-xL-Donepezil 5 µM  3 1.001 0.556 0.32       
Bax:Bcl-xL-Untreated 3 1 0.144 0.083 0.48 4 0.656 
Bax:Bcl-xL-Donepezil 10 µM  3 0.838 0.565 0.33       
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Appendix X: Statistical analyses for the protein expression levels in Dox/ Memantine 
combination-treated HEK293T and K-562 cells using Western blot  

Shown below is the Minitab outputs of the significant difference (p-value) for treatments 
between:  

A) HEK293T versus control and K-562 cells versus control 

Difference of Levels Difference SE of 95% CI T-Value Adjusted 
  of Means Difference     P-Value 

    Bcl-2       
M 1 H48 - Media H48 1.1711 0.0321 (1.0457, 1.2965) 36.53 0 
DX 1 H48 - Media H48 0.0463 0.0321 (-0.0790, 0.1717) 1.45 0.999 

DX-Mem 1 H48 - Media H48 0.5099 0.0321 (0.3846, 0.6353) 15.9 0.001 
M 1 K48 - Media K48 0.0487 0.0321 (-0.0767, 0.1741) 1.52 0.999 
DX 1 K48 - Media K48 0.0253 0.0321 (-0.1001, 0.1507) 0.79 1 

DX-Mem 1 K48 - Media K48 0.0053 0.0321 (-0.1201, 0.1307) 0.17 1 

        

    Bcl-xL       
M 1 H48 - Media H48 1.7 0.248 (0.729, 2.672) 6.85 0.002 
DX 1 H48 - Media H48 -0.343 0.248 (-1.315, 0.628) -1.38 0.007 

DX-Mem 1 H48 - Media H48 -0.011 0.248 (-0.983, 0.960) -0.05 0.91 
M 1 K48 - Media K48 -0.536 0.248 (-1.508, 0.435) -2.16 0.914 
DX 1 K48 - Media K48 -1.366 0.248 (-2.337, -0.395) -5.5 0.007 

DX-Mem 1 K48 - Media K48 -0.917 0.248 (-1.888, 0.055) -3.69 0.034 

        

    Bak       
M 1 H48 - Media H48A 9.653 0.803 (6.512, 12.793) 12.02 0 
DX 1 H48 - Media H48A 0.082 0.803 (-3.059, 3.222) 0.1 0.04 

DX-Mem 1 H48 - Media H48A 2.545 0.803 (-0.595, 5.686) 3.17 0.014 
M 1 K48 - Media K48 0.055 0.803 (-3.085, 3.195) 0.07 0.997 
DX 1 K48 - Media K48 -0.293 0.803 (-3.433, 2.848) -0.36 0 

DX-Mem 1 K48 - Media K48 -0.297 0.803 (-3.438, 2.843) -0.37 0.008 

        

    Cytochrome c       
M 1 H48 - Media H48A 0.1333 0.0974 (-0.2476, 0.5142) 1.37 0.788 
DX 1 H48 - Media H48A 0.2697 0.0974 (-0.1112, 0.6506) 2.77 0.032 

DX-Mem 1 H48 - Media H48A -0.0748 0.0974 (-0.4558, 0.3061) -0.77 0.401 
M 1 K48 - Media K48 0.2071 0.0974 (-0.1738, 0.5881) 2.13 0 
DX 1 K48 - Media K48 0.9327 0.0974 (0.5518, 1.3137) 9.57 0.001 

DX-Mem 1 K48 - Media K48 0.7083 0.0974 (0.3274, 1.0893) 7.27 0 

        

    Bax       
M 1 H48 - Media H48A 1.486 0.317 (0.247, 2.724) 4.69 0.096 
DX 1 H48 - Media H48A -0.255 0.317 (-1.494, 0.983) -0.81 0.008 

DX-Mem 1 H48 - Media H48A -0.194 0.317 (-1.433, 1.045) -0.61 0.042 
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  Bax cont’d    
M 1 K48 - Media K48 0.025 0.317 (-1.213, 1.264) 0.08 0.999 
DX 1 K48 - Media K48 -0.005 0.317 (-1.244, 1.233) -0.02 1 

DX-Mem 1 K48 - Media K48 -0.005 0.317 (-1.244, 1.233) -0.02 1 

        

    p62       
M 1 H48 - Media H48A 2.098 0.191 (1.351, 2.846) 10.97 0 
DX 1 H48 - Media H48A 1.203 0.191 (0.455, 1.951) 6.29 0 

DX-Mem 1 H48 - Media H48A 1.534 0.191 (0.786, 2.281) 8.02 0.001 
M 1 K48 - Media K48 1.577 0.191 (0.829, 2.324) 8.25 0 
DX 1 K48 - Media K48 -1.031 0.191 (-1.779, -0.284) -5.39 0.001 

DX-Mem 1 K48 - Media K48 -1.031 0.191 (-1.779, -0.284) -5.39 0.001 

        

    Beclin-1       
M 1 H48 - Media H48A -3.678 0.449 (-5.435, -1.921) -8.19 0.001 
DX 1 H48 - Media H48A -3.566 0.449 (-5.323, -1.809) -7.94 0.016 

DX-Mem 1 H48 - Media H48A -3.216 0.449 (-4.973, -1.459) -7.16 0.023 
M 1 K48 - Media K48 -1.469 0.449 (-3.226, 0.288) -3.27 0 

DX 1 K48 - Media K48 1.002 0.45 (-0.759, 2.763) 2.23 0.025 
DX-Mem 1 K48 - Media K48 -0.708 0.449 (-2.465, 1.049) -1.58 0.04 

        

    LC3-II/LC3-I       
M 1 H48 - Media H48A 0.1964 0.0686 (-0.0717, 0.4645) 2.86 0.009 
DX 1 H48 - Media H48A -0.089 0.0686 (-0.3571, 0.1791) -1.3 0.052 

DX-Mem 1 H48 - Media H48A -0.0005 0.0686 (-0.2686, 0.2676) -0.01 0.989 
M 1 K48 - Media K48 0.1479 0.0686 (-0.1202, 0.4160) 2.16 0.121 
DX 1 K48 - Media K48 0.2661 0.0686 (-0.0020, 0.5342) 3.88 0 

DX-Mem 1 K48 - Media K48 0.4483 0.0686 (0.1802, 0.7164) 6.54 0 

 

 

B) Dox versus Dox/Memantine and Memantine vs Dox/Memantine 

Difference of Levels Difference SE of 95% CI T-Value Adjusted 

  of Means Difference     P-Value 

    Bcl-2       
DX-Mem 1 H48 - M 1 H48 -0.6612 0.0321 (-0.7865, -0.5358) -20.62 0.002 
DX 1 H48 - DX-Mem 1 H48 -0.4636 0.0321 (-0.5890, -0.3382) -14.46 0.001 
DX 1 K48 - DX-Mem 1 K48 0.02 0.0321 (-0.1054, 0.1454) 0.62 0 
DX-Mem 1 K48 - M 1 K48 -0.0434 0.0321 (-0.1688, 0.0820) -1.35 0.003 

        
   Bcl-xL     

DX-Mem 1 H48 - M 1 H48 -1.712 0.248 (-2.683, -0.741) -6.89 0.002 
DX 1 H48 - DX-Mem 1 H48 -0.332 0.248 (-1.303, 0.639) -1.34 0.008 
DX-Mem 1 K48 - M 1 K48 -0.38 0.248 (-1.352, 0.591) -1.53 0.031 
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  Bcl-xL cont’d    
DX 1 K48 - DX-Mem 1 K48 -0.449 0.248 (-1.420, 0.522) -1.81 0.016 

        

    Bak       
DX-Mem 1 H48 - M 1 H48 -7.107 0.803 (-10.248, -3.967) -8.85 0.003 
DX 1 H48 - DX-Mem 1 H48 -2.464 0.803 (-5.604, 0.677) -3.07 0.017 
DX-Mem 1 K48 - M 1 K48 -0.352 0.803 (-3.493, 2.788) -0.44 0.004 
DX 1 K48 - DX-Mem 1 K48 0.004 0.803 (-3.136, 3.145) 0.01 0.945 

        

    Cytochrome c       
DX-Mem 1 K48 - M 1 K48 0.5012 0.0974 (0.1203, 0.8821) 5.14 0 
DX 1 K48 - DX-Mem 1 K48 0.2244 0.0974 (-0.1565, 0.6053) 2.3 0.095 
DX-Mem 1 H48 - M 1 H48 -0.2082 0.0974 (-0.5891, 0.1728) -2.14 0.921 
DX 1 H48 - DX-Mem 1 H48 0.3445 0.0974 (-0.0364, 0.7254) 3.54 0.025 

        

    Bax       
DX-Mem 1 H48 - M 1 H48 -1.68 0.317 (-2.918, -0.441) -5.3 0.034 
DX 1 H48 - DX-Mem 1 H48 -0.061 0.317 (-1.300, 1.177) -0.19 0.462 
DX-Mem 1 K48 - M 1 K48 -0.03 0.317 (-1.269, 1.208) -0.1 1 
DX 1 K48 - DX-Mem 1 K48 0 0.317 (-1.239, 1.239) 0 1 

        

    p62       
DX-Mem 1 H48 - M 1 H48 -0.565 0.191 (-1.312, 0.183) -2.95 0.049 
DX 1 H48 - DX-Mem 1 H48 -0.33 0.191 (-1.078, 0.417) -1.73 0.191 
DX-Mem 1 K48 - M 1 K48 -2.608 0.191 (-3.356, -1.861) -13.64 0.002 
DX 1 K48 - DX-Mem 1 K48 0.518 0.213 (-0.165, 1.201) 2.43 0.05 

        

    Beclin-1       
DX-Mem 1 H48 - M 1 H48 0.462 0.449 (-1.295, 2.219) 1.03 0.024 
DX 1 H48 - DX-Mem 1 H48 -0.35 0.449 (-2.107, 1.407) -0.78 0.011 
DX-Mem 1 K48 - M 1 K48 0.761 0.449 (-0.996, 2.518) 1.69 0 

DX 1 K48 - DX-Mem 1 K48 1.71 0.45 (-0.050, 3.471) 3.8 0.698 

        

    LC3-II/LC3-I       
DX-Mem 1 H48 - M 1 H48 -0.1969 0.0686 (-0.4650, 0.0712) -2.87 0.039 
DX 1 H48 - DX-Mem 1 H48 -0.0885 0.0686 (-0.3566, 0.1796) -1.29 0.019 

DX-Mem 1 K48 - M 1 K48 
DX 1 K48 - DX-Mem 1 K48 

0.3004 0.0686 (0.0323, 0.5685) 4.38 0.297 
-0.1822 0.0686 (-0.4503, 0.0859) -2.66 0.013 

 
Where, 
H48= HEK293T cells treated for 48 h; K48= K-562 cells treated for 48 h;  
DX 1= Dox 1 µM; M1= Memantine 1 µM;  
DX-Mem 1= Dox/ Memantine (1 µM) combination treatment 
H48= 48 h, Ctrl- Control 
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Appendix XI: Representative photos of some of the gels acquired from the Western blot 
analyses carried out 

1) DMSO and Media – HEK293T and K-562 cells 
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2a) Donepezil 1, 5, 10 µM (K-562 cells)
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2b) Donepezil 1, 5, 10 µM (HEK293T cells) 
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3a) Memantine 1, 5, 10 µM (K-562 cells) 
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3b) Memantine 1, 5, 10 µM (HEK293T cells)
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4a) Memantine 20, 30, 50 µM (K-562 cells) 
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4b) Memantine 20, 30, 50 µM (HEK293T cells) 
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On Bcl-xL 
gel 
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On p62 
gel 
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5a) Imatinib 1 µM, Dox 1 µM, Dox/Mem 1 µM (K-562 cells) 
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5b) Imatinib 1 µM, Dox 1 µM, Dox/Mem 1 µM (HEK293T cells) 
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5b) Dox 1 µM (HEK293T cells) 
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On Bak 
gel 
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6a) HEK293T – Donepezil 1, 5, 10 µM; Memantine 1, 5, 10 µM; Imatinib, Dox and 
Dox/Mem 1 µM 
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6b) K-562 – Memantine 1 µM, Dox/Mem 1 µM, Dox 1 µM, Dox 1 + CQ 10 µM, CQ 10 µM, 
Dox 1 + CQ 20 µM, CQ 20 µM 
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Appendix XII: Summarised description of the intended experimental procedures for the 

proposed plasmid construction 

To induce an upregulated expression of amyloids, one of the major pathological characteristics 

observed in AD, HEK293T cell lines will be transfected with a vector containing a mutant form 

of APP gene.  

Commercially available pCAX APP-Swe/Ind (Addgene) would have been a suitable plasmid 

to transfect the cells for the intended protein expression, unfortunately, the plasmid does not 

have a selectable marker in mammalian cells. The selection marker cassette is important 

because not all cells will take up the plasmid of interest after transfection. Hence, this marker 

(e.g antibiotics resistance) will help identify and keep cells which have taken up the plasmid 

alive and kill others. The surviving cells carry the APP mutated gene with the ability to express 

high levels of amyloid proteins. This genetically modified cells will then be sub-cultured for 

further analysis. 

In order to create a construct (Appendix XIII) with the selection element needed, sub-cloning 

will be carried out using the restriction digest technique. The human APP 695 Swedish/Indiana 

mutation gene will be cut out from pCAX APP-Swe/Ind vector and inserted into a target vector, 

pcDNA3-EGFP (Addgene), which possesses neomycin, a mammalian selection marker. The 

target vector also has a CMV promoter which is functional in mammalian host cell. The 

digestion of both vectors will be done using NotI and Xbal restriction enzymes (methylation 

blockage will be considered). These enzymes were selected as they cut within the multiple 

cloning site. Finally, a ligation reaction will be carried out with DNA ligase to help connect the 

insert DNA into the compatible digested backbone and form a new construct. 

The newly constructed vector will then be transformed into suitable bacterial cells such as 

DH5alpha for propagation. This cells should be competent enough to produce a good copy 

number of colonies as the propagated plasmid is <10kb. During transformation, the bacteria 

cells will be grown in the appropriate antibiotics to aid selection for the cells which have the 

gene of interest. For the new construct, ampicillin is suitable. The bacteria will form colonies 

which need to be picked individually and isolated to form a single bacterial colony containing 

the plasmid. This will be grown overnight and DNA purification will then be performed. The 

midi prep kit will be used to recover the plasmid DNA from the bacteria culture following 

manufacturer’s instructions.  
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Plasmid verification will then be carried out using restriction enzymes and Sanger sequencing. 

Diagnostics restriction digest will be carried out to verify that the vector construct contains the 

backbone and insert. To carry out this procedure, restriction enzymes will be used to digest the 

plasmids and then ran on a gel. If the resulting fragment(s) sizes matches the expected size of 

the plasmid, then the construct was successfully carried out. Also, the plasmid DNA may also 

be sent to out to a reputable genetic company for validation by sequencing. The use of the 

Sanger sequencing technique is preferred as it determines the precise order of nucleotides 

within the DNA molecule. This will help confirm the presence of the APP gene and give 

assurance that all downstream processes is carried out using the correct plasmid that will 

express the protein of interest (amyloid beta). 

Once the constructed plasmid has been validated, it will be ready for transfection into the 

mammalian cells and further analytic procedures. 
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Appendix XIII: Plasmid construct overexpressing amyloid beta (Virtual construct)  

Plasmids used for construct include: 
Plasmid 13031: pcDNA3-EGFP ( https://www.addgene.org/13031/) – Mammalian expression 
vector fused to EGFP. Selectable marker- Neomycin 
Plasmid 30145: pCAX APP Swe/Ind (Plasmid 30145: pCAX APP Swe/Ind) – contains the 
mutated APP gene (Swedish/Indiana mutation) but no selectable marker 
 
 
New Virtual construct using Benchling software: 

 

 

 

https://benchling.com/rose/f/Kb030UpE-popular-addgene-plasmids/seq-Be5Em49a-pcdna3-appsweind-egfp/edit 

 

 

 

https://www.addgene.org/13031/
https://emea01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.addgene.org%2F30145%2F&data=02%7C01%7C%7C3edf217140ed49f0032d08d60825c9e7%7C38e37b88a3a148cf9f056537427fed24%7C0%7C0%7C636705355714036335&sdata=I2sFMy5Pyf4d9Q1yYkFGhQUtInVbMIeKSURHyRonrg4%3D&reserved=0
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Appendix XIV: Effects of cancer drugs in cancer and non-cancer cells  

Imatinib 

Experimental 
models 

Drug(s) used 
(Conc.) 

 
Incubation time 

 
Experimental assay used 

for evaluations 
Molecular effects 

 References 

Chronic myeloid 
leukaemia K-562 
cells 

Imatinib (1 μM) 48 h Cell viability was by 
trypan blue exclusion 
 
Protein detection-Western 
blot analysis  
 
Annexin V/propidium 
iodide staining was used 
before flow cytometry 
conducted to determine the 
response of Imatinib-
treated cells to death  
 
Senescence was detected 
by Sa-β-galactosidase 
labelling, followed by 
observation using an 
inverted Nikon Microscope 
(Eclipse Ti).Results were 
analysed with the Nikon 
software. 
 
HIV-1 lentivirus based 
vectors were used to 
introduce shRNAs against 
Bim or the complementary 
DNA of Bcl2 into cells, for 
apoptosis inhibition, and 
against ATG7 or Beclin-1, 
for autophagy inhibition 

35% of the cells died via apoptosis 
 
↑ LC3B-II was detected, when Imatinib treated K-562 
cells were treated with autophagay inhibitor, bafilomycin 
(inhibits autophagolysosome fusion) 
 
Inhibition of autophagy by silencing the expression of 
the proteins ATG7 or Beclin-1 prevents the increase of 
SA-β-Gal staining in response to imatinib plus Z-Vad 
 
↑ senescence, as 38% of SA-β-Gal-positive cells was 
observed compared to the 14% detected in untreated 
cells 
 
↓ in p21(3-fold) and ↑ in p27(4.6-fold) cell cycle 
inhibitors were observed in imatinib-treated cells 
compared to the untreated cells 
 
Inhibition of apoptosis caused an increase in senescent 
cells with an increase in p21 (12–fold) and p27 (21–fold) 
expressions, suggesting that apoptosis limiting the 
senescent response K-562 cells may be through p21 and 
p27 downregulation 
 
Bim inhibition and Bcl2 overexpression inhibit imatinib-
induced apoptosis 

Drullion et al., 
2012 
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Human gastric 
cancer cell lines: 
AGS, MKN45, 
and SNU638 
Mouse 
Embryonic 
Fibroblasts 
(MEF) 

Imatinib (30, 50, 
100 μM) 

48 h Cell viability was 
determined by MTT assay 
 
Annexin V/propidium 
iodide staining was used 
before flow cytometry was 
employed in conducting 
cell cycle analysis 
 
Protein detection was by 
Western blot analysis  
 
ROS levels were 
determined by using 2′,7′-
dichlorodihydrofluorescein 
diacetate (DCFH-DA) 

↓ cell viability in all three gastric cancer cell lines 
 
↓ cell proliferation in a time‑ and dose‑dependent 
manner 
 
Caused cell cycle arrest at the G2/M phase 
 
Induced apoptosis in gastric cancer AGS cells by 
inhibiting platelet‑derived growth factor receptor 
(PDGFR) signalling 
 
Induced a mitochondria‑mediated apoptosis through the 
expression of ER stress associated proteins (GRP94, p-
eIF2α, p-IRE1 α and CHOP) in a concentration- and 
time-dependent manner in both AGS and SNU638 cells 
 
Induced ROS production in the AGS cells in a time-
dependent manner 
 
↑ phosphorylated JNK in AGS cells 

Kim et al., 2019 

BCR/ABL+ 
leukaemia cells: 
K562, BV173, 
KCL22, KU812, 
MC3, LAMA84 
 
BCR/ABL 
negative 
neoplastic cell 
lines: KG1, SU-
DHL-1, U937, 
Daudi, NB4, 
NB4.306 
 
Non-neoplastic 
cells: PHA 
blasts, LAK, 
fibroblasts, LCL, 
renal epithelial 

CGP57148B 
(Imatinib 0.1, 

0.3, 1, 3, 10 μM 
and 1,2,4,16 

μM) 

1 h – 4 days RT-PCR technique was 
used to determine the 
BCR-ABL fusion type 
 
Protein detection, 
phosphorylation of the 
BCR/ABL protein was 
evaluated using Western 
blot analysis  
 
Annexin V/propidium 
binding technique was 
used to determine 
apoptosis and cell cycle 
distribution 
 
Cell growth and 
proliferation was evaluated 

All six BCR/ABL+ lines showed a dose dependent 
inhibition of their spontaneous proliferative rate, which 
was not accompanied by differentiation. 
 
Within minutes, dephosphorylation of the BCR/ABL 
protein, followed in 16-24 hours by a decrease in cycling 
cells and induction of apoptosis 
 
Inhibition of DNA synthesis in fibroblasts and CD34 
cells 
 
Proliferation inhibition was observed also when using 
fresh samples obtained from two Ph+ ALL and 12 
consecutive CML patients. 
And induction of apoptosis 
 
his molecule possibly exerts its effects through the 
inhibition of the kinase activity of BCR/ABL and the 

Gambacorti-
Passerini et al., 

1997 
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cells, endothelial 
cells, CD34(+) 
cells 
 
Leukemic cells 
obtained from 12 
CML patients 
(10 patients in 
chronic phase 
and 2 patients in 
blast crisis 
phase) and 2 
ALL patients 

using thymidine (TdR) 
uptake assay 
Induction of differentiation 
was assayed by 
immunofluorescence using 
multiple antibodies 

subsequent initiation of apoptosis, without inducing cell 
differentiation. 
Dose-dependent inhibition of proliferation in the 
BCR/ABL+ leukaemia cells; the IC50 was reached in all 
lines between 0.05 and 0.3 μM 
 
No significant (50%) inhibition of proliferation was 
reached in all BCR/ABL negative at concentrations ≤ 3 
μM. But at 10 μM fibroblasts and CD34 cells were 
inhibited 53% and 79%, respectively. 
 
In the two ALL samples and in 5 out of six untreated 
CML patients, IC50 values 0.1-0.6 μM was obtained 
 
Tyrosine phosphorylation was inhibited in K562 and 
LAMA84 cells 
 
Induced apoptosis in LAMA84 cells and in fresh CP-
CML samples 
 
After 97-110 hours of treatment apoptosis was induced 
in two chronic phase CML cells 
 

Mouse 
neuroblastoma 
cell line N2a 
 
Murine neuronal 
septum SN56 
cells 
 
Murine 
fibroblast cell 
line NIH3T3  
 
Mouse 
hypothalamic 
cell line GT1 
 

Imatinib (0.25 - 
20 μM) 

24 h Transfection: GFP-LC3 
N2a stably expressing 
GFP-LC3 were generated 
by transfecting N2a cells 
with the plasmid pGFP-
LC3 using Fugene 6 
(Roche Diagnostics 
GmbH, Mannheim, 
Germany) 
 
Confocal laser scanning 
microscopy and electron 
microscopy were used for 
the examination of cells  

↑ in size and amount of lysosomes 
  
Dose-dependently induces the formation of LC3-II 
 
 Induction of autophagosome formation in mammalian 
cells (N2a, COS-7, A549, GTI and SN56) 
 
Dose dependently activates the cellular autophagy 
machinery in immortalized as well as in primary 
mammalian cell 
 
c-Abl is the molecular target of Imatinib and that its 
inhibition leads to the induction of autophagy 

Ertmer et al., 2007 
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Mouse muscle 
cells C2C12  
 
Monkey kidney 
cell lines COS-7 
and Vero  
 
Chinese hamster 
ovary cells CHO  
 
Human lung 
carcinoma cell 
line A549  
 
Semi-permanent 
human foreskin 
fibroblasts 
(HFF) 
 
Human 
peripheral blood 
mononuclear 
cells 
 

Human 
leukaemia cell 

lines: K-562 and 
TK6 cells 

Imatinib (0.01 - 
10 μM) 

 
Dox (0.001 - 

1 μM) 
 

Fucoxanthin 
(0.1 - 10 μM) 

24, 48, 72 h Assessment of cells was 
done using phase contrast 
microscopy  
 
Cytotoxicity was assessed 
by cell count after staining 
cells with trypan blue 
 
To assess proliferation: 
total suspension growth 
(TSG) and relative 
suspension growth (RSG) 
were calculated. 
*TSG = ratio between the 
number of cells seeded and 

Imatinib (5, 10 μM) ↑ cytotoxicity in TK6 cells 
Imatinib ↓ proliferation in K-562 cells 
 
Dox decreased cell viability and proliferation in both K-
562 and TK6 cell lines. 
 
Fucoxanthin (10 μM) ↑ cytotoxicity in K-562 cells 
Fucoxanthin ↓ cell proliferation 56% and 51% in K-562 
and TK6 cells, respectively. 
 
In K-562 cells,  
the IC30 for Imatinib was 0.05 μM 
the IC30 for Dox was 0.001 μM 
 
In TK6 cells,  

Almeida et al., 
2018 
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the number of cells present 
at the end of the assay 
*RSG = ratio of the TSG 
of each condition and the 
TSG of the mean of the 
negative control (expressed 
as a percentage) 
 
IC30 (concentration that 
reduces the number of 
viable cells by 30%) was 
estimated by dose-response 
curves. 
 
Comet assay or alkaline 
version of the single-cell 
gel electrophoresis 
(SCGE)was used to 
determine DNA damage 
 
Cell death assay was by 
nuclear condensation, 
annexin V staining coupled 
with propidium iodide 
uptake 
 
Protein (Bax, caspase-3, 
and Bcl-2) detection was 
by Western blot analysis. 

the IC30 for Imatinib was 10 μM 
the IC30 for Dox was 0.0004 μM 
 
In co-incubation (Fucoxanthin (0.1 - 10 μM) + Imatinib 
or Dox (at IC30 of either cell line): 
Fucoxanthin did not potentiate the cytotoxic activity of 
both drugs in either cell line.  
However, at the highest concentration tested (10 μM), 
the combination of Fucoxanthin  + 0.05 μM Imatinib in 
K562 cells significantly increased cytotoxicity, when 
compared with Imatinib alone, but no differences 
compared with Fucoxanthin alone 
Fucoxanthin (10 μM) increased the anti-proliferative 
effects of both drugs in both cell lines tested, however no 
difference was observed relative to Fucoxanthin alone. 
 
Combination of Fucoxanthin (1 μM) and Imatinib (10 
μM) also increased the anti-proliferative effects in TK6 
treated cells compared to Fucoxanthin alone.  
 
Combination of Fucoxanthin (10 μM) and Dox (0.001 
μM) at 48 h, increased the percentage of condensed 
nuclei in K-562 cells, compared to Dox alone treated 
K562 cells. 
 
After 72 h of incubation, Fx alone or in co-incubation 
decreased the percentage of cells with condensed nuclei 
relative to respective controls 
 
Fucoxanthin decreased the expression of the anti-
apoptotic protein bcl-2 and caspase-3 
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Dox 

Experimental 
models 

Drug(s) used 
(Conc.) 

 
Incubation time 

 
Experimental assay used 

for evaluations 
Molecular effects 

 References 

Hela tumour cells Dox (0.1, 1 and 2 
μM) 

 
Simvastatin (0.25, 
0.5, 1, 2, 5 and 10 

μM) 
 

72 h Cytotoxicity/cell survival/ 
Cell viability- MTT assay 
and trypan blue exclusion 

assay 
 

Dox (0.1, 1 and 2 μM): ↓ cell survival 
Simvastatin (0.25 μM): ↑ cell viability (112%, p < 0.05) 

Simvastatin (2, 5 and 10 μM): ↓ cell survival 

Sadeghi-Aliabadi et 
al., 2010 

Breast cancer cells  
MCF-10F 

(non-tumorigenic, 
not expressing 

estrogen receptor, 
progesterone 

receptor (PR) or 
human epidermal 

growth factor 
receptor 2 
(HER2)) 

 
MCF-7 

(tumorigenic 
triple-positive 

expressing ER, PR 
and HER2) 

 
 MDA-MB-231 

(tumorigenic 
triple-negative 

breast cancer cell 
line) 

Dox (1, 2, 4 and 8 
μM) 

 
 
 

24 and 48 h  
 
 
 
 

Cell viability/ 
Cytotoxicity- MTT assay 

and an automated cell 
counter 

 
Protein detection-Western 

blot analysis using the 
following primary 

antibodies: 
Bax (1:4000)  

Bcl-2 (1:5000) 
caspase-8 ( 1:200) 

caspase-3 (1:200) NF-κB 
(1:200) SOD2 (1:200) 

 β-actin (1:5000) 
 

Gene expression-
Differential display 

reverse transcriptase-PCR 
(DDRT-PCR) 

 
H2O2 production 
measurement- Amplex 
Red Hydrogen 

Increased concentration of Dox decreased the viability of all 
three cell lines in a time- and dose-dependent manner for 48 

h 
 

The IC50 for Dox was observed and employed for each cell 
line: 

1 μM for both MCF-10F and MDA-MB-231 cell lines,  
4 μM for MCF-7 cells  

Dox activated apoptosis by inducing the proteolytic 
processing of the Bcl-2 family of proteins, caspases and by 
simultaneously decreasing oxidative stress by influencing 

ROS damage: 
 

In MCF-10F (Dox 1 μM treated cells; 48 h): 
↑ Bax gene (p < 0.05) and protein expressions of Bax (p < 
0.01)  
↓ Bcl-xL gene expression (p < 0.05) 
↓ Bcl-2 protein expression (p < 0.001) 
↑ caspase-8 gene (p < 0.01) and protein expression (p < 
0.001) 
NSD in caspase-3 gene expression vs control. The amount of 
caspase-3 expressed in MCF-10F control cells was much 
lower compared to the amount expression in the other 2 cell 
line controls. 

Pilco-Ferreto and 
Calaf, 2016 
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Peroxide/Peroxidase 
assay kit, then plate 
reader 

↑ caspase-3 protein expression (p < 0.05) 
↑ SOD2 gene expression (p < 0.01) and ↓ SOD2 protein 
expression (p < 0.05) 
NSD H2O2 production vs control 
↑ NF-κB gene expression (p < 0.01) and ↓ NF-κB protein 
expression (p < 0.001) 
MCF-10F control cells expressed a higher level of NF-κB 
proteins compared to the other 2 cell lines. 
 
In MCF-7 cells (in Dox 4 μM treated cells; 48 h): 
↓ Bax gene with no significant increase of Bax protein  
No significant decrease in Bcl-xL gene expression 
↓ Bcl-2 protein expression  
↓ anti-apoptotic Bcl-2 protein expression (p < 0.001) => 
apoptosis induction 
↓ caspase-8 gene expression (p < 0.01) and non-detectable 
levels of caspase-8 proteins 
↓ caspase-9 gene expression (p < 0.05), which was much 
lower compared to the other 2 cell lines. The other two cell 
lines were not different from their control cells. 
↓ caspase-3 gene expression (p < 0.001) and NSD in caspase-
3 protein expression vs control. 
↓ SOD2 gene expression (p < 0.01), NSD in SOD2 protein 
expression 
↑ H2O2 production (p < 0.01) => ↑oxidative stress 
Also, MCF-7 control cells showed a higher H2O2 production 
compared to MCF-10F control (p < 0.05) 
↓ NF-κB gene (p < 0.01) and ↓ NF-κB protein expression (p 
< 0.01) 
 
In MDA-MB-231 cells (in Dox 1 μM treated cells; 48 h): 
↑ Bax gene (p < 0.05) and Bax protein expression (p < 0.01)  
↓ Bcl-xL gene (p < 0.001) 
↓ anti-apoptotic Bcl-2 protein expression (p < 0.001) => 
apoptosis induction 
↓ caspase-3 gene expression (p < 0.001) ↑ caspase-3 protein 
expression (p < 0.01) 
↓ caspase-8 gene expression (p < 0.01) and ↑ caspase-8 
protein expression (p < 0.001) 
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Caspase-9 gene expression was highest in MDA-MB-231 
control cells compared to the other 2 cell line controls. 
However, the expression in the Dox treated MDA-MB-231 
cells was not different from the untreated control cells. 
On the contrary,  
↑ SOD2 gene (p < 0.01) and ↑SOD2 protein expression (p < 
0.001) => ↓ ROS damage 
↑ H2O2 production (p < 0.01) =>  
↑ NF-κB gene expression (p < 0.05) and ↓ NF-κB protein 
expression (p < 0.01) 
 

Male rats (Sprague 
Dawley; 500-520g; 

fed ad libitum) 

DOX (12 mg/kg) 
(i.p 

administration) 

Sacrificed 7 days 
later 

Nephrotoxicity was 
determined through 

histopathologic 
examination of the kidney 

tissues using 
Hematoxylin and eosin 

(H & E) staining 
 

Levels of serum urea 
nitrogen (reflects the 

metabolism of proteins 
and rate of excretion of 

urea 
nitrogen in the body) 

were determined using 
Raichem kit 

 
Levels of serum 

creatinine were quantified 
using QuantichromTM 

Creatinine Assay kit 
(DICT-500) 

 
Lipid peroxidation was 

measured by determining 
both the increase in the 

tissue 

↑ serum urea nitrogen (5.6-fold) vs control 
↑ serum creatinine (2.65 fold) 

↑ serum urea nitrogen/creatinine ratio 
↑ lipid peroxidation (quantified by increased MDA levels) 

(1.7-fold)  
↓ in total SOD activities => which could be 

an indirect reflection of overutilization of SOD or lack 
of induction of sufficient enzymes to inactivate superoxide. 

↑ genomic DNA fragmentation (2.8 fold) => ↑of cells 
committed to the apoptotic cascade 

↑ APAF-1 proteins (175%) vs control 
 ↑ Caspase-3 proteins (158%) vs control 

 ↑ Bax proteins (130%) vs control 
 ↑ Bad proteins (173%) vs control 

↓ anti-apoptotic Bcl-2genes (45%) vs control 
 ↓ Bcl-xL genes (22%) vs control 

89% ↑ of p53 vs control and 30% ↓ of its regulator, Mdm2 vs 
control 

As evaluated by H & E staining, features of both apoptosis 
and necrosis was observed in the kidney cells 

 
 

Lahoti et al., 2012 
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levels of malodialdehyde 
(MDA) and decreased 
superoxide dismutase 

(SOD) 
activity 

 
Protein detection-Western 

blot analysis  
 

MCF‐7 breast 
cancer cells  

Adriamycin (Dox) 
(1-5 µM) 

0 - 48 h Quantitation of Bcl-2 
and Bax mRNA levels- 

Rt-PCR 
 

↓ in Bcl‐2 mRNA levels in a time‐ and concentration‐
dependent manner 

↓ in Bcl‐2, in a time‐ and concentration‐dependent manner 
The EC50 for Adriamycin on Bcl-2 mRNA levels was at 0.4 

µM, and inhibition can be observed at a concentration as low 
as 0.1 µM  

↑ Bax mRNA levels in a time‐ and concentration‐dependent 
manner 

↑ Bax protein levels  
The EC50 for Adriamycin on Bcl-2 mRNA levels was at 0.1 

µM 
↑ apoptotic death index 

 

Leung and Wang, 
1999 

Human 
hepatoblastoma 
cell line HepG2 

Taxol (50 nM) 
 

 Dox (5 µM)  

0 - 72 h Construction of antisense 
Bcl-xL gene expression 
vectors and isolation of 
Bcl-2 gene from HL-60 
cells was done by PCR 

 
The insertion orientation 
of the genes into a new 

vector was confirmed by 
restriction enzyme 
digestion analysis 

Stable transfection was 
carried out using 
Lipofectamine 

 
Protein detection-Western 

blot analysis  

The chemosensitivity in elevated Bcl-2 transfected HepG2 
treated Dox and Taxol cells, remained unaffected  

 
↑ chemosensitivity of Dox and Taxol treated HepG2 

transfected cells with lowered Bcl-xL protein levels after 24 
h of treatment, 

 with a significant difference in IC50 values. 
 

In the absence of Bax protein, HepG2 cells with elevated 
Bcl-2 protein levels did not exhibit any significant increase in 

chemosensitivity towards the drugs.  
 

This results suggest that the Bcl-2 protein alone could not 
protect HepG2 cells from drug-induced apoptosis, and that 

the Bcl-xL protein may be a target for gene therapy in 
hepatoblastoma treatment. 

 

Luo et al., 2000 
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Cell viability was 

measured using trypan 
blue exclusion method 

 
Chemotherapy-induced 

cytotoxicity was 
determined by XTT 

[sodium 3′-1-
(phenylaminocarbonyl)-3, 

4-[tetrazolium]-bis (4-
methoxy6-nitro) benzene 

sulfonic acid hydrate] 
(Sigma) dye reduction 

assay 
 

 

Acute myeloid 
leukaemia cells: 
MOLM‑13 cells 

OCI-AML2  
 

U‑937 histiocytic 
lymphoma 

monocytic cells 
 
 

Chronic myeloid 
leukaemia K-562 

cells 

Dox ( 0.5, 1, 5 
µM) 

48 h Cell viability was 
measured using trypan 
blue exclusion method 

 
Annexin V/propidium 

iodide staining was used 
before flow cytometry 

was conducted to 
determine the effects of 

Dox on cell death  
 

5(6)‑carboxyfluorescein 
diacetate succinimidyl 

ester (CFSE) flow 
cytometric analyses was 

used to determine the 
effects of Dox on cell 

proliferation 
 

Protein detection-Western 
blot analysis  

Using the following 
primary rabbit 

Dox reduced the viability of MOLM‑13 cells partly by 
inhibiting cell division and inducing cell apoptosis, mainly 
early apoptotic death with minimal necrosis 
 
Dox demonstrated a level of selectivity in its cytotoxicity 
against MOLM‑13 compared to U‑937 cells (P<0.05) 
 
Dox reduced MOLM‑13 cells proliferation in a time- and 
concentration- dependent manner 
 
 
Different concentrations of Dox induced death of U-937 cells 
by different mechanisms. Dox 5 µM induced death mainly by 
necrosis. A lower concentration of Dox, 0.5 µM, induced 
greater late apoptotic cell death and was more potent than 
treatment with 1 µM Dox; the reason for this is currently 
uncertain. 
 
The basal expression levels of Beclin-1 protein were not 
statistically significant (P>0.05) between the MOLM-13, 
OCI-AML2, CML K562 and U-937 cells. However, Dox 
induced a significant decrease of Beclin-1 in MOLM‑13 cells 

Vu et al., 2020 
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monoclonal antibodies in 
PBS-T with 5% BSA: 

Anti-Bcl-2 (1:1,000; cat. 
no. ab32124), anti-Bax 

(1:1,000; cat. no. 
ab32503), or anti-Beclin 1 

(1:2,000; cat. no. 
ab207612) (all from 

Abcam). 

without significantly affecting the protein levels in U‑937 
monocytes. 
 
A novel Bcl‑2 15‑20 kDa (p15‑20‑Bcl‑2) isoform was found 
to be selectively s 
 
MOLM-13 cells contained lower levels of p15-20-Bcl-2 
protein, compared to the p26-Bcl-2-α protein (P<0.01) 
 
Dox induced a highly significant inhibition of p15‑20‑Bcl‑2 
at concentrations of 0.5, 0.75 and 1 µM (P<0.01) 
 
Dox did not affect the 26 kDa Bcl‑2 (p26‑Bcl‑2‑α) isoform 
protein expression in either the MOLM‑13 or U‑937 cells 
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