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Abstract 

 

Acute myeloid leukaemia (AML) is the most common form of acute leukaemia in adults, 

constituting about 80% of cases. Although remarkable progress has been made in the 

therapeutic scenario for patients with AML, research and development of new and effective 

anticancer agents to improve patient outcome and minimize toxicity are needed. In this study, 

the antitumour activity of crude extracts from two regenerative organisms, a fresh water 

planarian species-Malta (PSM) and the axolotl Ambystoma mexicanum (AXO) were assessed in 

vitro on the human AML HL-60 cell line. The anticancer activity was evaluated in terms of ability 

to influence proliferative activity, cell viability, cell cycle arrest, and differentiation. Moreover, 

gene expression analysis was performed to evaluate the genes involved in the regulation of 

these processes. The PSM extract exhibited a selective cytotoxic effect on HL-60 cells when 

compared to normal lymphocytes. Furthermore, cell cycle analysis and Annexin V/PI assay 

showed that the PSM extract induced apoptosis in HL-60 cells. AXO crude extract exhibited 

antiproliferative but not cytotoxic activities on HL-60 cells, with cell cycle arrest in the G0/G1 

phase. Both PSM and AXO extract clearly decreased the nucleo/cytoplasmic ratio of the HL-60 

cells, with an increase in nitroblue tetrazolium-positive cells. Furthermore, PSM treated cells 

showed an increase in CD11b- and CD14-positive cells, whilst AXO-treated HL-60 cells showed 

an increase in the expression of CD11b, suggesting that the extracts were able to stimulate 

myeloid differentiation. Finally, PSM and AXO extracts caused upregulation of CEBPA, CEBPB, 

CEBPE, SPI1, and downregulation of c-MYC, with PSM extract showing an increased expression 

of CDKN2C and reduction of CDKN1A. The data clearly show the potential anticancer activity of 

PSM and AXO on HL-60 cells and suggest that it could help develop promising therapeutic 

agents for the treatment of AML 
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1.1 Haematopoiesis 

 

Haematopoiesis is the process that involves the proliferation, differentiation and maturation 

of the multipotent undifferentiated haematopoietic stem cells (HSCs) resulting in the 

production of specialized cell types with vastly different functions including B cells, T cells, 

macrophages, erythrocytes, platelets and granulocytes (Burda et al., 2010). Maintenance of 

HSCs depends on asymmetric cell divisions balancing self-renewal to ensure HSCs maintain their 

numbers, and the process of differentiation to ensure the haematopoietic cell pool remains in 

balance (Kanji et al., 2011).  

 

Different models of haematopoietic cell differentiation have been put forward to fully 

understand the pathway that HSCs undertake towards differentiation into fully functional 

mature blood cells. The earliest model proposes a branching hierarchical differentiation of 

‘homogeneous’ HSCs to their progenitors. With HSCs at the top of the hierarchy, the first point 

that branches from the tree separates cells with lymphoid potential from all other lineages 

(myeloid, erythroid and megakaryocytic). These then continue a series of steps until they reach 

terminal differentiation and lose their potency along the differentiation tree (Laurenti & 

Gottgens, 2018). Another hierarchical model acknowledges the heterogenous nature of HSCs 

and suggests that segregation occurs at a later stage with HSCs initially giving rise to a 

multipotent progenitor (MPP), which further differentiates into either a common myeloid 

progenitor (CMP) or a common lymphoid progenitor (CLP). The CMP branches into 

megakaryocyte/erythroid progenitors (MEP) and granulocyte/macrophage progenitors (GMP) 

and the CLP gives rise to natural killer cells, B cells and T cells (Doulatov et al., 2010).  

https://www.sciencedirect.com/topics/medicine-and-dentistry/t-cell
https://www.sciencedirect.com/topics/medicine-and-dentistry/granulocyte


3 
 

  

Another model reveals much less rigidity and depicts the differentiation pathways as a 

continuum ‘cloud’ (Laurenti & Gottgens, 2018). In this model, the activation of one or more 

transcription factors does not necessarily seal the fate of cell commitment to a particular cell 

lineage, but an ‘oscillating’ concentration of the transcription factors can shift in favour of one 

cell fate or a group of cell fates whilst suppressing the cell fates of another cell lineage 

commitment (Nerlov & Graf 1998; Ceredig et al., 2009).   

 

Humans generate approximately 4.5 × 1011 haematopoietic cells every day and this feat 

requires tightly regulated decisions between proliferation and differentiation (Dingli et al., 

2012; Kaushansky, 2018). This intricate regulation requires a balanced signalling and 

transcription network that ensures that the different cell types are formed at the right time and 

in right numbers (Ruijtenberg & van der Heuvel, 2016). Moreover, it needs to ensure that 

proliferation remains under check to avoid the development of anomalies such as cancer. For 

haematopoiesis to occur without obstruction of the maturation process from early progenitors 

to mature blood cells, an intricate balance between the extent of reduced self-renewal of early 

precursors and commitment to a specific lineage with particular lineage markers and identity 

needs to occur in an orderly and controlled fashion (Seita & Weissman, 2010). Basically, if a 

stem cell commits to differentiation, genes that ensure self-renewal is maintained are switched 

off, whereas genes that align cells along the differentiation pathway are switched on 

(Rosenbaeur & Tenen, 2007; Saunders et al., 2013; Wei & Frenette, 2018). Differentiation 

follows a series of lineage branching points and is directed by up- and down- regulation of 

particular genes, which together build a large network of factors that determine cell fate 

(Rosenbaeur & Tenen, 2007; Rothenberg et al., 2016). Once this tightly controlled system is 
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disrupted, it may lead to incomplete differentiation with uncontrolled proliferation of immature 

blood cells leading to cancer (Fouad & Aanei, 2017).  
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1.2 Transcription factors in myeloid differentiation 

 

Transcription factors (TFs) are proteins which are necessary for regulation of gene 

transcription (Wilkinson et al., 2017). Regulation involves the binding of TFs to specific DNA 

sequences (Lambert et al., 2018) termed cis-regulatory elements (CREs) that are located either 

upstream, downstream or at intronic regions of target genes (Powell et al., 2019). TFs also exert 

their effect at gene regulatory regions in distant DNA sequences (Wilkinson et al., 2017). 

Binding of TFs to CREs can result either in transcription activation or transcriptional repression 

(Sharma & Gurudutta, 2016; Mitsis et al., 2020). TFs use a variety of DNA-binding structural 

motifs to recognize their target sequences (Inukai et al., 2017). The interaction between DNA 

and TFs involves a large number of co-operating factors including epigenetic modifications and 

the cooperative binding of other TFs (Mitsis et al., 2020).  

 

TFs play a major role in differentiation of haematopoietic cells.  They control haematopoietic 

development and homeostasis by causing up- or down- regulation of genes that push cells to 

commit to a specific lineage (Sharma & Gurudutta, 2016). Therefore, any mutations such as 

deletions and/or translocations that target TFs, would result in impairment of differentiation 

with development and progression of leukaemia (Ridinger-Saison et al., 2012; Niwa, 2018). This 

is substantiated by studies that show many known leukaemia translocations involve TF sites 

(Zheng, 2013; Brunet & Jasin, 2018).  
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1.2.1 PU.1 transcription factor 

PU.1, encoded by the Spi1 gene on chromosome 11p11.2, is an Erythroblast transformation 

specific (ETS) -family transcription factor that plays major and important roles in 

haematopoiesis (Gupta et al., 2009). It positively regulates many genes in haemopoietic cells 

including macrophages, granulocyte, dendritic- and B-cells (Rothenburg et al., 2019). Depending 

on cell fate, expression levels of PU.1 is crucial for lineage commitment. For example, GATA-1 

and GATA-2 expression represses PU.1, and favour commitment to megakaryocyte/erythrocyte 

differentiation over myeloid lineage expression and vice versa, (Mak et al., 2011; Wontakal et 

al., 2012; Woolthius & Park, 2016). It has also been proposed that CCAAT enhancer-binding 

protein alpha (C/EBPα) and PU.1 expression levels are directly linked to neutrophil versus the 

monocyte fates (Avellino et al., 2016; Avellino & Delwel, 2017). Thus, conflicting competition 

among more than two TFs functions could be a vital mechanism for commitment of a bipotent 

cell in a progenitor stage to a single lineage program (Iwasaki et al., 2006). 

 

In a bid to understand the role of PU.1 in the granulocytic versus monocytic commitment 

decision, studies on PU.1 (−/−)  mice revealed that low levels of PU.1, direct the myeloid 

progenitors towards commitment to granulocytic development, whereas high levels induced 

cells to commit to monopoiesis (Dahl et al., 2003; Laslo et al., 2006).  

 

Other studies have revealed that deficient PU.1 expression in mice severely impaired 

haematopoiesis and in some cases lead to leukaemia (Imperato et al., 2015; Verbeist et al., 

2015), whilst a reduction in PU.1 expression reaching 20% of wild-type expression has been 

demonstrated to induce AML (Nutt et al., 2005; Zhou et al., 2015).  Mutations in PU.1 have also 

been described in human AML (Vangala et al., 2003; Mueller et al., 2006). Furthermore, certain 

https://www.nature.com/articles/1210764#ref-CR94
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oncogenic fusion proteins, such as AML-ETO and Retinoic acid receptor alpha – promyelocytic 

leukaemia (RARα-PML) (15;17) are also associated with graded PU.1 inhibition (Zhou et al., 

2015). 

 

1.2.2 CCAAT/enhancer-binding protein (C/EBP) family of transcription factors 

To date, six members have been characterized, and are designated C/EBPα, C/EBP-β, C/EBP-

γ, C/EBP-δ, C/EBP-ε, and C/EBP-ζ (Khanna-Gupta & Berliner, 2018). C/EBPs enhance the 

expression of certain genes through several interactions including with other transcription 

factors, protein-protein interactions and through binding to DNA promoter regions (Liu et al., 

2009). Once bound to DNA, C/EBPs can open up the chromatin structure allowing other factors 

to regulate gene expression of many housekeeping and tissue-specific genes (Ren et al., 2014).  

 

Within haematopoiesis, C/EBPα (Chromosome 19q13.11), C/EBPβ (Chromosome 20q13.13) 

and C/EBP (Chromosome 14q11.2) are predominantly expressed in the granulocytic and 

monocytic lineages (Friedman, 2017). Elevated C/EBPα expression is found in the HSC, CMP and 

GMP, but not the CLP or MEP populations (Guo et al., 2014). Knock-out studies in mice further 

confirm the involvement of C/EBPα in haematopoiesis (Rosmarin et al., 2005; Haseman et al., 

2014). C/EBPα(−/−) neonatal mice exhibit a reduction in their neutrophil and eosinophil 

numbers, while monocytes are still present in their peripheral blood (Friedman, 2007). 

 

C/EBPα and C/EBPβ exhibit structural, regulatory, and functional similarities and they may 

functionally replace each other in certain occasions (Chen et al., 2000). This was demonstrated 

by gene replacement strategies in which C/EBPβ was expressed from the C/EBPα locus in 
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C/EBPα null-mice, leading to normal haematopoiesis (Jones et al., 2002). C/EBPα and C/EBPβ 

may cross-talk to ensure enough cells commit to granulocytic differentiation by orchestrating 

the proliferation and differentiation of granulocyte precursors (Hirai et al., 2015).   C/EBPβ also 

interacts directly with PU.1 through the PU.1 DNA-binding domains,  promoting gene induction 

(Grondin et al., 2007).  

 

The transcription factor C/EBPε is expressed only in myeloid lineages and specifically in the 

later stages of granulopoiesis (Khanna-Gupta & Berliner, 2018). During neutrophil development, 

C/EBPε drives the commitment of promyelocytes to the end stage of myeloid differentiation 

and is also necessary for secondary and tertiary granule formation (Bartels et al., 2015; Goos et 

al., 2019). C/EBPɛ (−/−) mice develop all of the haematopoietic lineages, but they also develop 

myelodysplasia features, die prematurely,  and their granulocytes fail to reach terminal 

differentiation and resemble human cases of secondary granule deficiency (Yamanaka et al., 

1997). Cells in mice with C/EBPε (−/−)  show incomplete differentiation of granulocytes with an 

intermediate ‘paramyeloid’ cell type exhibiting both monocyte and granulocyte features 

(Halene et al., 2010). 

 

C/EBPs play an important part in cell cycle regulation (lee at al., 2019). They are mainly 

negative regulators of cell proliferation (Nerlov, 2007) and C/EBPα expression blocks cell cycle 

progression at the G1-S boundary (Johnson, 2005). C/EBPα expression in human cell lines leads 

to an induction of CDKN1A promoter activity and accumulation of p21 protein (Slomiany, 2000). 

It is able to stabilize p21 protein and block cell cycle progression (Johnson, 2005). Together with 

C/EBPβ, C/EBPα causes repression of cell cycle regulatory proteins including E2F, 

https://www.nature.com/articles/1210764#ref-CR183
https://www.nature.com/articles/1210764#ref-CR183
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retinoblastoma protein (pRB), and cyclin dependent kinases cyclin-dependent kinase 2 (Cdk2) 

and and cyclin-dependent kinase 4 (Cdk4) function (Al-Bitar & Gali-Muhtasib, 2019).  

 

The repressive properties of C/EBP-α and -β raised the possibility that they could behave as 

tumour suppressors. Within the context of leukaemia, mutations in CEBPA have been described 

in approximately 10% of de novo-AML patients (Nerlov, 2007; Mannelli et al., 2017). This was 

confirmed in studies whereby several oncogenic events disrupt C/EBP-α expression or function 

in AML and other cancers (Roe & Vakoc, 2014; Wurm et al., 2017). The role of impaired 

transcription factors in cancer progression is supported by the ability of causing a suppression 

of in vivo tumorigenicity of AML after the re-introduction of such factors (Lourenço & Coffer, 

2017; Nerlov, 2007), with targeted modulation of C/EBP activities providing a new approach to 

AML therapy (Truong et al., 2003). 

 

1.2.3 Avian myelocytomatosis virus oncogene (c-MYC) transcription factor  

c-MYC, on chromosome 8q24.21, is an oncogenic transcription factor that belongs to the 

helix-loop-helix (HLH) leucine zipper family (Jones, 2004). It was first discovered in retroviruses 

that induced aggressive myeloid neoplasms in chicken (Delgado & Leon, 2010). Through its 

leucine zipper domain, c-MYC dimerises with another TF, myc-associated factor x (MAX), and 

together they bind to specific DNA sequences in the regulatory regions of target genes 

(Solomon et al., 1993).  

 

Thousands of c-Myc target genes have been identified by genome-wide technologies and 

many of these genes are involved in important cellular functions including proliferative, 
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glycolytic, metabolic, and differentiation pathways amongst others (Miller et al., 2012). In 

haematopoiesis, MYC family members c-MYC, n-MYC, and l-MYC are differentially expressed 

with early HSCs co-expressing c-MYC and n-MYC, with l-MYC moderately expressed in CLPs, 

megakaryocytes, and macrohpages (Delgado & Leon, 2010). 

 

In humans, deregulation of MYC was first reported in Burkitt’s lymphoma. Over half of 

human cancers show a dysregulated c-MYC expression with over expression as the major 

contributory factor in at least 75% of cancers (Carabet et al., 2018).  Studies using several 

leukaemia cell line models have highlighted the importance of c-MYC deregulation particularly 

pertaining to cellular proliferation, apoptosis, and differentiation.  

 

From a therapeutic point, targeting MYC could be a useful treatment approach. Several 

groups focused on the identification of small molecule inhibitors albeit with modest success 

(Brockman et al., 2013; Whitfield et al., 2017). However, being a transcription factor and not an 

enzyme, c-MYC lacks a binding pocket where small molecules can fit and modulate its 

expression (Carabet et al., 2018). Also, a high MYC copy number does not necessarily reflect a 

higher c-MYC expression (Paulsson et al., 2003) and hence its inactivation may not necessarily 

be a successful therapeutic option.   
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1.3 Acute Myeloid Leukaemia 

 

Acute myeloid leukaemia (AML) is a heterogeneous group of diseases characterised by 

impaired differentiation and clonal expansion of myeloblasts in both the peripheral blood and 

bone marrow (BM) (Castelli et al., 2019). In the USA, the age-adjusted incidence of AML is 4.3 

per 100,000 with a mean age of 68 years (Shallis et al., 2019). In 2020, it is estimated that over 

60,000 people will be diagnosed with leukaemia in the USA alone 

(https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/cancer-facts-

figures-2020.htmL 2020, accessed on 16th of April, 2020). The 5-year survival rate of patients 

diagnosed with AML depends on the age at diagnosis and the subtype of AML, among other 

factors. In fact, the overall 5-year survival rate for all AML sub-types with the best available 

treatment for children is about 60-75%, young patients (age 15-39) is about 50-60% while in 

older patients, it is approximately 10% (Creutzig et al., 2018).  

 

1.3.1 Incidence of leukaemia subtypes in Malta 

Using the cancer statistics data collected by the Registry for Cancer in Malta, the total 

number of cases of all leukaemia subtypes between 2007-2018 is 496 cases (Figure 1-1.) with an 

average of 41.3 cases per annum. Similar to data reported in the USA (Hao et al., 2019) of the 

four major subtypes of leukaemia, the majority of cases in Malta are AML (44%) followed by CLL 

(24%) (Figure 1-3). Furthermore, similar to cancer registries in the US (Hao et al., 2019) and the 

European Union (https://worldcancerinitiative.economist.com/pdf/acute-myeloid-

leukaemia/acute-myeloid-leukaemia-report.pdf, accessed on 13th October, 2020), leukaemia 

incidence increases with age (Figure 1-2). This increase could be attributed to the increase in 

the average life expectancy.  Recent genetic analyses of large populations have revealed that 

https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/cancer-facts-figures-2020.htmL%202020
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/cancer-facts-figures-2020.htmL%202020
https://worldcancerinitiative.economist.com/pdf/acute-myeloid-leukaemia/acute-myeloid-leukaemia-report.pdf
https://worldcancerinitiative.economist.com/pdf/acute-myeloid-leukaemia/acute-myeloid-leukaemia-report.pdf


12 
 

somatic mutations in hematopoietic cells leading to clonal expansion are commonly acquired 

during human aging (Steensma et al., 2015). Also, AML could arise secondary to treatment for 

other cancers.   

 

 
Figure 1-1: The number of cases of all leukaemia subtypes in Malta between 2007 - 2018. 

Data collected from the Registry of Cancer in Malta 

 

 

 

Figure 1-2: The number of cases of all leukaemia types in different age groups in Malta 
between 2007 – 2018. Data collected from the Registry of Cancer in Malta 
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Figure 1-3: The leukaemia subtypes in Malta. The percentage number of leukaemia 

subtypes in Malta between 2007 and 2018. Data from the Registry of Cancer in Malta. (AML= 
Acute myeloid leukaemia; ALL= Acute lymphoblastic leukaemia; CML= Chronic myeloid 
leukaemia; CLL= Chronic lymphocytic leukaemia). 

 

 

1.3.2 Classification landscape in AML 

In 1976, a French-American-British (FAB) Group stratified patients into different leukaemia 

sub-groups (M0 to M7) based on the morphology of the abnormal presenting cells and the 

number of “blast cells” in bone marrow smears and the extent to which morphology 

recapitulates normal haematopoietic progenitors, i.e., whether the blasts are myeloblasts, 

monoblasts, megakaryoblasts, or erythroblasts (Table. 1-1) (Bennett et al., 1976).  

AML
44%

ALL
17%

CML
15%

CLL
24%

AML ALL CML CLL
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Table 1-1: FAB classification of AML (Adapted from Bennet et al., 1976). Classification is 
based on morphological features of the cells. The table also shows the percentage incidence 
of the different AML subgroups.  

  

FAB Subtype  Morphological classification (%) subgroup-AML cases  

M0 Undifferentiated AML 5 

M1 AML with minimal differentiation 15 

M2 AML with maturation 25 

M3 Acute promyelocytic leukaemia 10 

M4 Acute myelomonocytic leukaemia (AMML) 20 

M4-eos AMML with eosinophilia 5 

M5 Acute monocytic leukaemia 10 

M6 Acute erythroid leukaemia 5 

M7 Acute megakaryoblastic leukaemia 5 
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However, over the past four decades, it has become clearly evident that the FAB 

classification is not sufficient in predicting prognosis and/or stratifying patients into different 

risk groups. With the advent of cytogenetics, it became possible to examine leukaemia cells at 

the chromosomal level using G-band karyotyping (Mrózek et al., 2009). This identification of 

cytogenetic abnormalities at diagnosis was considered a crucial independent prognostic factor 

in childhood and adult patients with AML (Mrozek, 2004). However, this technique is not 

adequate in identifying structural and/or numerical chromosomal aberrations in almost half the 

patients at diagnosis, making it difficult to stratify patients into the correct risk group (Damiani 

& Tiribelli, 2019).  

 

Advances in molecular genetics led to the identification of various mutations with diagnostic 

and prognostic impact and these have eventually been included in the revised WHO 

classification of haemataological neopleasms (Dohner et al., 2017; Arbor et al., 2016). The 

revised WHO classification incorporated the FAB morphologic classification, cytogenetic 

abnormalities and their prognostic significance and reflected the progress in understanding the 

molecular background of the disease. It was based on clinical, prognostic, morphologic, 

immunophenotypic, and genetic data and defined AML into six major categories (Table 1-2), 

AML with recurrent genetic abnormalities; AML with myelodysplasia related features; therapy 

related AML; AML not otherwise specified; myeloid sarcoma; and myeloid proliferation related 

to Down syndrome (Arber et al., 2016).  
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Table 1-2: WHO classification of AML. Adapted from Arber et al., 2016 and Dohner et al., 
2017. The classification is based on genetic mutations and morphological abnormalities  

AML types Genetic mutation/morphological 

abnormalities 

AML with recurrent genetic abnormalities Genetic abnormalities 

t(8:21)(q22;q22)/RUNX1-RUNX1T1; 

inv(16)(p13.1q22); 

t(16;16)(p13.1;q22)/CBFB-MYH11; APL 

with PML-RARA; 

t(9;11)(p21.3;q23.3)/MLLT3-KMT2A; 

t(6;9)(p23;q34.1)/DEK-NUP214; 

inv(3)(q21.3q26.2); 

t(3;3)(q21.3;q26.2)/GATA2, MECOM; 

t(1;22)(p13.3;q13.3)/RBM15-MKL1 

(megakaryoblastic); mutated NPM1; 

Provisional entity: AML with mutated 

RUNX1; AML with biallelic mutations in 

CEBPA 

• Provisional entities 

o Mutated RUNX1  

o BCR-ABL1 

AML with myelodysplasia related features • Complex karyotype 

• Chromosome deletions 

• Translocations  
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Therapy related AML • Secondary mutations derived from 

primary cancer treatment 

AML not otherwise specified • with minimal differentiation 

• without maturation 

• with maturation 

• Myelomonocytic maturation 

• Acute monoblastic/monocytic 

leukaemia 

• Acute erythroid leukaemia 

• Pure erythroid leukaemia 

• Acute megakaryoblastic leukaemia 

• Acute basophilic leukaemia 

• Acute panmyelosis with myelofibrosis 

 

Myeloid sarcoma • unique clinical presentation 

o de novo 

o in AML relapse 

o progression of MDS 

Myeloid proliferation related to Down 

syndrome 

• Transient abnormal myelopoiesis 

• Down syndrome associated leukaemia 

Myeloid neoplasms with germ line 

predisposition 

• Without a pre-existing disorder or 

organ dysfunction 

o CEBPA mutation 
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 o DDX41 mutation 

• With pre-existing platelet disorders 

o RUNX1 mutation 

o ANKRD26 mutation 

o ETV6 mutation 

• With other organ dysfunction 

o GATA mutation  

o Bone marrow failure syndrome 

o Juvenile leukaemia associated with 

Noonan syndrome, Neurofibromatosis 

o With Noonan syndrome 

 

The stratification of leukaemias according to genetic mutations and clinical presentation into 

different risk groups greatly enhanced the prediction of event free survival and overall survival. 

The European LeukemiaNet (ELN) proposals for diagnosis and management of AML (Figure 1-4) 

further complemented the WHO classification of myeloid cancers. Nowadays, these 

recommendations have been widely adopted in the management and diagnosis of cancer 

patients and within clinical trials (Dohner et al., 2017).  
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Figure 1-4: ELN risk stratification by genetics. The ELN stratification assigns patients into 
favourable, intermediate, and poor risk according to the genetic mutations present at 
diagnosis (Adapted from Dohner et al., 2017). 

 

While one study found that ELN2017 effectively stratified patients into different risk groups 

(Harada et al., 2018), another study reported a discordance in risk stratification according to the 

proposed ELN guidelines in older patients presenting with de-novo AML (Eisfeld et al., 2018). A 

third group proposed the inclusion of genes other than those indicated by the ELN risk 

stratification (Papaemmanuil et al., 2016). The ongoing replacement of single gene assays by 

next generation sequencing (NGS) will facilitate further the development of prognostic and 

diagnostic markers. Also, exome sequencing and genome wide assays will further enhance 

more sophisticated prognostic systems (Estey, 2018).  
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1.3.3 Cytogenetic and molecular genetics of AML 

The spectrum of chromosomal abnormalities associated with leukemogenesis in AML is 

broad and heterogeneous. Approximately 50% to 60% of newly diagnosed AML patients exhibit 

cytogenetic abnormalities (Kumar, 2011). Many patients present with recurring chromosomal 

translocations that often result in gene arrangements giving the leukaemic cells a growth 

advantage. Identification of cytogenetic anomalies is a significant factor in predicting remission 

rate, relapse, and overall survival in patients diagnosed with AML (Kumar, 2011; Rashidi & 

Cashen, 2015). 

 

One of the most common translocations in AML patients (10%) is the translocation 

t(8;21)(q22;q22) generating the RUNX1/RUNX1T1 fusion transcript (Kamran et al., 2019). It can 

present solely or with co-operative mutations in other genes. Another common translocation 

with equal incidence is the t(15;17)(q22;q21) that is typical of acute promyelocytic leukaemia 

(APL) and involves the PML-RARA fusion gene (Wafa et al., 2016). Inversions and translocations 

in chromosome 16 are found in about 8 % of AML. This involves inversions between the short 

‘p’ arm and the long ‘q’ arm of chromosome 16 resulting in core binding factor beta (CBFB) and 

myosin heavy chain 11 (MYH1 ) fusion transcripts (Lv et al., 2020). About 5 % of AML patients 

present with rearrangements of the mixed lineage leukaemia (MLL) (KMT2A) gene which is 

located on 11q23 (Meyer et al., 2017).  

 

AML patients can present with deletions or duplications of part or whole chromosomal arms, 

such as deletions in the long arms of chromosomes (Mrozek, 2008). Two of the most common 

deletions are del (5q), and del (7q). They are more common in elderly patients and are 
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associated with a poor outcome. Chromosome monosomies in AML are also associated with an 

unfavourable outcome (Breems et al., 2008; Papaioannou et al. 2016; Anelli et al., 2017). 

 

Mutations implicated in the pathogenesis of AML affect the overall prognosis and recurrence 

of AML (Yu et al., 2020).  They often lead to activation of downstream signalling pathways 

resulting in uncontrolled cellular proliferation, increased resistance to apoptosis, and the 

blocking of differentiation. The identification of certain recurring mutations can help stratify 

patients into distinct prognostic sub-groups. For instance, 35% of adult patients with de novo 

AML and 45–60% of AML patients with a normal karyotype show mutations in the molecular 

chaperone nucleophosmin 1 (NMP1) and its presence predicts a higher likelihood of achieving 

CR (Walker & Marcucci, 2012; Falini et al., 2005). In contrast, mutations in the tumour 

suppressor gene [tumour protein 53 (TP53)] are usually associated with old age and resistance 

to chemotherapy (Zeichner et al., 2014). Patients with certain fusion proteins (PML-RARA, 

RUNX1-RUNX1T1, or MYH11-CBFB) are associated with a favourable risk.  

 

Whilst approaches at classifying leukaemia into different groups has paved the way for 

better understanding of AML biology, however, the current classification approaches are not  

sufficient for accurate stratification. Thus, more work is required in elucidating the genetic and 

epigenetic changes in the pathogenesis of AML. This will ensure better classification and 

assessment of risk and better approaches to therapy (Moarii & Papaemmanuil, 2017). Table 1-3 

summarises the recurring molecular genetic mutations in AML, their partners, pathogenesis and 

prognosis.  
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Table 1-3: Mutations in AML. Compiled from Ley et al., 2010; Winters & Bernt, 2017; 
Kunchala et al., 2018; Ball et al., 2019; Barbosa et al., 2019; Daver et al., 2019. The table 
presents the percentage of common mutations in De-novo AML mutations together with the 
type and biological function of the mutated gene.  

Gene % De-novo 

AML cases 

Type of mutation Biological function 

NPM1 

 

30-35% Frame shift mutations  

common on exon 12 

Molecular chaperoning 

Ribosome biogenesis, DNA repair 

Genome stability of tumour 

suppressor genes such as P53 

CEBPA 5-10% Frame shift, insertions, 

and deletions in the P42 and 

P40 isoforms 

TF involved in commitment of 

progenitors to the myeloid lineage 

FLT3 30-35% internal tandem 

duplication; 

duplication; 

mis-sense mutations 

Receptor tyrosine kinase 

 

RAS N-RAS (11-

16) 

K-RAS (4-5) 

N-RAS 1p22; 

K-RAS 12p12 

Activating mutations 

Family of oncogenes 

regulate signal transduction 

IDH 20% 

IDH1  

IDH2 

DNA and histone 

hypermethylation, altered 

gene expression and blocked 

differentiation of 

hematopoietic progenitor 

cells 

important in the cellular 

metabolism of lipid synthesis, cellular 

defense of oxidative damage, and 

oxidative respiration; histone 

demethylation and DNA modification 

TET2 10-20% Majority are nonsense and 

frameshift mutations 

catalyzes the conversion of 

methylcytosine to 5-

hydroxymethylcytosine 

MLL 10% Partial tandem 

duplications  

epigenetic regulation of defined 

developmental genes 

DNMT3A 15-20% loss-of-function DNA methylation 

TP53 8% Somatic mutations 

Germline mutations 

Tumour suppressor gene 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/ribosome
https://www.sciencedirect.com/topics/medicine-and-dentistry/genomic-instability
https://www.sciencedirect.com/topics/medicine-and-dentistry/cell-metabolism
https://www.sciencedirect.com/topics/medicine-and-dentistry/cell-metabolism
https://www.sciencedirect.com/topics/medicine-and-dentistry/lipogenesis
https://www.sciencedirect.com/topics/medicine-and-dentistry/cellular-immunity
https://www.sciencedirect.com/topics/medicine-and-dentistry/cellular-immunity
https://www.sciencedirect.com/topics/medicine-and-dentistry/5-hydroxymethylcytosine
https://www.sciencedirect.com/topics/medicine-and-dentistry/5-hydroxymethylcytosine
https://www.sciencedirect.com/topics/medicine-and-dentistry/methylation


23 
 

1.3.4 Leukaemia stem cells  

The cancer stem cell (CSC) concept was first described in the nineteenth century (Capp, 

2019).  CSCs are a small population of immature quiescent cells, and similar to HSCs, are 

capable of self-renewal. Moreover, CSCs are able to maintain tumour cells by differentiation of 

non-stem daughter cells (Aponte & Caicedo, 2017).  

 

AML was one of the first malignancies in which the existence of CSCs was demonstrated 

(Dick, 2005) with approximately 0.1–1% of cells exhibiting leukaemia stem cell (LSC) properties 

(Thomas & Majeti, 2017). These cells are able to initiate AML when transplanted into 

immunodeficient animals (Lapidot et al., 1994).  However, not all transplanted LSCs are able to 

induce leukaemia in recipient animal models (Bonnet & Dick, 1997).  

 

Clonality studies in AML patients of different age groups indicate that LSCs arise through the 

successive accumulation of somatic DNA mutations in HSCs (Zuna et al., 2009; Hong et al., 2008; 

Miyamoto et al., 2000). These ‘early’ mutations often result in enhancing self-renewal potential 

together with impairment of differentiation and lead to variably expanded clonal populations of 

pre-leukaemic HSCs in patients (Corces et al., 2016; Vetrie et al., 2020). These mutations are 

retained in myeloblasts of AML patients, and are often implicated as putative initiating events 

in leukemogenesis (Shlush et al., 2014). Examples of such mutations are seen in cases that 

precede acute leukaemia, particularly in patients with myelodysplastic syndrome (MDS) and or 

chronic myeloid leukaemia (CML) (Walter et al., 2012).  
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The search for genetic mutations which are common in AML within subjects with no history 

of haematological malignancies led to the identification of several genes implicated in AML 

(Jaiswal et al., 2014; Buscarlet et al., 2017). These findings were attributed to clonality and 

termed ‘clonal haematopoiesis of indeterminate potential’ (CHIP). Naturally, the incidence of 

CHIP increases with age (Corces et al., 2017) and is a known risk factor in haematological 

cancers.  CHIP has a peak incidence of approximately 20% in otherwise healthy elderly (over 70 

years) subjects (Genovese et al., 2014). Examples of ‘early’ mutational events include epigenetic 

regulator mutations such as DNA methyltransferase 3A (DNMT3A), methylcytosine 

dioxygenases TET1 and TET2, isocitrate dehydrogenase 1 (IDH1) and IDH2, the Polycomb group 

protein ASXL1, and TP53 (Vetrie et al., 2020).  Many of these mutations are actually described 

in the majority of patients with AML (Lagunas-Rangel et al., 2017). In AML patients, these 

‘evolutionary ancestral’ mutations can survive induction chemotherapy and remain in the bone 

marrow at remission thereby providing a persistent milieu of cells that ensure a poor prognostic 

outcome (Corces et al., 2017).  
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1.4 Therapeutic approaches in AML 

 

1.4.1 Current standard therapy for AML 

The overall therapeutic strategy in patients with AML in the last 40 years remains relatively 

unchanged. The standard of care for AML has been a ‘3+7’ chemotherapy regimen, based on 

three days of anthracycline and seven days of cytarabine (Norsworthy et al., 2017). The initial  

approach determines whether a patient is eligible for intensive chemotherapy based on age, 

clinical presentation, and laboratory results. If complete remission is achieved following 

intensive therapy, appropriate post-remission therapy becomes essential (De Kouchkousky & 

Abdul-Hay., 2016; Dohner et al., 2015). This approach of induction and consolidation evolved 

from a series of large-scale clinical trials in the 1970s where patients were placed into different 

treatment groups and treated with chemotherapy regimens regardless of the unique presenting 

features of individual AML patients (Visani et al., 2006). Even in patients who achieved 

remission with chemotherapy, relapse occurred in two thirds of patients (Yilmaz et al., 2019) 

due to persistence of leukaemic cells below morphologic detection and due to chemo-

resistance (Ravandi et al., 2018). It is thought that unsuccessful treatment and persistence of 

residual cancer cells in leukaemia can also be attributed to the BM microenvironment in which 

these cells are sequestered in niches that protect them from drugs or the body’s own immune 

response (Shafat et al., 2017).  

 

Several attempts have been made to improve induction chemotherapy by combinatorial 

treatment approaches, but none had shown significant improvements in outcomes without 

increasing toxicity (Williams et al., 2019). More intense combination regimens increased 
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complete remission (CR) rates albeit with increased toxicity and no overall improvement in 

survival (Anders et al., 2017).  

 

Allogeneic haematopoietic stem cell transplantation (HSCT) as post-remission therapy 

significantly reduces leukaemia relapse but non-relapse mortality due to complications of the 

transplant including graft versus host disease (GvHD) and infection will counterbalance this 

beneficial effect (Sweeney & Vyas, 2019). The ELN group recommends allo-HSCT if the patients 

disease-free survival is predicted to improve by at least 10% (Sweeney & Vyas, 2019). 

Therefore, considering the still imperfect treatment modalities available, the need for 

treatment approaches tailored for individual patients becomes more pressing (Ossenkoppele et 

al., 2016).   

 

Therapy success of AML depends on the molecular mutations at presentation and at relapse, 

since it has been speculated that ‘pre-leukemic’ HSCs survive therapy and acquire additional 

alterations that result in therapy failure (Corces et al., 2017). Since AML is a heterogenous 

disease, genetic subclones that persist during therapy eventually expand and re-populate the 

AML seen in relapse (Li et al., 2016). The persistence of a small number of LSCs following 

therapy and the eventual relapse seen in patients further strengthens the drive towards 

understanding the biology of AML. The aim is to improve therapeutic survival outcomes by 

identifying the characteristics of cells that drive disease relapse in order to improve AML 

therapy.  
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Advances in genomic sequencing and in-depth understanding of the molecular biology of 

AML and the bone marrow microenvironment (Ghiaur et al., 2015; Balderman et al., 2016) is 

paving the way for a personalised approach to AML treatment. Using novel targeted therapies 

offers not only effective but also reduced toxicity in AML patients. Given the molecular diversity 

of AML, it is unlikely that a ‘single approach’ therapy will provide an effective long-term 

solution against this disease. In the following section, different approaches to AML therapy 

including recent advances will be discussed including some examples of differentiation therapy, 

epigenetic modifiers, protein kinase inhibitors, dysregulated pathway inhibitors, and 

immunotherapy (Figure 1-5) 

 

Figure 1-5: Different approaches to the treatment of AML including recent advances in 
treatment with some examples of cytotoxic agents, differentiation therapy, epigenetic 
modifiers, protein kinase inhibitors, dysregulated pathway inhibitors, and immunotherapy. 
Adapted from the following references (Castelli et al., 2016; Allis & Jenuwein, 2016; Corces et 
al., 2017; Megias-Vericat et al., 2019; Sillar & Enjeti, 2019; Ghosh et al., 2020) 
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1.4.2 Differentiation therapy 

One of the important hallmarks of cancer is the poor differentiation of cancer cells, and 

differentiation therapy is key for cancer treatment (Yan & Liu, 2016). In differentiation therapy, 

instead of killing cells, cells are coaxed into over-riding the differentiation block and attaining a 

non-proliferative state. This override occurs by reactivation of endogenous differentiation 

programs, and in turn, cancer cells are able to resume maturation and elimination of tumour 

phenotypes in the process (Yan & Liu, 2016). The advantages of differentiation agents is that 

they tend to have less toxicity than conventional cancer treatments (de Thé, 2018; Yan & Liu, 

2016).  

 

One of the successful stories in differentiation therapy was seen in the treatment of APL. 

First described in 1957 by Leif Hillestad in Sweden (Degos, 2003), APL is characterised by the 

reciprocal translocation between chromosomes 15 and 17 and the product of this translocation 

is two fusion proteins (PML-RARα; RARα-PML). The accumulation of the fusion product leads to 

a differentiation block at the promyelocytic stage as a result of the inhibition of the retinoic acid 

receptor alpha (RARα) with a block in RARα-dependent transcription (Melnick & Licht, 1999; 

Nowak et al., 2009; de Thé, 2018). This inhibition is exacerbated by the formation of PML-RARα 

homodimers and the binding of the fusion protein to retinoic acid receptor elements (RAREs) of 

target genes, with subsequent epigenetic changes and recruitment of corepressors. Such 

corepressors include histone deactylases (HDACs) and histone methyl transferases. This results 

in sequestration of both retinoic acid X receptor (RXR) and wild type PML, leading to a halt in 

differentiation (de Stanchina et al., 2004; Rush et al., 2013; Nowak et al., 2009) and maintaining 

chromatin in a densely packed, inactive state (Noguera et al., 2019).  PML–RARα expression also 

disrupts the formation of nuclear structures known as PML oncogenic domains (PODs) or PML 
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nuclear bodies (PML-NB). These in turn result in blunting of p53 activity/function (de Stanchina 

et al., 2004), since it is thought that p53 is channelled  through PML NBs. Thus, they may 

represent sites for p53 post-translational modifications and ultimately determine its activation 

status (Garcia and Attardi, 2014). Although PML is required for efficient induction of p53 targets 

such as BAX or CDKN1A, in vivo evaluation using transcriptomic approaches have not been 

successful in identifying a defective p53 signature in PML null mice (Niwa-kawakita et al., 2017). 

 

1.4.2.1 All-trans retinoic acid 

One of the key discoveries in differentiation therapy is the vitamin A derivative, all-trans 

retinoic-acid (ATRA) (de Thé, 2018). ATRA mediates rapid differentiation of immature myeloid 

cells and is used as a primary therapeutic agent in the treatment of APL. Early clinical trials 

using ATRA for the treatment of APL reported complete haematologic remission rates of more 

than 90% of newly diagnosed cases with in vitro demonstration of differentiation of APL blast 

cells (Massaro et al., 2016). Subsequently, disease free survival and overall survival were 

significantly improved with combination therapy using ATRA and cytotoxic chemotherapeutic 

drugs including idarubicin or daunorubicin with cytarabine (Sanz et al., 2019). However, 14-16% 

of patients treated with ATRA may present with a retinoic acid-APL syndrome and experience 

life threatening clinical manifestations characterized by respiratory complications including 

interstitial pulmonary infiltrates, pleural or pericardial effusions, and fever (Patatanian & 

Thompson, 2008). 

 

ATRA therapy results in the differential regulation of hundreds of genes involved in myeloid 

differentiation (Nowak et al., 2009). This includes the downregulation of c-MYC and 

upregulation of the differentiation-associated TF genes C/EBP and PU.1, leading to 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5679165/#bib13
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transcriptionally active chromatin. Also, pharmaco-therapeutic concentrations of ATRA result in 

the release of corepressors and degradation of the PML-RARα fusion protein product (Fukuoka 

et al., 2019). With ATRA therapy established as standard for induction of newly diagnosed 

patients with APL, further research for identifying other compounds that can tackle ATRA 

resistance became necessary. 

 

Another compound that has been successfully used alone or in combination with ATRA for 

the treatment of APL is arsenic trioxide (ATO/As2O3) (Falchi et al., 2016). This 2000-year-old 

drug was reintroduced by Chinese studies for the treatment of APL and has been very effective 

in relapsed cases (Li et al., 2014). It can induce complete remission when used with or without 

chemotherapy or ATRA. In vitro studies on leukaemia cell lines have demonstrated that, at low 

concentrations, ATO causes partial morphologic differentiation and arrest of the APL cell line 

NB4 (Zhou et al., 2007). It also accumulates promonocytic leukaemia U937 cells at the G2/M 

phase of the cell cycle through SUMOylation of PML-RARα (di Masi et al., 2016). SUMOylated 

PML recruits RING finger protein 4 (RNF4), and polyubiquitylated PML-RARα can be degraded 

by the ubiquitin–proteasome pathway (Lallemand-Breitenbach et al., 2008). Theoretically, the 

degradation of PML/RARα re-establishes the functional active sites while suppressing the effect 

of this translocation on the myeloid differentiation block with resultant activation of 

differentiation related genes and signalling pathways.  These include the PML nuclear body and 

transforming growth factor beta (TGFβ) signalling pathway, that are crucial factors controlling 

the proliferation, survival and differentiation of haematopoietic cells (Liu et al., 2017).  

 

Higher doses of ATO result in commitment of cells to apoptosis through downregulation of 

anti-apoptotic genes including the B Cell Lymphoma 2 (BCL2) gene (Kumar et al., 2014) and cell 
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proliferation genes such as Wilm’s tumour (WT1) (Glienke et al., 2006). This leads to the 

subsequent release of pro-apoptotic factors from the mitochondria to the cytoplasm followed 

by activation of caspases 3 and 8 and degradation of specific substrates (Gupta et al., 2009). 

ATO elicits the formation of reactive oxygen species (ROS) by binding of arsenic atoms to 

cysteines of many target proteins, resulting in mitochondrial enzyme poisoning (Kumar et al., 

2014). 

 

1.4.2.2 Other differentiation-inducing agents 

Early in vitro and in vivo studies demonstrated the ability of the physiologically active form of 

vitamin D, 1,25 dihydroxy vitamin D3 (VITD3) to elicit differentiation of myeloid cells (Di Rosa et 

al., 2011). Early studies showed encouraging anti-proliferative and apoptotic effects of VITD3 in 

cancer cells lines (Simboli-Campbell et al., 1996), however, it failed to induce terminal 

differentiation of blast cells in AML patients and was deemed not as effective as ATRA in 

treatment of APL (Nowak et al., 2009). VITD3 works by binding and subsequent activation of the 

vitamin D receptor (VDR). Following activation, VDR  heterodimerises with RXR and in turn, 

binds to vitamin D responsive elements (VDREs) in the promoter region of target genes 

(Nurminen et al., 2019).  

 

The amount of VITD3 required to induce terminal maturation of AML cells can cause lethal 

hypercalcemia in vivo (Kulling et al., 2017). To counter the side effects, VITD3 derived 

analogues were developed, and even though they are characterized by lower calcaemic side 

effects and stronger antineoplastic effects, clinical trials have shown overall poor results 

(Leyssens et al., 2013). 
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1.4.3 Epigenetic modifying agents 

Epigenetic modifications comprise a class of heritable, non-genetic changes in gene 

expression. These modifications include DNA methylation, histone modification, and chromatin 

remodelling (Goldman et al., 2019). In healthy haematopoietic stem cells, epigenetic 

modifications are crucial for maintaining normal cell differentiation and haematopoiesis ( 

Ostrander et al., 2020).  In AML, epigenetics plays an important part in the transformation of 

normal haematopoietic precursors into their malignant counterpart and treatments targeting 

the epigenetic mechanisms in AML have been thoroughly investigated.  

 

1.4.3.1 Histone methyltransferase inhibitors 

Histone methyltransferases play an important role in gene regulation (Cheng et al., 2019). 

They can add a methyl group or an arginine residue which can result in either gene transcription 

or repression depending on the location in which this group or residue is added (Bannister & 

Kouzarides, 2011). An example of a histone methyltransferase is the Disruptor of telomeric 

silencing 1 (DOT1L). DOT1L targets the histone H3 lysine 79 position, or H3K79. Dysregulation of 

DOT1L leads to elevated H3k79 methylation and this has been implicated in the development of 

leukaemia with translocations of the MLL gene (Wood et al., 2018). Treatments that can 

selectively target and inhibit histone methyltransferases are thus of interest. Several DOT1L 

inhibitors have shown the ability to inhibit the histone methyltransferase, however, they lack 

optimal pharmacokinetic properties (Goldman et al., 2019).  

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6405641/#ref3
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1.4.3.2 Histone deacetylase inhibitors 

Histone acetylation and deacetylation regulate genes by acetylation and deacetylation of 

lysine residues within the N-terminal tail protruding from the histone core of the nucleosome 

(Fu et al., 2017). Histone acetylation usually results in transcriptional activation and gene 

expression, while deacetylation has been linked with transcriptional deactivation and gene 

silencing (Zhang et al., 2015). Changes in histone acetylation can contribute to dysregulation of 

the cell cycle with an effect on cell differentiation, apoptosis, and angiogenesis, leading to 

cancer (Audia & Campbell, 2016).  Histone deacetylase inhibitors (HDACi) can function by 

inhibiting G1- to S- phase transition of the cell cycle, induce mitochondria driven apoptosis, 

cause accumulation of DNA defective cells at M phase of the cell cycle (Bose et al., 2014), and 

induce cell differentiation (Vitkeviciene et al., 2019). They limit excessive deacetylation of 

histones and transcription factors, particularly those that regulate tumour-suppressor genes 

(Goldman et al., 2019). HDACi  are useful in clinical treatments and can be used as adjuvant 

therapy and enhance selectivity against cancerous cells versus healthy cells (Suraweera et al., 

2018).  

 

1.4.3.3 DNA methyltransferase inhibitors 

In AML, DNA hypermethylation of gene promoters is very common and often correlates with 

differentiation block. A typical DNA methylation signature of AML shows both 

hypermethylation and hypomethylation of Cytosine-Guanine oligodeoxynucleotides (CpG) 

islands in promoter regions and results in repression of tumour suppressor genes (Przybilla et 

al., 2017). The fact that this repression is reversible prompted extensive studies on using DNA 

methyltransferase inhibitors (DNMTi) in the treatment of AML among other cancers (Figueroa 

et al., 2010; Yang et al., 2010). Two of the most common inhibitors is 5-azacitidine (AZA) and 5-

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6405641/#ref171
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6405641/#ref171
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aza-2′deoxycytidine (DAC). Both agents affect human AML cell lines by inducing DNMT 

methyltransferase degradation, DNA hypomethylation and damage (Przybilla et al., 2017). The 

disadvantage of these epigenetic drugs is that they do not act on specific hypermethylated gene 

promotor regions and upon withdrawal of treatment, hypermethylation of gene promoters is 

restored within weeks (Przybilla et al., 2017). Thus, patients require continuous cycles of the 

drugs to induce complete remission.  

 

1.4.4 Tyrosine Kinase inhibitors  

Protein kinases represent a family of enzymes that control intracellular signalling pathways 

(Megias-Vericat et al., 2019). Overexpression or gene mutations in tyrosine kinases (TK) could 

lead to the constitutive activation of membrane receptors or cytoplasmic TKs and in turn 

promote survival of cancer cells (Arshad et al., 2020). An example of a tyrosine kinase inhibitor 

target is that of the FMS-like tyrosine kinase FLT3. It is one of the most frequent somatic 

mutations in AML (Daver et al., 2019). Patients presenting with FLT3 mutations have a high 

relapse rate with a short remission period and reduced chances of survival after chemotherapy 

and transplantation (Larrosa-Garcia & Baer, 2017). 

 

FLT3 encodes a membrane-bound receptor tyrosine kinase (RTK) that belongs to the RTK 

subclass III family and is typically expressed in haematopoietic progenitors and normally 

promotes haematopoietic development (Grafone et al., 2012). It plays a pivotal part in the 

proliferation, differentiation, and survival of multipotent stem cells. FLT3 mutations are found 

in approximately 20- 45% of cases of adult AML (Daver et al., 2019). They can be due to an 

internal tandem duplication (ITD), referred to as FLT3-ITD or activating missense point 
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mutations.  FLT3-activating mutations have been shown to reduce the requirement for growth 

factors with increased cell proliferation, and leukaemic transformation. Over-expression of FLT3 

results in a block in differentiation and down regulation of myeloid TF  expression (Kavanagh et 

al., 2017). Drugs specifically targeting FLT3 have been developed and are essential in AML cases 

with drug resistance (Daver et al., 2019). However, drug resistance remains a problem and 

limits the efficacy of the drug and combinations of FLT3 inhibitors together with epigenetic 

therapies, proteasome inhibitors, downstream kinase inhibitors, phosphatase activators and 

other drugs are being explored (Larrosa-Garcia & Baer, 2017). Other TK mutations include KIT 

and Janus kinase 2 (JAK2) and treatment targeting these mutations is important since their 

presence at diagnosis is a marker of poor outcome (Megias-Vericat et al., 2019). 

 

1.4.5 Targeting transcription factors 

 Recently, therapeutic strategies targeting TFs have been described (Takei & Kobayashi, 

2019). Small molecules that can induce the expression of TFs such as C/EBPα, commonly 

mutated in AML, have been described in AML cell lines and primary AML cells (Namasu et al., 

2017). PU.1, a TF dysregulated in about 40% of AML patients, has also been targeted by small 

molecules (Anthony-Debre et al., 2017). Another TF that is up-regulated in AML is Cyclic AMP 

response element-binding protein (CREB). CREB inhibitors have been shown to suppress 

leukaemia cell proliferation in KG-1 acute myeloid leukaemia cell line (Mitton et al., 2016). 

Other therapeutic strategies include complex formation inhibitors of TFs including inhibition of 

c-MYC DNA-complex formation (Carabet et al., 2018), and inhibition of p53- mouse double 

minute 2 homolog (MDM2) complex formation (Sanz et al., 2019).  
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1.4.6 Targeting the apoptotic pathway in AML 

The difficulty of targeting molecular mutations associated with AML has led to exploring 

ways to target pathways downstream of genetic mutations (Sillar & Enjeti, 2019). One of the 

most common dysregulated pathways in AML is the apoptotic pathway (Sillar & Enjeti, 2019). 

The BCL-2 family of proteins play a crucial role in regulating mitochondria-mediated apoptosis. 

They maintain the survival of cells and mitochondrial outer membrane integrity by preventing 

the activation of pro-apoptotic BCL2 Associated X (BAX) and BCL2 homologous antagonist/killer 

(BAK). Once activated, they form oligomers and result in permeabilization of the outer 

mitochondrial membrane, leading to a cascade of events that ultimately result in cell death 

(Flores-Romero et al., 2019).  

 

BCL-2 is frequently overexpressed in AML in comparison to normal haematopoietic cells. 

Naturally, this prompted targeting BCL-2 as a therapeutic approach for AML (Kavanagh et al., 

2017). BCL-2 inhibitors have shown activity as stand-alone agents or in combination with other 

drugs (Kavanagh et al., 2017). It is however expressed in both AML blasts and normal cells, and 

one would assume that such treatment would not be totally selective. However, AML has more 

‘primed’ BCL-2 in the mitochondrion when compared to normal cells, making BCL-2 inhibitors 

more effective on AML (Konopleva & Letai., 2018).  
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1.4.7 Immunotherapy 

Immunotherapy has become an important approach towards the treatment of cancer 

patients (Hu et al., 2019). This is achieved by helping the patient to boost his/her own immune 

system (Rothlin & Ghosh, 2020). Natural killer (NK)cells play a pivotal role in identifying cancer 

cells and even leukaemic stem cells. Their mode of action involves forming synapses with 

cancer cells and emptying their enzymatic contents, leading to cell lysis (Ben-Schmuel et al., 

2020).   It has been beneficial in increasing the clinical remission rates by eradicating minimal 

residual disease after chemotherapy or targeted therapy (Lin & Li., 2013). The optimal 

immunotherapy targets antigens that are usually exclusively expressed by leukaemia cells and 

are absent in normal tissues (Lin & Li, 2013).  

 

Even though immunotherapy offers promising results, further studies are needed to 

overcome clinical problems including autoimmune cytotoxicity. Whilst immunotherapy is 

promising for treatment of leukaemia patients, it has its limitations in treatment of solid 

cancers. Limitations include difficulty to reach the tumour milieu in which the cancer 

microenvironment favours a suppressed immune surrounding (Ben-Schmuel et al., 2020). 

 

1.4.8 Vaccines 

The use of vaccines as targeted therapy to treat AML has been researched heavily in 

preclinical and clinical trials. Even though patients in clinical remission are usually 

immunocompromised, vaccines can mount an immune response against AML cells while 

circumventing normal cell death (Alatrash & Molldrem, 2011). 
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Peptide vaccines have been developed against leukaemia-associated self-antigens. This 

therapeutic approach is limited because of major histocompatibility complex (MHC) class or 

human leukocyte antigen (HLA) haplotype restrictions in the patient population. These vaccines 

are also limited in their ability to activate CD4+ T helper responses and inability of maintaining 

long-term memory responses against antigens with DNA vaccines presenting as an alternative 

strategy for peptide vaccination.  (Walters et al., 2017).  

 

DNA vaccines combine live replicating vaccines that induce broad cellular and humoral 

immune responses with the safety and ease of manufacturing a non-live, non-spreading 

platform (Weiner & Nabel., 2018). Stimulation of innate immunity is triggered by the bacterial 

DNA backbone and is the primary step in the induction of immunity against weak tumour 

antigens. However, effective immune responses against  leukaemic cells is impeded by the 

weak immunogenicity of cancer cells. Ongoing clinical trials are targeting ways to increase 

leukaemia cell immunogenicity and enhance delivery systems (Riley et al., 2019).  

 

Recently in the USA, a solid vaccine was tested for its efficacy in eliminating leukaemia cells 

in mice. In principle, the vaccine contains biomolecules that are embedded in a scaffold. These 

molecules attract the body’s dendritic cells and activate them, along with antigens that exhibit 

specificity to AML cells. This results in the activated dendritic cells taking up the antigens from 

the vaccine site and presenting them to T cells. These in turn are triggered to mount a response 

against the AML cells. Interestingly, vaccines with no AML antigen in them were just as effective 

at providing protection as vaccines containing either AML cell contents or WT-1 peptide (The 

Harvard Gazette, 2020).   
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1.4.9 Antibodies 

Monoclonal antibodies (mAbs) have enhanced the therapeutic approach for numerous 

diseases including AML. Antibody therapeutic approaches in AML treatment include antibodies 

that facilitate the body’s own immune cell response. Natural Killer (NK) cell antibody-

dependent cell-mediated cytotoxicity (ADCC) engages either NK cells or T-cells to redirect 

cytotoxicity against AML targets in a highly efficient manner; and toxin conjugated antibodies 

that combine a cytotoxic drug or a radioactive isotope to a targeted antibody (Williams et al., 

2019). Antibody therapy targeting in AML includes targeting surface marker antigen expression, 

checkpoint inhibitors and microenvironment targeting. These include antibodies against surface 

antigens such as CD33 (e.g. lintuzumab), antibodies conjugated to toxins or radioactive particles 

in various anti-CD33, anti-CD123, and anti- CD45 formulations (Williams et al., 2019; Assi et al., 

2018). Even though significant benefits in clinical outcomes were reported, treatment‐related 

toxicities have provided a setback in their progress, with most of the adverse clinical 

manifestations occurring as a result of the dysregulation in the immune system balance as a 

result (Pardoll, 2012). Also, challenges remain because of the biology of cancers. AML exhibits a 

dysfunctional and suppressive immune compartment (Epperly et al., 2020) and the expression 

of somatic mutations or mutation burden that can be recognized as non‐self, is relatively low 

(Lawrence et al., 2013).  

 

1.4.10 T-cell therapies 

Adoptive immunotherapy is based on ex vivo engineering and expansion of immunologically 

active T cells. Once isolated, the cells are infused into the patient with the aim of inducing direct 

cytotoxicity against cancer cells. T cells with engineered chimeric antigen receptors (CAR-T cells) 

are a novel immunotherapeutic strategy in treatment of AML (Hofmann et al., 2019). However, 

https://onlinelibrary.wiley.com/doi/full/10.1111/bjh.16358#bjh16358-bib-0058
https://onlinelibrary.wiley.com/doi/full/10.1111/bjh.16358#bjh16358-bib-0046
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only a few clinical trials have been investigated for AML treatment 

(https://clinicaltrials.gov/ct2/results?cond=amL&term=car&cntry=&state=&city=&dist=)(Acesse

d on 23rd March, 2020) .  

 

Despite the success of CD19-CAR-T cells in B-cell malignancies, studies of antibody targeted 

CAR-T cells in AML have been less prominent, primarily owing to the AML microenvironment 

that reduces the antitumor activity of CAR T cells (Epperly et al., 2020). Thus, different 

strategies are being sought with alternative CAR-T cell targets whereby a combinatorial effect 

of CAR-T cells with antibodies such as check-point inhibitors or other pharmacological products 

may result in improved therapeutic results (Bachmann, 2019).    

 

  

https://clinicaltrials.gov/ct2/results?cond=amL&term=car&cntry=&state=&city=&dist=)(Acessed
https://clinicaltrials.gov/ct2/results?cond=amL&term=car&cntry=&state=&city=&dist=)(Acessed
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1.5 Natural products and cancer therapeutics 

 

Natural products from plants, animals, and micro-organisms have always played a pivotal 

role in the treatment of human diseases, including cancer (Calixto, 2019). Nowadays, 

technological advances paved the way for a more intense search towards natural product 

discovery. This led to the development of open access applications and analysis systems to 

identify interesting compounds based on their chemical structures.  A few examples are 

ChemGPS-NP and TCMAnalyzer (Saldívar-González et al., 2018). 

 

With chemotherapy as the standard treatment for cancer and approximately 80% to 90% of 

cancer deaths directly or indirectly attributed to drug resistance, the search for new drugs has 

become even more important (Yuan et al., 2017). It is broadly accepted that overcoming 

resistance to drugs will never be achieved through the use of single drug or a combination of 

drugs that target a single gene or pathway and that natural products can be a very good source 

of compounds in the fight against cancer (Chamberlin et al., 2019). Most biologically active 

natural products are secondary metabolites, and the fact that these metabolites evolve in 

response to challenges, to protect the species from the hostile environment, makes them 

attractive candidates as cancer therapeutic drugs (Matulja et al., 2020).  

 

1.5.1 Plant derivatives 

The plant kingdom is comprised of thousands of plant species and only around 10% have 

been studied and tested for treating different diseases. Even though only a small percentage 

has been studied, more than 60% of clinically approved anticancer drugs are derived from 
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plants (Choudhari et al., 2020). Plant products such as alkaloids and other compounds isolated 

from plants, play significant roles in cancer therapy with anti-proliferative and apoptotic 

properties (Kowalczyk et al., 2016;  Petruczynik et al., 2019). 

 

Examples of plant-derived anticancer drugs include Inhibitors of topoisomerase I such as 

camptothecins (isolated from the bark of a tree native to China), and of topoisomerase II such 

as epopodophyllotoxins (isolated from the roots of the mayapple plant). These drugs are active 

in several solid tumours and haematological malignancies (Jain et al., 2017). Polyphenols such 

as gossypol (isolated from cottonseeds and roots) have been found to induce apoptosis through 

generation of reactive oxygen species (ROS) (Cao et al., 2018).   

 

Microtubule formation-inhibiting drugs represent some of the most effective anticancer 

drugs. They exert their effect by binding to tubulin, and disrupting the spindle apparatus 

(Stanton et al., 2011). They are classified as microtubule stabilizers or destabilizers (Bates & 

Eastman, 2017). The most common microtubule inhibiting drugs are the vinca alkaloids and the 

taxanes (van Vuuren et al., 2015). Vinca alkaloids were primarily isolated from the pink 

periwinkle plant (Catharantus roseus) (Moudi et al., 2013). Even though vinca alkaloids are 

structurally close, their effects depend on the cancer cell type (Amin et al., 2009). One 

important alkaloid is vincristine. It is a chemotherapeutic drug that is very effective in treating 

leukaemias, lymphomas and sarcomas (Martino et al., 2018). A structurally related drug, 

vinblastine, is effective in treating solid tumours (Lee et al., 2015). Extracts containing 

polyphenols, flavonoids and anthraquinones have also been described in the treatment of 

cancer with some also acting as epigenetic modifying agents (Saldívar-González et al., 2018).  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/alkaloid
https://sciprofiles.com/profile/575351
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1.5.2 Micro-organisms 

Actinomycin D, a polypeptide antibiotic isolated from the genus Streptomyces, was the first 

microbial agent tested for its anti-tumour efficacy (Farber et al., 1960). Actinomycin D 

intercalates into DNA, preventing the progression of RNA polymerases and it is toxic at high 

concentrations (Liu et al., 2016).  

 

A very interesting approach to therapy is by live cancer-targeting bacteria. Once virulence 

has been minimised (Kim et al., 2015), many facultative or obligate anaerobic bacteria exhibit 

fundamental tumour-targeting and tumour-killing activities (Duong et al., 2019). Live tumour-

targeting bacteria ideally would selectively colonize tumours, inhibit tumour growth, and 

enhance the effect of chemotherapeutic drugs while reducing any harm to the host cells 

(Duong et al., 2019). 

 

Even though a well-known attenuated Salmonella Typhimurium strain (VNP20009) showed 

strong inhibitory effects on tumour proliferation in mouse models ( Wang et al., 2016), 

however, early clinical trials in aggressive cancers showed modest results in cancer regression 

(Toso et al., 2002). It has also been associated with increased morbidity associated with liver 

disease in mouse models (Coutermarsh-Ott et al., 2017). Attempts to maximize bacterial 

tumour colonization and anticancer effects continue to be investigated (Duong et al., 2019). 

 

Anthracyclins are microbial derivatives and they have a prominent role in cancer treatment 

(McGowan et al, 2017). The four most common anthracyclines are doxorubicin, daunorubicin, 

epirubicin and idarubicin and they been used to treat haematological malignancies, carcinomas, 

https://www.ncbi.nlm.nih.gov/protein/VNP20009
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and soft tissue sarcomas. Anthracyclines cause inhibition of topoisomerase II, nuclear DNA 

damage, and induction of ROS, leading to cell death (Marinello et al., 2018).  However, 

anthracycline treatment can lead to cardiac and renal toxicity (Neuendorff et al., 2020). Novel 

anthracycline derivatives are continuously being tested for their anticancer efficacy and 

increased selectivity (Marinello et al., 2018). 

 

1.5.3 Marine organisms 

Marine organisms represent a large biodiversity of multicellular organisms with more than 

two million species formally described. Marine natural products are one of the most important 

sources of bioactive substances including those from marine bacteria, fungi, sponges, 

cniderians, molluscs, tunicates, and echinoderms amongst others (Blunt et al., 2018). Despite 

challenges to ensure enough supply, marine-derived active compounds and secondary 

metabolites are being explored as sources for anticancer, antimicrobial, antiviral and anti-

inflammatory drugs (Barzkar et al., 2019). To date, thousands of new compounds have been 

isolated from marine species and many of these are bioactive secondary metabolites with 

valuable therapeutic potential (Khalifa et al., 2019). What makes marine organisms interesting 

as a source of anticancer drugs is the fact they live in hostile environmental conditions including 

extreme temperature, salinity, pH changes. They also need to protect themselves from 

predators which encourages them to produce bioactive secondary metabolites as a form of 

defense mechanism (Raimundo et al., 2018).  

Extracts from several marine organisms show anti-proliferative and cytotoxic effects on 

different cancer cell lines (Isbilen et al., 2018). Marine sponges and their microbial 

associates produce a vast number of pharmacologically and chemically diverse compounds such 

as peptides, alkaloids, steroids, terpenoids and sesquiterpenes  (Anjum et al., 2016). These 

https://www.sciencedirect.com/topics/medicine-and-dentistry/alkaloid
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/steroids
https://www.sciencedirect.com/topics/medicine-and-dentistry/terpenoid
https://www.sciencedirect.com/topics/medicine-and-dentistry/sesquiterpene
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compounds exhibit various biological activities including antioxidant, antidiabetic, 

anticancer, antihypertensive, antiviral, anti-obesity, and anti-proliferative properties. (Yun et 

al., 2019). 

 

The first successful marine-drug was isolated from a Caribbean sponge named 

Cryptotethyacrypta. The isolated nucleoside was spongothymidine and its derivative, Ara-C 

(also known as 1-beta-d-Arabinofuranosylcytosine or cytarabine) was approved by the United 

States Food and Drug Administration (FDA) and is currently in use for the treatment of 

leukaemia and other cancers (Ercolano et al., 2019). 

 

Many marine-derived compounds have promising pharmaceutical potential and have been 

included in clinical trial phases. Ziconotide, a venom from cone snails was one of the first FDA-

approved intrathecal infusion formulations for the treatment of severe, chronic pain (Smith & 

Deer, 2009). Kahalalide from green algae is a peptide that has been tested for its anticancer 

properties (Wang et al., 2015).  Synthetic drugs isolated from sponges have shown potent anti-

leukaemic activity in ex vivo and in vitro experiments against AML (Ercolano et al., 2019). 

Eribulin mesylate is a synthetic product isolated from the Poriferan Halichondria okadai. The 

drug is used to treat breast cancer (Dybdal-Hargreaves et al., 2015). Synthetic marine-derived 

alkylating agents extracted from tunicates are currently being tested in randomized phase III 

clinical trials in many countries (Yun et al., 2019). Steroidal extracts from sea urchins have been 

shown cytotoxic effects when tested against several human cancer cell lines including HL-60 

cells (Thao et al., 2015). 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/antidiabetic-agent
https://www.sciencedirect.com/topics/medicine-and-dentistry/antihypertensive-agent
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 To date, clinical trial studies with isolated compounds are not sufficient. This could be due to 

bureaucracy with obtaining the necessary technical and ethical approvals, recruitment of 

volunteers, or obtaining sufficient quantities of the metabolite of interest. In the future, genetic 

technology would allow easier isolation and biosynthesis of marine natural products.   
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1.6 What is regeneration? 

 

Regeneration is best described as a homeostatic process of renewal that involves a well-

balanced and coordinated process of restoration of lost or damaged cells, tissues and organs. 

Once regeneration is successful, the organism regains full structural and functional integrity of 

the lost or damaged part. It is characterised by tightly controlled and orderly overlapping 

processes of inflammation, tissue reconstruction and remodelling (Charni et al., 2017). This 

process does not just orchestrate the restoration of lost tissue but must also integrate the 

newly regenerated tissues with the pre-existing one. Moreover, regeneration must be able to 

have an orderly control to initiate and maintain signals that are capable of controlling the cell 

cycle and correct or eliminate possible mutations. This also involves spatio-temporal 

recognition of the missing parts that need to be replaced. Once regeneration is complete, the 

organism needs to ensure that proliferative signals are switched off because failure to do so 

would lead to abnormal tissue repair, fibrosis, and uncontrolled cell growth leading to cancer 

(Oveido & Beane 2009).  

 

In humans, the ability to replace cells within a specific tissue is limited. With the exception of 

finger tips and the liver, humans are unable to regenerate complex structures that combine the 

structure and function of multiple tissues (Shieh & Chang. 2015). In humans, limited repair to 

tissues such as bone, peripheral nerves, and skin cells can occur following trauma, however, 

these mechanisms are not as efficient and error free as the regenerative abilities in certain 

animals. Interestingly, even though these organisms are far superior in their regenerative 

capacities when compared to humans, the signalling pathways that regulate regeneration, 
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wound healing, and cancer are highly conserved in both humans and organisms with 

regenerative capabilities (Makanae et al., 2014).   

 

It is well known that species such as hydra, planarians, echinoderms, annelids and 

amphibians, can completely regenerate several tissues, organs, or even whole-body parts 

(Tanaka & reddien, 2011). Different organisms exhibit either morphallactic or epimorphic 

regeneration or a combination of both (Londono et al., 2018). In morphallactic regeneration, 

such as that seen in hydra, the remaining part of the amputated organism is remodelled to 

regenerate the missing parts of the body (Agatha et al., 2007). In contrast, in epimorphic 

regeneration such as limb regeneration in axolotls, the amputated structure forms a stump 

which in turn provides stem/progenitor cells that will form a bud called the blastema. The 

interaction of the blastema with underlying cells initiates a program of de- and re- 

differentiation of cells at the wound site with missing tissue structurally and functionally 

restored (Bely & Nyberg 2010). Regeneration in flatworms such as planaria displays both 

epimorphic regeneration with the formation of a blastema, and morphallactic regeneration 

with remodelling of the remaining tissue to achieve full regeneration following amputation 

(Ivankovic et al., 2019). Extensive research has already elucidated the mechanisms behind the 

ability of these organisms to regenerate body parts (Pinsino et al., 2007). 

 

1.6.1 Regeneration and Cancer  

In 1935, Waddington postulated the existence of ‘individuation fields’, agents which control 

the growth of different parts of an organism in a flawless way so that a normal individual is 

formed (Waddington, 1935). Extending this knowledge to the behaviour of cancer cells, these 

individuation fields of the ‘epigenetic landscape’, were thought to maintain their control over 
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normal cells, and the escape of these cells from its influence may lead to cancer. In turn, if the 

cancer cells were exposed to these individuation fields, they can be brought back under control. 

This theory might be supported by the observation that spontaneous tumours are rarely 

observed in animals which are capable of regeneration (Oviedo & Beane, 2009). However, it 

cannot be true for all regenerating organisms since the reactions of planarians and axolotls to 

carcinogen exposure are different. Whereas axolotls resisted cancer formation, exposure of 

planarians to carcinogens induced tumour formation (Van Roten et al., 2018). This could be 

explained by the fact that planarians have a single P53 gene (Pearson & Alvarado, 2010). 

Furthermore, the tumour microenvironment plays a pivotal role in carcinogenesis, whereby 

there is direct interaction between the tumour and the microenvironment in which it resides 

(Foster. 1963; Ingram. 1971; Quail & Joyce, 2013).  

 

Dvorak (2015) best described cancers in relation to wound healing as ‘tumours being 

‘wounds that never heal’. Indeed, growing evidence strongly suggests that tissue regeneration, 

wound healing and carcinogenesis share common signalling pathways that involve increased 

proliferative capacity and survival as well as inflammatory and angiogenic processes. However, 

in contrast to wound healing and regeneration, cancer is not self-limiting with uncontrolled cell 

proliferation, invasion, and metastasis being hallmarks of cancer cells (Charni et al., 2017).  
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1.7 Planarians 

 

There are several hundred planarian species worldwide. There are marine, fresh water and 

terrestrial planarians and their regenerative abilities vary greatly (Sluys and Riutort, 2018; Vila-

Farré and Rink, 2018). Planarians including Schmidtea mediterranea or Dugesia japonica are 

able to regenerate the whole body as opposed to planarians with decreased regenerative 

abilities such as Dendrocoelum lacteum, or the planarian Bdelloura candida  with limited 

regenerative capabilities  (Vila-Farré and Rink, 2018). Planarians belong to the taxonomic class 

Turbellaria (or flatworms) which belongs to the phylum Platyhelminthes.  

 

Planarians possess three tissue layers, bilateral symmetry, and a bulk of sensory organs 

concentrated at the head end. Their brain is attached to nerve cords and they possess two eye 

spots (Umesono and Agata, 2009). They also possess a simple intestinal system that is highly 

branched, an excretory system and a reproductive system consisting mainly of a pair of ovaries, 

testes, and yolk glands with the copulatory organs located at the tail end (Sluys and Riutort, 

2018). They can produce sexually and/or asexually (Vila-Farré and Rink, 2018). They feed via a 

muscular pharynx which is the sole opening that also functions as the anus of the animal. They 

lack both circulatory and respiratory systems and vary in size from a few millimetres to more 

than one metre, depending on the species (Sluys and Riutort, 2018). 

 

Planarians have long been investigated in the fields of developmental and regenerative 

biology (Elliot & Sanchez-Alvarado, 2013). They have also triggered a huge interest in 

neuroscience and the study of neurodegenerative disorders due to their ability to regenerate 

https://dev.biologists.org/content/146/17/dev167684.long#ref-115
https://dev.biologists.org/content/146/17/dev167684.long#ref-132
https://dev.biologists.org/content/146/17/dev167684.long#ref-132
https://dev.biologists.org/content/146/17/dev167684.long#ref-132
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/flatworm
https://dev.biologists.org/content/146/17/dev167684.long#ref-127
https://dev.biologists.org/content/146/17/dev167684.long#ref-115
https://dev.biologists.org/content/146/17/dev167684.long#ref-115
https://dev.biologists.org/content/146/17/dev167684.long#ref-132
https://dev.biologists.org/content/146/17/dev167684.long#ref-115
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new neurons (Ross et al., 2017). They are highly resilient organisms that are able to regenerate 

completely even from the smallest of fragments (Elliot & Sanchez-Alvarado, 2013). This 

regenerative capability is attributed to a specialised group of adult stem cells called neoblasts 

that are spread throughout the bodies of these worms, save the tip of the head region and the 

centrally located pharynx (Rink, 2013). These proliferative stem cells are essential for 

physiological tissue homeostasis and post-injury regeneration in planarians (Lei et al., 2016).  

Neoblasts exhibit large nuclei and little cytoplasm and are the only identified somatic cells with 

mitotic abilities in the adult planarian, comprising approximately a third of the cells in an adult 

worm. They often possess filopodia-like extensions with prominent RNA/protein granules 

(chromatoid bodies) that share similar morphological and molecular characteristics to the 

RNA/protein granules found in the germ cells of many animals (Ivankovic et al., 2019). 

 

Planaria regeneration is a typical example of the overlapping of ‘epimorphosis’ in the form of 

de novo tissue remodelling, and ‘morphallaxis’ by remodelling of existing tissue (Agata et al., 

2007; Ivankovic et al., 2019). Following amputation of a planarian, a blastema is formed at the 

injury site and this gives rise to the lost body parts (Reddien & Sánchez Alvarado, 2004). Unlike 

the axolotls, the blastema does not have cells that undergo de-differentiation. In planarians, the 

de-differentiation stage is absent and mitotically active immature neoblasts, peaking early on 

after wounding, rapidly migrate to the wound epithelium. If the wound requires the 

replacement of missing tissue, a second surge of neoblast proliferation occurs (Scimone et al., 

2014). Cells called rhabdites migrate to the injury site and release their mucoid contents 

producing a protective mucosal covering. The released contents possibly have immunological 

functions that aid in wound healing and regeneration (Hayes, 2017). The fragment containing 

the head will continue to move, whilst the trunk end remains stationary during regeneration. A 

http://www.sciencedirect.com/science/article/pii/S0012160610008377#bib4
http://www.sciencedirect.com/science/article/pii/S0012160610008377#bib41
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thin layer of epithelium covers the wound early on following amputation and the process does 

not involve proliferation of cells but rather by cell spreading. The spreading involves both dorsal 

and ventral epithelial cells, which in turn lose their characteristic morphology to enable them to 

cover the wound. Unlike in humans, scarring does not seem to occur in planarians. This ensures 

that the epithelium is in direct contact with tissues at the site of amputation, which is important 

for successful regeneration (Karami et al., 2015).  

 

Regenerative tissues are exceptionally resilient to carcinogenic compounds, making the 

understanding of the process of regeneration and the regenerative niche a useful research tool 

for the development of potential oncology drug targets (Oviedo and Beane, 2009). 

Experimental near-lethal irradiation and eradication of planarian neoblasts results in failure of 

regeneration with the injection of healthy donor neoblasts successfully enriching the neoblast 

population and re-establishing regenerative capacity (Lei et al., 2016).  

 

Several toxic compounds including microplastics and their effects on neoblasts and planaria 

regeneration have been studied (Gambino et al., 2020; Hagstrom et al., 2018). Results from 

early studies reveal that when exposed to carcinogenic agents, neoblasts respond by forming 

benign and malignant growths (Foster, 1963). It was observed that when planarians are 

subjected to long term carcinogen exposure, the DNA repair mechanisms responses in 

regenerating planaria are better than non-regenerating planarian control groups (Oviedo & 

Beane, 2009). It was suggested that planarians are able to evade tumorigenesis, and the 

increase in proliferation of planarian stem cells is more a controlled repair mechanism as 

opposed to uncontrolled proliferation as seen in cancer (Van Roten., 2018).  
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Data from knockdown experiments using planaria as a study model to understand cancer 

biology and characterisation of neoblasts reveals a myriad of genes and protein products that 

are implicated in regeneration (Onal et al., 2012). Many of these are highly conserved 

mechanisms and signalling pathways.  Several genes that maintain pluripotency in mammalian 

embryonic stem cells (ESCs) and neoblasts from planarians, together with expression of 

epigenetic regulators and post-transcriptional regulatory genes characteristic of ESCs and 

neoblasts, are conserved (Onal et al., 2012). Also, mass spectrophotometric studies revealed 

several interesting pro hormones and peptides that are implicated in regeneration (Ong et al., 

2016).  

 

Gene knockdown studies and gene expression analysis aided in decoding the regenerative 

capabilities of planaria (Roberts-Galbraith et al., 2016). Also, atlases from single-cell sequence 

analysis have revealed previously uncharacterised cell types expressing genes with no apparent 

homologs in other phyla (Plass et al., 2018). Protein databases have also been constructed from 

sequenced planarian transcripts (Castillo-Lara & Abril, 2018).  

 

Genome assembly studies reveal a highly polymorphic and repetitive genome of planarians 

Schmidtea meditteranea (61.7%) when compared to humans (46%). Using stringent basic local 

alignment search tool (BLAST) protein alignments, 11584 planarian transcripts (52%) with 

human homologues were identified (Onal et al., 2012).  With the genome of planarians 

including Schmidtea mediterranea already sequenced and containing more than 20,000 genes 

with protein products (Adamidi et al., 2011) and the identification of major cell types and 

pathways (Swapna et al., 2018), together with the development of web applications such as 

PlanNET that predicts important protein-protein interactions (Lara & Abril., 2018), the 
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planarians offer an interesting model not only for the understanding the pathways linking 

cancer and regeneration but the identification of interesting molecules that can be isolated and 

tested for their effect on cancer cells. In fact, metabolomic studies in planarians revealed the 

presences of several bioactive molecules that could be of interest including amines, thiols, and 

nucleotides (Natarajan et al., 2015).  
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1.8 Salamanders and regeneration: The story of the Axolotls 

 

Salamanders are one of the oldest laboratory animal models used for research experiments. 

In 1768, Lazzaro Spallanzani first described limb regeneration in axolotls (Nowoshilow et al., 

2018). The axolotl belongs to the class Amphibia family: Ambystomatidae. Described originally 

as larvae, they were later classified as adults when it was observed they were able to reproduce 

(Suleiman et al., 2019). The axolotl became a very important model in the field of embryology 

and developmental biology (Reiß et al., 2015), as well as research on thyroxine. Nowadays, the 

axolotl plays an important role in investigating and understanding stem cell biology (Zielens et 

al., 2016), cancer (Boilly et al., 2017), scarless wound healing, and aging (McCusker et al., 2011).  

 

 

The axolotl is one of the few tetrapods that is capable of regenerating entire structures such 

as limbs, tail, heart, eye lens, and central nervous system including the brain and spinal cord 

(Godwin et al., 2017). Earlier work on the effect of carcinogens on axolotls has shown that they 

are resistant to tumour formation upon exposure to carcinogens (Ingram et al., 1971). In other 

experiments, tumour cells show regression or are incorporated into the normal tissues of the 

organism when implanted (Oviedo & Beane, 2009). The axolotl limb regeneration model is 

amongst the most studied regeneration models and the fact that many genes and signalling 

pathways are conserved between humans and axolotls makes this organism an ideal model in 

therapeutic research. In fact, even though the axolotl genome is 10 times the size of the human 

genome at 32 gigabases (GB), it roughly encodes a similar number of proteins as humans 

(Nowoshilow et al., 2018). There is extensive conservation of synteny (blocks of order within 

sets of chromosomes that are being compared with each other) between humans and axolotls 



56 
 

with similarities in the length of conserved segments and genome size (Voss et al., 2011). 

Several other reasons make the axolotls a very attractive model for research, including their 

high reproductive rate and low maintenance requirements in the laboratory. In comparison to 

the newt (Notophtalmus viridescence), axolotls are much easier to breed. The fact that axolotls 

are sexually mature and yet maintain a larval state could prove to be pivotal to cancer research 

(Suleiman et al., 2019). 

 

Following limb injury in axolotls, regeneration is initiated and the basal membrane 

keratinocytes travel to the amputation site and cover the wound. They proliferate and form the 

outer wound epidermis and within days the nerves are formed. The structure is referred to as 

the apical epithelium cap (AEC). The contact between the AEC and the cells beneath it, that are 

part of the remaining limb, help determine which parts of the limb need replacement and also 

the correct orientation of the newly formed structures. The AEC provides signalling molecules 

that promote regeneration. This includes growth factors and proteins which are known to be 

essential for limb outgrowth during development and adult salamander regeneration 

(Purushothaman et al., 2019). The interaction between the AEC and the underlying tissue also 

results in the formation of the blastema, which resembles an embryonic limb bud both 

structurally and functionally (Stocum, 2017). During the early stages of regeneration, the AEC 

supports blastema formation by enhancing the de-differentiation of cells. This consists of cell 

cycle re-entry of post-mitotic differentiated cells (Dall’Agnese & Puri, 2017). The blastema is 

likely to be composed of different types of dedifferentiated cells derived from muscle cells, 

dermal fibroblasts, as well as activated stem/progenitor cells. Together with dedifferentiation, 

protease-induced histolysis of tissue and the release of cells from the tissue structure occurs. 

Proteomic studies have identified several genes that are associated with dedifferentiation, 

including msh-homeobox 1 (MSX), newt homolog of Rad (NRAD), RFRNG and NOTCH (Stocum et 
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al., 2017). Blastema cells do not de-differentiate to reach a pluripotent cell mass, nevertheless, 

they still express three of the four TF genes used to reprogram adult somatic cells to 

pluripotency, namely, Kruppel-like factor 4 (KLF4), sex determining region Y-box 2 (SOX 2), and 

c-MYC (Campbell et al., 2011). Changes in chromatin associated proteins were detected, 

suggesting transcriptional changes, chromatin modification, and upregulation of tumour 

suppressors, which is required for neuronal and skeletal differentiation (Campbell et al., 2011). 

Several proteins have been associated in blastema formation, most notably, the axolotl 

orthologs cold-inducible RNA-binding protein (cirbp) and kazal-type serine peptidase inhibitor 

domain 1 (kazald1) (Bryant et al., 2016). Other proteins have also been identified including 

proteins implicated in synthesis and maintenance of the extracellular matrix structure, 

regulation of epithelial to mesenchymal transition (EMT), regulation of cell maturation, 

differentiation, and proliferation (Campbell et al., 2011).  

Successful regeneration will only proceed if none of the above-steps are impaired or 

obstructed. Also, for successful signalling and induction of regeneration, sufficient nerve 

damage is necessary, for both initial blastema formation and growth and development of the 

blastema during the early and mid-stages of regeneration. If there is insufficient nerve damage 

at the site, regeneration will not commence (Farkas & Monaghan, 2017). Also, studies on limb 

models where denervation or diversion of the nerve at different stages of blastema formation 

occurred, this resulted in regeneration failure (Suzuki et al., 2005). Moreover, the reduction in 

the number of macrophages leads to impaired communication between the epidermis and 

underlying cells and results in regeneration failure (Godwin et al., 2013). Similar crosstalk 

between cancer cells and neuronal cells has been observed, whereby a reciprocal interaction 

results in cancer cells stimulating neuronal outgrowth with neuronal cells inducing cancer 

metastasis (Deborde et al., 2017). Involvement of nerves in tumour growth and metastasis has 

been described for several cancers, including basal cell carcinoma, gastric, and prostate cancers 
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(Saloman et al., 2016; Boilly et al., 2017). It appears that neurotransmitters released by nerves 

and proteins such as BMP2 and FGFs have a direct effect on both regeneration and cancer 

microenvironments (Boilly et al., 2017). 
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1.9 The potential of regenerative organisms in cancer treatment 

research 

 

From a cancer perspective, the ability of axolotls (Ambystoma mexicanum) and planarians to 

faithfully replicate regeneration following injury including dedifferentiation of cells (in the case 

of axolotls), gain of proliferative capabilities, and the subsequent differentiation of cells in the 

blastema without producing abnormalities, is of great relevance (Suleiman et al., 2019). The 

axolotl limb regeneration model and the planaria model provide an important research tool to 

dissect the pathways that enable regeneration capable animals to evade cancer formation. To 

aid in identifying any active molecules, factors or proteins that can possibly cause 

differentiation of cancer cells, it is important to focus on secretary factors including proteins 

secreted within the extracellular matrix that can have a direct effect on the tumour 

microenvironment (Suleiman et al., 2019). It is equally important to dissect in detail the process 

of regeneration and characterize the different factors involved in regeneration within the 

context of cancer treatment. The ability to identify the factors that cause re-differentiation will 

be helpful in cancer treatment. Such factors are important because, during regeneration, they 

act on early progenitors (blastema) and result in differentiation into the more complex 

structures. Molecular characterization of regeneration will help identify and isolate the factors 

involved in re-differentiation. This is important since many factors in de-differentiation result in 

re-programming cells to pluripotency (Friedmann-Morvinski & Verma, 2014) and such factors 

are implicated in CSCs. Success of such therapeutic approaches depends on whether the 

molecules or factors can actually be taken up by ligands or cell surface receptors and whether 

they have a differentiation, apoptotic, and/or cytotoxic effect on cancer and normal cells 

(Suleiman et al., 2019).  
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With the advancement in molecular biology and development of molecular techniques, the 

focus is on the identification of genes, TFs and signalling pathways that modulate the cellular 

events governing regeneration and cancer. In addition, the potential benefit of understanding 

the fields of cancer and regeneration could ultimately lead to the development of novel medical 

treatments of great importance. Also, new technologies such as CRISPR, RNA-seq, together with 

other molecular techniques and in vitro modelling have been very successful in identifying new 

protein interactions that govern signalling pathways, further allowing the understanding of 

pathway regulation (Franco & Hess, 2014). Although much has been elucidated about the 

mechanisms of regeneration in the axolotls and planarians, the fine lines between controlled 

and uncontrolled cellular proliferation as seen in regeneration and cancer are not fully 

understood. From this perspective, studying the overlapping stages of regeneration and 

focusing on the factors and/or molecules that cause re-differentiation becomes very important.  

 

There are huge challenges in designing drugs that not only target the cancer cells but can 

also modulate the microenvironment to one that does not favour the cancer cell phenotype. By 

understanding the processes governing cellular proliferation, de-differentiation, cell cycle 

arrest, and re-differentiation using animal models like the axolotls and planarians, further light 

may be shed on the pathways linking regeneration and cancer with the ultimate aim of 

discovering novel therapeutic approaches in the treatment of cancer.  
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1.10 Cell line used in this study 

 

1.10.1 The HL-60 cell line 

The Hl-60 cell line has been described as a cell line that closely resembles patient derived 

cells (Harrison et al., 2016). Some of the properties of HL-60 cells including its bilineage 

differentiation potential have made this cell line an attractive model for studies involving 

potential therapeutic drug discoveries.  Despite promyelocytic features, since they lack the 

t(15;17) typical of APL, HL-60 cells have been classified as AML-with maturation (AML-M2) 

according to the FAB classification. The HL-60 cell line used in this study has a deleted TP53 

gene and amplified c-MYC.  From a therapeutic point of view, having drugs that show an 

increased activity against cells with inactivated p53, would theoretically result in an increased 

therapeutic index. In this scenario, normal cells with intact TP53 that are often targets of 

toxicity (i.e. bone marrow cells) would be more protected (Damia & Broggini, 2004).  

 

HL-60 cells represent a convenient model to study biochemical factors regulating myeloid 

differentiation, as these cells can be induced to differentiate along either monocytic or 

granulocytic lineages. Treatment of HL-60 cells with dimethyl sulfoxide (DMSO) or retinoic acid 

(RA) leads to granulocytic differentiation, while monocytic differentiation can be induced by 

agents such as phorbol 12-myristate 13- acetate (PMA), 1,25-dihydroxy vitamin D3 (VITD3), or 

sodium butyrate.  

 

The HL-60 cells lack specific markers for lymphoid cells, but express surface receptors for Fc 

fragment and complement (C3), which have been associated with differentiated granulocytes. 
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They exhibit phagocytic activity and responsiveness to a chemotactic stimulus commensurate 

with the proportion of mature cells (Gallagher et al., 1979). 
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1.11 Rationale 

 

Acute myeloid leukemia (AML) is a blood cancer characterized by the proliferation of clonal 

precursor myeloid cells with differentiation arrest. AML is the most common form of acute 

leukaemia in adults constituting about 80% of cases. Its incidence is about 1.3 per 100,000 for 

those under 65 years and about 12.2 cases per 100,000 for those over 65. 

 

At present, the standard therapeutic approach for AML consists of chemotherapy, and 

secondarily, stem cell transplantation. However, in many cases, AML cells are not eradicated, 

with persistent cells reappearing after a period of remission. Also, the conventional therapies 

have often shown cytotoxic effects to normal tissues and cells. Thus, seeking new treatment 

strategies for AML has become a pressing and urgent matter. 

 

The use of differentiation inducing agents that overcome the block in differentiation and 

allow cells to mature and die has been shown to be successful in in vitro and in vivo treatment 

of several types of cancers, most effectively in APL. 

 

In recent years, significant emphasis has been placed on the identification of novel agents 

from natural sources that could be used in the fight against cancer. Natural products that are 

isolated from living organism sources may contain bioactive compounds that have the potential 

for prevention or treatment of major diseases. Many of these have already demonstrated 

diverse biological actions, including anti-cancer activities (Hwang et al., 2019). Therefore, the 

screening of natural products against cancer is needed. 
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The mechanisms governing regeneration and cancer formation are closely linked whereby 

dysregulation of the well-balanced and coordinated process of regeneration leads to cancer. 

Thus, the identification of biologically active molecules from regenerative organisms could lead 

to major benefits, with directions on how to develop therapeutic approaches for cancer 

treatment in humans.  

 

Many different animal model at different developmental stages, and several in vitro systems 

have been used to study cancer and regeneration independently. However,  the urodele 

amphibian Ambystoma Mexicanum (axolotls) and planarians (flatworms), are two of the earliest 

models exploring malignant transformation and adult regeneration (Ingrid, 1971; Foster, 1963). 

From this perspective, this research project is focused on using extracts from both organisms 

that possess high regenerative capabilities. Extracts from planarians and axolotls were tested 

for their ability to exert an effect on the acute myeloid leukaemia cell line HL-60, which exhibits 

bilineage differentiation potential and more importantly has been described as a cell line that 

closely mimics patient derived leukaemia cells (Harrison et al., 2016). What makes these 

organisms of interest is the fact that following injury, they are able to regenerate a fully 

functional structure and are resistant to cancer induction.  

 

Since most cancers are caused by a block in differentiation, addition of either extract could 

lead to over-riding of the differentiation block and activation of differentiation signalling 

pathways thereby correcting the initial defect that initiated this block. 

 

The fact that both organisms can temporarily allow their stem cells to hyper-proliferate after 

injury and manage to control the mechanisms responsible for replacing the missing body parts 
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and ultimately revert to normal cellular physiological levels, indicates the existence of 

molecular mechanisms that aid in wound healing and recovery from tissue loss without 

resulting in abnormal cellular proliferation that is synonymous with cancer.  

 

The aim of this project is to determine the effects of planaria species – Malta (PSM) and AXO 

extracts on the leukaemia cell line HL-60. The objectives are as follows: 

▪ Preparation of crude extracts from regenerative organisms (planarians and axolotls); 

▪ Determination of the effects of these extracts on the leukaemia HL-60 cell line; 

▪ Elucidation regarding whether the extracts can cause differentiation, apoptosis, and 

cytotoxic effects; 

▪ Evaluation of the changes in gene expression of several TFs implicated in myeloid 

differentiation together with cell cycle regulators and apoptotic markers.  
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Chapter 2 

 

 

2. Materials and Methods  
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2.1 Materials 

 

The list of materials, consumables, and cell lines used are shown in Tables 2-1, 2-2, and 2-3 

respectively. 

Table 2-1: List of reagents used 

Reagents Brand City Country of 
origin 

RPMI-1640 medium Biowest Meda Italy 

Foetal Bovine Serum Biowest Meda Italy 

Protease Inhibitors Sigma-Aldrich Darmstadt Germany 

Bovine serum albumin Sigma-Aldrich Darmstadt Germany 

Dry pellet feed JBl Neuhofen Germany 

DMSO Sigma-Aldrich Milan Italy 

Tricane  Sigma-Aldrich Darmstadt Germany 

Sulfamerazine Sigma-Aldrich Darmstadt Germany 

Penicillin/streptomycin Sigma-Aldrich Darmstadt Germany 

Histopaque 1077 Sigma-Aldrich Darmstadt Germany 

phytohaemagglutinin Sigma-Aldrich Darmstadt Germany 

Absolute ethanol Sigma-Aldrich Darmstadt Germany 

phorbol 12-myristate 13-acetate 

(PMA) 

Sigma-Aldrich Milan Italy 
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3-(4,5-Dimethylthiazol-2yl)-2,5-

Diphenyltetrazolium Bromide 

(MTT) 

Sigma-Aldrich Milan Italy 

Hoechst 33342 Sigma-Aldrich Milan Italy 

PE-labelled mouse anti-human 

CD14 

BD Sciences California USA 

Alexafluor-labelled mouse anti-

human CD14 

BD Sciences California USA 

AnnexinV/PI Kit BD Sciences California USA 

DC protein assay kit II Bio-Rad Milan Italy 

Trypan Blue Thermofisher 

scientific 

Waltham USA 

Propidium Iodide Solution Sigma-Aldrich Milan Italy 

Ribonuclease A Sigma-Aldrich Milan Italy 

RNaseZAP Qiagen California USA 

RNeasy mini kit Qiagen California USA 

RNase free water Thermofisher 

scientific 

Waltham USA 

Reverse transcriptase kit Qiagen California USA 

QIAzol® Lysis reagent Qiagen California USA 
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Table 2-2: List of Consumables 

Consumables brand City Country of 
origin 

50 mL tubes Labbox labware Barcelona Spain 

2 mL centrifuge tubes Labbox labware Barcelona Spain 

0.22µm filters Sigma-Aldrich Darmstadt Germany 

T75 tissue culture flasks Starlab Hamburg Germany 

5 mL polystyrene tubes BD Sciences California  USA 

96 well plates Orange Scientific Athens Greece 

12 well plates  Orange Scientific Athens Greece 

 

 

Table 2-3: Cell Lines used in this study 

    

Cell line Brand City Country of 
origin 

HL-60 cell line (ATCC-CCL-240) ATCC Manassas, 

Virginia 

USA 

 

KG1a cell line (ATCC-CCL246.1) ATCC Manassas, 

Virginia 

USA 
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2.2 Equipment 

 

The list of equipment used is shown in Table 2-4 

Table 2-4: List of Equipment 

 

Equipment brand City Country of 
origin 

Laminar flow hood SafeFast Elite Ferrara Italy 

Stuart Homogeniser Cole-Parmer Stafforshire UK 

Tecan Spark microplate reader Biotek 

Instruments 

Milano Italy 

Countess II FL Automated Cell 

Counter 

Thermofisher 

scientific 

Waltham USA 

Sonicator  VWR Leicestershire England 

BD Facs Calibur  BD Sciences California USA 

NanoDropTM 2000 

spectrophotometer 

Thermofisher 

scientific 

Waltham USA 

Bio-Rad CFx96 real-time PCR 

system 

Bio-RAD California USA 

EVOS FL Auto 2 Cell Imaging 

System 

Thermofisher 

scientific 

Waltham USA 

BD FACS Calibur flow cytometer BD Sciences California  USA 
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2.3 Planaria 

 

2.3.1 Planaria maintenance 

Live planarians were collected from Buskett forest, limits of Rabat, Malta (Figure 1-6). The 

planaria species collected for this study was designated as planaria species-Malta or PSM since 

the species was not identified. Planarians are identified based on gross morphological 

appearance and histological studies. These are then compared to traits that are already 

described in literature. Furthermore, molecular characterization can aid in the identification of 

the species that was collected from the forest in Buskett. In this study, I attempted to collect 

planarians with a similar morphological appearance to reduce the possibility of using different 

species. 

 

Figure 2-1: Planaria species-Malta (PSM). PSM in a T-75 flask after washing in artificial 
pond water 
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To capture the planaria, small pieces of approximately 2 cm x 2 cm of fresh bovine liver were 

left in the freshwater for 2 hours in container traps. Planarians feeding on liver were collected 

in Tupperware® plastic containers. In the laboratory, the organisms were transferred to a clean 

Tupperware® container and washed thoroughly with artificial pond water that was previously 

prepared (Table 2-5). The organisms were kept in the dark in artificial pond water at room 

temperature (RT) between 21-25 °C at all times until processing. Prior to preparation of the 

crude extract from the planarians, the organisms were starved for 7 days to avoid 

contamination from gut contents.   

 

Table 2-5 Composition of the artificial pond water 

Stock solution x 10  Volume  

NaCL 8.77g 

KCL 0.45g 

CaCL2 11.1g 

H2O 1 Litre 

 

 

2.3.2 Preparation of the wet regenerative and non-regenerative crude extract from PSM 

The procedure was adapted from McGann et al., 2001. PSM were maintained in the 

laboratory as already described in section 2.3.1. On day 0 of the extract preparation, starved 

planarians (n=40) were placed in a plastic container containing artificial pond water. The 

planarians were cut with a sharp sterile surgical blade medially. On day 7, the anterior and 
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posterior regions of the regenerating planarians were transferred to a sterile 50 mL centrifuge 

tube. The time point was selected to coincide with the differentiation and patterning process. 

Non-regenerating planarians were also collected in separate sterile 50 mL tubes and all 

manipulations were performed on ice and away from direct sunlight (Figure 2-2). The tissue 

collected was suspended in 10 mL of ice-cold Roswell Park Memorial Institute 1640 (RPMI-

1640) medium with inactivated FBS and a cocktail of three protease inhibitors [2 μg/mL 

leupeptin/2 μg/mL A-protinin/1 mM phenylmethylsulfonyl fluoride (PMSF)]. Samples were 

ground with a hand-held electronic tissue homogenizer for 30 s, hand homogenized in a sterile 

glass homogeniser for 3 min, and sonicated for 30 s. The crude mix was transferred to sterile 2 

mL centrifuge tubes and cell debris was removed following centrifugation. Initially, the crude 

mix was spun at 2000 g for 25 min at 4° C. The supernatant was collected and spun again at 

100,000 g for 60 min at 4° C. The final supernatant was filter sterilised using a 0.22µm filter and 

the wet extract collected in a separate sterile 2 mL micro-centrifuge tube. The protein content 

was assayed using the DC protein assay kit II, and the tubes were labelled as PSM-R for the 

regenerative extract and PSM-NR for the non-regenerative extract. All extracts were stored in 1 

mL aliquots in a −80°C freezer.  
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2.4 Axolotl 

 

2.4.1 Animals and Tissue Collection 

The axolotls were purchased from a local pet shop in Malta. They were of similar age and 

size (4-6 months old and approximately 5-7 cm in length). 

The procedure was adapted from McGann et al., 2001. Axolotls (Ambystoma mexicanum) 

were maintained in the laboratory at 21°C in separate plastic containers filled with tap water 

and fed twice a week with dry pellets specifically formulated with proteins and fats from 

aquatic animals (Figure 2-1). Water changes were performed after each feed. They were also 

kept at an appropriate cycle of light (9 am – 6 pm) and dark (6 pm – 9 am) and air was 

continuously pumped in using an air pump. 

 

 

Figure 2-2: The axolotl Ambystoma mexicanum. Each axolotl was kept in a separate plastic 
container 
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Limb amputations were performed on animals anesthetized transdermally with 0.1% tricaine 

in a water container for 15 min and observed by the naked eye to ensure there was no 

movement of the animal (n=20). Amputation of the limb was performed in a class II laminar 

flow hood cabinet and all materials used during the procedure were sterilised. Regenerating 

limb tissue was collected as follows. On Day 0, a hind limb was amputated by cutting just 

proximal to the elbow and the amputation site was trimmed to create a flat surface. After 

amputation, the axolotls were placed on ice for 1 hour, transferred to a 0.5% sulfamerazine 

solution overnight, and then back into normal water environment. The limb collected on day 0 

was treated as the non-regenerating control limb and was designated the initials AXO-NR.  Early 

regenerating tissue (Day 7 post-amputation), designated AXO-R, were collected (using the same 

methods) by re-amputating the limb 0.5–1.0 mm proximal to the wound epithelium and 

removing any residual bone. The time points were selected so that re-differentiation and 

patterning were represented, as this starts occurring at day 7. Tissue was extracted 2–3 mm 

proximal to the forelimb elbow and all bones were removed. Immediately after collection, all 

tissues were processed immediately for preparation of the wet extract 
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2.4.2 Preparation of wet extracts from AXO-R and AXO-NR 

Tissues collected from the procedure in section 2.4.1 were kept on ice during the 

preparation of wet extracts. The non-regenerating tissue (Day 0) and regenerating tissues (Day 

7) were transferred to 50 mL tubes containing a sterile solution of ice-cold RPMI-1640 medium 

with inactivated FBS. The tissues were placed in 10 mLs of media containing three protease 

inhibitors (2 μg/mL leupeptin/2 μg/mL A-protinin/1 mM PMSF). The tissues were ground with 

an electronic tissue homogenizer for 1–2 min, hand homogenized in a sterile glass homogeniser 

for 10–15 min, and sonicated for 30 s. The wet preparation was transferred to 2mL 

microcentrifuge tubes and the cell debris was removed in two centrifugation steps. The 

homogenate was first spun at 2000 g for 25 min at 4 °C. The supernatant was collected and 

spun again at 100,000 g for 60 min at 4 °C. The final supernatant was filter sterilised using a 

0.22 µm filter and the wet extract collected in a separate sterile 2 mL micro-centrifuge tube. 

The protein content was assayed using the DC protein assay kit II, and the tubes were stored in 

1 mL aliquots in a −80 °C freezer (Figure 2-2).  
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Figure 2-3: The procedure followed for the preparation of wet crude extracts from 
planarians and axolotls. For planarians R- and NR- extracts, 40 organisms were used. For the 
preparation of the AXO R- and NR- extracts, a total of 20 axolotls were used in the study. 
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2.5 Protein determination from wet extract preparations 

 

The DC Protein Assay is a colorimetric assay for protein quantitation based on the Lowry 

assay. In this procedure, 5 µL of reagent S were added to 250 µL of reagent A. The amount 

prepared depended on the number of samples in each run. This solution is referred to as 

working reagent A. To prepare a standard curve, 100 mg of bovine serum albumin (BSA) was 

weighed using an analytical balance and dissolved in phosphate buffered saline (PBS). Five 

dilutions were prepared at 0.2 mg/mL, 0.5 mg/mL, 0.75 mg/mL, 1.0 mg/mL, and 1.5 mg/mL. A 

standard curve was prepared each time the assay was performed. Next, 5 µL of standards and 

samples were pipetted in triplicate in a 96 well plate and 25 µL of working reagent A were 

pipetted in each well, followed by 200 µL of Reagent B. The contents of the plate were mixed 

on a shaker for 10 s and after 15 min of incubation at RT, the absorbance was read at 750 nm 

using the Tecan Spark spectrophotometer. The mean of the 3 wells for each concentration was 

established and a standard curve for the BSA was plotted and the concentration of the 

unknown samples (AXO- and PSM- extracts) was determined.   
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2.6 Ethical approval 

 

All procedures performed in this study involving animals and collection of lymphocytes were 

covered by ethical approval from the University of Malta Research Ethics Committee, Ref. No.: 

FRECMDS_1819_002.  
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2.7 Cell culture  

 

2.7.1 Media preparation 

RPMI medium in powder form was prepared by transferring the contents of the container to 

a measuring cylinder containing a magnetic stirrer. 2 g of sodium hydrogen carbonate was 

added to ensure the pH of the media is kept stable. While stirring, the pH of the medium was 

adjusted to 0.1-0.3 pH units below the desired pH since the pH may rise during vacuum 

filtration. Adjusting to the desired pH was done using 1M HCL or 1M NaOH. The medium was 

brought to the final volume with tissue culture grade water. The following steps were 

performed inside a class II safety cabinet. The medium was placed in a stainless-steel kettle and 

a vacuum pump used to filter sterilise the medium by passing through a 0.22 µm Sterivex filter 

before collection in sterile T75 flasks. The flasks were stored at 4 °C until use. When required 

for growing cells, inactivated FBS at 10% final concentration, and antibiotics, 

penicillin/streptomycin at 1% concentration were added.   

 

2.7.2 HL-60 cell line 

Human acute myelocytic HL-60 cell line (ATCC-CCL-240) was supplied by the America Type 

Culture Collection (ATCC) and grown in RPMI 1640 medium supplemented with 10% inactivated 

FBS, 100 U/mL penicillin and 100 μg/mL streptomycin, at 37 °C in a humidified atmosphere 

containing 5% CO2. 
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2.8 Lymphocyte cytotoxicity assay 

 

Human peripheral blood lymphocytes of healthy donors were isolated from buffy coats using 

density gradient centrifugation on Histopaque-1077. All procedures were carried in sterile 

conditions in a class II laminar flow cabinet. The buffy coat was collected from the national 

blood transfusion center (NBTC) after the appropriate approval from the NBTC director. 

Samples were processed immediately upon arrival in the tissue culture laboratory.  

The buffy coat containing blood was transferred to sterile 50 mL tubes and 1 part of buffy 

coat was diluted with 3 parts PBS. 35 mL of the diluted blood was layered carefully on 15 mLs 

Histopaque-1077.  The tubes were centrifuged at 500 g and 20 °C for 25 min and the 

mononuclear cell layer was carefully collected and washed twice in PBS. The cell pellet was 

resuspended and cultured in RPMI 1640 medium supplemented with 10% inactivated FBS, 100 

U/mL penicillin and 100 μg/mL streptomycin. Microscopic analysis confirmed the presence of 

lymphocytes. The lymphocytes were also stimulated to proliferate through addition of 1 % v/v 

phytohaemagglutinin (PHA) and left for 2 days to ensure lymphocytes are activated prior to 

treatment with extracts.  
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2.9 Cell viability assay 

 

2.9.1 3-(4,5-Dimethylthiazol-2yl)-2,5-Diphenyltetrazolium Bromide (MTT)  

The MTT assay is based on the ability of mitochondrial dehydrogenases in living cells to 

reduce MTT tetrazolium salt to formazan. MTT is used to test the metabolic activity of the cell. 

Cells (2 x 104/well) were seeded in 96-well plates and treated with different concentrations of 

PSM extract and AXO extract for 24-72 h. MTT was added to cells after treatment in at a final 

concentration of 0.5mg/mL, and the plates were incubated for 4 hours at 37°C. The assay was 

used to determine cell viability following the treatment of the HL60 line with extracts from both 

the axolotls and planaria. Metabolically active cells were able to cleave the yellow tetrazolium 

salt MTT to purple formazan crystals. The cells, containing the insoluble formazan product were 

then precipitated by centrifugation at 500 g for 10 min. The supernatant was removed, and the 

formazan crystals were dissolved in 120 μL dimethyl sulfoxide (DMSO) with gentle shaking at 

RT. Absorbance at 570 nm and reference wavelength at 405 nm was measured using the spark 

spectrophotometer.  

 

2.9.2 Trypan Blue  

The Trypan Blue azo dye exclusion test is used to determine the number of viable cells 

present in a cell suspension with live cells excluding the dye, whereas dead cells allow entry of 

the dye and stain blue/grey. Following treatment, 20 µL of cell suspension was mixed with an 

equal amount of the stain in a microcentrifuge tube and the contents were incubated for 5 min 

at RT. Total cell number and viability were evaluated by Trypan blue exclusion assay using 

Countess II FL Automated Cell Counter. The technique was used in conjunction with the MTT 

assay whereby low MTT results on the spectrophotometer were validated by a reduction in the 
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number of cell count and/or an increase in the number of cells staining with trypan blue due to 

death following treatment.  

 

Additionally, IC50 values, which represent the concentration at which a substance exerts half 

of its maximal inhibitory effect (Sudomova et al., 2019), were calculated for both HL-60 cells 

and lymphocytes following extract treatment and staining with trypan blue, using the online 

tool Quest Graph™ IC50 Calculator (AAT Bioquest, Inc., Sunnyvale, CA, USA) 

(https://www.aatbio.com/tools/ic50calculator) (Accessed on 5th April, 2018). The IC50 values of 

the extract were used to elicit the selectivity index (SI), which describes the selectivity of a 

compound toward the cancer cells. The calculation is based on the ratio of IC50 of  proliferating 

lymphocytes and the HL-60 cells (Demir et al., 2018). 

To ensure proper activation of lymphocytes, PHA activated lymphocyte numbers were higher 

when compared to untreated controls thereby confirming that the lymphocytes successfully 

proliferated.  

 

  

https://www.aatbio.com/tools/ic50calculator
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2.10 Morphological assessment of differentiation potential 

 

2.10.1 Nitroblue Tetrazolium Assay (NBT) 

The NBT assay was used to assess the ability of extracts from axolotls and planaria to induce  

differentiation of the HL-60 cell line as previously described (Collins et al., 1979). The assay was 

based on the ability of phagocytic cells to produce superoxide upon stimulation with PMA. NBT 

was prepared at a final concentration 0.2% w/v NBT in PBS (0.02 g in 10 mL PBS). Following 

treatment with PSM-R, PSM-NR, AXO-R, AXO-NR extracts, 20 µL of cell suspension was added to 

20 µL of PMA activated NBT reagent and the mixture was incubated at 37 °C for 1 hour in the 

dark and the percentage number of NBT positive cells showing blue/black formazan deposits 

was scored using a light microscope. Cells were counted in five consecutive non-overlapping 

microscopic fields at a magnification of 400x.  

 

2.10.2 Morphological examination for apoptosis and differentiation 

HL-60 cells (2 x 104/well) were seeded in 96-well plates and treated with PSM and AXO 

extracts, DMSO 1.6% to induce differentiation, 10% DMSO to induce cell death and PMA (10 

nM). All morphological analyses, described below, were performed using the EVOS FL Auto 2 

Cell Imaging System.  

 

Apoptotic morphology was studied in cells stained with Hoechst 33342. In particular, cells 

were stained with Hoechst 33342 (5 μg/mL medium) for 15 min at 37°C and visualized using an 

appropriate filter for DAPI. Cells were evaluated on the basis of their nuclear morphology, 

noting the presence of homogeneous chromatin, condensed chromatin, and fragmented nuclei.  

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2597232/#bib10
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In addition, cytospin preparations on microscopic slides were stained with Leishman's stain. 

Leishman’s stain was added to the slides (15 min) and PBS at pH6.8 was added to the slides at a 

ratio of 1-part Leishman’s stain and 3 parts PBS. Following staining, slides were washed in tap 

water and left to dry before analysis under the microscope. Cells were Judged for their nucleo-

cytoplasmic ratio, cytoplasmic staining intensity, nuclear indentation, and chromatin staining by 

two reviewers.  
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2.11 Flow cytometry analysis 

 

All flow cytometry analyses were performed by FACSCalibur flow cytometer (Becton 

Dickenson, Oxford, UK) and the data were analysed utilizing Cell Quest software. At least 1 x 104 

events were acquired for each sample.  

 

2.11.1 Detection of differentiation potential  

During differentiation, cells express different surface antigens/markers that reflect the cell at 

different stages of maturation. Antibodies against these antigens were used to further elucidate 

the differentiation lineages the HL-60 cell line follows. PE-labelled mouse anti-human CD14 and 

Alex Fluor-labelled mouse anti-human CD11b antibodies were used to assess for differentiation 

following treatment with PSM and AXO extracts. 

 

2.11.1.1 Staining Procedure 

Following treatment, control and test cells were collected in 5mL tubes, cell counts 

determined using a haemocytometer, and cell numbers adjusted as recommended by the 

manufacturer (BD Sciences, California, USA) for optimal staining of cells (1 x 106 cells in 100 µL). 

The cells were centrifuged at 500 g for 5 min and the media was decanted. Cells were washed 

twice in 1mL PBS. After decanting the supernatant, cells were split in two test tubes and 

marked as antibody and isotype. 500 µL of blocking agent (PBS + 2mM EDTA + 10% FBS) was 

added to reduce nonspecific binding of the antibody. Cells were incubated in the blocking 

buffer at RT for 10 min. The contents of the tube were split into equal volumes in two separate 

5 mL tubes and tubes were labelled as antibody and isotype. The tubes were centrifuged at 500 

g for 5 min and supernatant was decanted. In the meantime, a master mix was prepared for the 
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antibody and the isotype depending on the number of conditions used in the experimental set 

up. The master mix was prepared in the dark to avoid photo-bleaching of the fluorescent 

labelled antibody. The master mix was made up of staining buffer (50 µL/test) (Table 2-6) and 

antibody or isotype (5 µL/test) (according to manufacturer’s recommendation). 50 µL of master 

mix were added to the test tubes containing cells and the tubes were incubated on ice on a 

rotating platform for 30 min. Following incubation, 500 µL of 0.1% tween 20 wash buffer (Table 

2-6) was added to each test tube. The tubes were incubated for 10 min on ice on a rotating 

platform. Tubes were centrifuged, and the supernatant was decanted. The tween wash step 

was repeated twice and the cell pellet was finally resuspended in 500 µL of staining buffer. The 

tubes were kept on ice until analysis was performed. The percentage expression of cell markers 

was determined by comparison with isotype control by constructing cell population gates 

provided in the analysis software 

 

Table 2-6 Solution preparation for CD marker staining 

 1 litre solution 

Blocking Agent PBS, 2mM EDTA, 10% FBS 

Wash Buffer PBS, 0.1% Tween 20 

Staining Buffer 0.05M TBS @ pH7.4, 1% Human Serum, 2% FBS, 0.1% Azide 
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2.11.2 Cell cycle analysis  

In this experiment, 500 µL of cells in different treatment conditions were transferred to a 

2mL microcentrifuge tube. Cells were washed two times in 1 mL of 1 x PBS. After centrifugation 

at 800 g for 5 min, the supernatant was decanted and 1 mL of 70% ethanol was added drop-

wise to the pellet while vortexing to ensure all cells were fixed and more importantly to 

minimize clumping. Cells were fixed to allow entry of the dye PI which is otherwise actively 

pumped out by living cells. The cells were left in 70% ethanol for 30 min at 4°C in the dark. After 

incubation, the fixed cells were centrifuged at 800 g for 5 min. The cells were then washed two 

times in 1 x PBS and 200 µL of Ribonuclease A. Then 200 µL of a 50 µg/mL PI  was added. The 

mix was transferred to a 5 mL polystyrene tube and samples were then placed in the dark at 37 

°C for an hour. After incubation, the tubes were transferred on ice until analysis by flow 

cytometry. 

 

2.11.3 Detection of Apoptosis 

The protocol was performed as recommended by the manufacturer of the kit (BD Sciences, 

California, USA). A positive control was included to ensure successful staining. To obtain a 

positive control, cells were incubated with camptothecin (5µM) for 5 hours at 37°C. Following 

treatments, cells were washed twice with cold PBS and resuspended in 1x binding buffer at a 

concentration of 1 x 106 cells/mL. Then 100 µL of the solution (1 x 105 cells) were transferred to 

a 5 mL test tube.  Next, 5 µL of FITC Annexin V and 5 µL PI were added to the tube containing 

cells and the contents were gently mixed using a vortex. The tubes were incubated for 15 min 

at RT (25°C) in the dark. After incubation, 400 µL of 1X binding buffer was added to each tube 

and the cells were put on ice and analysed by flow cytometry within 1 hour.  
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Viable cells were negative for both annexin-V and PI (annexin V-/PI-; lower left quadrant), 

early apoptotic cells were positive for annexin-V staining (annexin V+/PI−; lower right quadrant), 

late apoptotic/necrotic cells were positive for both annexin-V and PI staining (annexin V+/PI+; 

upper right quadrant) and necrotic cells were positive for PI staining (annexin V-/PI+; upper left 

quadrant). 
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2.12 RNA extraction and real-time RT-PCR 

 

Following treatment, HL-60 cells were washed x 2 in PBS and suspended in 350 µL of QIAzol® 

Lysis reagent to ensure maximal recovery of RNA prior to extraction. The pellet was thoroughly 

homogenised by repeated pipetting and the suspension was frozen at -80°C until extraction. 

Treated and untreated cells were collected in triplicate.  

 

Prior to extracting RNA from the samples, the work surfaces were wiped with RNaseZAP to 

ensure that surfaces are free from RNase. The RNeasy® Mini Kit was used to extract RNA from 

the treated and untreated cells following the manufacturer’s instructions. Cell lysates were 

removed from the -80°C freezer and allowed to thaw on ice. Chloroform (140 µL) was added to 

the cell lysates and following centrifugation, the upper phase of the lysate was collected for the 

subsequent RNA isolation steps.  

 

Absolute ethanol (350 µL/sample) was then added to the lysates, creating conditions that 

promote selective binding of RNA to the RNeasy silica-gel membrane. The samples (700 

µL/sample) were then applied to the RNeasy mini columns and the columns placed in the 

supplied 2 mL tubes. Total RNA bound to the membrane and contaminants were washed away 

(collected in the 2mL tube) by centrifugation for 15 s at 8000 x g. Buffer RW1 (700 µL/sample) 

was added to the RNeasy columns and the tubes were centrifuged for 15 s at 8000 x g to wash 

the columns. At this point, the flow-through and collection tubes were discarded. The RNeasy 

columns were transferred into 2 mL collection tubes and 500 µL Buffer RPE/ sample was 

pipetted onto the RNeasy columns. The tubes were centrifuged for 15 s at 8000 x g to wash the 

columns and the flow-through was discarded. The previous step was repeated twice to reduce 
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the carryover of the RPE buffer to the next step and the columns were placed in new 2 mL 

tubes and centrifuged at high speed for 1 min.  

 

RNA was then eluted in RNase-free water. To elute the RNA, the RNeasy columns were 

transferred to new 1.5 mL collection tubes and 30 µL RNase-free water was pipetted directly 

onto the RNeasy silica-gel membrane. The tubes were centrifuged for 1 min at 8000 x g to elute 

the RNA and the RNA concentration was determined using the NanoDropTM 2000 

spectrophotometer.  

 

The purity of total RNA was assessed spectrophotometrically at 260 nm and 280 nm, with an 

A260:A280 of 1.80-2.00 considered acceptable. RNase free water was used as a blank. The 

samples were store at -80oC until analysis.  

 

2.12.1 cDNA synthesis 

RNA samples were thawed on ice and the following steps were performed in a 96 well plate. 

About 300 ng of RNA of each test sample was transferred to a 96 well plate and RNase free 

water was added to a total volume of 12 µL. The volume of RNA and H2O added depended on 

the concentration of RNA in each test sample (Table 2-7). Genomic DNA (gDNA) wipeout buffer 

(2 µL) was added to each well to remove any contaminating genomic DNA and the plate was 

incubated at 42 oC for 2 min. 
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Table 2-7. Genomic DNA elimination reaction components 

Component Volume/reaction µL Final concentration 

gDNA Wipeout Buffer, 7x 2 µL 1x 

Template RNA Variable (300 ng)  

RNase-free water Variable  

Total Volume 14 - 

 

After incubation, the plate was placed on ice. In the meantime, the reverse-transcription 

master mix (Quantiscript Reverse Transcriptase, Quantiscript RT buffer, and RT primer mix) 

were prepared on ice.  

 

The master mix (6 µL) was added to the 14 µL of the gDNA wipe-out buffer and RNA 

template (Table 2-8). The plate was incubated at 95 °C for 3 min to inactivate Quantiscript 

Reverse Transcriptase and the plate was stored at -20 °C until the quantitative PCR was carried 

out.  
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Table 2-8. Reverse-Transcriptase reaction components 

Component Volume/reaction µL Final 

concentration 

Reverse Transcriptase master mix   

Quantiscript Reverse Transcriptase 1  

Quantiscript RT Buffer 5x 4 1x 

RT Primer Mix  1  

Template RNA   

Entire genomic DNA 

elimination reaction 

14  

Total Volume 20  
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2.12.2 Real-Time PCR 

The Bio-Rad CFx96 real-time PCR system was used for studying the gene expression in the 

HL-60 cell line after treatment with AXO and PSM. The expression of several TFs, cell cycle 

regulators, and genes encoding apoptosis regulating proteins were tested (Table 2-10). The 

thermocycler cycles consisted of 10 min at 95 °C, 40 cycles at 95 °C for 15 secs and 60 °C for 1 

min. Prior to running the reaction on the thermocycler, a master mix containing polymerase 

enzyme mix, RNAse free water, and the fluorescent labelled reporter probe of interest were 

prepared on ice (Table 2-9). 

 

Table 2-9. Master Mix preparation for RT-PCR 

Component Volume µL Final concentration 

Master Mix 2x (Taq DNA 

polymerase, dNTPs) 

5 1x 

TaqMan probe 20x  0.5 1x 

Water 3.5  

cDNA 1  

Total Volume 10 - 

 

These were dispensed in 96 well plates. For each probe, two housekeeping genes (HPRT1 

and YWHAZ) were used. cDNA was added and the 96 well plate was covered and allowed to run 

on the Bio-Rad thermocycler. 
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Table 2-10. Taqman® Gene Expression Assays. Several genes implicated in maturation, cell 

cycle regulation, and apoptosis 

GENE ASSAY ID  CATALOGUE NUMBER 

BCL2 Hs00608023_m1 4331182 

BAX Hs00180269_m1 4331182 

CDKN1A  Hs00355782_m1 4331182 

CDKN2C Hs00176227_m1 4331182 

c-MYC Hs00153408_m1 4331182 

SPI1 Hs02786771_m1 4331182 

CEBPA Hs00269972_s1 4331182 

CEBPB Hs00270923_s1 4331182 

CEBPE Hs00357657_m1 4331182 

HPRT1  Hs02800695 4331182 

YWHAZ Hs01122445_g1 4331182 

 

 

The relative expressions of mRNAs were calculated using the comparative 2-ΔΔCt method 

(Livak & Schimttgen, 2001) and normalized against the geometric average expression HPRT1 

and YWHAZ reference genes (Vandesompele et al., 2002). 
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2.13 Statistical analysis 

 

All experiments were performed in triplicate and repeated at least twice. Excel was used to 

present the median and the inter-quartile range (IQR) data. The SPSS statistics software 

[(version 20 (IBM, Armonk, New York, USA)] was used for statistical analysis. Normal 

distribution was assessed by Kolmogorov-Smirnov test. Since data were not normally 

distribution they were analysed using the non-parametric Kruskal-Wallis test, followed by 

Dunn-Bonferroni’s post hoc analysis. Significance was accepted at a p < 0.05. Statistical analysis 

was carried out on the results to accept or reject the Null Hypothesis (H0). Statistically 

significant results will mean that H0 is rejected and that treatment had an effect on cells 

 

2.13.1 Representation of Statistics on Results  

All graph statistics are labelled as follows with the prefix indicating the paired statistical 

comparisons:  

* indicates a statistical difference of p < 0.050 

** indicates a statistical difference of p < 0.001 
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Chapter 3 

 

 

3. Planaria Extract Results   
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3.1 The effects of the Planarian Species – Malta (PSM) extract on 

metabolic activity of HL-60 cells  

 

The effect of the PSM crude extract on the metabolic activity of HL-60 and KG1-a cells was 

assessed using the MTT assay (Figure 3-1). The MTT assay is a colorimetric reductive assay used 

to determine cell viability and proliferation based on the ability of metabolically active cells to 

enzymatically convert the yellow tetrazolium compound MTT to purple water insoluble 

formazan by dehydrogenases occurring in the mitochondria of living cells and other reducing 

agents and enzymes located in other organelles such as the endoplasmic reticulum (van Tonder 

et al., 2015).  

 

As seen in Figure 3-1, The effect of the regenerative (R-)and non-regenerative (NR-) PSM 

crude extracts were tested for their effect on cell viability of HL-60 cells following 24, 48, and 72 

h treatment. Overall, there is a significant effect across all treatment concentrations when 

compared to untreated cells on all days (p<0.001). After 24, 48, and 72 h treatment, there was a 

marked and significant reduction in cell viability with the higher R- and NR- PSM doses (0.5-

2mg) as compared to the lower dose (0.031-0.250mg) group (p<0.05). After 48 h, there was a 

quasi-dose dependent effect of PSM (R- and NR-) observed with increasing concentrations. 

However, the PSM extract reduced KG-1a metabolic cell activity at 48 h at a concentration of 1.0 

and 2.0 mg/ mL only. In fact, after 48 h treatment, metabolic activity was reduced by 14% when 

compared to the untreated cells (results not shown). Since preliminary data showed that the PSM 

extract is particularly effective on HL-60 cells, further investigations using only the HL-60 cell line 

were carried out. 
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The MTT assay is a relative test in which the mitochondrial activity of treated cells is 

compared to that of untreated cells and the results arbitrarily scaled at 100% for the untreated 

cells. When there is a significant reduction in MTT results, showing reduced viable cell numbers, 

this could be due to cytotoxic effects (Mathieu et al., 2009) or anti-proliferative/cytostatic 

effects (Alley et al., 1988). Therefore, further preliminary tests to confirm the cytotoxic and/or 

anti-proliferative effect of PSM extract on HL-60 cells were performed.  

 

Since both R- and NR- showed similar effects, only the NR- PSM was used in the subsequent 

experiments.  

 

  

Figure 3-1: The effects of the Planarian species- Malta (PSM) R- and NR- extracts on cell 
viability of HL-60 cells. Data are presented as median and inter-quartile range (error bars) (n = 
3 independent experiments carried out in triplicate) and were analysed using nonparametric 
Kruskal-Wallis, followed by Dunn-Bonferroni’s post hoc analysis (* p < 0.05; ** p < 0.001). 
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3.2 Planaria extract reduces the growth rate and viability of HL-60 

cells 

 

The potential cytotoxic effects of PSM crude extract on HL-60 cells and activated 

lymphocytes was evaluated by the trypan blue exclusion assay. The test was used to determine 

the number of viable cells present following 24, 48, and 72h treatment. It is based on the 

principle that live cells possess intact cell membranes that exclude certain dyes whereas dead 

cells do not (Strober, 2015). HL-60 cells were treated for various times (24-72 h) with various 

doses of PSM extract (1 - 1000 µg/mL).  

 

As shown in Figure 3-2(A), PSM extracts caused a significant reduction in cell number of HL-

60 cells in a quasi-dose dependent manner over 72h when compared to untreated cells on the 

same day. At 24 h treatment, a significant decrease (p<0.05) in cell numbers was observed in 

treatment concentrations between 62.5-1000 µg/mL when compared to untreated cells. This 

could be due to cytostatic effects caused by bioactive molecules in the extract as cell numbers 

did not change between Day 0 and 24 h at 62.5 µg PSM, or cytotoxic effects due to a reduction 

in cell number at concentrations 125-1000 µg. At 48 h treatment, a significant reduction in the 

proliferation curve was observed between 31.25-1000µg when compared to untreated cells on 

the same day. After 72h, a significant decrease in cell numbers was observed in treatment 

concentrations between 125-1000 µg (p<0.05) when compared to untreated cells on the same 

day. However, there was an increase in the proliferation curve at 62.5 µg concentration after 72 

h and this could be due to the loss of activity of any bioactive molecules in the extract and 

possibly the presence of resistant cells and probably an interplay of both factors.  
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Interestingly, trypan blue staining confirmed that the reduction in cell numbers is due to 

both a suppressive mechanism exerted by the PSM treatment and a cytotoxic one at higher 

concentrations [Figure 3-2(C)]. In fact, following 24 h treatment, PSM treatment shows a 

significant reduction in viability of 20-55% between 62.5-1000 g PSM concentrations 

respectively.  

 

Moreover, there is a significant percentage growth inhibition of HL-60 cells when compared 

to untreated cells (p<0.05), but only at 48 h, a quasi- dose dependent effect was observed with 

growth inhibition of 18, 51, 64, 71, 73 and 84% for 31.2, 62.5, 125, 250, 500 and 1000 µg/mL 

respectively when compared to untreated cells. Notably, 500 and 1000 mg/mL of PSM extract 

almost totally suppressed the proliferation of HL-60 cells within 72 h [Figure 3-2(B)]. Taken 

together with trypan blue staining [Figure 3-2(C)], it is clear that at higher concentrations, PSM 

is cytotoxic.  

 

Overall, determination of cell numbers using trypan blue staining revealed that growth 

inhibition caused by PSM extract treatment is, only partly, due to reduction in cell viability 

[Figure 3-2(C)].  

Based on the preliminary results of MTT and trypan blue, PSM at 62.5 µg/mL for 48 h was 

used in the subsequent experiments. After 48 h treatment of HL-60 cells with PSM, there is a 

20% reduction in MTT when compared to untreated cells [Figure 3-1(B), 48 h], 20% reduction in 

cell viability after trypan blue staining [Figure 3-2(C), 48 h], and 51% growth inhibition after 48 h 

when compared to untreated as seen in Figure 3-2(B). To be able to investigate further the 

possible anti-proliferative, cytotoxic, and differentiation potential of the PSM extract, all the 

subsequent experiments were performed at the PSM 62.5µg/mL for 48 h. 
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 To demonstrate the selectivity of PSM, HL-60 cells and activated lymphocytes were 

incubated with increasing concentrations of PSM at 48 h treatment only. PSM extract exhibited 

significant growth inhibitory effects on HL-60 cells when compared to activated Lymphocytes 

[Figure 3-2(D)]. The calculated half-maximal inhibitory concentration (IC50) value in HL-60 cells 

treated with PSM was 61.037 µg/mL, while the IC50 value of PSM treated activated 

Lymphocytes was calculated as 162.53 µg/mL (Table 3-1). The table (3-1) also shows that the 

selectivity index (SI) based on the ratio of IC50 of activated lymphocytes and HL-60 cells is 2.7, 

suggesting that the extract has selectivity towards the cancer cells and not normal cells. 

 

Table 3-1: Antiproliferative effects and selectivity of PSM toward HL-60 cells at 48 h. 

Compound HL-60  

IC50 (μg/mL) 

Activated lymphocytes 

IC50 (μg/mL) 

SI 

Planaria Species-Malta extract 61.037 162.593 2.7a 

a. Selectivity Index, calculated based on the ratio of IC50 activated lymphocytes and the HL-60 cells. 
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Figure 3-2: Effects of PSM extract on cell number (A), relative cell growth (percentage cell 
number of PSM treated cells relative to untreated cells) (B) and cell viability (C) of HL-60 cells. 
Cells were treated with PSM extract as indicated for 72 h. (D) Effects of PSM extract on 
lymphocytes and HL-60 cells after 48 h treatment. The number of viable cells was determined 
by trypan blue exclusion. Data are presented as median and inter-quartile range (error bars) 
(n = 3 independent experiments carried out in triplicate) and were analysed using 
nonparametric Kruskal-Wallis, followed by Dunn-Bonferroni’s post hoc analysis (* p < 0.05; ** 
p < 0.001). 
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3.3 Planaria extract induces differentiation and apoptotic 

morphological changes of HL-60 cells 

 

To further confirm the effect of PSM extract, morphological analyses was performed on the 

HL-60 cells. In this experiment, HL-60 cells were incubated with a lethal dose of DMSO (10%) as 

a positive control for morphologically apoptotic cells. DMSO (1.6%) and PMA (10 nM) were 

used as positive controls for granulocytic and monocytic differentiation respectively. 

Morphological assessment of HL-60 cells was also performed following treatment with PSM at 

62.5µg. 

 

Phase‐contrast microscopy [Figure 3-3(A)], show untreated control cells as well-rounded 

cells. Nuclear staining using Hoechst 33342 [Figure 3-3(B)] reveals a well-rounded and smooth 

nucleus. Morphology typical of immature cells is further confirmed after staining with 

Leishman’s stain [Figure 3-3(C)] with cells showing fine chromatin and a scant amount of 

basophilic cytoplasm and the typical increased N/C ratio with large nuclei and scant cytoplasm.  

 

Treatment of cells with 10% DMSO reveals typical features of apoptosis as seen in all three 

images: phase contrast microscopy, Hoechst 33342 and Leishman’s stain. Examination under 

phase contrast microscopy [Figure 3-3(A)] reveals loss of cell volume. Increased nuclear staining 

intensity typical of condensed nuclei is evident after staining the cells with Hoechst 33342 

[Figure 3-3(B)] and Leishman’s stain reveals the typical loss of cell volume, condensed nucleus 

and cytoplasm [Figure 3-3(C)]. There is no evidence of cytoplasmic swelling that is typical of 
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necrotic cells. Also, in necrotic cells the DNA is not condensed and the edges of the nucleus are 

less clearly defined.  

 

Incubation with 1.6% DMSO typically induces myeloid differentiation. Also, apoptotic cells 

are also present. Phase contrast microscopy reveals well rounded cells [Figure 3-3(A)] with 

smooth edged cytoplasmic membrane and fragmented cells typical of apoptotic fragmentation. 

Hoechst 33342 staining [Figure 3-3(B)] reveals smooth and evenly stained nuclei, though 

smaller in size when compared to untreated cells. Morphological examination following 

Leishman’s stain [Figure 3-3(C)] reveals a mixed population of cells with a high N/C ratio and a 

basophilic cytoplasm, and cells with a reduced N/C ratio and greyish blue cytoplasm indicative 

of cells with a differentiation potential.  

 

Induction of differentiation by PMA usually results in HL-60 cells differentiation exhibiting 

monocytic/macrophage morphology with adhesion and elongation of the cells as observed in 

both the unstained and Leishman stained HL-60 cells.  

 

HL-60 cells treated with PSM extract increased the N/C ratio in HL-60 cells as seen in both 

the unstained and stained images. Also, apoptotic cells were observed in all three images. 

Although differentiation of the cell line did not recapitulate the lobed morphology of primarily 

seen in more differentiated cells, it resulted in a decreased nuclear size which is clearly evident 

following Hoechst 33342 and Leishman staining.  
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In summary, preliminary results using MTT, trypan blue, and cell morphology suggest that 

PSM extract exhibits anti-proliferative effects on HL-60 cells, together with induction of cell 

differentiation and apoptosis and thus merited further investigation. 
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Figure 3-3: Morphological changes of HL-60 cells treated with 62.5 μg/mL of PSM extract 
after 48 h. (A) Phase contrast microscopy images, B) fluorescence microscopy images after 
staining with Hoechst 33342 and (C) Leishman staining assay. HL-60 cells incubated with 
DMSO (10%), DMSO (1.6%) and PMA (10 nM) were used as positive controls for apoptosis, 
granulocytic and monocytic differentiation, respectively. The scale bar is 100 μm. The images 
were a representative of three independent experiments. 
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3.4 Planaria extract induces apoptosis and increases the level of sub-

G0/G1 of HL-60 cells 

 

To further characterise the effect of PSM extract on HL-60 cell cycle distribution and cell 

death, flow cytometry analysis of propidium iodide (PI-) stained nuclei and Annexin V/PI 

staining were performed respectively.  

 

For cell cycle analysis, HL-60 cells were incubated with DMSO (1.6%) and PMA (10 nM) as 

positive controls for differentiation (granulocytic and monocytic respectively), DMSO (10%) as a 

positive control for apoptosis. Untreated and PSM treated cells were also stained with PI for 48 

h as shown in Figure 3-4. In untreated cells, [Figure 3-4(A)] DNA content histograms indicated 

that 46.2% was distributed in G0/G1 phase, 38.1% accumulated in S phase, 13.1% was in G2/M 

phase and only 2.6% in the sub‐G0/G1. Cells treated with 10% DMSO exhibited an increase 

(35.8%) in the sub-G0/G1 phase of the cell cycle. These cells are usually identified as apoptotic 

cells with fractional DNA content. Treatment with 1.6% DMSO and PMA results in a block or cell 

cycle arrest at the G1 phase of the cell cycle of 74.4% and 92.2% respectively. Also, treatment 

with 1.6% DMSO resulted in an increase in the sub-G0/G1 phase (20.4%) when compared to the 

untreated cells (2.6%). When HL-60 cells were incubated with PSM extract (62.5 µg/mL) for 48 

h, a significant increase in the sub-G0/G1 (16.1%) peak and a significant reduction in the S- or 

synthesis phase of the cell cycle peak (29.2%) is seen when compared to untreated cells [Figure 

3-4(B)].  
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Figure 3-4: Effects of PSM extract (62.5 μg/mL) treatment on cell cycle distribution in HL-60 
cells after 48 h. (A) Histogram plots of flow cytometry analysis performed in HL-60 cells. (B) 
Graph summarizing the cell cycle distribution. HL-60 cells incubated with DMSO (10%), DMSO 
(1.6%) and PMA (10 nM) were used as positive controls for apoptosis, granulocytic and 
monocytic differentiation, respectively. Data are presented as median and inter-quartile 
range (error bars) (n = 2 independent experiments carried out in triplicate) and were analysed 
using nonparametric Kruskal-Wallis, followed by Dunn-Bonferroni’s post hoc analysis (* p < 
0.05; ** p < 0.001). 
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Following treatment of HL-60 cells, the percentage number of apoptotic cells was 

determined by staining with annexin V/PI. Annexin V/PI double staining allows the identification 

of viable cells (Annexin V negative, PI negative), cells in early apoptosis (Annexin V positive, PI 

negative), late apoptosis or necrotic cells (Annexin V positive, PI positive), and dead cells 

(Annexin V negative, PI positive).  

 

As seen in the dot plots [Figure 3-5(A)], the majority (93.76%) of untreated cells are present 

in the lower left (LL) quadrant. These cells are composed of viable cells that are Annexin V/ PI 

negative. In comparison, treatment with 10% DMSO results in a significant increase in early 

apoptotic (43.07%) and late apoptotic (54.08%) cells, clearly seen in the lower right (LR) and 

upper right (UR) populations on the dot plot respectively. A significant increase is also seen in 

both early and late apoptotic cells (LR and UR) following treatment with 1.6% DMSO and 10 nM 

PMA [Figure 3-5(A)]. Following PSM extract treatment for 48 hrs, 22.38% apoptotic cells (early 

plus late apoptotic cells) were found in HL-60 cells, which were significantly higher than that of 

untreated cells (6.24%) [Figure 3-5(A)].  

 

Since the analysis represents a single observation (48 h), the movement of cells through the 

different stages (Annexin V-/ PI-, Annexin V+/ PI-, Annexin V+/ PI+, Annexin V-/ PI+) cannot be 

observed. Taken alone, the PI/ Annexin V results cannot rule out necrotic cell death, however, 

together with morphological examination following Hoechst 33342 and Leishman staining and 

cell cycle analysis (Sub-G0/G1) results, it is likely that cell death is due to apoptosis.    
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Figure 3-5: Apoptotic activity of HL-60 cells in response to treatment with DMSO (10%), 
DMSO (1.6%), PMA (10 nM) and PSM extract (62.5 μg/mL) for 48 h. Apoptotic cells were 
quantified by flow cytometry after staining with PI and FITC-Annexin V. Four fractions (PI-
/Annexin V-, PI-/Annexin V+, PI+/Annexin V+, PI+/Annexin V-) were analysed. (A) 
Representative flow cytometric dot plots. (B) The summary of populations stained with only 
Annexin V (early apoptosis) and with both Annexin V and PI (late apoptosis). Data are 
presented as median and inter-quartile range (error bars) (n = 2 independent experiments 
carried out in triplicate) and were analysed using nonparametric Kruskal-Wallis, followed by 
Dunn-Bonferroni’s post hoc analysis (* p < 0.05; ** p < 0.001). 
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3.5 Induction of differentiation in HL-60 cells after treatment with 

PSM extract 

 

To investigate the possibility that PSM induces myeloid differentiation in HL-60 cells, the NBT 

assay was used to measure generation of ROS, which increases with HL-60 cell differentiation 

(Batista et al., 2005). 1.6% DMSO was used as a positive granulocytic differentiation marker and 

untreated cells as NBT negative control.  

 

As shown in Figure 3-6(A), following treatment of HL-60 cells with the PSM extract (62.5 

µg/mL), there was a significant increase (31.5%) in cells containing blue NBT formazan deposits. 

Incubation of cells with 1.6% DMSO also caused an increase in ROS production (15.5%) while 

untreated cells lacked NBT formazan deposits.  

 

Further confirmation of the ability of PSM to cause differentiation of HL-60 cells was 

performed by flow cytometric investigation using CD11b and CD14 differentiation markers. 

During the course of differentiation of early human myeloid cells toward 

monocytes/macrophages and granulocytes, cell surface expression of CD14 (monocytic) and 

CD11b (granulocytic) antigens increases dramatically (Rosmarin et al., 1989; Goyert et al., 

1988). In HL-60 differentiation studies, the expression of CD11b is usually considered a 

granulocytic/monocytic differentiation marker, whereas the expression of CD14 is limited 

mainly to monocytic and macrophage expression.  
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In these experiments, HL-60 cells incubated with DMSO (1.6%) and PMA (10 nM) were used 

as positive controls for granulocytic and monocytic differentiation, respectively. 

 

After 48 h treatment, there was a significant increase (p<0.001) in the expression of CD11b 

in PSM extract (62.5 µg/mL) treated cells (48.62%) when compared to the untreated control 

group (8.09%) [Figure 3-6(B)]. Treatment with 1.6% DMSO and 10 nM PMA resulted in 

expression of CD11b in 20.3% and 40.97% of HL-60 treated cells respectively.  

 

PSM treatment resulted in a significant increase (p<0.05) in the expression of the surface 

antigen CD14 (22.06%) when compared to untreated cells (3.34%).  

 

From the NBT and surface antigen expression (CD11b and CD14), it is clearly apparent that 

PSM induces ROS formation and the expression of myelomonocytic differentiation markers.  
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Figure 3-6: PSM extract-induced cell differentiation in HL-60 cells. (A) Nitroblue tetrazolium 
(NBT) reduction assay. Cells were treated with PSM extract (62.5 μg/mL) for 48 h. Microscopy 
images display cells containing intracellular blue-black formazan deposits (scale bar = 100 
µm). Graph summarizing the percentages of NBT positive cells. HL-60 cells incubated with 
DMSO (1.6%) were used as positive controls for granulocytic differentiation. (B) Cytometric 
analyses showing cell surface expression of CD11b (top panels) and CD14 (bottom panels) in 
HL-60 cells treated with DMSO (1.6%), PMA (10 nM) and PSM extract (62.5 μg/mL) for 48 h. 
(C) Graph summarizing both CD11b and CD14 reactivity. Data are presented as median and 
inter-quartile range (error bars) (n = 3 independent experiments carried out in triplicate) and 
were analysed using nonparametric Kruskal-Wallis, followed by Dunn-Bonferroni’s post hoc 
analysis (* p < 0.05; ** p < 0.001). 
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3.6 Effects of PSM extract treatment on gene expression in HL-60 

cells 

 

To further investigate the anti-proliferative, cytotoxic and differentiation induction of PSM 

treated cells at the molecular level, gene expression studies using RT-PCR were performed. In 

this study, the expression levels of genes involved in the regulation of differentiation (SP1, 

CEBPA, CEBPB, CEBPE, and c-MYC), cell cycle regulation (CDKN1A and CDKN2C), and apoptosis 

(BCL2 and BAX) were investigated at 24h and 48h following treatment with PSM. In these 

experiments, DMSO (1.6%) and PMA (10 nM) were used as positive controls.  

 

3.6.1 Effects of PSM extract treatment on differentiation regulating transcription factors 

 Within haematopoiesis, C/EBPα, C/EBPβ and C/EBP are predominantly expressed in the 

granulocyte and monocytic lineages (Scott et al., 1992; Muller et al., 1995; Radomska et al., 

1998). C/EBP has been identified as a critical regulator of terminal granulopoiesis. Also, PU.1 is 

a TF with multiple roles in haematopoiesis.   

 

Two time points (24 h and 48 h) were chosen since gene expression follows a dynamic and 

temporal expression with certain genes expressed earlier and in turn regulate the expression of 

other genes necessary for lineage commitment. Gene expression of SPI1 might either precede 

the expression of ‘late’ acting genes such as C/EBP or is expressed simultaneously with other 

TFs (such as C/EBPα and C/EBPβ) to decide cell fate. Also, several studies reported that the 

major gene expression changes throughout differentiation occurred in the first 48 hours 

(Rincon et al., 2018).  

https://www.nature.com/articles/1210764#ref-CR148
https://www.nature.com/articles/1210764#ref-CR121
https://www.nature.com/articles/1210764#ref-CR137
https://www.nature.com/articles/1210764#ref-CR137
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At 24 h treatment [Figure 3-7(A)] the data obtained by RT-PCR indicated down-regulation of 

c-MYC mRNA expression in response to PSM, DMSO, and PMA treatment. The decrease 

parallels the appearance of differentiation markers in this study [Figure 3-7(A)] and other 

studies (Filmus & Buick, 1985; Ely et al., 1987). The resultant down-regulation of c-MYC 

following treatment with PSM is statistically significant (log2 fold change of -0.75, p<0.05) when 

compared to untreated cells. It has been reported that terminal differentiation and cell growth 

arrest are essentially induced by c-MYC down-regulation (Nguyen et al., 1995).  

 

After 48 h treatment, the reduction of c-MYC expression remains significantly down-

regulated in DMSO (log2 fold change of -0.25) and PMA (log2 fold change of -0.35) treated cells 

albeit the reduction is less pronounced when compared to 24 h time point. In PSM treated 

levels, c-MYC returns to baseline levels (log2 fold change of 0.20). It has been reported that c-

MYC expression was drastically reduced within a few hours during differentiation of DMSO-

treated HL-60 cells and that expression increased again, and that the expression level remained 

low afterwards (Siebenlist et al., 1988).  

 

The reduction in c-MYC RNA transcripts after 24 h treatment with PSM coincides with a 

significant increase in all TFs [CEBPA (log2 fold change of 1.33, p<0.001), CEBPB (log2 fold 

change of 3.15, p<0.001), CEBPE (log2 fold change of 0.5, p<0.05), SPI1(log2 fold change of 0.74, 

p<0.05)] that play a major role in differentiation of haematopoietic cells. mRNA expression of 

early acting TFs (CEBPA, CEBPB) are significantly greater (p<0.001) than SPI1 (p<0.05) and the 

late acting TF CEBPE (p<0.05) when compared to untreated cells.  
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At 48 h incubation in PSM, SPI1 (log2 fold change of -0.15) levels understandably were 

reduced since lineage committed cells do not require further stimulation by overexpression of 

SPI1 and interestingly enough, CEBPE is significantly increased (log2 fold change of 1.93, 

p<0.001) after 48 h treatment. The strong and sustained expression of CEBPB, when 

accompanied by transient expression of CEBPA leads to the differentiation towards monocytes, 

while, when accompanied by the sustained expression of CEBPE, it leads the differentiation 

process to granulocytes (Marchwika & Marcinkowska, 2018).  

 

3.6.2 Effects of PSM extract treatment on apoptotic pathways in HL-60 cells  

It is clear from the previous results that PSM induces apoptosis as seen in the Annexin V/PI, 

cell cycle analysis (sub-G0/G1) and morphology results. To further investigate apoptosis at the 

molecular level, mRNA expression of the BCL2 and BAX gene was carried out. The BCL-2 anti-

apoptotic proteins that enhance survival of cells and their complex interaction with pro-

apoptotic proteins such as Bax leads to crucial decisions in cell survival and death (Sillar & 

Enjeti, 2019).  

 

Following 24 h treatment of HL-60 cells with PSM, DMSO, and PMA, a significant reduction of 

BCL2 in all treatments is seen when compared to untreated cells [PSM (log2 fold change of -1.28, 

p<0.05; DMSO (log2 fold change of -0.5, p<0.05); PMA (log2 fold change of -1.75, p<0.001)] 

[Figure 3-7(B)]. PMA exhibited a more pronounced BCL2 repression when compared to untreated 

cells alone. At 48 h treatment, there was a marked and significant reduction in all three treatment 

conditions when compared to untreated cells [PSM (log2 fold change of -2.29, p<0.001; DMSO 

(log2 fold change of -3.29, p<0.001); PMA (log2 fold change of -4.0, p<0.001)]. Interestingly, the 

significant down-regulation of  BCL2 is accompanied by an up-regulation in the pro-apoptotic BAX 
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[Figure 3-7(B)]. After 24 h treatment, there is a significant increase in expression of BAX in PSM, 

DMSO, and PMA treated cells when compared to untreated cells [PSM (log2 fold change of 1.67, 

p<0.05; DMSO (log2 fold change of 1.69, p<0.05); PMA (log2 fold change of 2.5, p<0.001)]. Again, 

PMA at 48 h induces a more pronounced and significant increase in BAX expression. BAX 

expression following 48 h is more significant among all treatment conditions when compared to 

untreated cells [PSM (log2 fold change of 3.42, p<0.001; DMSO (log2 fold change of 4.38, 

p<0.001); PMA (log2 fold change of 5.0, p<0.001)]. When compared to both controls, PSM 

significance is p<0.05 at both 24 and 48 h treatment.  

 

3.6.3 Effects of PSM extract treatment on cell cycle regulators 

The expression of Cyclin-dependent kinase inhibitors (CDKI) CDKN1A and CDKN2C was 

determined following treatment of HL-60 cells with PSM. Following 24 h treatment, CDKN1A is 

significantly increased in PSM, DMSO, and PMA treated cells [PSM (log2 fold change of 1.64, 

p<0.05; DMSO (log2 fold change of 2.0, p<0.001); PMA (log2 fold change of 2.5, p<0.001)] when 

compared to untreated cells [Figure 3-7(C)]. When compared to untreated alone, CDKN1A 

significance is more pronounced following PMA and DMSO treatment (p<0.001) compared to 

PSM treatment (p<0.05). PMA and DMSO are potent inhibitors of cell cycle progression and this 

can also be seen in the cell cycle results with accumulation of 92.2% and 74.4% of PMA and 

DMSO treated cells in the G0/G1 phase respectively [Figure 3-4(A)]. After 48 h treatment, there 

is a significant repression of CDKN1A in PSM treated cells [PSM (log2 fold change of -4.28, 

p<0.001) when compared to both DMSO, PMA and untreated cells [Figure 3-7(C)]. CDKN1A is 

also downregulated following 48 h in both DMSO and PMA [DMSO (log2 fold change of -0.36; 

PMA (log2 fold change of 0.5)] treated cells, however, the results are not significant when 

compared to untreated cells. The down regulation of CDKN1A could be explained by the fact 
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that increased CDKN1A expression at 24 h is sufficient to cause cell cycle arrest and induce 

differentiation. After 48 h, p21, which can act as a tumour suppressor and an oncogene (Kreis et 

al., 2019), is not required and eventually returns back to baseline levels.  

 

At 24 and 48 h treatment, CDKN2C mRNA expression is significantly expressed in PSM, DMSO 

and PMA [(PSM 24 h, log2 fold change of 1.35, p<0.05; PSM 48 h, log2 fold change of 0.51, 

p<0.05); (DMSO 24 h, log2 fold change of 1.66, p<0.001; DMSO 48 h, log2 fold change of 1.98, 

p<0.001 ); (PMA 24 h, log2 fold change of 1.0, p<0.05; PMA 48 h, log2 fold change of 0.35, 

p<0.05)] treated HL-60 cells when compared to untreated cells [Figure 3-7(C)]. Interestingly, 

unlike p21, which is a universal cell cycle inhibitor (El-Deiry, 2016), p18 (the protein product of 

CDKN2C) is implicated specifically in granulocytic cell differentiation (Lolascon et al., 1998).   
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Figure 3-7: Differentially expressed genes in response to PSM extract treatment in HL-60 
cells. Cells were treated with PSM extract (62.5 μg/mL) for indicated times. mRNA expression 
of genes involved in cell differentiation (A), apoptosis (B) and cell cycle (C) regulation was 
determined by Real-time RT-PCR. HL-60 cells incubated with DMSO (1.6%) and PMA (10 nM) 
were also used as positive controls. Relative transcript levels were determined using the 2∆∆Ct 
method and normalized to HPRT1 and YWHAZ reference genes. Expression levels in untreated 
cells were treated as calibrators. Data are presented as median and inter-quartile range (error 
bars) (n = 2 independent experiments carried out in triplicate) and were analysed using 
nonparametric Kruskal-Wallis, followed by Dunn-Bonferroni’s post hoc analysis (* p < 0.05; ** 
p < 0.001). 
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Chapter 4 

 

 

4. Axolotl Extract Results 
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4.1 Effects of the axolotl Ambystoma mexicanum extract on metabolic 

activity and cell growth of HL-60 cells 

 

First, the effects of axolotl crude extract (AXO) (regenerative and non-regenerative) was 

tested on the metabolic activity of HL-60 and KG1a cells by the MTT assay. Both cell lines were 

treated for various times (24-72 h) with various doses of AXO extract (0.250 – 2.0 mg/mL). 10% 

DMSO was used as a positive cytotoxic control.  

 

As shown in Figure 4-1(A), both R- and NR- AXO extracts significantly reduced HL-60 

metabolic cell activity from 24 to 72 h but only at concentrations of 1.0 and 2.0 mg/mL, 

compared to untreated cells (p<0.001). In fact, after 72 h treatment, metabolic activity was 

reduced between 40-50% in both R- and NR- AXO extracts with no significant difference 

observed between both extracts. Thus, the non-regenerative extract was used for the rest of 

this study since it is easier to collect and does not require repeated invasive interventions. 

However, AXO extract slightly reduced KG-1a metabolic cell activity at 72 h at a concentration of 2.0 

mg/ mL. In fact, after 72 h treatment, metabolic activity was reduced less than 20% (results not 

shown). Since preliminary data showed that AXO extract is particularly effective on HL-60 cells, 

further investigations using only the HL-60 cell line were carried out. 

 

Next, the antiproliferative effects of AXO extract on HL-60 cells was examined by the trypan 

blue assay. In these experiments, as shown in Figure 4-1(B) and 4-1(C), even though the cell 

counts increased when compared to Day 0, however, there was a significant reduction in cell 

numbers after 24 h treatment with 2mg (p<0.05) AXO when compared to untreated cells on the 

same day. Following 48 h treatment, concentrations between 0.5-1mg (p<0.05) and 2mg 
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(p<0.001) showed a significant reduction in cell number when compared to untreated cells on 

the same day. At 72 h, even the lowest concentration (0.25mg) was significant (p<0.05) when 

compared to untreated cells. In fact, at 72 h a dose-dependent effect was observed with growth 

inhibition of ~ 15, 24, 32 and 50% for 0.25, 0.50, 1.00 and 2.00 mg/mL, respectively, compared 

to untreated cells on the same day. Importantly, growth inhibition caused by AXO extract 

treatment was not due to a decreased viability [Figure 4-1(D)] but rather a suppression in cell 

numbers.  

 

Based on the obtained data, to investigate the possible anticancer effects of the A. 

mexicanum extract, all the subsequent experiments were carried out by incubating HL-60 cells 

with the 2.0 mg/mL concentration for 72 h. 
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Figure 4-1: Effects of the axolotl (AXO) crude extract on metabolic activity (A), cell 
proliferation (B), relative cell growth (C), and cell viability (D) of HL-60 cells. Cells were 
treated with AXO or DMSO extract as indicated for 72 h. The metabolic activity was 
determined by MTT. In graphs A and C, treatment was expressed as a percentage of the 
control (untreated cells) on the same day. The number of viable cells was determined by 
trypan blue exclusion. Data are presented as median and inter-quartile range (error bars) (n = 
3 independent experiments carried out in triplicate) and were analysed using nonparametric 
Kruskal-Wallis, followed by Dunn-Bonferroni’s post hoc analysis (* p < 0.05; ** p < 0.001). 
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4.2 Cell cycle analysis of HL-60 cells after treatment with axolotl 

Ambystoma mexicanum extract 

 

To further explore the effect of AXO extract on growth of HL-60 cells, flow cytometry analysis 

of PI-stained nuclei was performed. In these experiments, HL-60 cells incubated with DMSO 

(1.6%) and PMA (10 nM) were used as positive controls for differentiation. As shown in Figure 

4-2(A) and 4-2(B), DNA content from flow cytometry analysis indicated that among the 

untreated cells, 58.2% were distributed in G0/G1 phase, 26.4% were accumulated in S phase, 

13.1% were in G2/M phase and only 2.3% were in sub‐G0/G1. When HL-60 cells were incubated 

with AXO extract (2.0 mg/mL) for 72 h, a significant increase (p<0.001) in the number of cells 

accumulated at the G0/G1 phase (75.1%), with concomitant loss of S- (16.8%) and G2/M- (7%) 

phases when compared to untreated cells. Also, treatment with 1.6% DMSO and PMA resulted 

in a block or cell cycle arrest at the G1 phase of the cell cycle of 85.5% and 93.4%, respectively. 

Taken together, the lack of a sub-G0/G1 phase and accumulation of cells at the G0/G1 phase 

following treatment with AXO further confirms that the extract does not exhibit a cytotoxic 

effect and inhibition of cell proliferation of HL-60 cells is induced via a G0/G1 phase arrest.  
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Figure 4-2: Effects of AXO extract (2.0 mg/mL) treatment on cell cycle distribution in HL-60 
cells after 72 h. (A) Histogram plots of flow cytometry analysis performed in HL-60 cells. (B) 
Graph summarizing the cell cycle distribution. DMSO (1.6%) and PMA (10 nM) were used as 
positive control for granulocytic and monocytic differentiation, respectively. Data are 
presented as median ± inter-quartile range (n = 2 independent experiments carried out in 
triplicate) and were analysed using nonparametric Kruskal-Wallis test. Differences between 
groups were subsequently determined by Dunn (* p < 0.05; ** p < 0.001). 
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4.3 Induction of differentiation in HL-60 cells after treatment with 

Ambystoma mexicanum extract  

 

Since proliferation inhibition is tightly correlated to a terminal differentiation program 

(Ruijtenberg & van den Heuvel, 2016), the effect of AXO extract on the differentiation of HL-60 

cells was also investigated. Analysis of morphological changes of HL-60 cells treated with AXO 

extract was investigated following Leishman staining. In these experiments, HL-60 cells were 

incubated with DMSO (1.6%) and PMA (10 nM), used as positive controls for granulocytic and 

monocytic differentiation, respectively. As evidenced by microscopy [Figure 4-3(A)], untreated 

cells showed typical immature leukaemia blast morphology with cells exhibiting a high N/C ratio 

and small rim of basophilic cytoplasm, while AXO extract (2.0 mg/mL) reduced the N/C ratio in 

HL-60 cells at 72 h.  

 

The NBT assay was performed to detect the expression of oxidative burst enzymes during 

cell differentiation [Figure 4-3(B)] with an increase in NBT positive cells (15%) after treatment 

by AXO extract (2.0 mg/mL) for 72 h. 

 

To further characterize the differentiation mediated by AXO extract, flow cytometry analysis 

for myelomonocytic markers CD11b and CD14 was performed. In these experiments, HL-60 

cells incubated with DMSO (1.6%) and PMA (10 nM) were used as positive controls for 

granulocytic and monocytic differentiation, respectively. A significant increase (55.41%) in the 

presence of CD11b-positive cells was observed in HL-60 cells treated with AXO extract (2.0 

mg/mL) for 72 h; whereas the proportion of CD14-positive cells did not change [Figure 4-4(A 
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and B)]. Overall, these findings suggest that AXO extract is capable of inducing granulocytic 

differentiation in HL-60 cells in vitro. 

 

 

Figure 4-3: AXO extract changes the morphology of HL-60 cells. (A) Leishman staining. The 
scale bar is 100 μm. The images were a representative of three independent experiments. 
DMSO (1.6%) and PMA (10 nM) were used as positive controls for granulocytic and monocytic 
differentiation, respectively. (B) Nitroblue tetrazolium (NBT) reduction assay. Cells were 
treated with AXO extract (2.0 mg/mL) for 72 h. HL-60 cells incubated with DMSO (1.6%) were 
used as positive controls for granulocytic differentiation. Graph summarises the percentages 
of NBT positive cells. Data are presented as median and inter-quartile range (error bars) (n = 3 
independent experiments carried out in triplicate) and were analysed using nonparametric 
Kruskal-Wallis, followed by Dunn-Bonferroni’s post hoc analysis (* p < 0.05; ** p < 0.001). 
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Figure 4-4: AXO extract-induced cell differentiation in HL-60 cells. (A) Cytometric analyses 
showing cell surface expression of CD11b (left panels) and CD14 (right panels) in HL-60 cells 
treated with DMSO (1.6%), PMA (10 nM) and AXO extract (2.0 mg/mL) for 72 h. (B) Graph 
summarizing both CD11b and CD14 reactivity. Data are presented as median and inter-
quartile range (error bars) (n = 3 independent experiments carried out in triplicate) and were 
analysed using nonparametric Kruskal-Wallis, followed by Dunn-Bonferroni’s post hoc 
analysis (* p < 0.05; ns, not significant). 
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4.4 Effects of Ambystoma mexicanum extract treatment on gene 

expression in HL-60 cells 

 

To investigate the molecular mechanisms by which AXO extract may alter the cell cycle 

progression and the differentiation state of HL-60 cells, the expression of genes involved in the 

regulation of differentiation (CEBPA, CEBPB, CEBPE, SPI1 and c-MYC) and cell cycle (CDKN1A and 

CDKN2C), was quantified by RT‐PCR real‐time analysis. In these experiments, HL-60 cells 

incubated with DMSO (1.6%) were used as a positive control for granulocytic differentiation. 

 

As shown in [Figure 4-5(A and B)], the treatment with AXO extract (2.0 mg/mL), compared to 

untreated counterpart, significantly increased the expressions of CEBPA (log2 fold change of 

0.15, p<0.05), CEBPB (log2 fold change of 1.15, p<0.05), CEBPE (log2 fold change of 0.35, 

p<0.05), SPI1 (log2 fold change of 0.85, p<0.05), CDKN1A (log2 fold change of 1.44, p<0.001) 

and CDKN2C (log2 fold change of 0.85, p<0.05); whereas strongly reduced the expression of c-

MYC (log2 fold change of -0.75, p<0.05) after 48 h treatment. The results also show that, after 

72 h, the treatment with AXO extract further increased the expressions of CEBPE (log2 fold 

change of 1.35, p<0.001) and CDKN2C (log2 fold change of 2.0, p<0.001); whereas the other 

genes showed an expression trend similar to that obtained in cells treated with AXO extract for 

48 h. 
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Figure 4-5: Differentially expressed genes in response to AXO extract treatment in HL-60 
cells. Cells were treated with AXO extract (2.0 mg/mL) for indicated times. mRNA expression 
of genes involved in cell differentiation (a) and cell cycle (b) regulation was determined by 
Real-time RT-PCR. HL-60 cells incubated with DMSO (1.6%) were also used as positive controls 

for granulocytic differentiation. Relative transcript levels were determined using the 2−Ct 
method and normalized to HPRT1 and YWHAZ housekeeping genes. Expressions in untreated 
cells were treated as calibrators. Data are presented as median and inter-quartile range (error 
bars) (n = 2 independent experiments carried out in triplicate) and were analysed using 
nonparametric Kruskal-Wallis, followed by Dunn-Bonferroni’s post hoc analysis (* p < 0.05; ** 
p < 0.001). 
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Chapter 5 

 

 

5. Discussion  
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This is the first study that tested extracts from two regenerative organisms, a fresh water 

planarian species Malta (PSM) and the axolotl Ambystoma mexicanum (AXO) on their anti-

tumour activity in terms of modulating proliferative activity, cell viability, cell cycle arrest, and 

differentiation.  Both PSM and AXO showed interesting results with the PSM extract exhibiting a 

selective cytotoxic effect on HL-60 cells when compared to normal lymphocytes. PSM 

cytotoxicity was confirmed by morphology, cell cycle analysis and Annexin V/PI assay which 

revealed that the PSM extract induced apoptosis in HL-60 cells. AXO crude extract exhibited 

antiproliferative but not cytotoxic activities on HL-60 cells, with cell cycle arrest in the G0/G1 

phase. Both PSM and AXO extract clearly showed a degree of morphological maturation with a 

reduction of the nucleo/cytoplasmic ratio of the HL-60 cells, and an increase in nitroblue 

tetrazolium-positive cells. Furthermore, PSM treated cells showed an increase in the expression 

of the differentiation markers CD11b- and CD14-positive cells, whilst AXO-treated HL-60 cells 

showed an increase in the expression of CD11b, suggesting that the extracts were able to 

stimulate myeloid differentiation. Finally, PSM and AXO extracts caused upregulation of 

transcription factor genes directly implicated in cell lineage commitment and maturation 

(CEBPA, CEBPB, CEBPE, SPI1), in cell cycle regulatory genes (CDKN1A and CDKN2C) and 

downregulation of the oncogene c-MYC. The data clearly show the potential anticancer activity 

of PSM and AXO on HL-60 cells and suggest that it could help develop promising therapeutic 

agents for the treatment of AML. 

 

The PSM and AXO extract were also tested on the KG-1a cell line (results not shown). The 

preliminary data showed no significant reduction of metabolic activity after treatment with 

both the regenerative and non-regenerative extracts. This could be explained by the fact that 
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KG-1a cells, unlike the HL-60 cell line, exhibit a primitive population of CD34+ CD38- and the cell 

line is resistant to differentiation (Greenfield et al., 2012) and thus only the HL-60 cell line was 

used for further studies.  

 

In this discussion, the effects of both PSM and AXO extracts on HL-60 cells will be outlined. 

Firstly, the morphological changes seen in HL-60 cells after treatment with both extracts will be 

discussed, including how the morphological changes after 48- and 72-hour treatment compare 

with known differentiating agents and other extracts. Also, the way how such changes coincide 

with the expression of myeloid surface antigens will be showcased. Then, the cell cycle results 

will be highlighted, and compared with examples from other studies and whether cells can still 

commit to differentiation even though they are not arrested at the G0/G1 phase of the cycle. 

Next, the importance of regulating the oncogenic TF c-MYC mRNA, which is implicated in 

neoplastic transformation, will be elaborated on. The following section of the discussion will 

deal with genes responsible for regulating the cell cycle. In this section, the focus will be on two 

particular genes, CDKN1A and CDKN2C, and together with results from other studies using 

known differentiating agents and natural products, the importance of the results will be 

emphasised, especially in terms of the anti-proliferative effect the extracts exhibit on HL-60 

cells. Confirmation of lineage commitment with up-regulation or reactivation of lineage-specific 

genes (CEBPA, CEBPB, CEBPE, and SPI1) following treatment with PSM and AXO will be the 

subject of the next section. Finally, the probable molecules of interest will be discussed 

together with the possible pathways implicated in the differentiation of HL-60 cells. 

 

In recent decades, AML treatment remained more or less the same, with chemotherapy as 

the main therapeutic approach. The constant and urgent need to develop alternative drugs for 
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cancer therapy is not solely due to resistance of cancer cells to therapeutic drugs, but also due 

to the undesirable and toxic side effects the patients experience including nephrotoxicity, 

neuropathy, cardiotoxicity, hepatotoxicity, and ototoxicity. Novel targeted therapies might offer 

the promise of efficacy with reduced toxicity. Therefore, it is urgent to develop novel 

therapeutic approaches to overcome these problems. 

 

One of the important hallmarks of cancer cells is poor differentiation, and therapeutic agents 

that cause cells to differentiate hold great promise for cancer treatment (Yan & Liu, 2016. This 

approach targets the reactivation of the differentiation programs within cancer cells, and in 

doing so, cells are able to resume the maturation process and eliminate tumour phenotypes 

(Yan & Liu, 2016). Generally, differentiation agents are considered less toxic than conventional 

cancer treatments (de Thé, 2018; Yan & Liu, 2016). Ultimately, any bioactive molecule/s that 

can offer a combinatorial effect by inducing differentiation and apoptosis with reduced toxicity 

to the patient’s normal cells would be at the forefront in the fight against cancer. 

 

Increasing evidence from cancer studies indicate bioactive compounds derived from natural 

sources may act as potentially promising therapeutic agents in the treatment of human cancers 

(Mushtaq et al., 2018; Khalifa et al., 2019; Newman & Cragg, 2020). A PubMed search of 

‘natural compounds’ reveals that in the last decade alone, more than ninety thousand 

publications have reported on the therapeutic properties of natural compounds. The effects of 

natural compounds were studied in both communicable and non-communicable diseases 

including their cytoprotective effects (Mehta et al., 2018), drug development against cancer 

(Sauter, 2020), diabetes (Patle et al., 2020), antimicrobial properties (Franco & Vazquez, 2020), 

and recently as potential agents against the Covid 19 coronavirus (Khan et al., 2020), amongst 
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many other ailments (Woodbury et al., 2018). In the last 50 years, there were over two hundred 

and forty approved anti-cancer drugs out of which almost 40% are derived from natural sources 

(Newman & Cragg, 2020).  

 

It is well known that for any anticancer agent to be effective and acceptable, it has to meet 

various criteria, including its effects on normal cells being relatively harmless (Demir et al., 

2018). So, the effects of PSM and AXO crude extracts on HL-60 cells and that of PSM on normal 

human proliferating lymphocyte cells was examined. Initially, both regenerative and non-

regenerative extracts were used for treatment of HL-60 cells. Since in the case of both animals 

the two types of extracts did not show any significant differences in experimental results, 

subsequent experiments were all carried out using the non-regenerative extracts due to ease of 

collection and reduction in experimental manipulations. The PSM extract exhibited a selective 

anti-proliferative effect of 2.7-fold against HL-60 cells compared to activated lymphocytes. This 

suggests that PSM extract could include promising candidates for cancer therapy. Since the AXO 

extract was determined to be non-toxic, toxicity studies on normal human proliferating 

lymphocytes were not carried out.  

 

HL-60 cells have a high N/C ratio, a regular basophilic cytoplasmic rim, and lightly stained 

nucleus due to lack of chromatin condensation.  After treatment with both PSM and AXO, the 

HL-60 cells showed a decreased N/C ratio with a clear cytoplasm and irregular cytoplasmic 

membrane when compared to untreated cells. Morphologically, HL-60 cells treated with PSM 

and AXO resembled the appearance of "paramyeloid’ cells with a granulocyte-like nucleus, but 

monocyte-like cytoplasm similar to those described by Zinzar et al., 1989. Cells called 

"paramyeloid" were also described in patients with chronic myelomoncytic leukaemia (Zinzar et 
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al., 1989). Morphologically, these cells had cytoplasmic and nuclear features that resembled an 

intermediate between monocytes and granulocytes. The cells lacked nuclear indentations and 

resembled the ‘partially differentiated’ HL-60 cells seen following treatment with Arsenic 

trioxide (Cai et al., 2000). The reduction of N/C ratio in PSM and AXO treatment and 

condensation of chromatin after PSM treatment are similar to the morphological changes 

described in other studies following treatment with organic plant extracts such as coumarin 

(Huang et al., 2019), arsantin, a sesquiterpene lactone compound present in Artemisia santolina 

(Kweon et al., 2015), and clinically used differentiation inducing agents such as ATRA (Tasseff et 

al., 2017). The morphological changes seen after treatment with PSM at 48 h and AXO at 72 h 

are similar to those reported by another study on HL-60 cell differentiation which described an 

early, intermediate (24-72 h) and late (96-120 h) temporal morphological changes in HL-60 

(Ramirez et al., 2017).  

 

Overall, PSM treated cells exhibited a monocyte-like cytoplasm and increased expression of 

CD11b and CD14, typical of monocytic differentiation, however, the cells did not show an 

increased adherence to plastic typical of monocytic/macrophage differentiation as seen with 

PMA treatment. Different compounds can induce morphological and behavioural changes to 

different extent over time (Zinzar et al., 1989) and it is possible that the time point chosen in 

this study was not sufficiently delayed to detect surface adherence. One study showed that 

PMA treatment of HL-60 cells caused cell adherence typical of macrophages, while the agent 

VITD3 resulted in monocytic morphology without adherence (Miyaura et al., 1985), similar to 

PSM treated cells. Interestingly, a myeloid differentiation study using inducible PU.1 in PU.1 null 

myeloid cell progenitors in mice, report that low level PU.1 expression activates a mixed 

macrophage/neutrophil gene expression, which could explain the mixed- morphological 



138 
 

appearance already described (Laslo et al., 2006). This may be similar to what is happening 

here. AXO treated cells, although appearing similar in morphology to PSM treated cells, showed 

the expression of CD11b and lack of CD14 which is a granulocytic signature.  

 

PSM- and AXO-treated cells resembled early committed precursors, and as such, this implies 

that even though the HL-60 leukaemia cells have committed to differentiation, they may 

continue to divide before acquiring a fully differentiated state.  In AXO treatment, this is 

reflected by a reduced rate of cell proliferation when compared to the untreated control with 

an increase in the G0/G1 peak with reduction in S- and G2/M-phases but without complete 

inhibition of proliferation. The accumulation of AXO treated cells at G0/G1 junction is similar to 

DMSO treated cells in this study and to ATRA and DMSO treated cells in other studies. (Huang 

et al., 2019; Chen et al., 2013). HL-60 cells showed similar cell cycle arrest at the G0/G1 phase 

following treatment with both animal and plant (Lee et al., 2007) natural compounds.  

 

In PSM treatment, there is no clear cell accumulation at the G0/G1 phase. Brown et al., 2002 

similarly reported that HL-60 cells treated with ATRA committed to differentiation before cell 

cycle arrest, with differentiating cells not restricted to any particular stage of the cell cycle. 

Furthermore, HL-60 cells induced to terminal differentiation in response to ATRA traverse two 

to three cycles and are CD11b positive before halting division (Tasseff et al., 2017; Drayson et 

al., 2001). These cells showed elements of innate immune responses, concomitant with the 

acquisition of differentiated function despite ongoing expansion of cell numbers (Brown et al., 

2002).  Such gain in immune function can also be beneficial in the management of patients with 

leukaemia and particularly neutropenic patients with the disease.  
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Numerous anticancer activity studies investigating novel agents focus not solely on the 

ability to halt the cell cycle, but also to induce apoptosis (Jain et al., 2017; Demir et al., 2018). 

The PSM extract induced accumulation of the cells at the sub-G0/G1 phase, which is indicative 

of DNA fragmentation and cell death with concomitant loss of cells in the S-phase. The 

apoptotic effect of PSM was also evident morphologically with condensed nuclei stained with 

Hoechst 33342 and Annexin V/PI using flow cytometry. Exposure to the AXO extract, on the 

other hand, showed no sub-G0/G1 population suggesting a non-apoptotic mechanism of 

reduced cell numbers in HL-60 cells.  

 

Even though PSM-treated cells appear to show a degree of morphological maturation, the 

lack of the G0/G1 peak commonly associated with cell cycle arrest and differentiation questions 

the differentiation potential of the extract. Is a successful differentiation induction solely 

detected by morphological terminal differentiation? Can the acquisition of myeloid surface 

antigens and molecular characteristics distinguishing treated cells from their untreated early 

progenitors be sufficient? Terminally differentiated cells are usually linked  with an arrest in 

proliferative capacity and a permanent exit from the division cycle (Ruijtenberg & van den 

Heuvel, 2016) with drugs targeting cell cycle inhibition driving a rapid termination process and 

demonstrating that the cell cycle is a principle rate-limiting step of differentiation throughout 

early and late stages (Li & Kirschner, 2014). Overall, it appears that there is an inverse 

relationship between proliferation and differentiation. Within this context, cells lose their 

capacity to divide, with a resultant temporal increase at the G0/G1 phase before or during the 

acquisition of mature characteristics. However, HL-60 cells can in fact differentiate to 

neutrophils or monocytes when cell cycle progression is suppressed in early/mid-G1 by 
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quinidine, at the G1/S boundary by thymidine (Studzinski et al., 1985), or in S phase by 

aphidicolin.    

 

Furthermore, HL-60 Cells exposed to VITD3 underwent monocytic differentiation with a 

series of rapid maturation divisions and shortening of the G1 phase of the cycle (Brown et al., 

1999). On the other hand, Vit D3-treated U937 cells (human monoblastic leukaemia) also 

displayed a brief burst of increased proliferation rate together with functional activation of 

numerous genes and proteins linked to proliferation prior to cell cycle arrest and differentiation 

(Rots et al., 1999). Another group investigating the signalling and effector mechanisms during 

differentiation of U937 cells suggested that separate pathways regulate differentiation and 

p21CIP1 expression/cell cycle arrest in ceramide-stimulated cells (Ragg et al., 1998). Also, 

differentiation of HL-60 using natural grape extracts was one in which the G1 to S transition was 

unhindered (Della Ragione et al., 1998). Overall, it appears neither position in, nor transit 

through, the cell cycle greatly influences a cell’s ability to initiate the gene expression programs 

that underlie differentiation.  

 

The differentiation at different cell cycle phases is not restricted to leukaemia cell lines. 

Other differentiation processes, including adipocyte development (Ullah et al., 2015) and B-

lymphocyte maturation, also involve concurrent proliferation and differentiation. Tang et al., 

1999 inhibited proliferation of oligodendrocyte precursors in vitro by overexpression of the cdk-

inhibitor p27 protein, resulting in cell cycle arrest without expression of differentiation proteins. 

This suggests that cell-cycle arrest alone is not sufficient for differentiation, and that other 

signalling pathways are also needed. Chen et al., 1999 demonstrated that differentiated 

myocytes incorporated bromodeoxyuridine (BrdU) into nuclei, further demonstrating that entry 
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into the S phase of the cell cycle can still occur in these cells.  Also, studies reveal that induction 

of differentiation can occur when cells are arrested at G2/M phase with cancer cells lines 

including the human colorectal adenocarcinoma cell line Caco2 maturing following G2/M cell 

cycle arrest (Zarrilli et al., 1999). Taken together, it appears differentiating agents regulating 

proliferation and maturation, seem at least in part, to be independently controlled until a cell is 

terminally differentiated after which it exits the cell cycle. Hence, differentiation can be 

stimulated in HL-60 cells with the cell’s ability to execute the gene expression programs that 

initiate differentiation regardless of whether the cells continue to proliferate normally or are 

arrested at various points in the cell cycle. So, the path leading to differentiation does not 

necessarily result in an abrupt halt to the cell cycle. This suggests that active maintenance of 

cell-cycle arrest is an important feature of the differentiated state. 

 

The reduced proportion of PSM treated cells in the S phase and increased Sub-G0/G1 can be 

indicative of cells that are no longer traversing the S- to G2/M phase transition and hence have 

undergone cell cycle arrest as reported in another study (Ragg et al., 1998) prior to induction of 

apoptosis. This could be attributed to a mechanism similar to chemotherapeutic drugs whereby 

following treatment, DNA breakages accumulate primarily at the S- phase of the cell cycle, 

unable to proceed to the G2/M phase, with resultant apoptotic cell death (Martino et al., 2019). 

However, this is purely speculative as assessment of double stranded breaks in chromatin with 

the appearance of DNA breakage markers (ϒH2AX in chromatin) typically seen after treatment 

of cancer cells with chemotherapeutic drugs was not performed in this work.  

 

The idea that therapeutic regulation of TF activity might be important in overcoming the 

differentiation block in myeloid leukaemia has already been proven by several experiments 
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using human leukaemia cell lines and mouse models (Rosenbauer & Tenen, 2007). The 

overexpression of the TF c-MYC mRNA and its protein product has been associated with 

neoplastic transformation in a variety of cancers (Felsher, 2010). Perturbation of c-MYC levels 

appears necessary for modulating the growth of malignant cells, particularly those of 

hematopoietic origin (Sirinian et al., 2003). In HL-60 cells, c-MYC is amplified and numerous 

studies underlined the importance of c-MYC inhibition in suppression of proliferation, which 

coincides with increased mRNA expression of TFs associated with differentiation (Ren et al., 

2017). Regulation of c-MYC has been reported in leukaemia cells during differentiation by ATRA 

(Dimberg et al., 2002). The effect of different natural compounds including flavonoids on c-MYC 

expression and regulation in HL-60 cells has also been extensively studied (Yu et al., 2016; 

Huang et al., 2010).  

 

AXO treatment of HL-60 cells resulted in a significant reduction of c-MYC mRNA expression 

and similar to DMSO treatment, it appears that AXO exhibits potent anti-proliferative 

characteristics. This c-MYC message reduction is also in agreement with other results where HL-

60 cells were treated using granulocytic (ATRA) and monocytic (VITD) differentiating agents 

(Salvatori et al., 2011; Xu et al., 2009; Jiang et al., 2008; Eckhardt et al., 1994).   Discussing c-

MYC over-expression Pan et al., 2014, reported that inhibition of c-MYC rescued the sensitivity 

to cytotoxic drugs in drug resistant leukaemia cells, and restrained the colony formation ability 

and promoted differentiation of primary leukaemia patient cells. The transient increase in 

expression of SPI1 (PU.1) and reduction in c-MYC expression at 24 hours in PSM treated cells, 

could indicate that PSM-induced HL-60 differentiation is unstable, with possible retro 

differentiation and/or the accumulation of PSM resistant HL-60 cells occurring. A loss of labile 

PSM components may be responsible for this incomplete effect and a constant/repeat PSM 
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stimulation may therefore be required to maintain growth arrest and differentiation. Similar 

unstable results were described following treatment of U937 cells with PMA (Otte et al., 2011). 

Recovery of c-MYC expression has been reported in other studies whereby c-MYC expression 

was sharply reduced within a few hours during differentiation with nicotinamide and DMSO-

treated HL-60 cells but increased again, and was thereafter maintained albeit at low levels (Ida 

et al., 2008; Siebenlist et al., 1988). These studies suggested that two distinct mechanisms of 

transcriptional control operate on c-MYC during agent-induced differentiation of HL-60 cells 

with an early reversible downregulation and a late non-reversible downregulation (Siebenlist et 

al., 1988).  

 

In haematological malignancies, alterations of cyclin dependent kinase inhibitors (CDKIs) 

gene expression has been extensively investigated (Abou Zahr & Borthakur, 2017; Ghelli 

Luserna di Rora’ et al., 2017). G1 phase CKIs might play a significant role not only as tumour 

suppressor genes but also in differentiation cell fate. To evaluate the biological roles of CDK 

inhibitors during the differentiation of HL-60 cells, mRNA expression levels of CDKN1A and 

CDKN2C following treatment of HL-60 cells with PSM and AXO were evaluated. Both PCM and 

AXO showed an increase in CDKN1A after 24 h and 72 h respectively. In another study, 

following treatment of HL-60 cells with the differentiating agents PMA and RA, there was an 

increase in the expression of the CDKN1A protein product, p21WAF1.  

The sustained increase of CDKN1A after treatment with AXO implies that this may be a 

means for relative cell cycle arrest and activation of differentiation in HL-60 cells (which lack 

functional p53). Interestingly, p53-null cancer cells usually respond less efficiently to direct 

cytotoxic chemotherapy (Heintz et al., 2017). Similarly, upregulation of CDKN1A protein 

product, p21WAF1, was reported to occur during cell cycle arrest and terminal differentiation 
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of HL-60 cells by ATRA (Horie et al., 2004). Treatment of HL-60 cells with phenolic compounds 

also caused inhibition of cell cycle progression and upregulation of p21WAF1 with induction of 

differentiation (Fabiani et al., 2008). One example is seen following treatment of HL-60 cells 

with acteoside (plant extract) which resulted in an increase in the protein and mRNA levels of 

CDKIs including p21 with the binding of p21 to CDK4 and CDK6, resulting in the reduction of 

CDK2, CDK4 and CDK6 activities which are important for cell cycle progression. A similar 

mechanism could explain the cell cycle arrest seen following treatment of HL-60 cells with AXO 

where the increase in CDKN1A represses the expression of CDKs implicated in cell cycle 

progression.   

 

DMSO treatment in this study showed an early upregulation of CDKN1A followed by 

sustained down-regulation over 48- and 72 h treatment. PMA treatment showed an early 

upregulation followed by a return to baseline levels after 48 h treatment. These results are 

similar to others reported where in ATRA-resistant HL-60 cells treated with VITD3, the levels of 

p21WAF1/CIP1 transcripts increased about twofold after 6 hours, and then decreased toward 

baseline levels over the remaining 42 hours (Muto et al., 1999). In another study transient 

expression of p21 without the addition of a differentiating agent, also resulted in the 

appearance of morphologically mature cells that expressed both CD11b and CD14 (Liu et al., 

1996).  

 

Miranda et al., 2002 demonstrated the involvement of the mitogen activated protein kinase 

(MAPK) pathway in myeloid differentiation with induction of monocytic differentiation in HL-60 

cells by treatment with PMA leading to rapid and sustained activation of MEK (MAP-1/-2), 

extracellular signal-regulated kinases (ERK-1 and ERK-2), while induction of granulocytic 
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differentiation by RA caused similar activation of MEK-1/-2 and ERK-2, but not ERK-1. MAPK 

cascades are key signalling pathways that regulate a wide variety of cellular processes, including 

proliferation, differentiation, apoptosis and stress responses and the differentiation potential 

following treatment of HL-60 cells with AXO and PCM could involve the MAP kinase pathway.  

 

AXO treatment also showed a sustained increase in CDKN2C. Schwaller et al., 1997 

demonstrated that granulocytic differentiation following treatment of cells with DMSO was 

accompanied by increase of CDKN2C protein product p18INK4C. However, during PMA-induced 

monocytic differentiation of leukaemic HL-60 cells, variable expression of particular G1-CKIs 

was reported whereby p15INK4B was upregulated, and p18INK4C and p19INK4D expression 

were downregulated. These results are suggestive of a contrasting and complex role of G1-

specific cell cycle inhibitors during myeloid differentiation and could partially explain the 

discordance in PSM treated cells with upregulation of myeloid TFs and the transient up-

regulation of CDKN1A.  

 

Regulating the activity of TFs can promote both differentiation and cell cycle arrest. This 

modulation of transcription factors has been used in the experimental treatment of leukaemia 

(Rosenbauer & Tenen, 2007). Gene expression of myeloid TFs in this study complemented the 

morphological and surface marker picture, with AXO-treated HL-60 cells exhibiting a 

granulocytic-like gene signature. Similar to Marchwicka and Marcinkowska, 2018, a strong and 

sustained expression of CEBPB, accompanied by the sustained expression of CEBPE, lead to 

granulocytic differentiation. The increase in C/EBPβ expression was also reported following 

ATRA- and DMSO- induced differentiation of HL-60 cells (Zhao et al., 2018; Gianni et al., 2017). 

AXO-treated HL-60 cells resulted in over expression of SPI1 (PU.1) and c-MYC repression. The 
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down regulation of c-MYC as reported by several studies (Ida et al., 2014; Shima et al., 1989) 

causes arrest of leukaemia cell proliferation and ultimately sustains myeloid differentiation of 

AML cells.  

 

It appears that there is a weak and transient up-regulation of CEBPA in both PSM- and AXO-

treated cells. This is similar to studies that described transient upregulation of CEBPA in the 

early phase of VITD3 induced differentiation, with a marked and persistent upregulation of 

C/EBPβ until the late phase of differentiation in HL-60 cells (Marchwicka & Marcinkowska, 

2018; Marcinkowska et al., 2006). In another study, expression of CD14 and  CEBPE, as seen 

following treatment of HL-60 cells with PSM, were described as markers of monocytic 

differentiation (Ramirez et al., 2017). Interestingly, Li et al., 2019 demonstrated that CEBPE 

expression is an independent predictor not only for overall survival but also reduced relapse 

rate of AML patients and a reduction in CEBPE expression is associated with high relapse rate.  

This may be due to its being related to terminal granulocytic differentiation.  

 

These results are consistent with others showing that upregulation or reactivation of TFs can 

lead to cell cycle arrest and differentiation of leukaemic cells, and could be a novel strategy to 

treat AML (Takei & Kobayashi,2019). It has also been reported that differentiating agents such 

as VITD3 activate intracellular signalling pathways including protein kinase C (PKC) pathway 

(Simpson et al., 1998), calcium-dependent pathways (Sergeev, 2005), the phosphoinositide 3-

kinase (PI3K)/protein kinase B (Akt) (PI3/AKT) kinase pathway (Zhang et al., 2006), and the MAP 

kinase pathways (Miranda et al., 2002). In myeloid leukaemia cells, activation of one or more of 

these signal transduction pathways eventually leads to regulation of differentiation of 

transcription factors, and it is likely that the repression of c-MYC and increase in the expression 
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of several myeloid transcription factors following treatment of HL-60 cells with AXO and PSM is 

also regulated by at least some of these pathways.  

  

Deregulated apoptosis is another hallmark of cancer. The anti-apoptotic group of BCL-2 

family proteins are frequently overexpressed in many cancers, with cancer cells resisting 

apoptosis and ultimately treatment failure. BCL2 expression is significantly up-regulated in 

newly diagnosed AML and more so in relapsed AML patients (Zhou et al., 2019). Targeting 

apoptotic pathways is another strategy to treat AML (Sillar & Enjeti, 2019). Clinical results over 

the last few years already offer strong evidence that inhibition of BCL2 is likely to offer valuable 

new agents for the treatment of AML (Konopleva & Letai, 2018). Therefore, developing various 

kinds of effective drugs that promote apoptosis in cancer cells might be a promising approach 

to aid in the treatment of cancer. 

 

PSM treatment has already shown that the extract causes partial HL-60 cell differentiation 

and apoptotic effects. The apoptotic effects were further confirmed by a sustained down-

regulation of BCL2 and a sustained over expression of BAX expression following PSM treatment 

of HL-60 cells. A combinatorial chemotherapeutic drug treatment (doxorubicin and amifostine) 

of HL-60 cells similarly showed a decrease in BCL2 and an increase in BAX expression when 

compared with the cells treated only with doxorubicin (Rozalski et al., 2005). 

 

In summary, based on these results [Figure 5-1 (A and B)], it is likely that PSM and AXO 

extracts contain different biologically active molecules, with synergistic and/or additive 

antineoplastic effects. The AXO extract might contain biologically active molecules similar to 
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those derived from other amphibians including biogenic amines, bufodienolides (bufogenines 

and bufotoxins), alkaloids, peptides, and proteins that are potentially useful as anticancer 

agents. Interestingly, similar to AXO extract, the steroid bufalin (isolated from amphibian skin) 

seems to reduce the expression of c-MYC in HL60 cells. Whereas reduction of c-MYC following 

AXO treatment results in cell differentiation, bufalin induces apoptosis in HL60 cells. 

Furthermore, the PSM extract could have molecules that induce apoptosis of leukaemia cells. In 

fact, mass spectrometry based quantitative methods identified differential enrichment of 35 

amines, 7 thiol metabolites and 4 nucleotides from both intact and regenerating planarians 

(Natarajan et al., 2015).  Further characterization of the extracts in this study should help 

identify the active molecules, which may possibly be suitable drug candidates to develop novel 

therapeutics.  
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Figure 5-1: Schematic representation of the effects of PSM (A) and AXO (B) extract on HL-
60 cells. Possible mechanisms include inducing apoptosis and cell differentiation, and 
reducing cell proliferation. Green arrows represent increased expression; red arrows indicate 
decreased expression; black double-headed arrows indicate unchanged expression. 
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6. Limitations 

  



151 
 

Initially, cancer cell lines were tested with planaria conditioned media (PCM). Planarians 

were dissociated using a hand-held homogenizer and cells were incubated at 25 °C. The culture 

media used to grow the planaria cells is an isosmotic medium developed by Schurmann & 

Peter, 2001. PCM was collected after 7 days and filter sterilised before treating the cell lines. 

However, the rate of contamination was very high. This is very common when culturing primary 

cells and could be due to the presence of Bacteroidetes and Proteobacteria in healthy 

planarians (Arnold et al., 2016). Also, the influence of different culture media effected the 

behaviour of neoblasts (Schurmann & Peter, 2001), and this could pose a problem in terms of 

the effect of PCM on cancer cell lines since depending on the media, cell extract may behave 

differently. Moreover, cell cultures do not reflect the regenerative microenvironment. Thus, 

further experiments were carried out using crude extracts from both regenerative and non-

regenerative planarians. This not only eliminated infections due to symbiotic bacteria, but 

unlike cultures of planaria cells in media, the protocol of collecting the regenerative tissue 

ensures the regenerative process is conserved and any active molecules or secondary 

metabolites secreted during regeneration are present in the crude extract preparation.   

 

6.1 The effect of age and repeated amputations on axolotls 

 

Following limb amputations performed in this study, and due to the fact that blastema size 

does not exceed 1-2 mm, repeated amputations were required to obtain a sufficient amount of 

extract to carry out the study. It has been reported that repeat amputations together with the 

increasing age of the axolotls render the process of regeneration less efficient (Bryant et al., 

2017). Repeated amputations of limbs may result in a wound healing response, which interferes 

with the regenerative program in axolotls. In this study, the time-line chosen for collection of 
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regenerative extracts coincided with the re-differentiation process sited in literature (Gerber et 

al., 2018; McGann et al., 2001). Overall, even though young axolotls (4-6 months) were used in 

this study, the collection time point coinciding with re-differentiation of blastema cells 

depended on literature and could not be verified. Moreover, when further amputations were 

carried out in this study, full restoration of the limb exceeded the time line reported in 

literature (Vieira et al., 2020).  
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7. Future Directions  
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In the future, a systematic approach will be adopted. One of the first steps will be the 

morphological and molecular characterization of the planaria species in Malta. This will help not 

only in species identification but also to check whether different species exhibit different 

effects on cancer cell lines. The second step will involve the identification of the bioactive 

molecules in both extracts and analyse the behaviour of the molecules and whether they have a 

synergistic, antagonistic, and or additive effects on human leukaemia cell lines including CSCs 

derived from the same cell lines in vitro. Equally important is to study the effects on normal 

cells as well.  

 

Following target drug candidate identification, the molecular mechanisms relative to 

apoptosis, differentiation, and cell cycle regulation will be studied/confirmed. Any epigenetic 

mechanisms of inducing their effects including DNA methylation and histone modification will 

be analysed.  mRNA, miRNA and proteomic profiles may also be studied if deemed relevant. 

Eventually, the bioactive molecules will be tested on primary cells from cancer patients. 

Ultimately, in vivo studies will be performed to validate the results obtained in vitro. 

 

 The above future targets can expand the knowledge on biological and molecular 

mechanisms by which the extracts regulate the processes of proliferation, apoptosis and 

differentiation and may lead to the development of new therapeutic strategies that help 

overcome not only the block in differentiation but also drug resistance often attributed to CSCs.    
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