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ABSTRACT   

Mixed Lineage Leukaemia (MLL) is an aggressive form of blood cancer which predominantly 

affects children as results of rearrangements of the MLL (KMT2A) gene at 11q23.  

MLL accounts for more than 70% of infant Acute Lymphoblastic Leukaemia (ALL) and between 

35-50% of infant Acute Myeloid Leukaemia (AML) and, presents a very poor survival. Indeed, only 

40% of the MLL patients approaches 5-years survival rate. 

Although new treatments have been devised to target the activity of KMT2A fusion proteins, none 

of these have been translated into new therapies for patients and MLL is a leukaemia of unmet 

clinical need.  

 

Several recent papers have identified protein kinases as hyperactivated in MLL leukaemia and 

potential target for treatment. Our group is investigating the contribution of Protein Phosphatase 

2A (PP2A), one of the upstream regulators of protein kinases, in MLL. Our results showed that 

the downstream targets of this phosphatase were constitutively deregulated and hyperactivated 

in MLL, suggesting a potential inactivation of PP2A in this disease.   

 

SET and CIP2A are the best well-known endogenous inhibitors of PP2A. SET directly interacts 

with the catalytic subunit of PP2A and impairs its activity towards the phosphorylation of AKT, ERK 

and GSK3-ß, whereas CIP2A modulates the activity of the phosphatase by direct interaction with 

the structural and regulatory subunit PP2A/B56 and by preventing the dephosphorylation of a 

PP2A downstream target and potent oncoprotein known as c-Myc. 

Published studies showed that therapeutic targeting of SET and CIP2A, rescued PP2A activity 

and blocked malignant proliferation in solid tumours and haematological malignancies. 

 

In this study I investigated for the first time the molecular profile of SET and CIP2A in MLL. 

Importantly, my findings showed that SET and CIP2A are essential proteins involved in MLL self-

renewal of MLL and that their pharmacological inhibition blocks MLL proliferation.   

The impact of these data open new avenues of research into promising and treatments for this 

disease, with the aim of sparing the MLL patients from toxic chemotherapy treatment and 

improving their survival chances. 
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1.1 Mixed Lineage Leukaemia   

Leukaemia is a blood cancer which arises from aberrant development of hematopoietic stem cells 

(HSCs) (Orkin and Zon, 2008). Acute myeloid leukaemia (AML) and acute lymphoblastic 

leukaemia (ALL) are two highly aggressive subtypes of leukaemia associated with incorrect cell-

fate specification in the myeloid or lymphoid lineages. Mixed Lineage Leukaemia (MLL) is a unique 

and very aggressive form of leukaemia which accounts for 10% of leukaemias and is much more 

common in children than adults, representing the 70% of infant leukaemias (diagnosed prior to 1 

year of age) (Armstrong et al., 2002). In most morphological and histochemical characteristics, 

MLL resemble myeloid and limphoblastic luekemia. However,  analysis of gene expression profile 

of MLL and genome-wide comparisons of MLL vs AML and ALL demonstrated that MLL is distinct 

from all other leukaemia subtypes with respect to its gene expression signature (Armstrong et al., 

2002; Lavallée et al., 2015).  Indeed, MLL arises from chromosomal translocations affecting the 

lysine methyltransferase 2A (KMT2A) gene, also known as mixed lineage leukaemia (MLL or 

MLL1),  at 11q23 which results in the production of a chimeric protein, the MLL oncoprotein 

(Armstrong et al., 2002). Nowadays, mixed lineage leukaemia represents a unique type of 

leukaemia with particular pathogenic and therapeutic importance. 

1.1.1 Structure and functions of physiological MLL protein 

MLL is the human homologue of the Drosophila gene trithorax (Ziemin-Van Der Poel et al., 1991). 

The MLL locus lies on the long arm of chromosome 11 at band 23 (11q23) and it is ubiquitously 

expressed in nervous, gastrointestinal, urinary, circulatory and hematopoietic/lymphoid system, 

where it encodes for a predicted 431 kDa multidomain protein (Butler et al., 1997; Cohn et al., 

1997; Yu et al., 1998). After its translation, the large MLL protein is proteolytically processed by 

an aspartic protease called taspase-1 into an  N-terminal p320 (N320), and C-terminal p180 

(C180) fragments. The N-terminal and C-terminal of the MLL protein are both core components of 

the MLL complex presenting histone methyltransferase and histone acetyltransferase function 

(Hsieh et al., 2003). The MLL complex coordinates the major mechanisms of chromatin 

modification, such as methylation, acetylation and nucleosome remodelling, performing important 

and essential tasks necessary for the successful development of different tissues (Krivtsov and 

Armstrong, 2007). Indeed, due to the histone H3 lysine 4 (H3K4) and histone H3 lysine 36 (H3K36) 
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methylation activity, MLL mediates the methylation of the histone core of genes which in turn 

imparts the RNA polymerase II (Pol II) to bind the promoter region of the gene, initiate and extend 

the RNA transcription. Without these specific methylation marks on the histone core, the RNA 

polymerase II (Pol II) could not proceed with the transcription.  

Within the MLL complex, exists a division of labour for the N-terminal and C-terminal subunits. 

The C-terminal of MLL is involved in chromatin modification. Indeed, this subunit is associated with 

1) the histone methyltransferase active site (SET), which has histone 3 lysine 4 (H3K4) methyl-

transferase activity at HOX gene loci, and 2) proteins that help in preparing chromatin for efficient 

transcription, such as the histone H4 lysine 16 specific acetyl- transferase (MOF)(Dou et al., 2005).  

On the other hand, the MLL N-terminal subunit comprises three main functional domains including 

the AT-hooks (AT), a DNA binding domain which preferentially recognizes DNA with distortions 

like bends or kinks, the plant homeodomain (PHD) finger, and the cysteine-rich CXXC domain  

(CxxC), the major determinant of subnuclear localization and target gene selection (Zeleznik-Le, 

Harden and Rowley, 1994; Birke et al., 2002; Xia et al., 2003). In particular,  the PHD finger is 

involved in the conformational changes affecting the CxxC domain which binds to nonmethylated 

CpG DNA sites, discriminating the methylation status of DNA (Birke et al., 2002). Notably, the 

CxxC domain and the PHD fingers mediate recruitment of wild-type MLL to the Hoxa9 locus 

(discussed below). In addition to the functional domains, the N-terminal subunit contains binding-

site for proteins which help in the correct targeting of the MLL complex. One of these proteins is 

the tumour suppressor Menin, involved in recruiting the MLL histone methyltransferase to the 

transcriptional elongation of target genes. Notably, Menin serves as an adaptor to link MLL with 

the chromatin-binding protein lens epithelium-derived growth factor (LEDGF) associated with 

transcriptional activators and components of the basal transcriptional machinery including RNA 

polymerase II subunits (Hughes et al., 2004; Yokoyama et al., 2005; Caslini et al., 2007). The 

association of MLL with Menin/LEDGF is critical not only for the function of wild-type MLL but it 

also affects MLL fusion protein. Indeed, LEDGF is required to maintain aberrant Hox gene 

expression and transformation induced by MLL oncoprotein in haematopoietic malignancies. 
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Figure 1.  Schematic representation of the MLL complex (Slany, 2009). The core components 

of the MLL complex are represented by a larger N-terminal fragment, involved in gene repression, 

and a smaller C-terminal fragment, which is a transcriptional activator. This macromolecular 

complex retains conserved functional domains such as SET, AT, PHD and CxxC.  All the details 

associated with the MLL functional domains are explained in the text. 

  

https://en.wikipedia.org/wiki/N-terminus
https://en.wikipedia.org/wiki/C-terminus
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1.1.2 Chromosomal translocation affecting the MLL gene and common MLL translocation partners 

The MLL gene is very susceptible to translocation due to the 11q23 locus involved in genome 

topology and to the unusual high density of DNA cleavage sites and topoisomerase II binding 

sites. In human leukaemia, chromosome translocations affecting the MLL gene result in loss 

of ability for the C-terminal portion of MLL to interact with MLL-N. Therefore, the N-terminal portion 

of MLL fuses with over 100 different translocation partners generating a chimeric oncoprotein, 

remarkably leukaemogenic, which acquires the ability to recruit a complex epigenetic machinery. 

Importantly, several studies have shown that the N-terminally truncated MLL alone is not sufficient 

to transform cells in malignant phenotype (Corral et al., 1996; Slany, Lavau and Cleary, 1998) 

and, despite the oncogenic proteins encoded by the 100+ MLL partner genes are incredibly 

diverse, for most of them the fusion partners are involved in the regulation of transcriptional 

elongation and direct or indirect recruitment of DOT1L, a histone methyltransferase that catalyses 

histone 3 lysine 79 monomethylation (H3K79me1), dimethylation (H3K79me2) and trimethylation 

(H3K79me3) ( Mohan et al., 2010; Degennaro et al., 2013). Amongst the numerous MLL fusion 

partners, AF4, AF9, AF10, ELL, AF6 and ENL represent the most frequent protein which fuses 

with MLL, accounting for almost 90% of MLL rearrangements (Meyer et al., 2009, 2013).  

 

i. AF10  (ALL1-fused gene from chromosome 10)  
 

AF10 is a DOT1L subunit required for both recruitment and enzymatic activity of DOT1L (Milne et 

al., 2005; Okada et al., 2005; Mohan et al., 2010; Degennaro et al., 2013). Degennaro et al., 

demonstrated that AF10 depletion reduces DOT1L localization to HOX genes indicating that AF10 

plays a role in locus-specific DOT1L recruitment (Degennaro et al., 2013). In this regard, structural 

conformational analysis about AF10-DOT1L interaction, revealed that the PHD finger of AF10 

specifically recognizes and binds to unmodified H3K27, regulating the stability of DOT1L at 

chromatin targets and the generation of H3K79 methylation (Chen et al., 2015). The presence 

of MLL-AF10 fusion protein in hematopoietic malignancies results in upregulation of a number of 

leukaemia-relevant genes, such as Hoxa9, with resultant neoplastic transformation of progenitor 

bone marrow cells (Okada et al., 2005). 
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ii. AF6  (ALL1-fused gene from chromosome 6)  

 

MLL-AF6 fusion has been consistently associated with the worst outcome both in adult and 

paediatric AML (Martineau et al., 1998). AF6 is cytoplasmic protein expressed in healthy bone 

marrow cells where it controls the potential therapeutic strategy sarcoma viral oncogene (RAS)-

guanosine triphosphate (GTP) levels (Manara et al., 2014). Manara et al., showed that MLL-AF6 

chimera is localized in the nucleus where AF6 maintains its functional domains and it is associated 

with increased RAS pathway activity (Manara et al., 2014).  

 

iii. ELL   

ELL is an RNA polymerase II transcription factor that frequently undergoes translocation with the 

MLL protein in leukaemia (Johnstone et al., 2001; Panagopoulos et al., 2016). Although the 

molecular function of the MLL-ELL fusion protein has not yet been clarified, in vivo models 

demonstrated that MLL-ELL fusion protein seems to be sufficient as an initiating event to transform 

primary hematopoietic cells. In this regard, Lavau et al., showed that MLL-ELL increased the 

proliferation of myeloid colony- forming cells in methylcellulose cultures upon serial replating, 

whereas overexpression of ELL alone had no effect (Lavau et al., 2000). Moreover, it is likely that 

MLL-ELL have oncogenic properties, similar to MLL-AF9 fusion proteins on HSC (Johnstone et 

al., 2001). Indeed, in concordance with studies of MLL-AF9 knock-in chimeric mice where this 

fusion gene induced the preferential expansion of embryonic stem cell-derived hematopoietic 

cells,  MLL -ELL fusion proteins favour the repopulating ability of in vivo stem cells (Lavau et al., 

2000; Collins et al., 2002).  

iv. AF4  (ALL1-fused gene from chromosome 4)  
 

The MLL fusion partner AF4  is a serine- and proline-rich putative transcription factor with a 

glutamine-rich carboxyl terminus which fuses to the AT-hook and proline-rich regions of MLL. The 

MLL-AF4 fusion product of 240kDa accounts for approximately 50% of cases of infant MLL-r ALLs 

and more than 75% of adult MLL-r ALLs and  has nuclear distribution as AF4 (Li, Frestedt and 

Kersey, 1998; Meyer et al., 2013). AF4 plays a critical role in the maturation of B- and T-cell 

populations, first revealed in AF4-knockout mice showing severe and specific impairment in 

lymphoid development (Isnard et al., 2000). In particular, Insnard et al., showed that  AF4 gene 
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affected early events in lymphopoiesis, such as precursor proliferation or recruitment, but it was 

not required for the terminal stages of lymphocyte differentiation (Isnard et al., 2000).  

 

v.  ENL (eleven-nineteen leukaemia) 
 

ENL is the third most common MLL partner genes which can activate transcription in both ALL 

and AML. This is a nuclear serine- and proline-rich protein displaying amino acid similarity with 

AF9 (ALL1-fused gene from chromosome 9), the second most common MLL fusion partner 

associated with myeloid leukaemia (Slany, Lavau and Cleary, 1998).  Lavau et al., developed an 

in vitro model to demonstrate that MLL–ENL plays a critical role for the clonogenic potential of 

hematopoietic progenitors, resulting in early myelomonocytic cells immortalization (Lavau et al., 

1997). Indeed,  upon MLL–ENL transduction, colony-forming-cells assay (CFC) showed that MLL–

ENL primarily induced enhanced self-renewal capacity of hematopoietic cells, followed by partial 

block in myeloid differentiation. In support to these data, in vivo studies showed that MLL–ENL 

transplantation into syngeneic mice induced myeloid leukaemias, confirming the oncogenic 

potential of MLL-ENL fusion protein (Lavau et al., 1997). Furthermore, ENL is connected with 

pTEFb (the positive transcription elongation factor b) which phosphorylates the carboxy-terminal 

repeat domain of RNA polymerase II, and the histone methyltransferase DOT1L, participating in 

essential activities of transcriptional elongation (Peterlin and Price, 2006; Mueller et al., 2007; 

Steger et al., 2008).  

 

vi. AF9 (ALL1-fused gene from chromosome 9) 
 

Wild-type AF9 has a regulatory function in megakaryocyte/erythrocyte lineages and, when fused 

with MLL, results in expansion of myeloid precursors followed by accumulation of malignant cells 

in bone marrow and other tissues (Collins et al., 2002). Although secondary tumorigenic mutations 

are necessary for malignancy associated with MLL–AF9, myelo-proliferation due to MLL-AF9 

fusion provides the pool of cells in which such malignant events can occur (Dobson et al., 1999).  

As clinical evidence suggests, the MLL fusion partners are the major determinants of the ultimate 

MLL leukaemia phenotype and the identification of MLL translocation partners is important to 

better understand the molecular events surrounding the disease phenotype and the patient 

survival rates, suggesting the optimal treatment for the disease (Raimondi et al., 2004).  Most of 

the MLL fusion partners interact with each other and are involved in transcriptional regulation  
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through chromatin remodelling (Erfurth et al., 2004). This may indicate that they may participate 

in a web of protein interactions with a common functional goal. Indeed, both AF9 and ENL interact 

with AF4 forming a higher order complex (AEP) which comprises p-TEFb and phosphorylate the 

carboxy-terminal domain (CTD) of RNAPII and DSIF. This facilitates transcriptional elongation. 

Notably, the AEP  is frequently fused with MLL leading to sustained activation of MLL target gene 

transcription and malignant transformation of hematopoietic progenitors (Zeisig et al., 2005; 

Bitoun, Oliver and Davies, 2007). 

 

 

Table 1.  MLL fusions partners with known MLL translocations, function or domain. There are 

subgroups of the fusion partners that come from common gene families such as 

AF4/AF5q31/LAF4,13,14 ENL/AF9,15 and AF10/AF17 and ENL. AF9, AF4, AF10, AF6, ELL, EN9 

are the six most frequent partners which constitute the bulk of all clinical cases of mixed lineage 

leukaemia. Adapted from Meyer et al., (Meyer et al., 2009) 
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Table 2. Frequency of the four most common MLL fusion partners between MLL-ALL and MLL-

AML for adult, child and infant cases combined. Adapted from Meyer et al., (Meyer et al., 2009) 

 

1.2 MLL leukaemia is a unique disease of HSC fate specification 

 

Using next generation gene sequencing, several gene expression studies have found a distinct 

multilineage gene expression profile in MLL which includes high expression of MECOM; 

LOC100289656; GPR126; PHACTR3; CASC10; LOC283683; PPP1R27; HOXA5,6,7,10,11; 

NKX2-5 (Lavallée et al., 2015).  Amongst these genes, the HOXA genes and Meis, are of 

particular interest in the fate specification of this disease since they are MLL targets and critical 

regulator of normal haematopoiesis. Indeed, in normal HSCs, wild-type MLL regulates HOXA 

genes  and Meis expression which in turn regulates the stemness of HSCs(Armstrong et al., 2002). 

 

1.2.1  HOX and Meis are involved in hematopoietic development 

The HOX genes are special subset of 39 highly conserved homeobox genes arranged in in four 

different genomic clusters HoxA,HoxB,HoxC, HoxD  expressed in proliferating cells of epidermal 

origin, such as breast (Friedmann et al., 1994), colon (De Vita et al., 1993), kidney (Cillio et al., 

1992) testis (Watrin,F. and Wolgemuth,D.J., 1993) and in primitive hemopoietic cells (Sauvageau 

et al., 1994, 1995, 1997), where they encode transcription factors with major effect in specifying 

position and tissue fate in the embryo. On the other hand, Meis is part of another important subset 

of homeobox gene known as TALE family (three amino acid loop extension) and it is a cofactor of 

Hoxa9 which, amongst all the Hox genes, has the greatest impact in haematopoiesis.   
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The importance of Hoxa9 in the regulation of haemopoietic cell proliferation was revealed by 

Lawrence et al.,. In their work, it was shown that in Hoxa9 mutant-mice, loss of function of Hoxa9 

resulted in a reduction in peripheral blood leukocytes, myeloid and lymphoid progenitors 

(Lawrence et al., 1997). In the haematopoietic system, Hoxa9 and Meis are highly expressed in 

immature and human HSCs and downregulated during their maturation. By contrast, ectopic 

expression of Hoxa9 blocks maturation, causing a pool of self-renewal cells which expands and 

leads to malignant transformation (Blatt et al., 1988; Sauvageau et al., 1995). Mixed- lineage 

leukaemia is one of the classic examples of a malignancy with aberrant Hoxa activation. Both 

homeobox transcription factor, Hoxa9 and Meis, are critical downstream effectors for MLL fusion 

mediated transformation (Zeisig et al., 2004) and, indeed, their increased expression is 

characteristic for laeukemias with MLL rearrangements (Rozovskaia et al., 2001; Yeoh et al., 

2002; Ferrando et al., 2003; Ross et al., 2003). Armstrong et al., introduced MLL–AF9 fusion 

protein in granulocyte macrophage progenitors (GMP) injected into sub-lethally irradiated 

syngeneic mice to characterize changes that occur during the transition from HSC to 

LSC(Amstrong et al.,2002). Gene expression profiling of enriched Leukemic Stem Cells (LSC) 

demonstrated that Hoxa9 and Meis1 belong to the ‘self-renewal-associated signature’ expressed 

in LCS, globally very similar to the one normally present in HSC. Therefore, the over-expression 

of Hoxa9 and Meis1 may defines progression from normal progenitor to cancer stem cells (Krivtsov 

et al., 2006).  

 

1.2.2 The role of MLL oncogene in malignant hematopoiesis: upregulation of Hoxa9 and Meis1  

In fetal and adult hematopoietic stem cell self-renewal, MLL has a critical role in encoding for the 

Histone H3K4 methyltransferase involved in positive maintenance of homeotic (HOX) gene 

expression during the early stages of hematopoietic development (Amstrong et al.,2002). The SET 

domain has been shown to be active in chromatin remodelling complexes that facilitate histone 

H3Lys4 methylation at the promoters of HOX genes, resulting in gene activation (Milne et al., 

2002; Ernst et al., 2004).  In MLL fusions, although the C-terminal SET domain of MLL is lost, this 

does not prevent HOX genes activation. In fact, several studies suggested that MLL fusions may 

recruits the H3K79 methyltransferase DOT1L to promoters normally occupied by MLL, such as 

the HoxA cluster, allowing H3K79 methylation and aberrant expression of HOX  (Milne et al., 2005; 
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Okada et al., 2005). In support of this evidence, knockdown and pharmacological modulation 

DOTL1 in MLL-AF4 rat xenograft model showed reduced expression of Hoxa9 and Meis1 

indicating that DOTL1 is involved in the expression of these transcriptional factors. Interestingly, 

Milne et al., showed that wild-type MLL remains associated with Hoxa9 and Meis in the presence 

of the fusion protein, and that Hoxa9 and other targets show high, rather than low levels, of histone 

H3 Lys4 trimethylation (Milne et al., 2005). This was also found in myelodysplasia where the high 

level expression of unrearranged forms of MLL suggested a role for malignant transformation 

(Papenhausen, Griffin and Tepperberg, 2005). Although it remains unclear whether wild-type MLL 

is directly recruited by MLL fusion proteins or whether it simply binds to transcriptionally active 

loci, these findings raising the possibility that also MLL wild-type may contribute to malignant 

transformation. 
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Figure 2.  Hoxa and Meis are involved in hematopoiesis development  

Adapted from Slany et al., (Slany et al., 2009). 

Hoxa and Meis play a central role in normal haematopoiesis and are the best understood targets 

of MLL and MLL fusion proteins. A) In normal haematopoiesis, both transcriptional factors are 

highly expressed in immature HSCs and down-regulated during lineage specification. B) In MLL 

leukaemia, presence of MLL fusion oncoprotein leads to dysregulation of Hoxa and Meis 

expression in stem cell and immature progenitor compartments. As a result, terminal 

hematopoietic is blocked causing a population of self-renewing and pre-leukaemic cells. 
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1.3 Clinical features of MLL leukaemia 

 

MLL accounts for more than 70% of infant ALL and between 35-50% of infant Acute Myeloid 

Leukaemia (AML) (Armstrong et al., 2002). MLL leukaemia was firstly diagnosed in a cohort of 

newborn and infant patients (younger than one year) initially diagnosed with ALL. Indeed, MLL 

patients present similar clinical aspects to both adults and infant diagnosed with ALL or AML, such 

as co-expression of myeloid markers in blasts, lack of expression of CD10 and common acute 

lymphoblastic leukaemia antigen, and hyperleukocytosis and Central Nervous System (CNS) 

involvement (Hilden et al., 2006; Tomizawa et al., 2007; Stevens et al., 2008; Marks et al., 2013; 

Brown, Pieters and Biondi, 2019a). However, in contrast to patients diagnosed with ALL or AML, 

this subgroup fared far worse than others, showing an extremely dismal prognosis.  

The age-specific incidence of MLL is unique and shows a bimodal distribution. Indeed, MLL 

rearrangements affect patients younger than 1 year of age at diagnosis (primarily ALL) and young- 

to-middle-aged adults (primarily AML) (Winters et al. 2017. Andersson and colleagues reported 

that infant MLL-ALL have one of the lowest frequencies of somatic mutations compared to any 

other sequenced cancer, with the predominant leukemic clone carrying a mean of 1.3 non silent-

mutations(Andersson et al., 2015). Moreover, the very high incidence in infants, especially among 

those under 6 months of age, suggests that the latency period for this subtype of leukaemia can 

be very short and that the gene fusion arises prenatally (Ford et al., 1993; Gale et al., 1997; 

Mullighan et al., 2007). In this regard, it was demonstrated that the MLL translocation often occurs 

in utero. Gale et al., showed that in individuals diagnosed with acute lymphoblastic leukaemia at 

ages 5 months to 2 years, the unique or clonotypic MLL genomic fusion sequences were present 

and detectable in neonatal blood spots and, therefore, have arisen during fetal haematopoiesis in 

utero (Gale et al., 1997). On the other hand, older MLL patients carry more non-silent mutations 

than infant MLL leukaemias (Andersson et al., 2015).  

In addition to that, MLL rearrangements also define a rare entity known as “therapy- related 

leukaemia”. Patients initially diagnosed with lymphoid or myeloid leukaemia presented a 

conversion of leukemic cell lineage during anti-neoplastic treatment with topoisomerase II 

inhibitors (between 2 to 10% of patients), relapsing to AML or ALL ( Stass et al., 1984).  The 

latency period for this group of leukaemia is extremely short as early as 6 months postexposure, 

and generally within 24–48 months of exposure to topo-II inhibitors (Winters and Bernt, 2017). 
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This data suggest that, while in older patients MLL fusion genes may require a number of 

cooperating mutations to generate overt disease, in infants the MLL leukaemia is initiated in a 

haematopoietic progenitor cell (HPC) that may present a chromatin state more permissive to 

transformation by the dominant MLL gene rearrangements (Andersson et al., 2015). 

 

1.3.1 Outcomes of MLL rearrangements 

In MLL development there is a strict correlation between MLL fusion partners and outcome 

(Balgobind et al., 2009). Moreover, MLL has different prognostic implications in infant AML than 

infant ALL.  

Paediatric MLL-AML patients show poorer prognosis than paediatric AML in general (44% event-

free survival (EFS) for MLL-AML vs 55% EFS for AML)(Balgobind et al., 2009). Although the most 

common MLL fusion in AML, MLL-AF9, has been reported to be associated with favourable 

prognosis, AML paediatric patients with different MLL rearrangements, such as t(6,11)(q27,q23) 

translocation (MLL-AF6), present only 11% EFS and 22% overall-survival (OS) (Balgobind et al., 

2009). On the other hand, in infant ALL carrying MLL-rearrangements the association between 

relapse or survival and MLL fusion partners is controversial. Although it was historically 

demonstrated that the 5-year EFS for infant MLL-ALL ranged from 20 to 40% versus 60%  or  

higher  for  those  with  wild-type  MLL,  and that ALL t(4,11) fusions were associated with poorer 

survival compared to other translocations, recent studies have found no significant association 

between relapse or survival in MLL-r ALL and any particular fusion partner (Hilden et al., 2006; 

Tomizawa et al., 2007; Mann et al., 2010). These controversial results could be associated with 

the fact that, despite the numerous fusions partners reported, only a few dominate the clinical 

experience and, since MLL-r leukaemias are typically managed only on phenotype (AML vs ALL) 

and age (infant leukaemia), these fusion partners could not be considered in clinical risk 

stratifications. 

Overall, outcomes for all MLL patients remain poorer than for non- MLL rearranged leukaemias. 

In fact, what stands out from the statistics is that, whilst in non- mixed lineage leukaemia 90% of 

children survives more than 5 years after diagnosis, in MLL only 40% of them approaches 5-year-

survival rate (Slany, 2009). Moreover, infants below the age of one with MLL-r AML or ALL have 
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a particularly poor prognosis, perhaps due to a combination of inferior dosing schedules and 

fundamental differences in gene expression in infant hematopoietic cells (Stass et al., 1984) . 

 

1.3.2 Current treatment approaches for Mixed Lineage Leukaemia: risk-stratified protocols   

In MLL leukaemia patients, the MLL phenotype is currently assessed by 1) complete blood count 

(CBC) 2) detection of MLL translocations carried out by cytogenetic analysis or fluorescence in 

situ hybridization (FISH) 3) Immunophenotypic analysis. In MLL-ALL patients differences 

associated with lymphoblasts bearing MLL translocations include lack of CD10 (early lymphocyte 

antigen) expression of the proteoglycan NG2 and propensity to co-express the myeloid antigens 

CD15 and CD65 (Pui et al., 1991). In terms of treatment, MLL patients are typically managed 

based on their phenotype (AML, ALL) and age, and treated according to risk-stratified protocols 

(Brown, Pieters and Biondi, 2019b).  Due to the different prognosis and response to therapy, for 

infant ALL the induction therapy is quite different than the one adopted for childhood ALL, whilst 

the treatment followed for infant AML is generally the same as for older patients. The induction 

therapy generally includes intensive multiagent chemotherapy to induce remission, followed by 

consolidation with either additional chemotherapy courses (for patients with favourable prognostic 

features) or allogeneic hematopoietic stem cell transplantation (HSCT) (or patients with 

unfavourable prognostic features) (Brown, Pieters and Biondi, 2019b). However, the use of HSCT 

in infant leukaemia has represented a matter of intense debate since no benefit for either ALL or 

AML infants was shown over the years. 

On the other hand, postinduction management of both ALL and AML is very heterogeneous, and 

it depends on 1) response to the induction therapy and 2) whether the lymphoid or myeloid lineage 

appears to be predominant. Therefore, this can include consolidation with “myeloid”-style 

chemotherapy with cytarabine, daunorubicin, mitoxantrone, and etoposide or “lymphoid”-style with 

cyclophosphamide, cytarabine and 6-mercaptopurine in MLL infants (Brown, Pieters and Biondi, 

2019b).  

Due to the individual and unique vulnerability to complications, excessive toxicities and 

development of drug resistance, patients do not respond well to these standard therapies, and 

they often suffer from early relapse after chemotherapy. Therefore, the current standard protocols 

to treat these patients are inadequate and leave ample room for novel approaches.  
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1.3.3 Targeted approaches in early clinical trials 

The unique molecular biology of MLL has suggested novel therapeutic approaches for this 

disease, several of which are currently in early clinical trials. Due to the fact that MLL is an 

epigenetic regulator, able to control the expression of several genes, most of the studies aiming 

to develop a pharmacological approach to treat this disease are focused on interfering with the 

MLL complex and with the protein interactions necessary for proper MLL fusion protein function 

(Chan and Chen, 2019). However, the main concerns with these strategies are 1) technical 

difficulties delivering peptides 2) high toxicity when abrogating vital natural function of MLL. 

Indeed, targeting MLL epigenetic regulator results in targeting a fundamental biological process 

that is vital to all living cells. For example, targeting the MLL-AF4 domain, important for 

transcriptional processes that are associated with our memory system, may cause long-term 

effects that may become overt very long after treatment, because of the high plasticity of our CNS 

system. Therefore, a small molecule approach that can be finely tuned to turn down the local 

hyperactivity of the enzymatic functions of MLL would be more promising. In this regard, specific 

methyltransferase inhibitors blocking DOT1L are currently in phase I study, accompanied by the 

clinical evaluation of inhibitors targeting the crosstalk between MLL fusion proteins and RAS 

pathway, highly mutated in rearranged MLL. 

 

1.3.3.1 DOT1L inhibitors 

As mentioned above, the histone 3 lysine 79 methyltransferase DOT1L plays a critical role in MLL 

fusion-mediated transformation, contributing  to the maintenance of the MLL leukemic gene 

expression program, such as the Hox genes (see section 1.2). Given the importance of this target 

in the malignant transformation of MLL, it has been developed a potent and selective 

aminonucleoside inhibitor of DOT1L, EP5676 (Epizyme Inc), able to modulate H3K79 methylation 

at MLL-fusion target loci (Daigle et al., 2013). Pre-clinical studies demonstrated the specificity of 

this molecule to target and downregulate the expression of MLL target genes, and EPZ5676 is 

currently studied in early clinical trials in both adult and paediatric MLL patients (NCT01684150 

and NCT02141828). Overall, despite data indicated that two patients (out of fifty-one included in 

the cohort) experienced complete remission upon sustained single-agent administration, a 
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substantial number of patients showed transient or no response to the treatment (Shukla et al., 

2016; Stein et al., 2018). Moreover, due to lack of oral bioavailability, toxicity and short half-life of 

the drug, an alternative Dot1L inhibitor, easier to administer and able to maintain specificity and 

efficacy, would be preferred (Luo et al., 2016). 

1.3.3.2 RAS pathway inhibitors 

Genomic analysis conducted by Andersson et al., in a cohort of in infant MLL-rearranged acute 

lymphoblastic patients indicated that 47% of patients presented activating mutations in kinase-

PI3K-RAS signaling pathway components (Andersson et al., 2015). To corroborated these 

findings, Lavallee et al., reported that in MLL leukaemia,  RAS pathway is mutated, dictating the 

sensitivity to RTK (receptor tyrosine kinases) inhibitors  in MLL patients (Lavallée et al., 2015). 

RAS proteins are  essential components of signalling pathways which cycle between ‘on’ and ‘off 

’ conformations, conferring the GTP-bound (RAS-GTP) and the GDP-bound (RAS-GDP) of the 

cell surface of receptors involved in downstream intracellular effector pathways. When RAS 

protein are active, they regulate and activates essential kinase pathways, such as 

the  phosphatidylinositol 3-kinase (PI3K) /Akt pathway, involved in phosphorylation and, therefore, 

inactivation of proapoptotic proteins (BAD and BAX,) cell cycle regulators (p27 and p21) and 

GSK3. On the other hand, mutant RAS proteins accumulates in the active GTP- bound form and 

activates the mitogen-activated protein kinase (MAPK) cascades which results in oncogenic 

transformation (Dhillon et al., 2007; al., 2018) (Figure 3). 

Several studies have demonstrated that, although MLL leukaemia generally carries a lack of 

additional mutations, there are mutations involving the RAS pathway which are commonly found 

in MLL patients and associated with significant decrease of overall survival (OS) in infant MLL 

(Chandra et al., 2010; Driessen et al., 2013; Prelle et al., 2013; Andersson et al., 2015; Lavallée 

et al., 2015). Emerenciano et al., reported that new born MLL patients already carried the presence 

of RAS mutations, suggesting the possibility that the dysregulation of the RAS pathway could play 

an important role during leukemogenesis in the context of MLL rearrangements (Emerenciano et 

al., 2015). Furthermore, Andersson et al., showed that even in “silent” genome, the most common 

mutation was involving the RAS/ PI3K pathway and , interestingly, Driessen et al, reported that 

RAS mutations are not present in the main leukemic clone but in subclones  (Driessen et al., 2013; 

Andersson et al., 2015). All together these findings may suggest that RAS mutations are not 
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important for initiation of leukaemia but they may independently contribute to the delicate selection 

process underlying clonal evolution of MLL leukaemia.  

Give the high incidence of RAS pathway mutations at diagnosis of MLL, the high expression of 

these proteins in relapsed leukemic cells and association with high-risk disease, several research 

groups investigated the potential effect of kinase inhibitors on targeting RAS substrates such as 

MEK3 and MEK4 (MAPK members). In turn these kinases,  phosphorylates ERK, one of the main 

regulators of cellular survival (Cagnol and Chambard, 2010; Lavallée et al., 2015). 

Investigations conducted by Kerstjens et al., showed that the use of inhibitors against MEK, such 

as Trametinib, severely impaired primary RAS-mutant MLL-rearranged infant ALL cells in vitro. 

Moreover, cells carrying RAS mutations appeared to be more sensitive to those without RAS 

mutations to these treatment (Kerstjens et al., 2017). Similar effect was seen in RAS mutated 

MLL-r cell lines upon treatment with PD0325901, another potent inhibitor of MEK1/2 currently in 

phase II clinical trials. Trentin et al., showed inhibitory effect on MLL-r cell lines carrying RAS 

mutations but not on RAS wild-type MLL-r cell lines, proposing the use of this drug for further 

investigation in precision therapy (Trentin et al., 2016). However, in vivo data and phase II clinical 

trials showed that MEK inhibitors do not present promising response when used as a single agent. 

In this regard, Selumetinib (AZD6244, ARRY-142886), a potent, selective and non- ATP 

competitive small molecule inhibitor of MEK1/2, showed feasible oral-administration but limited 

antileukemic activity as a single agent in relapsed/refractory AML patients (Jain et al., 2015).  The 

reason why single kinase-targeted cancer therapies fail prolonged responses could be because 

cancer cells bypass through alternative routes. In support to this hypothesis, by high-throughput 

kinomic and proteomic approaches,   Kampen et al., demonstrated that combination therapy 

between  MEK and VEGFR-2 inhibition strengthened the effect of single-agent treatment, leading 

to simultaneous antagonism of the Akt/mTOR and MAPK pathways and  reduction in MLL-

rearranged AML cell survival (Kampen et al., 2014). The same results were obtained by Lavallée 

et al., in a cohort of al MLL-rearranged ALL, supporting the exploration of new combination 

therapies in RAS-mutated MLL-F leukaemias(Lavallée et al., 2015). 
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Figure 3. The RAS/PI3-Kinase plays a cooperating role with MLL fusion protein  

(Esposito, 2019) 

Schematic representation of the RAS pathway with main mutated targets in MLL leukaemia 

highlighted in pink.  Normally, Ras combines with GDP and is in an inactive state whilst when it 

binds to GTP, RAS is activated. Guanylate exchange factors (GEFs) stimuli for the activation of 

Ras, promoting the release of GDP from Ras/GDP. Active Ras binds and activates Raf which in 

turns phosphorylates and activates MEK1/2. MEK 1/2 phosphorylates ERK1/2 to activate it. 

Activation of ERK1/2 into the nucleus activates the expression of many downstream genes such 

as Elk-1, elf-4E to promote cell proliferation and differentiation. Furthermore, this pathway 

regulates the transcriptional activity of CREB/HOX/Meis complex, involved in the maintenance of 

MLL-leukemic cells via HOXA9 activity. In addition, activated Ras can directly bind and activate 

PI3K which drives Akt activation. Fully active Akt mediates numerous cellular functions including 

angiogenesis, metabolism, growth, proliferation, survival, protein synthesis, transcription, and 

apoptosis. 

https://www.cusabio.com/target/ELK1.html
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1.4. Kinase therapy in MLL 

 

In normal cells, phosphorylation is controlled by protein kinase and phosphatases. Deregulation 

of this balance is a central mechanism by which cells escape external and internal self-limiting 

signals, resulting in malignant transformation. In cancer, kinases are often activated, and 

phosphatases suppressed, leading to aberrant activation of signalling pathways driving cellular 

proliferation, survival, and therapeutic resistance. Currently there are two main lines of kinase 

targeted therapy under investigations for MLL treatment. One of these two is the MEK inhibitors 

described in paragraph 1.3.3.2 whilst the other one is represented by the FLT3 (Fms-like receptor 

tyrosine kinase-3) inhibitors such as Lestaurtinib (CEP-701), Midostaurin (PKC412) and 

Quizartinib (AC220) (Brown et al., 2005; Stam et al., 2005; Zarrinkar et al., 2009; Kampa-

Schittenhelm et al., 2010; Cooper et al., 2016). Since 80% of MLL-ALL and 50% of MLL-AML 

showed high expression of RAS mutations (reviewed in Esposito, 2019), and 80% of MLL-ALL 

patients present FLT3 over-expression, the inclusion of kinase inhibitors in the clinic could 

potentially benefit a large cohort of patients. In vitro cytotoxicity experiments with MLL- ALL patient 

samples demonstrated in vitro sensitivity to the FLT-3 kinase inhibitors, with response correlating 

with the amount of FLT-3 overexpression(Brown et al., 2005; Stam et al., 2005). However, trials 

conducted in both adult and paediatric leukaemias, did not show any statistically significant impact 

on  OS. This could be due to redundancy mechanisms or insufficient target inhibition achieved 

upon treatment ( Zarrinkar et al., 2009; Kampa-Schittenhelm et al., 2010; Cooper et al., 2016).  

Overall, the failure of both MEK and RAS inhibitors suggested that, although the use of the kinases 

inhibitors should result in less “off target” activity compared to the epigenetic modifier drugs, these 

molecules are not the breakthrough needed for MLL patients, at least not if used as single therapy. 

Therefore, more efficient therapeutic strategies are urgently needed to treat this disease. 

 

1.4.1 Towards new therapeutic prospective: targeting the phosphatases 

As reported above (paragraph 1.3.3.2) most of the kinases such as MEK and ERK cascades are 

over-activated in MLL, representing appealing therapeutic targets for this disease. Although, in 

the last years several studies have been focused on developing RAS or kinases inhibitors able to 

modulate the activation of these proteins, there is an upstream critical regulator of kinase 



CHAPTER1: Introduction 

 

 

 

 

33 

phosphorylation and activation known as Protein Phosphatase 2A (PP2A) which has not been 

explore yet. This is a serine-threonine phosphatase which mediates 30-50% of cellular S/T 

phosphatase activity,  exerting pleiotropic functions in cellular signalling. PP2A acts as an on-off 

switch for target proteins involved in the cell survival such as MEK, ERK, AKT and GSK3-ß (Arnold 

and Sears, 2006; Perrotti and Neviani, 2013; Sangodkar et al., 2016). Importantly, inhibition of 

PP2A activity using general PP2A inhibitors (such as sodium fluoride or sodium pyrophosphate  

or by decrease in the expression of the gene encoding the catalytic subunit of PP2A impairs 

signalling from Raf (Wa et al., 1996, Jaumot and Hancock, 2001 ). This suggests that PP2A plays 

a crucial role in regulating the Ras1 cascade both negatively and positively, by dephosphorylating 

factors that function at different steps in the cascade. Moreover, PP2A negatively regulates AKT 

by participating in the dephosphorylation of S473 and T308  and dephosphorylates the inhibitory 

S9 phosphorylation on GSK3β, which is a target of AKT (Andrabi et al., 2007; Kim et al., 2009; Liu 

and Eisenman, 2012) 

 1.5 PP2A tumour suppressor, an essential regulator of cell survival 

Protein phosphatase 2A (PP2A) is a ubiquitously expressed and highly conserved Serine-

Threonine that plays a critical role in the regulation of cell survival. This phosphatase is a hetero-

trimer consisting of a scaffold subunit A, the catalytic subunit C and the regulatory subunit B 

(McCright and Virshup, 1995; Slupe, Merrill and Strack, 2011). The catalytic activity of PP2A 

resides in the C subunit of 36KDa which binds stably to the carboxyl-terminal region of the A 

subunit of 65KDa, forming the core enzyme. To form a functional holoenzyme, the core enzyme, 

and in particular the amino-terminal region of the A subunit interacts with one of the many 

regulatory subunits B, which controls substrate specificity and cellular localization. At present, four 

different families of B subunits have been identified, the B(B55/PR55/PPP2R2), 

B’ (B56/PR61/PPP2R5), B’’ (PR72/PPP2R3) and B’’’ (PR93/PR110) family.  Importantly, the 

association of these third subunits with the core of PP2A is mutually exclusive. Indeed, the A 

subunit forms a scaffold to which different B subunits can interact via the same or overlapping 

sites, binding the core or PP2A (Ruediger et al., 1994; Eichhorn, Creyghton and Bernards, 

2009). Given the complexity of functions of PP2A, the assembly of the specific PP2A complex 

needs to be highly and precisely regulated. In this regard, part of PP2A regulation is dictated by 

post-translational modifications, such as methylation and phosphorylation of the C-terminal tail of 
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the catalytic subunit. Indeed, carboxymethylation of Leu309 by LCMT-1 (Leucine Carboxyl 

MethylTransferase 1) and PME-1 (Phopshatase MethylEsterase 1) enhances the affinity of PP2A 

for the PR55/B subunits (Janssens, Longin and Goris, 2008) .  

In eukaryotic cells PP2A plays an important role in determining the activation kinetics of protein 

kinase cascades involved in the regulation of cell division (controlling the G1/S transition 

and transition from the G2 to the M phase), cell proliferation and survival (by dephosphorylation 

and inactivation of MEK1 and ERK-family kinases), embryonic development, cell growth and stem 

cell survival/self-renewal (through destabilization of β-catenin-dependent transcription in the Wnt 

pathway) (Junttila et al., 2007; Eichhorn, Creyghton and Bernards, 2009; Lee et al., 2010; Li et al., 

2010) and, therefore, the correct subcellular compartmentalization of PP2A, which depends on 

the B subunit and on the trimeric composition, is of critical importance for regulation of the survival 

processes. In fact, whilst cytoplasmic PP2A controls cell growth and survival, mitochondrial PP2A 

may be responsible for apoptosis and nuclear PP2A affects chromosome stability and chromatid 

segregation (Bononi et al., 2011). In contrast to the role of PP2A on phosphorylating the main 

targets of the kinase cascade, the activity of this phosphatase can be regulated by kinases as 

well, leading to its inhibition. Because the inhibition of the activity of PP2A or loss of some of its 

functional subunits is a characteristic of neoplastic development, PP2A is now widely designated 

as a tumour suppressor. 

 

1.5.1 PP2A inhibition contributes to human malignancies 

In line with its currently well-established tumour suppressor function, loss of PP2A activity 

contributes to cancer development and progression. The evidence implicating PP2A in human 

malignancy was based on two observations. Firstly, that okadaic acid, a naturally occurring toxin 

and potent tumour promoter, is an inhibitor of PP2A; secondly, that the SV40 small-t antigen 

interacts with the conformation of PP2A, by displacing several B subunits from the core of the 

holoenzyme leading to malignant transformation (Bialojan and Takai, 1988; Arroyo and Hahn, 

2005). However, it is only recently, that inhibition of PP2A has become more widely studied as an 

essential target which allows cells to undergo complete transformation in response to activated 

oncogene.  
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Functional inactivation of the PP2A represents an important mechanism in the leukemogenesis of 

several haematological malignancies. Cristobal et al., demonstrated that in AML proliferation, 

pharmacological restoration of PP2A activity using the PP2A activator, Forskolin, showed an 

additive effect in combination with other chemotherapy drugs in antagonizing leukemogenesis. 

This indicated that PP2A was a bona fide therapeutic target for this form of leukaemia and could 

be considered as a future therapeutic alternative for AML (Cristobal et al., 2011). In 2005, Neviani 

et al., demonstrated that in BCR/ABL-transformed cells and Chronic Myeloid Leukaemia blast 

crisis (CML-BC) progenitors PP2A was inhibited and contributed to malignant progression. On the 

other hand, molecular and/or pharmacological activation of PP2A promoted dephosphorylation of 

key regulators of cell proliferation and survival, suppressing BCR/ABL activity, and inducing 

BCR/ABL degradation in vitro and in vivo (Neviani et al., 2005). Regarding solid tumours, Cristobal 

et al., reported that functional inactivation of PP2A is a common event in colorectal cancer and 

that it occurs through overexpression of PP2A inhibitors, such as SET and CIP2A. On the other 

hand, restoration of PP2A activity upon pharmacological treatment with FTY720 restored the 

antitumor effect of the phosphatase indicating that PP2A inhibition plays a crucial in colorectal 

pathogenesis (Cristóbal et al., 2014) .  

The mechanisms by which PP2A is inhibited in human malignancies have been widely 

investigated over the years and mostly include post-translational modifications and over-

expression of PP2A endogenous inhibitors (Cristobal et al., 2011). 

1.5.1.1 Post-translational modifications 

The C subunit of PP2A is subject to at least three post-translational modifications: methyl- 

esterification of the C-terminal leucine, phosphorylation of a conserved tyrosine located two 

residues from the C-terminus and phosphorylation of a yet unidentified threonine. The methyl-

esterification at L309 enhances the assembly of AC core enzyme with B subunits. This reaction is 

catalysed by two enzymes: a cytoplasmic  an S-adenosylmethionine (SAM)- dependent 

methyltransferase and a nuclear a lipase-like methylesterase, LCMT-1(Wu et al., 2000; Ikehara et 

al., 2007). However, LCMT1 requires that the C‐subunit is in active conformation. This is catalysed 

by the crosstalk between the protein phosphatase 2  phosphatase activator, PTPA, and the protein 

phosphatase methyltransferase PME-1, responsible for removing the L309 methylation and also 

stabilize the catalytic subunit in the inactive form. However, in the context of cancer cell signalling, 
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elevated expression of PME‐1 and , therefore, decrease in L309 methylation, generally 

corresponds to PP2A inactivation and malignant transformation (Xing et al., 2008). In addition to 

that, there is also the phosphorylation on Y307 of the C subunit which contributes to PP2A 

dysregulation. This increases T304 phosphorylation, inhibits and dissociates the B subunit binding 

from the fully formed trimer (Longin et al., 2007). As a result of its aberrant conformation, PP2A 

tumour suppressor is inactivated.  

.  

1.5.1.2 Endogenous inhibitors  

So far, several PP2A inhibitors have been identified. This includes inhibitor-1 of PP2A (I1 PP2A 

or ANP32a), inhibitor-2 of PP2A (I2 PP2A or SE Translocation protein (SET)), cancerous inhibitor 

of PP2A (CIP2A), cAMP-regulated phosphoproteins (ARPP), α-endosulfin (ENSA), TIP, and PME-

1. The expression of these proteins is elevated in cancer suppressing the activity of the 

phosphatase, however not all of them have been fully characterized yet. The most-well studied 

PP2A’s inhibitors are PME1, SET and CIP2A. As described above, PME1 is involved in the 

demethylation the L309 residue of PP2A-C (Kaur and Westermarck, 2016). With this in mind, 

current research has been focused on developing clinically translatable PME-1 directed therapies 

able to target both of its inhibitory mechanisms and rescue the activity of PP2A. 

One the other hand, the cellular PP2A inhibitors SET and CIP2A are frequently found to influence 

drug resistance and cancer cell survival in many cancers and, therefore, nowadays, they represent 

a bona fide target for restoring PP2A activity and antagonize malignant proliferation.  

The up-regulation of SET was first characterized in acute undifferentiated leukaemia and later 

associated with clinical implications in Alzhemier’s  and cancers, including hepatocellular 

carcinoma, breast cancer and different forms of leukaemia such as Chronic Myeloid Leukaemia 

(CML), Acute Myeloid Leukaemia (AML), T-cells Acute Lymphocytic leukaemia (ALL) and B-cells 

Chronic Lymphocytic Leukaemia (CLL) (Liu et al., 2008; Cristobal et al., 2011; Wallington-Beddoe 

et al., 2011; Yang et al., 2012; Pippa et al., 2014). Similarly, CIP2A was found over-expressed in 

both leukaemia (Chronic Myeloid leukaemia (CML)) and solid tumours (breast cancer, non small 

cell lung cancer, ovarian cancer, pancreatic cancer) where its up-regulation is correlated with 

PP2A inactivation, stabilization of the oncogene c-Myc and  critical progression of the disease(Li 

et al., 2008; Côme et al., 2009; Lucas et al., 2011; Fang et al., 2012; Peng et al., 2015; Xu et al., 
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2016). The mechanisms by which these two proteins inhbit PP2A will be fully described in the 

following chapters of this doctoral thesis. However, nowadays these two proteins represent the 

most potent endogenous inhbitors of PP2A and, therefore, interest in modulating their expression 

for rescuing the activity of the master tumour suppressor in anti-cancer therapy is growing. 

Nevertheless, their tumorigenic role in MLL leukaemia has never been characterized before, 

leaving open the possibility to explore novel targeted approaches to treat this aggressive and rare 

form of leukaemia.
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INTRODUCTION 

 

2.1 Identification of SET and CIP2A as potent inhibitors of PP2A 

SET and CIP2A are the most prevalent endogenous inhbitors of PP2A and they have been shown 

to possess oncogenic activity. In many human malignancies, these oncoproteins are up-regulated 

and directly interact with PP2A impairing its activity as tumour suppressor and contributing to 

malignant transformation. Notably, in tranformed cells, SET is abnormally accumulated within the 

cytoplasm where it binds and inactivates PP2A (Switzer et al., 2011; Yu et al., 2013). This 

accumulation is regulated by phosphorylation at Serine 9 residues and over-expression of 

SETBP1 (Cristobal et al., 2010; Makishima, 2017; Shou et al., 2017) 

Cancerous inhibitor of PP2A (CIP2A) is an endogenous regulator of PP2A, originally named as 

KIAA1524 (Hoo, Zhang and Chan, 2002). CIP2A prevents induction of senescence and apoptosis 

in cancerous cells. In this regard, CIP2A acts in context with some of the PP2A substrates such 

as c-Myc, hindering the function of the phosphatase toward Ser62c-Myc stabilization (Junttila and 

Westermarck, 2008; Niemela et al., 2012; Wiegering et al., 2013; Lucas et al., 2015).  

Numerous studies elucidated the robust effect of SET and CIP2A depletion on rescuing the PP2A 

activity, establishing the targeting of these oncoproteins as an attractive novel approach in cancer 

therapy. 

2.1.1 SET, the most well-known PP2A inhibitor 

SET, also known as Inhibitor 2 of PP2A (I2PP2A), Template Activating Factor- I β (TAF- I β) and 

Putative Histocompatibility Leukocyte Antigen class II-Associated Protein, is a multi-tasking 

protein encoded by the set gene, identified for the first time as a component of the set-can fusion 

gene in  acute undifferentiated  leukaemia (Lindern et al., 1992; Y Adachi, Pavlakis and Copeland, 

1994; Kato et al., 2007). In physiological conditions this multifunctional protein is mainly located 

within the nucleus however, in many forms of cancers it  translocates from its primarly nuclear 

localization to the cytoplasm where it accumulates and impairs the activity of PP2A, contributing 

to malignant transformation (Yu et al., 2013). Of importance, cytoplasmic SET directly interacts 
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with the catalytic subunit of PP2A through the aa 25- 119 domain abolishing the tumor suppressor 

functions of this phosphatase. Binding to  SETBP1 protein, direct interaction with hnRNPA2 

(Heterogeneous nuclear ribonucleoprotein A2 protein),  and phosphorylayion at Serine9, 24 and 

93 of SET have been described as the main mechanisms regulating SET cytoplasmic stability 

(Minakuchi et al., 2001; Vera et al., 2006; Vasudevan et al., 2011; Yu et al., 2013). HnRNPA2 is 

a protein involved in different aspects of mRNA biogenesis and recenlty described as a SET-

binding protein. HnRNAP2A interacts with SET though the RNP1 sequence of its RDB domain. 

Notably, the same sequence is also responsible for hnRNPA2-PP2A interaction. Although the 

specific mechnisms by which hnRNAP2 is involved in both SET stabilization and PP2A inhbition 

remains to be established, Vera et al., showed that SET and hnRNPA2 cooperate in PP2A 

inhibition (Vera et al., 2006). On the other hand, SET phoshorylation at Ser9 is well understood 

and it inhibits the formation of  the importin complex required for nuclear import of SET from the 

cytoplasm to the nucleus resulting in SET detention within the cytoplasmic compartment (Yu et 

al., 2013). Whereas, over-expression of  SETBP1, SET-binding protein,  protects SET from 

protease cleavage promoting the over-expression of full-length SET within the cytoplasmic 

compartment where it interacts with PP2A (Minakuchi et al., 2001; Cristobal et al., 2010). By 

interfering with the PP2A- mediated dephosphorylation, SET activates oncogenic signaling such 

as Akt, Erk, c-Myc and GSK3-ß to promote the survival and progression of cancer cells (Arnold 

and Sears, 2006; Zheng et al., 2010; Cristobal et al., 2011; Sablina et al., 2011; Switzer et al., 

2011). In keeping with this, recent studies have reported that SET-binding peptides like COG112, 

OP449  or the fingolimod FTY720 inhibits the interplay between SET and PP2A, releasing PP2A 

from SET inhibitory effect and blocking malignant progression (Switzer et al., 2011; Farrell et al., 

2014; R Pippa et al., 2014).  

 

2.1.2 CIP2A, the novel intracellular PP2A inhibitor  

Cancerous inhibitor of PP2A (CIP2A) is a recently identified endogenous inhibitor of PP2A which, 

as its name suggests, inhibits the tumour suppressor activity of this phosphatase (Hoo, Zhang and 

Chan, 2002; Junttila et al., 2007). Also known as KIAA1524, p90 protein and oncofoetal protein 

(Hoo, Zhang and Chan, 2002), CIP2A is encoded by the  KIAA1524 gene and it is over-expressed 

at high frequency (40-80%) (De et al., 2014) across different forms of cancers, including pancreatic 
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, ovarian , colon, renal , breast , non-small lung cancer and different forms of leukaemia, such as 

acute and chronic myeloid leaukaemia (Li et al., 2008; Côme et al., 2009; Lucas et al., 2011; Ren 

et al., 2011; Fang et al., 2012; Khanna, Pimanda and Westermarck, 2013; Wiegering et al., 2013; 

Farrell et al., 2014; Zhai et al., 2014; Peng et al., 2015). Moreover, in at least some of these cases, 

such as CML and MM, the overexpression of CIP2A at protein levels correlates with tumor stages 

or servs as an independent prognostic marker for disease-free survival (DFS) and overall survival 

(OS) (David et al., 2007; Côme et al., 2009; Böckelman et al., 2011; Lucas et al., 2011; Li et al., 

2014). In 2011 Lucas et al., showed that in CML, 100% of patients presenting CIP2A over-

expression progressed to BC within 21 months, indicating that  CIP2A is in an important predictor 

biomarker for the progression of this form of luekaemia (Lucas et al., 2011). Similarly, in MM, 

patients with high levels of CIP2A had a poorer overall survival than those with low CIP2A 

expression, and the median survival of low and high CIP2A groups were 66 and 45 months, 

respectively (Ren et al., 2011).  

The global effect of CIP2A on oncogenesis can be explained by CIP2A-mediated inhibition of 

PP2A and its consequent effects on c-Myc oncotarget.  

Although the mechanisms by which CIP2A directly inhibits PP2A activity are still not very clear, 

Juntilla et al., suggested that CIP2A regulates PP2A activity  preventing  PP2A-mediated 

dephosphorylation of Ser62 c-Myc and its degradation, establishing CIP2A as a potent endogenous 

inhibitor of PP2A (Juntilla et al., 2008). 

In fact, in physiological conditions, the expression of c-Myc oncoprotein is regulated by 

phosphorylation at Serine 62 and Threonine 58.  The phosphorylation at Serine 62 is driven by 

ERK (extracellular-regulated kinase) and increases c-Myc stability and function. By contrast, 

dephosphorylation of this site by PP2A leads to phosphorylation at Threonine 58 by GSK3-ß 

(Glycogen synthase kinase 3-beta) with resultant c-Myc preotelytic degradation and ubiquitination 

(Basile and Czerninski, 2010). In malignant progression, CIP2A inhibits PP2A activity towards c-

Myc dephosphorylation and degradation (M R Junttila and Westermarck, 2008; Niemela et al., 

2012). In 2007, Juntilla et al., provided for the first time strong evidence that in human 

malignancies CIP2A binds directly to c-Myc through recognition of the S62 site, inhibiting c-Myc-

associated PP2A activity and c-Myc degradation (Junttila et al., 2007). Further studies conducted 

in Chronic Myeloid leukaemia (CML) and solid tumours, confirmed that up-regulation of CIP2A 

was correlated with PP2A inactivation, stabilization of pS62c-Myc and  critical progression of the 
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disease (M R Junttila and Westermarck, 2008; Lucas et al., 2011; Farrell et al., 2014; Wang et al., 

2017).  

 

2.2 The role of SET and CIP2A in physiological conditions 

2.2.1 SET, the multi-tasking protein 

SET is ubiquitously expressed in different tissues such as kidney, liver, brain, spleen, lung, heart, 

the gonadal system, and predominantly located in the nucleus where it actively partecipates in the 

regulation of gene transcription, stimulating or repressing the expression of various genes (Nagata 

et al., 1998). As a transcriptional repressor, SET is part of the inhibitor of acetyltransferases 

complex (INHAT) (Seo et al., 2001). The INHAT complex binds the lysine residues at the histone 

N- terminal tails occluding the histones from serving as a acetylase substrate for histone 

acetyltransferases (HATs), essential for chromatin accessibility and chromatin transcription. In this 

context, SET specifically targets the hypoacetylated and unacetylated histones, keeping them at 

low acetylation levels with resultant transcription silencing  (Seo et al., 2001, 2002).  

In addition to its role as chromatin remodelling factor, SET directly interacts with several proteins  

involved in cell differentiation, cell cycle regulation and DNA damage, contributing to the regulation 

of physiological processes (Canela et al., 2003; Kandilci and Grosveld, 2005; Ten Klooster et al., 

2007; Almeida et al., 2012; Kim et al., 2012; Kalousi et al., 2015a).  Studies conducted in histiocytic 

lymphoma showed that SET directs cell differentiation in a calcium-dependent manner, involving 

the Ca2+/calmodulin-dependent protein kinase II (CaMKII) and MAPK/ERK pathways (Kandilci and 

Grosveld, 2005).  

In the context of DNA damage, Kalousi et al., demonstrated that the SET protein regulates DNA 

repair by acting as a repressor of homologous recombination (HR) and DNA damage response 

(DDR). SET binds to KAP1, which recruits methyltransferase SETDB1 for trimethylation of histone 

H3 at Lys- 9 (H3K9me3) and heterochromatin protein 1 (HP1). The SET/KAP1/HP1/H3K9me3 

association on the DNA breaks leads to chromatin retention and creates a repressive environment 

for DNA repair (Kalousi et al., 2015b). 
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Furthermore, SET was found involved in the control of G1/S and G2/M cell cycle transition by 1) 

binding  p21, one of the main inhibitors of the cyclin-dependent kinase (CDK) complex and 2) 

interacting with Cyclin B-CDK1 (Canela et al., 2003; Kon, Wang and Gu, 2019).  Cyclin- dependent 

kinases (CDKs) and cyclin-p21 complex precisely regulate the process of cell division.  

SET and p21 co-localize in the cell nucleus in a temporal manner. The carboxyl-terminal region of 

SET contains a SET-binding domain for p21 which forms an inhibitory complex with E-CDK2 

(Canela et al., 2003). When SET binds the cyclin E-CDK2-p21 complex, it induces a 

conformational change in the proteins involved in the overriding of the inhibition of CDK2 activity 

by p21. This leads to a reversion of the inhibition of CDK2 activity by p21, allowing G1/S transition 

(Estanyol et al., 1999). In contrast to its positive regulatory function on G1/S phase, SET 

cooperates with p21 in the negative regulation of G2/M transition. In fact, the acidic sequence 

DEDDDE (aa 260- 265) of SET can bind and inhibit cyclin B-CDK1, which in turn, blocks the G2/M 

transition (Canela et al., 2003). This data reveals that SET plays a dual role in the cell cycle as a 

positive regulator of G1/S and as a negative regulator of mitosis entry. 

 

Due to the important physiological functions of SET, dysregulation in the expression and 

distribution of this protein contributes to the development of various diseases and cancer (Canela 

et al., 2003; Kandilci and Grosveld, 2005; Ten Klooster et al., 2007; Almeida et al., 2012; Kim et 

al., 2012; Kalousi et al., 2015a).  

2.2.2. CIP2A, the newly discovered protein 

The function of CIP2A was not discovered until 2007, when a study in search of the interaction 

partners of PP2A scaffold subunit PP2R1A (or PR65A)  in Hela cells revealed that CIP2A was a 

novel PP2A interactive protein (Junttila et al., 2007). In 2016 structure–function analysis of the 

interaction of CIP2A with PP2A showed that in addition to PP2R1A, CIP2A interacts with the PP2A 

subunits B56α and B56γ, the two best characterized regulatory components of PP2A via a 

conserved N-terminal region, (Wang et al., 2017). However, due to its recent discovery, other 

functions of this protein in cancer progression are still largely unknown and its relevance in 

physiological condition has not been fully established yet. However, it is clear from the literature 

that this protein is hardly expressed in non-transformed adult tissues, except testis (Junttila et al., 

2007; Ventelä et al., 2012). Recenlty, Ventela et al., showed that during the embryionc 



CHAPTER 2: Characterization of SET and CIP2A in MLL cell lines and primary samples 

 

 

 

 

 

44 

development, CIP2A is expressed in proliferative fetal and pubertal testis of human and mice, 

where it is involved in the maintainace of  spermatogonia proliferation and spermatogenesis, 

modulating the expression of  central regulators of the SPCs (spermatogonia progenitor cells self-

renewal) such as PLZF and Oct4 (Ventelä et al., 2012).  However, after birth and puberty, CIP2A 

becomes silent and, so far, no more physiological functions have been reported in an adult 

organism. Although these pieces of evidence could open new avenues of investigation about 

whether the alteration of CIP2A expression might be involved in male infertility or whether CIP2A 

might contribute to development of testicular cancers, the detailed characterization of CIP2A in 

physiological conditions remains to be resolved and our current knowledge on CIP2A function and 

regulation are still very limited. 
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AIM AND RATIONALE 

 

As described in Chapter 1, PP2A is a master tumour suppressor found inactivated in several solid 

tumours and leukaemias. By studying the expression of PP2A in MLL, our group found that most 

of the downstream targets of PP2A, such as Erk, Akt and GSKβ, essential for cell survival and 

proliferation, are costitutively phosphorylated and hyperactivated in this disease (Arroyo et al., 

unpublished).  These results led us to the hypothesise that PP2A regulation could represent an 

attractive target for MLL treatment. Hence, our group has been focused on the molecular 

mechanisms involved in PP2A regulation in MLL, such us post-translational modifications of PP2A 

subunits and expression of PP2A endogenous regulators.  

As studies are revealing that SET and CIP2A are potent physiological inhbitors of PP2A, the aim 

of this chapter is to characterize the molecular expression levels of these two oncoproteins in 

order to explore whether they may represent new druggable targets to regulate PP2A activity for 

MLL treatment. 
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MATERIALS AND METHODS  

 

2.3 MLL cell lines and primary samples 

Characterization of SET and CIP2A expression in MLL was conducted in vitro. The MLL cells lines 

used for this study were choosen based on the most common MLL translocations (Table 2.1) and 

either gifted from Prof. Eric and So (King’s College University, London), Dr Yolanda Calle 

(University of Roehampton) or bought from DMSZ (Braunschweig, Germany). K562, ML2, 

MOLM13, MV4-11, NOMO1, THP1, Hb11-19, KOPN8, SEM, REH, U937 cells, were grown in 

Roswell Park Memorial Institute medium (RPMI-1640) (Sigma) supplemented with 10% of Foetal 

Bovine Serum (FBS) and 100U/mL penicillin and 100 µg/mL streptomycin; Kasumi and RS4;11 

cell line were grown in RPM1, 25mM HEPES-modified and supplemented with 20% of foetal 

bovine serum (FBS) and 100U/mL penicillin and 100 µg/mL streptomycin.  HeLa and MDA-MB231 

cells were growth in Dulbecco’s Modified Eagle Medium (DMEM) with 10% of Foetal Bovine Serum 

(FBS) and 100U/mL penicillin and 100 µg/mL streptomycin All the cell lines were maintained in 

culture at 370C in a 5% CO2, by routine passage every 2-3 days and regularly tested for 

mycoplasma contamination using PCR Mycoplasma detection kit from Abm.  

Primary MLL samples (Table 2.3) were obtained from the Cancer Tissue Bank at the Barts Cancer 

Institute (London) under ethical approval (REC reference: 17/WM/0428).  

For this study, Bone Marrow mononuclear cells (MNCs) and CD34+ peripheral blood cells were 

used as healthy controls. Bone Marrow mononuclear cells (Cat. 7001.2)   and CD34+ peripheral 

blood (Cat. 70008.4) was purchased from Stem Cells Technology (Table 2.4, 2.5). 

 

2.3.1 Freezing and thawing cells 

Leukemic cell lines were frozen at a concentration of 5X106 cells in a total volume of 1mL of 

freezing solution containing 90% of FBS and 10% of dimethyl sulfoxide (DMSO). 

Cells were grown in suspension in log phase for 2 days and centrifuged at 500 x g for 5 minutes. 

Cell pellet was then re-suspended in freezing solution, aliquoted in 1.5 CryoTubes and placed into 

a “Mr Frosty” freezing container with isopropanol (Thermo fisher). The cryotubes were stored at 
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800C overnight and later transferred into liquid nitrogen tank for long term storage. The frozen cells 

where rapidly thawed at 370C for 1 minute and drop wise diluted in pre-warmed growth medium. 

The suspension was spun down at 500x g for 5 minutes, cell pellet was gently resuspended in 

complete growth medium and transferred into appropriate flasks. 

 

2.3.2 Cell pellets preparation for biochemical analysis  

Leukaemic cells were let grow in exponential phase for 48/72 hours and spun down at 980 g for 5 

minutes. Having discarded the supernatant, cell pellet was washed in 1mL of chilled phosphatase 

buffered saline (PBS) (0.137M NaCl, 0.0027 KCl, 0.01M Na2HPO4, 0.0018M KH2PO4, pH 7.4) and 

transferred into a 1.5 mL clean tube. After centrifugation at 500 g for 5 minutes, PBS was carefully 

aspirated without disturbing the cell pellet and tubes were stored at -200C until sample submission. 

Pellets of 5x106cells were used for protein extraction assay while, pellets of 2x106 cells were 

processed for RNA extraction.  

Pellet preparation from primary samples and bone marrow was performed by my supervisor Dr 

Maria Teresa Esposito. The samples were spun down at 350 g for 5 minutes at room temperature. 

After having aspirated the supernatant, the samples were treated with RBC (Red Blood Cells) 

Lysis buffer (155mM NaCl, 10mM KHCO2, 0.1mM EDTA, pH 7.3) to eliminate any potential 

contaminant red cell. According to the RBC concentration, the pellet was resuspended in 2 to 5 

ml of RBC lysisbuffer and incubated for 10 minutes at room temperature. Following this, 10 mL of 

PBS were added to the lysate and gently washed by pipetting up and down. The suspension was 

then spun at 350 g for 5 minutes and,  having discarded the supernatant, it was resuspended in 

PBS . The cells were counted and aliquoted for protein and RNA extraction.  

Because of the small size of the samples, it was not possible to process all the primary samples 

for both protein and RNA extraction.  
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Cell type Cell 
line 

Fusion gene  
 

Translocation Origin Source 

CML 
(Chronic 
myeloid 
leukaemia) 

K562 BCR-ABL t(9;22) 53-years female 
with CML 

Gift from 
Prof.  Eric So 
King’s 
College 

AML Kasumi AML1-ETO t(8;21) 7-years female 
with AML 

Gift from Dr 
Yolanda 
Calle 
University of 
Roehampton 

ALL REH TEL-AML1 t(12;21) 
 

15-years female 
with ALL 

Gift from Dr 
Owen 
Williams 
University 
College 
London 

HL 
(Histiocytic 
lymphoma) 

U937 MLLT10-
PICALM 

 t(10;11) 37-years male 
with HL 

Gift from Dr 
David 
Guiliano 
University of 
East London 

 

Table 2.1. Characteristics of MLL cell lines selected for the project. 

 

 

Table 2.2. Characteristics of non MLL cell lines used as controls for this study. 

 

 

 

Cell type Cell line Fusion 
gene 

Translocation Origin Source  

 

MLL-AML 
(Acute 

myeloid 
leukaemia) 

THP1 MLL-AF9 t(9;11) 1-years old boy with AML Gift from Dr 

Yolanda Calle 

MV4;11 MLL-AF4 t(4;11) 10-years old boy with AML Gift from Prof.  
Eric So King’s 

College 

ML2 MLL- AF6 t(6;11) 26-years old woman with 
AML 

DSMZ 

NOMO1 MLL-AF9 t(9;11) 31-years old woman with 

AML 

DSMZ 

 
MLL-ALL 

(Acute 
lymphoblasti

c leukaemia) 
 

SEM1 MLL-AF4 t(4;11) 5-years old girl with ALL Gift from Prof.  
Eric So King’s 

College 

Hb11;19 MLL-ENL t(11;19) (Age not specified) ALL Gift from Prof.  
Eric So King’s 

College 

RS4;11 MLL-AF4 t(4;11) 36-years female with ALL DMSZ 
 

KOPN8 MLL-AF4 t(11;19) 3- months-old girls with ALL DSMZ 
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Table 2.3. Characteristics of the 9 primary samples obtained from the Cancer Tissue Bank 

at the Barts Cancer Institute and used for this study. 

 

Table 2.4. Summary of of  human bone marrow mononuclear cells from bone marrow and 

peripheral blood purchased from Stem cell technology and used as negative controls for 

the study.   

 

 

Sample  

 

Disease Sample Type Cytogenetics 

1 AML Leucopheresis INS (10;11)(P12,Q23Q21) MLL Abnormality 

2 AML Peripheral blood t(11;17) MLL (11q23) 

3 AML Peripheral blood t(9;11) 

4 AML Bone marrow t(9;11) 

5 AML Peripheral blood t(9;11) 

6 AML Bone marrow t(6;11) MLL-MLL t4 rearrangement  

7 AML Peripheral blood t(6;11) (Q27;23) 

8 ALL Peripheral blood t(4;11) 

9 ALL Peripheral blood t(4;11) 
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2.4 Biochemical Techniques 

2.4.1 Preparation of lysate for SDS-PAGE 

Samples for immunoblot analysis were lysed adding an appropriate volume of  phosphatase lysis 

buffer (20mM imidazole HCl, 2mM EDTA, 2mM EGTA pH7.0) supplemented with protease 

inhibitors (10μg/mL of aprotinin, leupeptin, antipain, soybean inhibitor and 1mM 

phenylmehylsulfony fluoride PMSF) and phosphatase inhibitors (50mM sodium fluoride NaF, 1mM 

sodium orthovanadate Na3VO4 ) from Sigma. The homogenate was incubated in ice for 15 minutes 

and centrifugated at 16000 x g for 15 minutes at 4oC to remove the insoluble material. The extract 

was collected and assayed in triplicate for protein quantification using Bradford assay kit (Sigma), 

mixing one part (5µL) of the protein sample with 30 parts (250µL) of the Bradford reagent. The 

reaction was incubated on a shaker at room temperature for 10 minutes and the absorbance was 

detected using Multiskan EX (Thermo fisher) microplate reader (Thermo fisher) at 595 nm. The 

protein concentration was then determined by interpolation on a nine serial dilutions bovine serum 

albumin (BSA) standard curve generated in water within the concentration range of 2mg/mL to 

0.1mg/mL (Figure 2.1).  

The final volume of the samples was calculated as described in Table 2.5 and prepared in 5X 

sodium dodecyl sulphate (SDS) sample buffer (100mM Tris-HCl pH 6.8, 5% w/v SDS, 45% 

glycerol, 0.06 % W/V bromophenol blue , 100mM DTT) for a total of 20μg of proteins.  
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Figure 2.1. Example of protein concentration calculation. The slope and Y intercept values, 

obtained from a BSA standard curve interpolation, were used to calculate the protein 

concentration (μg/μL) of the samples used for western blot analysis.  

 

Protein 
concentration  

Volume 
needed to load 
20 µg 

DTT 
1M 

SDS Loading 
buffer 5X 

Lysis 
buffer 

Total 
volume 

1 µg/ µl 20 µl 
 

3 µl 6 µl 1 µl 30 µl 

 

Table 2.5. Example of a typical western blot sample preparation.  

 

 

 

 

  

Sample OD595 nm OD595 nm- 0 Protein concentration μg/μL 

K562 1.438 0.999 (3.450 * 0D595-0) – 0.000643 
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2.4.3 SDS-PAGE 

Polyacrilammide gels were made using 7.5 -12% of Bis-Acrylamide 29:1, 40% (Fisher) as 

described in Table 2.6. Before starting the run, the samples were breifly centrifuged and heated 

at 960C for 5 minutes. Electrophoresis separation of proteins was conducted in 1X SDS running 

buffer (25mM Tris, 190mM Glycine, 0.1% SDS) at 110 Voltage for 2 hours. Following that, proteins 

were transferred onto PVDF membranes 0.2µm pore size (Amersham™) at 110 Voltage for 1 hour 

in 1X Transfer buffer (25mM Tris, 190mM Glycine, 20% methanol). The PVDF membranes were 

previously treated 15 seconds in methanol, 5 minutes in water to improve the protein binding 

capacity. After the transfer, the PVDF membrane were incubated for 1h at room temperature in 

blocking solution containing Tris Buffer Saline with Tween-20, TBS-T (0.2 M TRIS base, 1.5 M 

NaCl and 0.1% tween 20 pH 7.6) with 5% non-fat dry milk in order to block un-specific binding 

sites. Following blocking, primary antibodies were diluted according to Table 2.7 and incubated 

with the membranes overnight at 40C . The day after, the PVDF mebranes were washed three 

times in TBS-T and probed with secondary antibody for 1 hour at room temperature according to 

the dilutions shown in Table 2.8. Transferred protein were visualised using enchanced 

chemiluminescence (ECL) substrate Pierce ECL Prime™, according to the manufacturer’s 

instructions. Band densities detection was obtained using Odyssey ® Fc Imaging System, LI-COR 

Biosciences. 

 

 

 

Table 2.6. SDS- PAGE gel recipes. The percentage of Acrylamide used for the running gel, was 

dependent on  the molecular weight of the targets that we aimed to identify.   

  

 

RUNNING  7.5 %  12%   STACKING 4% 

Acrylamide (29:1 40%) 1.88 ml 3ml Acrylamide (29:1 40%) 400μl 

1.5 M Tris-HCl,  pH 8.8 2.50ml 2.50ml 1 M Tris-HCl,  pH 6.8 500μl 

dH2O 5.64ml 4.33 dH2O 3ml 

10% SDS 100μl 100μl 10% SDS 400μl 

TEMED  5μl 5μl TEMED  4μl 

APS 10% 50μl 50μl APS 10% 20μl 

TOTAL VOLUME  10ml 10ml TOTAL VOLUME  4ml 
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Primary antibody Molecular 
weight 

Dilution Species Company/Catalogue 
number 

SET 39kDa 1:500  
in 5% non- fat dry 
milk 

Mouse Santacruz / 133138 

CIP2A 90kDa 1:1000 
 in 5% BSA 

Rabbit Cell signalling /14805 

c-Myc 
 

57-70kDa 1:500  
in 5% BSA 

Rabbit Cell signalling / 
9402S 

Phospho c-Myc Ser62 62kDa 1:500  
in 5%  BSA 

Rabbit Cell signalling / 
13748 

GAPDH 37kDa 1:1000 
in 5% non- fat dry 
milk 

Rabbit Cell signalling / 2118 

SETBP1 
 

180kDa 1:500  
in 5% non-fat dry 
milk 

Rabbit Abcam / 98222 

Laminin B1 67kDa 1:1000  
in 5% non-fat dry 
milk 

Mouse Santa Cruz / 374015 

Phospho-Ser * 1:500  
in 5% BSA 

Mouse Santa Cruz /81514 

           *Depending on the targets which presents the phosphorylation in question 

Table 2.7. List of Primary Antibodies used for the study. Indicated are all the primary 

antibodies used for this study, dilution, specie, sources, and catalogue number. 

 

Secondary Antibody Dilution Company 

(HRP)-conjugated anti-mouse 1:10000 in 5% non-fat 
dry milk 

Jackson 
Immunoresearch 

(HRP)-conjugated anti-rabbit 1:10000 in 5% non-fat 
dry milk 

Jackson 
Immunoresearch 

IRDye secondary antibody anti-mouse 
800 CW 

1:5000 in 5% non-fat dry 
milk 

Li-cor 

IRDye secondary antibody anti-rabbit 680 
RD 

1:5000 in 5% non-fat dry 
milk 

Li-cor 

 

Table 2.8. List of Secondary Antibodies used for the study. Indicated are all the secondary 

antibodies used for this study, dilution, and sources. 

2.4.4 Nuclear Cytoplasmic fractionation 

K562, THP1 AND MV411 extracts were prepared from a pellet of 5x106cells, using a specific 

volume of Nuclear and Cytoplasmic extraction reagents from NE-PER™Thermo Scientific, 

according to the manufacturer’s protocol. Briefly, for cytoplasmic extraction the sample was initially 

re-suspended with cytoplasmic extraction reagent (CER I), supplemented with protease and 

phosphatase inhibitors (see 2.2.1), vortexed and incubated on ice for 10 minutes. In order to collect 

the cytoplasmic fraction, the tube was centrifuged at 16000 x g for 15 minutes and the supernatant 
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was transferred to a pre-chilled tube. The insoluble pellet containing the nuclei, was further 

incubated on ice for 40 minutes with nuclear extraction reagent (NER). The nuclear lysate was 

centrifuged at maximum speed in a microcentrifuge for 10 minutes, transferred to a pre-chilled 

tube and stored at -80 C. As final stage, the isolated proteins were quantified using Bradford assay 

kit (2.4.1) and analysed by immunoblot for SET, GAPDH and Laminin B1 detection as described 

in 2.4.3.  

 

2.4.5 Complex-Immunoprecipitation (Co-IP) assay 

K562, THP1, MV411 cells were lysed in NP40 buffer (100mM Tris, 0.2% NP40, 150 mM NaCl, pH 

7.4) (Switzer et al., 2011), with protease inhibitors (10μg/mL aprotinin, 10ug/mL soybean inhibitor, 

1mM PMSF). The lysate was incubated on ice for 15 minutes and centrifugated at 16,000 x g for 

15 minutes at 4oC to remove the insoluble material. After  collecting the clear supernatant, the 

protein concentration was quantified using Bradford assay kit as described above (2.4.1). Protein 

concentration of the lysate was adjusted to 400μg of total protein in 500μL of lysis buffer and 

aliquoted to two different tubes for co-immunoprecipitation assay and negative control of co-

immunoprecipitation assay. From each tube, 5 μL of lysate were aliquoted as input to confirm 

PP2A expression within the total protein lysate. The samples were stored at -20 oC with SDS 

sample buffer 5X.  The rest of the lysate was incubated with 4μL of antibody anti-PP2Ac (Millipore 

cat. no. 05421) at 4oC in constant agitation on a wheel, overnight. The negative control was 

incubated with no antibody . 

The following day, magnetic Dynabeads (Millipore) were carefully re-suspended on a roller for 5 

minutes and quickly washed three times with lysis buffer. The washes were performed on a 

magnetic rack which allowed to separate the beads from the lysis buffer and discard it. Next,  

25 μL of them were added to lysate/peptide mixture and negative control tubes for 3 hours at 4oC 

in constant agitation. After the incubation, the tubes were placed on a magnetic separation rack 

and, before discarding the supernatant, 20 μL of mixture were aliquoted to a clean tube. This 

sample represented the flowthrough control wich confirmed whether the antigen or binding 

partners were bound to anti-PP2Ac antibody.  

The lysate mixtures were washed three times with 200μL of chilled phosphatase buffered saline 

PBS (0.137M NaCl, 0.0027 KCl, 0.01M Na2HPO4, 0.0018M KH2PO4, pH 7.4) gently pipetting. The 
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tubes were placed on a magnetic separation rack to separate the lysate/peptide/beads mixture 

from the washing buffer.  

From the first two washes, 2μL of supernatant were collected as wash buffer controls and 

supplemented with SDS sample buffer 5X for Western blot analysis. The rest of the wash buffer 

was discarded.  

The co-immunoprecipitated complex was eluted from the magnetic beads adding 30μL of SDS 

sample buffer 5X at 96oC for 5 minutes. After a brief centrifugation, the tubes were placed on the 

magnetic separation rack and the supernatant, representing the co-immunoprecipitated complex,  

was collected. Following that step, 30 μL of SDS sample buffer 5X were adding to the beads and 

then heated at 96oC for 5 minutes. This control was representative of elution efficiency. The 

negative Co-IP control was processed in the same way. Input, flowthrough, wash buffer controls 

and beads were heated under reducing conditions at 96oC for 5 minutes and analyzed by western 

blot with the co-immunoprecipiated sample. Western blot analysis was conducted as described 

above (2.2.2). The membranes were incubated with primary antibody anti-SET 1:500 (Santacruz) 

overnight at  4oC in order to asses whether SET was binding PP2A forming a protein- protein 

interaction complex. 

2.4.6 Immunoprecipitation 

Immunoprecipitation assay was used to isolate SET and specifically detect its Ser 

phosphorylation. SET was immunoprecipitated using 4μL of anti-SET primary antibody according 

to immunoprecipitation protocol described above (2.2.4). After that, serine phosphorylation of SET 

was detected by western blot analysis using anti- Phosphor-SER as primary antibody. 

 

2.5 Molecular biology techniques 

2.5.1 RNA extraction 

Total RNA was extracted using Isolate II RNA mini kit (Bioline). The samples were lysed with 

guanidinium thiocyanate and processed through a spin column of silica membrane for RNA 

binding. Genomic DNA contamination, cellular components and impurities were removed through 

DNase I digestion and washing the columns with the supplied buffers. Final RNA was eluted 40μL 
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of RNase- free water. Quantification, integrity, and purity of RNA was measured on NanoVue™ 

Plus Spectrophotometer. Integrity and purity of the RNA was assessed based on 260/280 nm and 

260/230 absorbance ratio. It is generally accepted that absorbance ratio> 1.8 indicates adequate 

purity of nucleic acid and lack of contamination with proteins and phenol, which generally absorb 

near 280nm, and Ethylenediaminetetracetic acid (EDTA) and guanidine, which absorb around 

230nm.  

2.5.2 Reverse transcription 

Two µg of RNA were reverse transcripted using SensiFAST™ cDNA Synthesis Kit (Bioline) in 

20uL volume. The master mix reaction was prepared in ice as described below and the reaction 

was set up as follows: primer annealing 25oC 10 minutes, reverse transcription 42oC 15 minutes, 

inactivation 85oC 5 minutes and final hold at 4oC.The reverse transcription was performed with 2 

µg of RNA corresponding to 100ng/µl of cDNA. The cDNA generated was store at -20oC and 

eventually diluted for real time PCR analysis.  

 

2.5.3 Primer efficiency 

Quantitative real–time polymerase chain reaction (qPCR) was performed using specific primers 

for human GAPDH, SET, CIP2A from EUROFIN and SETBP1 from SIGMA (Table 2.9). The 

working solution of the primers was 10µM and obtained from 100µM stock solution diluted 1:10 in 

DNase-RNase free water. To optimize the RT-PCR conditions, the efficiency of the primers was 

determined using a standard curve, generated from 1:10 dilution series of sample nucleic acid, 

known as calibrator, and processed through real time PCR.  In this study, I used K562 as calibrator 

for SET, CIP2A, GAPDH and, U937 as calibrator for SETBP1 in the range of 100 to 0.1ng of 

cDNA. The qPCR reaction mixture was generated and performed as described in paragraph 2.5.3. 

For qPCR, the threshold cycle (Ct) value, that represents the cycle number at which the 

fluorescence signal of the reaction crosses the threshold, was automatically set by the software 

at the point where the fluorescence deemed above the background and the reaction was in 

exponential phase.  Results were plotted with input nucleic acid quantity on the x-axis and Ct 

values on the y-axis. The Amplification efficiency of the primers was calculated based on the slope 

of the plot as described in Figure 2.2 , where slope of -3.32 indicates a PCR reaction with 100% 



CHAPTER 2: Characterization of SET and CIP2A in MLL cell lines and primary samples 

 

 

 

 

 

57 

of efficiency which corresponds to a perfect doubling of template at every cycle (Pfaffl, 2001). For 

assay validation, the acceptable efficiency value is 90-110%. 

 

GENE OF 

INTEREST 

SEQUENCE ACCESSION NUMBER 

GAPDH R 5’- GAG GTC AAT GAA GGG -3’ NM_002046.7 

GAPDH F 5’- AGG TGA AGG TCG GAG -3’ 

SET R 5’ – TGG TTG GCG GAG TTT -3’ NM_003011.4 

SET F 5’- AGC AAG CGA TTG -3’ 

CIP2A R 5’ - CTG TGA GGA GCT TCT TTT TG- 3’ NM_002046.6 

CIP2A F 5’- ACC CCA ACA TAA GTG CTT CAC- 3’ 

SETBP1 R 5’- CTG TGA GGA GCT TCT TTT TG -3’ NM_015559.3 

SETBP1 F 5’ – GAT CAA GAT CAC CAT CAA GC 3’ 

 

Table 2.9. List of primers used for the project, name of the gene, sequence and accession 

number.  

 

 

 

 

 

  

https://www.ncbi.nlm.nih.gov/nucleotide/NM_002046.6?report=genbank&log$=nuclalign&blast_rank=3&RID=NY502WEE015
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Figure 2.2. Example of semi log regression line plot of Ct average value vs. log of input 

cDNA. The slope value was used to calculate the amplification efficiency of the primers according 

to the following formula:  Primer efficiency = (100 ∗ 𝐸) − 100 , 𝑤ℎ𝑒𝑟𝑒 E=10^ (-1/slope). This value 

will be entered in the Pfaffl formula, used to calculate relative gene expression data. 
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2.5.4 Quantitative Real-Time PCR 

Quantitative real-time PCR was carried out in a final volume of 10µL as shown in Table 2.10 using 

2x SensiFAST™ SYBR® No-ROX Kit (Bioline). The final concentration of cDNA used for each 

experiment, depended on the expression of each individual target but essentially 25ng of cDNA 

were used for most of them. Based on the number of samples, a master mix solution was prepared 

in a microcentrifuge tube including all the reagents except from the cDNA. The master mix was 

re-suspended and quickly centrifuged. At this point, 8μL of reaction were carefully pipetted into 

white- walled- 96 well plates (Applied Biosystem) avoiding bubbles and 2 μL of cDNA were added 

into each well. RNase- free DNase water was used as negative control. Plates were sealed with 

PCR sealing foil and briefly spun. The reaction was conducted in The StepOnePlus™ Real Time 

System instrument (Applied Biosystem) setup as described, initial holding stage at 95oC for 2 

minutes, followed by 40 amplification cycles for 5 seconds at 95oC (denaturation), 10 seconds at 

60oC (annealing), 20 seconds at 72oC (extension) with a single fluorescence measurement, 

dissociation step (95oC 30 seconds, 65oC 30 seconds, 95oC 30 seconds) and cooling holding at 

40oC . In this experiment GAPDH was used as housekeeping control for gene normalisation and 

loaded along with each target in one plate.  Relative gene expression was quantified in Microsoft 

Excel using the Pfaffl formula (presented below) while accounting for differences in primers 

efficiencies to increase reproducibility (Pfaffl, 2001): 

Pfaffl formula: 

Relative gene expression : (Etarget)∆CT target (control – sample) / (Eref)∆CT ref (control-sample) 

Where: 
 

• E target is the real-time PCR efficiency of target gene transcript.  

• E ref is the real-time PCR efficiency of a reference gene transcript, such as housekeeping 

gene (in this work GAPDH was used as a reference gene); 

• ΔCT target is the Ct deviation of control – sample for the target gene transcript.  

• ΔCT ref is the Ct deviation of control – sample for the reference gene transcript. 

• Real-time PCR efficiencies were calculated, according to E = 10 [–1/slope] (Figure 2.2)  

• CT deviations of control - sample for the target gene and reference gene were calculated 

according to the derived CT values obtained from the Real-Time PCR.  
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Component Amount 

 cDNA 2µl 

Reverse primer (10μM working solution) 0.4µl 

Forward primer (10μM working solution) 0.4µl 

2X SensiFAST™ SYBR® No-ROX Kit 5µl 

DNase-RNase free water 2.2 µl 

TOTAL VOLUME  10µl 

 
Table 2.10. Typical qPCR using 2X SensiFAST™ SYBR® No-ROX Kit 
 
 

2.6 STATISTICAL ANALYSIS 

Densitometry of immunoblotting images was performed using Image Studio software and 

normalised by Microsoft Excel, relatively to the loading control’s expression. Statistical significance 

in differential gene expression was determined using GraphPad Prism 7, One way- Anova test 

followed by Tukey’s multiple comparison. 
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RESULTS 

 

2.7 Optimisation of primers used for the study 

The amplification efficiency of the primers used for this study, ranged between 97- 110% (GAPDH 

97.38%, SET 97.18%, CIP2A 102.58%, SETBP1 111.16%) (Figure 2.3. A, B, C,). As for the rest 

of the primers tested, the efficiency of SETBP1 was initially calculated from a standard curve 

generated using the cDNA of K562 as calibrator (Figure 2.3. D). However, even using high 

concentration of cDNA (the equivalent of  100ng of RNA per well), the  Ct were above 30, 

suggesting that SETBP1 was not particularly expressed in this cell line. Hence, to provide a 

suitable standard system, U87 glioblastoma cell line was later used as different calibrator for 

SETBP1 primers. The calibrator standard curve ranged from 100ng/μL to 0.01ng/μL as showed in 

(Figure 2.3. E).   
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Figure 2.3. Optimization of the primers used for the study  

 

 

 

 

Figure 2.3. Optimization of the primers used for the study. In A. optimization of GAPDH , in B. SET, 

in C. CIP2A, in D. and E. SETBP1 primers efficiency. Graphs in the left column are semi log regression 

lines of standard curve amplification for the sets of primers tested. Graphs in the middle represent 

amplification curves, where the single peak in the melting curve indicates high specificity of the primers. 

The tables on the right show CT average values of each cDNA dilution of each target gene. The Ct 

increases with a decreasing amount of template and therefore it is impacted by the concentration of the 

target. All the standard curves were generated using K562 as calibrator with a concentration ranging 

from 100ng/μl to 0.1ng/μl. E) Repeated analysis of SETBP1 primer efficiency using U87 cell line as 

calibrator for the standard curve. 

 



CHAPTER 2: Characterization of SET and CIP2A in MLL cell lines and primary samples 

 

 

 

 

 

63 

2.8 SET characterization in MLL Leukaemia 

2.8.1 SET protein is overexpressed in MLL leukaemia 

Overexpression of SET is a reccurent event in cancer that impairs PP2A activity, contribuiting  to 

malignant progression (Switzer et al., 2011) . 

To characterise the expression of SET in MLL leukaemia, I evaluated SET gene and protein expression 

in  MLL-AML (ML2, MOLM13, MV4-11, NOMO1; THP1), MLL-ALL (Hb11-19, SEM, KOPN8, RS4-11) 

cell lines and MLL primary samples by qPCR and Western blot . A set of non MLL cell lines was used 

as positive control including K562 (CML), KASUMI (AML), REH (ALL); U937 (Histiocytic 

lymphoma)(Kandilci and Grosveld, 2005; Neviani, Santhanam, Trotta, Notari, Blaser, S. Liu, et al., 

2005; Yang et al., 2012). Bone Marrow from healthy donors was used as reference standard.  

Althought qPCR analysis showed significant overexpression of SET in THP1 and susbstantial down-

regulation of this target in the rest of the AML-MLL samples (p< 0.05;  0.01;  0.001), there is overall no 

significant difference between the expression of SET in ALL-MLL cell lines and the healthy control 

(Figure 2.4. A). This result was also confirmed in MLL primary samples where no one out of five samples 

showed higher expression of SET compared to the bone marrow controls (Figure 2.4. B). In contrast, 

the western blot analysis showed high levels of SET in all the MLL cell lines and primary samples 

analysed (Figure 2.5. A,B). These results were further confirmed evaluating the levels of SET in a small 

selection of MLL cell lines compared  to a batch of six independent bone marrow donors (Figure 2.5. 

C).  

Western blot analysis of SET in cell lines and primary samples showed double band detection for this 

target. These are likely to be two isoforms of SET as reported by Brander et al., (Brander et al., 2019). 

Further details will be described below (2.10). 

 

In conclusion, my novel results showed that, although no correlation between SET levels and MLL 

mutations was found, MLL cell lines and primary samples express higher levels of SET oncoprotein 

compared to the healthy controls.  
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Figure 2.4. Characterisation of SET expression in MLL cell lines. 

 

 

Figure 2.4. Characterisation of SET expression in MLL cell lines.  

Expression of SET at mRNA levels was analysed by real time reverse transcriptase polymerase chain 

reaction in MLL cell lines and primary samples. SET expression quantification in (A) MLL cell lines and 

(B) MLL primary samples. Gene expression was normalized by GAPDH control. Values are expressed 

relative to Bone Marrow (One-way ANOVA, *p<0.05; **, p<0.001; ***, p<0.001). Bars represent average 

value and Standard Deviation. Data are representative of three independent experiments. 
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Figure 2.5. Characterisation of SET expression in MLL cell lines and primary samples. 

 

 

 

Figure 2.5. Characterisation of SET expression in MLL cell lines and primary samples. A, B) 

Immunoblot for SET in MLL cell lines and MLL primary samples. Densitometry analysis was conducted 

by Li-cor Image Studio software. GAPDH was used as a loading control. Values are expressed relative 

to Bone Marrow. C) Immunoblot for SET in six independent BM donors and MLL cell lines. 

For MLL cell lines SET analysis, data shown are representative of one of three independent 

experiments.  
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2.8.2  SET is phosphorylated on Serine Residues and mostly localised within the cytoplasm  

Phosphorylation of SET at Ser9 directs SET localisation in the cytoplasm where, by binding PP2A, SET 

exerts its negative role on  PP2A activity (Yu et al., 2013).  

To further characterize SET profile in MLL, I firstly investigated the phosphorylation status of the protein 

by immunoprecipitation assay of SET, followed by immunodetection of Serine phosphorylation. Figure 

2.6.A shows input, negative and positive controls of the IP assay. The IP input is a control for pull-down 

efficiency, proving that the protein of interest is in the sample. The negative control sample is processed 

with no antibody, the sample was treated with only Protein G magnetic beads to check possible 

interference with the IP.  The results showed that in MLL-AML cell lines, SET is phosphorylated on 

Serine residues (Figure 2.6.A). Multiple band detection for the target in question may be addressed to 

different isoforms of SET, alfa and beta (Brander et al., 2019). Further details will be discussed in 

session 2.10.1. However, specific evidence of phosphorylation at Ser9 has not been provided yet for 

lack of availability of a specific antibody.  

I also analysed SET levels in cytoplasmic and nuclear fractions to investigate the cellular distribution of 

this protein. From this analysis we can observe that, as for K562, in THP1 and MV411, SET is clearly 

more preferentially localised in the cytoplasm than in the nucleus (Figure 2.6.B).   
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Figure 2.6. Characterisation of SET phosphorylation and localization. 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Characterisation of SET phosphorylation and localization. A) Detection of SerSET in 

MLL cell lines. Immunoblotting against phosphorylated Ser was performed after SET 

immunoprecipitation. B) Cytoplasmic and nuclear distribution of SET oncoprotein in K562 and MLL-

AML cell lines. After cytoplasmic and nuclear separation, the obtained lysate was analysed by 

immunoblot. Lamin B1 and GAPDH were used as nuclear and cytoplasmic markers, respectively. 
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2.8.3  SET forms a complex or interacts with PP2A 

In many oncological and non oncological diseases, SET-mediated inhibiton of PP2A is thought to 

depend on direct binding to PP2A. This depends on cytoplasmic accumulation of SET, regulated by its 

phosphorylation at Ser9 (Yu et al., 2013; R. Pippa et al., 2014) 

We therefore determined whether SET interacts with PP2A in MLL, carrying out a protein complex- 

immunoprecipitation using an anti-PP2A antibody followed by immunoblot assay against SET in K562, 

THP1 and MV411 cells. The results showed that in both THP1 and MV411 cell lines and SET interacts 

with PP2A forming a protein- protein interaction complex (Figure 2.7.A). In order to validate the 

specificity of the assay, I immunoprecipitated SET followed by immunoblot assay against PP2A. Despite 

some non-specific binding of SET to the immunoprecipitation beads in the THP-1 cells, our experiment 

clearly confirmed the formation of a SET-PP2A complex in THP-1 and MV4-11 cells. In THP-1 cells, 

the PP2A band detected in the complex with SET showed a MW higher of 39 kDa, which may 

correspond to the previously described alpha isoform (Figure 2.7. B). 
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Figure 2.7. Characterisation of SET- PP2A interaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 2.7. Characterisation of SET- PP2A interaction. Protein complex -immunoprecipitation 

showing SET—PP2A interaction in K562 and MLL-AML cell lines. A) Immunoprecipitation of PP2A, 

western blot for SET. B) Immunoprecipitation of SET, western blot for PP2A. Figure are representative 

of two independent experiments. 
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2.8.4  SETBP1 is not overexpressed in MLL cell lines 

In AML, overexpression of SETBP1 protects SET from protease cleavage leading to cytoplasmic 

accumulation of full-length SET and PP2A inactivation (Cristobal et al., 2010) 

In order to evaluate whether SETBP1 was overexpressed in MLL and potentially responsible for SET 

cytoplasmic stabilization, protein and gene expression levels of this target was assessed by qPCR and 

Western blot. As shown in Figure 2.8.A, qPCR was initially performed using the cDNA equivalent to 

25ng of RNA per well, however, the reaction was unable to detect SETBP1 and presented 

undetermined CT for most of the leukemic samples. Because of that, the amount of mRNA was doubled 

to 50 ng. Surprisingly, also at this concentration, the reaction showed the Ct > 30 for MLL samples, and 

accordingly, multiple nonspecific products for the dissociation curve. This experiment was repeated 

using 100 ng of mRNA. Once again, the Ct>30 for most of the MLL samples, indicating that SETBP1 

expression is expressed at low, undetectable levels in MLL cell lines (Figure 2.8.C). 

I attempted to detect SETBP1 protein by western blot (Figure 2.9). The western blot analysis showed 

more than one band around SETBP1 molecular weight (180kDa). Despite multiple antibodies against 

SETBP1 were tested for the study and two different positive controls (K562 and Hela) were included in 

the analysis (Figure 2.10) none of the antibodies tested deemed reliable and multiple bands were 

detected (Figure 2.10 A, B).  However, since our qPCR data indicated that among the samples analysed 

REH was the cell line with the highest expression of SETBP1, I envisage that the specific band for 

SETBP1 protein might be the higher band detected.  
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Figure 2.8. Characterisation of SETBP1 expression in MLL cell lines. 

 

 

Figure 2.8. Characterisation of SETBP1 expression in MLL cell lines. SETBP1 gene expression was analysed by qPCR. A, B, C) SETBP1  quantification 

in MLL cell lines using 25, 50 and 100ng of RNA. With corresponding melt curves presented multiple unspecific peaks for K562, ML2, NOMO1, MOLM13, U937 

samples. Gene expression was normalized by GAPDH control. Values are expressed relative to Bone Marrow 
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Figure 2.9. Characterisation of SETBP1 protein levels in MLL cell lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Characterisation of SETBP1 protein levels in MLL cell lines. SETBP1 gene protein levels were analysed by Western Blot in MLL cell lines. 

Immunoblot for SETBP1 in MLL cell lines. GAPDH was used as a loading control. Samples were run in 7.5% SDS- Acrylamide according to the molecular 

weight of the target (180kDa) 
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Figure 2.10. Testing SETBP1 primary antibodies for immunoblot  

 

 

 

Figure 2.10. Testing SETBP1 primary antibodies for immunoblot . SETBP1 primary antibodies 

fromfrom Saint Johns laboratory (STJ 29292) (A) and Thermoscientific (PA5-41566) (B) were tested 

using different dilutions. K562 and HeLa cell lines were used as positive controls. Samples were run in 

7.5% SDS- Acrylamide according to the molecular weight of the target (180kDa). 
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2.9 CIP2A characterization in MLL  

2.9.1 CIP2A is overexpressed in MLL  

CIP2A, endogenous regulator of PP2A, is over-expressed in various cancers (Li et al., 2008; Wang et 

al., 2011; Fang et al., 2012). Recent studies on diagnosis and outcomes of patient affected by  chronic 

myeloid leukaemia (CML), have identified CIP2A as a strong predictor of poor survival (Lucas et al., 

2011). 

In order to assess CIP2A expression profile in MLL, I evaluated CIP2A gene expression and protein 

levels by qPCR and Western Blot in MLL cell lines and primary samples. Figure 2.11.A. shows that, in 

particular for MLL-ALL, the expression of CIP2A in MLL cell lines is significantly higher than the bone 

marrow control (p<0.001; 0.01; 0.05, one-way Anova test). These results were in part confirmed by MLL 

patients analysis where 3 patients (two MLL-AML, one MLL-ALL) out of 5 presented higher level of 

CIP2A compared to the healthy control (Figure 2.11.B). However, there was no statistical difference 

between MLL primary samples and healthy control.   

Looking at the analysis of protein levels, my data showed that levels of CIP2A were higher in MLL cell 

lines compared to the bone marrow control (Figure 2.12.A). Similarly,  MLL primary samples showed 

over-expression of CIP2A for both MLL-AML and MLL-ALL samples compared to a batch of 6 

independent bone marrow controls (Figure 2.12.B).  



 

Figure 2.11. Characterisation of CIP2A expression in MLL cell lines 

 

 

Figure 2.11. Characterisation of CIP2A expression in MLL cell lines. Expression of CIP2A at 

mRNA levels was analysed by real time reverse transcriptase polymerase chain reaction and 

Western Blot in MLL cell lines and primary samples. A, B) CIP2A expression quantification in MLL 

cell lines and MLL primary samples. Gene expression was normalized by GAPDH control. Values 

are expressed relative to Bone Marrow (*, p<0.05; **, p<0.01; ***,p<0.001, one-way Anova). Data 

are representative of three independent experiments. 
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Figure 2.12. A, B) Immunoblot for CIP2A in MLL cell lines and MLL primary samples. 

Densitometry analysis was conducted by Li-cor Image Studio software. GAPDH was used as a 

loading control. Values are expressed relative to Bone Marrow and representative of one of three 

separate experiments. C) Immunoblot for CIP2A in six indipendent BM donors, K562 and 2 MLL 

cell lines. For MLL cell lines CIP2A analysis, data shown are representative of one of three 

separate experiment 

 

Figure 2.12.  Immunoblot for CIP2A in MLL cell lines and MLL primary samples. 
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2.9.2  CIP2A overexpression is accompanied by high levels of c-Myc oncoprotein in MLL 

The oncogenic activity of CIP2A inhibits PP2A resulting in enhanced phosphorylation of PP2A 

target proteins. For example  reduced PP2A activity results in enhanced phosphorylation of the 

oncoprotein c-Myc at Ser62 and preserves it from proteolytic degradation (Lucas et al., 2015)  

In MLL cell lines and in particular for MLL-ALL , total protein levels of c-Myc were higher than the 

bone marrow control (Figure 2.13. A). The primary antibody used to detect c-Myc produced 

multiple bands on the blot. This is because the molecular weight of c-Myc can be detected around 

57 to 70 kDa. According to K562, used as positive control for c-Myc expression, we considered 

the lowest band as a reference for protein quantification. Moreover, analysing the activated form 

of the oncoprotein,  both MLL-AML and MLL- ALL cell lines showed higher levels  of 

phosphorylated Ser62 c-Myc compared to the healthy bone marrow controls (Figure 2.13 C). The 

protein levels of the targets in question was futher evaluated comparing three leukemic cell lines 

to a batch of independent bone marrow donors.  Higher levels of both c-Myc and phosphorylated 

Ser62 c-Myc were confirmed in MLL cell lines compared to the healthy controls (Figure 2.13, B and 

D).  

Similarly to other leukaemic cell lines, in MLL cell lines we found no correlation between the 

expression of CIP2A, - c-Myc and Ser62c-Myc (Figure 2.14. A, B). Indeed, linear relationship of 

CIP2A versus c-Myc and/ or Ser62c-Myc showed R2 < 1. 

Because of the lack of samples, the expression of c-Myc and phosphorylated c-Myc  was not 

assessed in primary samples. 
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Figure 2.13. Characterisation of c-Myc and Ser62 c-Myc protein level in MLL cell lines.  

 

 

Figure 2.13. Characterisation of c-Myc and Ser62c-Myc protein level in MLL cell lines. A, C) c-

Myc and Ser62c-Myc protein profile was assessed by Western Blot in MLL cell lines. Densitometry 

analysis was conducted by Li-cor Image Studio software. GAPDH was used as a loading control. 

Values are expressed relative to bone marrow and representative of one replicate.B, D) 

Immunoblot for c-Myc and Ser62c-Myc in four independent BM donors, K562 and 2 MLL cell lines. 
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Figure 2.14. Linear relationship between CIP2A, c-Myc and Ser62c-Myc. 

 

 

 

Figure 2.14. Linear relationship between CIP2A, c-Myc and  Ser62c-Myc. 

 Analysis of linear relationship between CIP2A- c-Myc (A) and CIP2A- Ser62c-Myc (B). The R2 is a 

measure of the strength of the relationship between CIP2A and c-Myc (or phospho  

c-Myc) protein expression. R2 = 1 represents the best degree of relationship between two 

variables.  
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DISCUSSION AND CONCLUSION 

 

2.10 Characterization of SET expression 

The SET protein is one of the most well known PP2A endogenous inhibitors involved in multiple 

cellular functions and malignant progression. The malignant role of SET was first characterized in 

acute undifferentiated leukaemia (Lindern et al., 1992; Yoshifumi Adachi, Pavlakis and Copeland, 

1994) and later associated with clinical implications also in Alzhemier’s and other forms of cancer, 

including hepatocellular carcinoma, breast cancer, lung cancer and different forms of leukaemia 

such as Chronic Myeloid Leukaemia (CML), Acute Myeloid Leukaemia (AML), T-cells Acute 

Lymphocytic leukaemia (ALL) and B-cells Chronic Lymphocytic Leukaemia (CLL) (Neviani, 

Santhanam, Trotta, Notari, Blaser, S. J. Liu, et al., 2005; Ozbek et al., 2007; Van Vlierberghe et 

al., 2008; Kim et al., 2010; Switzer et al., 2011; Cristobal et al., 2012; Saddoughi et al., 2013; Yu 

et al., 2013; Janghorban et al., 2014; Brander et al., 2019). This oncoprotein is widely expressed 

in different tissues and primarly localized in the nucleus,  however phosphorylation at Ser9 

regulates its translocation to the cytoplasm where it is retained and co-localized with PP2A (Yu et 

al., 2013). In this regard, upregulation of cytoplasmic SET contributes to tumorigenesis by forming 

an interaction complex with PP2A which impairs PP2A activity (Switzer et al., 2011).  Inactivation 

of PP2A leads to dysregulation of most of its downstream targets such as AKT, ERK, GSK3β in 

different forms of solid tumours and leukaemia. Based upon its multiple roles in malignant  

progression, SET has been shown to be a valid therapeutic target for several cancers such as 

lung cancer and chronic myeloid leukaemia. 

The first aim of the study was to determine the gene and protein expression profile of SET in MLL 

cell lines and primary samples. My results showed no overexpression of SET compared to the BM 

control in both MLL cell lines and primary samples. However, the size of the primary samples used 

in the study (4 AML-MLL, 1 ALL-MLL) cannot be considered  significant in order to make 

generealised conclusions. In contrast to the gene expression profile,  in MLL,  SET protein levels 

were notably higher compared to  the bone marrow donors. These results were measured 

considering total SET protein expression. However, most of the MLL models showed double 
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bands detection, likely attributed to different spliced isoforms of SET, SET alpha and SET beta (Y 

Adachi, Pavlakis and Copeland, 1994; Brander et al., 2019). Brander et al., showed that the two 

different SET isoforms are expressed at high levels in CLL and  non-Hodgking Lymphoma (NHL) 

and that increased SET alpha isoform correlates with CLL disease severity (Brander et al., 2019). 

This may suggest that  alternative splicing of SET mRNA may be an important oncogenic 

mechanism to fully characterise and understand the the possible mechanism of SET- related 

leukemogenesis and tumorigenesis. However, because of the lack of specific antibodies 

commercially available for SETalpha and SET beta, I was unable to establish relative changes in 

SET protein isoforms and I focused my analysis on total protein overexpression. In future studies, 

it would be interesting to determine whether SET alpha and beta are both expressed in MLL 

samples and whether different isoforms of SET have different impacts in SET-PP2A axis and 

treatment outcomes in MLL.    

In agreement with previous studies conducted on  leukaemia and other diseases, I showed that in 

THP1 and MV411 (AML-MLL models),  SET was mainly retained within the cytoplasm. To evaluate 

whether this accumulation was driven by Ser9 phosphorylation, I succesfully isolated  SET by 

imunoprecipitation and confirmed its phosporylation on Serine residues using anti-Ser antibody 

for western blot detection.  Although the lack of Ser9 antibodies commercially available limited my 

analysis to total serine residues, phosphorytion on Serine residues of SET can be still considered 

a possible explanation of SET cytoplasmic accumulation in MLL.  Overexpression of SETBP1, 

SET- binding protein, is also associated with SET accumulation within the cytoplasm (Minakuchi 

et al., 2001; Cristobal et al., 2010; Makishima, 2017). This protein protects SET  from protease 

cleavege , increasing the amount of full-length SET inside the cytoplasmic compartment with 

resultant SET-PP2A interaction and PP2A inactivation. In patients affected by acute myeloid 

leukaemia, SETBP1 overexpression was  correlated with poor overall survival (Cristobal et al., 

2010). In contrast to previous works, my experiments showed very low levels of SETBP1 mRNA 

in MLL cell lines and non MLL cell lines such as acute myeloid leukaemia. In this regard, Cristobal 

et   al., showed that SETBP1 was overexpressed in 53 of 192 AML patients (28% ) presenting  

t(12;18) (p13;q12) translocation (Cristobal et al., 2011). The expression of SETBP1  was analysed 

using TaqMan gene expression assay, based on high specific labeled oligonucleotide and 

exonuclease activity of Taq polymerase. In contrast  to this work, my experiments showed very 
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low levels of SETBP1 mRNA/transcription in MLL cell lines and non MLL cell lines. However, in 

my study the analysis of SETBP1 expression was performed using a non specific double-stranded 

DNA-binding Dye , Syber Green. The difference in the methodology might explain the discrepancy 

bertween my results and those by Cristobal et al. 2011.   

The analysis of SETBP1 protein levels in MLL was not succesfully validated. In previous works, 

the analysis of this target was achieved only in HEK293 over-expressing ectopic SETBP1-GFP. 

Although I tested several antibodies to detect endogenous SETBP1,  the analysis presented 

technical issues consisiting in very poor signal and detection of multiple bands. Because of that, I 

did not complete the relative quantification of this target and we are unable to make general 

conclusions about its expression. To face this issue and validate the specificity of the antibody, 

one approach could  be silencing  SETBP1 by shRNA or CRISPR/Cas9.  

2.10.1 Characterization of SET function: SET-PP2A interaction complex 

Retention of SET within the cytoplasm leads to SET-PP2A interaction and  PP2A inactivation 

(Neviani, Santhanam, Trotta, Notari, Blaser, S. J. Liu, et al., 2005; Rincon et al., 2015). Having 

assessed up-regulation of SET in leukaemia cells including MLL cell lines in comparision to 

healthy BM mononuclear cellsand its presence in the cytoplasmic compartment,  I investigated 

whether SET binds PP2A in MLL. Different molecular approaches can be used to identify potential 

protein-protein interactions, such as mass spectometry analysis and co-immunoprecipitation 

assay. In this study, the analysis of SET-PP2A interaction, was based on immunoprecipitation 

assay of endogenous PP2A followed by immunoblot detection for SET binding partner and 

viceversa.  

My results indicated that in two MLL- cell lines, SET and PP2A are physically bound as part of the 

same protein interaction complex.  

Looking at the details of the IP, PP2A immunoprecipitation- immunoblot for SET (Figure 2.6.A), 

showed double bands detection with  predominant expression for the highest one, likely attributed 

to SET alpha which presents higher molecular weight compared to the beta isoform (Saito et al., 

1999). This might suggest that, although both isoforms of SET (alpha and beta)  are capable of 

inhibiting PP2A (Saito et al., 1999), one of them might present more affinity for PP2A. However, 

this hypothesis must be interpreted with caution, since we were not able to discriminate different 
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isoforms of SET by western blot and we are not aware of the mechanisms that regulate them in 

MLL. 

 

2.11 Characterization of CIP2A expression in MLL 

CIP2A is a cancer promoting protein also known as PP2A endogenous inhibitor. In human 

malignancies, CIP2A oncogenic function is mediated through its regulation with other basic 

oncoproteins such as c-Myc. Previous studies showed that in solid tumors as well as in leukaemia, 

up-regulation of CIP2A negatively impacts malignant progression and dictates poor disease 

outcome (Li et al., 2008; Lucas et al., 2011; Fang et al., 2012). Therefore, I aimed to investigate 

whether in MLL this oncogenic target was up-regulated too.  

Looking at the molecular profile of CIP2A, my data showed that similarly to other leukaemia cell 

lines both gene expression and total protein levels were up-regulated in MLL cell models 

compared to the healthy control. In agreement with the fact that CIP2A is rarely expressed in non-

cancerous cells, I compared CIP2A expression in MLL cell lines to a set of six independent bone 

marrow donors. The results confirmed that CIP2A is upregulated in MLL cell lines compared to 

healthy BM mononuclear cell controls, suggesting that it may play a crucial role in MLL 

progression.  Therefore, in order to define the importance of CIP2A in patients affected by MLL, I 

investigated the gene and protein profile of this target in MLL primary samples. CIP2A gene was 

up- regulated in 3 out of 5 samples and all of the 8 MLL patients included in the study presented 

over expression of CIP2A oncoprotein. Despite the limitation about the size of the samples, this 

analysis contributes to a novel evidence of CIP2A over-expression in MLL. In order to generalize 

the data, a larger number of patients would be needed in future studies.  

In most of the published works CIP2A up-regulation seems correlated to high levels of c-Myc 

oncoprotein (Melissa R. Junttila and Westermarck, 2008; Lucas et al., 2015). The CIP2A protein 

acts by hindering PP2A activity toward c-Myc stabilization, accompanied by phosphorylation at 

serine residue 62 (Lucas et al., 2015). In the present study, this property was investigated by 

looking at both c-Myc and Ser62c-Myc protein levels.  The results indicated that, compare to healthy 

controls, phosphor Ser62c-Myc and total levels of c-Myc were up-regulated in MLL cell lines 

compared to bone marrow cells from healthy donors. However, the analysis of linear relationship 

between CIP2A, c-Myc and phospho c-Myc, did not show any significant correlation among those 
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targets. These results suggest that in MLL cell lines, CIP2A over-expression alone is not sufficient 

to impair PP2A activity and directly affect c-Myc degradation. It would be important to consider 

that, given the role of c-Myc as a crucial regulator of cell fate, other players than the CIP2A-PP2A 

interaction might control its crucial expression.  

Future work aims to further investigate this interesting mechanism between CIP2A-c Myc signaling 

axis in MLL, by genetic and molecular modulation of CIP2A.  In this regard, inhibition CIP2A 

expression might be able to rescue the activity of PP2A in MLL and target cellular malignant 

proliferation. This work will be described in the following chapters where I aim to characterize the 

effect of CIP2A and SET genetic and pharmacological modulation on PP2A activity and MLL 

survival.   

In conclusion, these novel findings indicate that in MLL leukaemia, the most well-known PP2A 

regulators, SET and CIP2A, are over-expressed at the protein level. This work also demonstrates 

that, as well as in shown in other diseases and malignancies including leukaemia, in MLL cell lines 

SET is accumulated within the cytoplasmic compartment and it binds PP2A. Among the different 

mechanisms regulating SET cytoplasmic detention, such as Ser9 phosphorylation and SETBP1 

over-expression (Switzer et al., 2011; Yu et al., 2013; Liu et al., 2019) my results confirmed SET 

phosphorylation on Serine residues in MLL.  

CIP2A prevents PP2A-mediated dephosphorylation of c-Myc at Serine 62, stabilizing this 

oncoprotein against degradation and promoting malignant cell growth (Junttila et al., 2007). My 

results showed that CIP2A, phospho c-Myc and c-Myc are up-regulated in in MLL leukaemia. 

Although no correlation between the protein levels these targets have been found in MLL, CIP2A 

over-expression might still indicate a possible  function on PP2A inhibition.  

Given the distinct over-expression of SET and CIP2A in MLL cell lines and primary samples 

compared to bone marrow and peripheral blood controls, SET and CIP2A may represent 

interesting targets for potential new therapies  for MLL. In regards to SETBP1, I was not able to 

complete my study. However, given the importance of SETBP1 in SET stabilization and its 

redundancy for life, it will be an interesting target to follow up. 
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INTRODUCTION 

 

3.1 SET, an appealing target for anti-cancer treatment 

SET is a multi-functional oncoprotein known as one of the most potent inhibitors of PP2A.  In 

chapter 2 we described in detail the functions of SET in both physiological conditions and cancer, 

highlighting its oncogenic role as PP2A-binding protein and inhibitor. In many human 

malignancies, SET is highly expressed and binds the catalytic subunit of PP2A forming a SET-

PP2A inhibitory complex inside the cytoplasm. As a result, the tumour suppressor activity of the 

phosphatase is lost, leading to neoplastic progression.  

In order to explore the role of SET- related tumorigenesis and evaluate whether it could represent 

a drugable target in anti-cancer therapy, this protein the has been widely characterized by 

molecular and pharmacological antagonism.  In gastric cancer (GC), where SET overexpression 

at both protein and mRNA levels represents a poor prognostic marker, its downregulation by 

siRNAs impaired GC cell proliferation, colony formation, tumorigenesis, and metastasis in vitro 

and in vivo  (Yuan et al., 2017). In non Hodgkin Lymphomas  (NHL), expression of shRNA for SET 

resulted in a cytotoxic effect against NHL cell growth in vitro and pharmacological targeting of 

SET-mediated PP2A inhibition by SET antagonist peptide (COG449) impaired the growth of NHL 

tumour xenografts in mice. These results highlighted the importance of SET in NHL progression, 

indicating that SET over-expression is crucial for the proliferation of NHL cells and that antagonism 

of SET represents a novel pharmacological approach to treat this form of blood cancer 

(Christensen et al., 2011). Further papers reported that antagonism of SET by molecular approach 

and or/ pharmacological treatment enhances the sensitivity to standard anti-cancer treatments 

such as oxaliplatin in colon-rectal cancer and cisplatin in head and neck squamous cell carcinoma 

(HNSCC). Sobra et al., demonstrated that in in vitro and in vivo HNSCC models, knockdown of 

SET rescued the activity of PP2A, impaired cell proliferation and enhanced cell sensitivity to the 

standard treatment with cisplatin (Sobral et al., 2014).  In metastatic colon-rectal cancer, SET 

silencing by siRNA induced a decrease of cell growth and increased the sensitivity to the current 

oxaliplatin-based treatment.  
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Since accumulating evidence demonstrates that SET plays a vital role in promoting tumorigenesis 

and, in some of the cases, in developing therapeutic drug resistance, this oncoprotein has 

received increasing attention from scientists as a potential target for cancer therapy.  

 

3.2 FTY720 antagonizes the oncogenic role of SET in anti-cancer treatment 

FTY720 (Fingolimod, Gilenya ™, Novartis Pharma ), or 2-acetyl-4-tetrahydroxyimidazole, is a 

synthetic sphingosine analogue approved by the U.S. Food and Drug Administration (FDA) as 

first-line immunomodulator for the treatment of relapsing-remitting multiple sclerosis (Kappos et 

al., 2006; Tonelli et al., 2010). Although for years the clinical application of FTY720 has been due 

to its immunosuppressor activity on sequestering lymphocyte to the lymph nodes, this molecule 

recently showed “off-target” effects in cancer treatment when used at concentrations greater than 

2 µM. Within the anti-neoplastic context, FTY720 targets SET and selectively induces apoptosis 

of neoplastic while having minimal effect in healthy cells (Azuma et al., 2002; Lee et al., 2004; Ho 

et al., 2005; Neviani et al., 2013) . Because of its structural similarity to sphingosine, FTY720 binds 

the lipid-binding pocket of SET which has high affinity for D-e -ceramide and compounds 

structurally similar to ceramide/sphingosine. As a consequence, FTY720 sequesters SET ,which 

is released from the catalytic subunit of  PP2A, leading to PP2A reactivation and tumour 

suppression (Ponnusamy et al., 2009; Mukhopadhyay et al., 2009; Saddoughi et al., 2013; Pippa 

et al., 2014; Richard et al., 2016; De Palma et al., 2019).  In vitro and in vivo studies showed that 

FTY720 selectively reduces the viability of cancer cells, such as those from  colon rectal cancer 

(Cristóbal, Manso, et al., 2014) , lung cancer (Saddoughi et al., 2013; Liu et al., 2014) and 

leukaemia (Neviani et al., 2007; Yang et al., 2012; Pippa et al., 2014) in a SET-PP2A dependent 

manner, representing a promising approach to antagonize the oncogenic role of SET on PP2A 

dysregulation (Cristóbal, Manso, et al., 2014; Pippa et al., 2014). Importantly, in a simulation study 

conducted in lung cancer model, Saddoughi et al., provided structural and molecular details of 

FTY720-SET binding, demonstrating that knockdown of SET prevented FTY720-induced cell 

death, whilst reconstitution of Wild-Type (WT)/SET expression restored FTY720-mediated cell 

death in lung cancer (Saddoughi et al., 2013). Mechanistically, in their study, Oaks et al., showed 

that the activity of FTY720 depends on its binding with SET and in particular on SET lysine 209 

(K209). Indeed, FTY720 treatment decreased survival in cells expressing WT but not K209D SET. 
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To further confirm this interaction between FTY720 and SET, Oaks et al., performed anti-NBD 

immunoprecipitations and monomeric avidin-based chromatography using Ba/F3-Jak2V617F 

cells treated with FTY720-phenoxy-NBD and FTY720-phenoxy-biotin. Notably, anti-SET western 

blots clearly showed association of SET with both FTY720 conjugates and both FTY720 

conjugates restored PP2A activity in Ba/F3-Jak2V617F cells (Oaks, Santhanam and Walker, 

2014). Also in other forms of blood malignancies such as AML, CML and Philadelphia-positive 

(Ph+) ALL, FTY720 engages SET and disrupts its binding with PP2A with resultant PP2A re-

activation and block of cancerous cells growth (Neviani et al., 2007; Oaks, Santhanam and Walker, 

2014; Pippa et al., 2014).  Furthermore, in FTY720-treated leukemic mice (CML , Ph1 ALL and 

Jak2V617F models), FTY720 treatment translates into toxicity-free long-term survival , supporting 

the use of this molecule as a potential approach for treatment of those forms of cancer 

characterized by SET over-expression and functional loss of PP2A activity (Neviani et al., 2007).  
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AIM AND RATIONALE 

 

In chapter 2 I characterised for the first time the molecular profile of SET in Mixed Lineage 

Leukaemia, identifying a significant up-regulation of this oncoprotein in MLL cell lines and primary 

samples but not in healthy controls. I also demonstrated that in MLL samples, SET accumulates 

within the cytoplasmic compartment and binds PP2A tumour suppressor. As in different forms of 

tumours and leukaemia, overexpression of SET and SET-PP2A interaction complex are 

associated with malignant progression and poor outcomes, my novel finding suggested that SET 

may have a potential relevance in MLL tumorigenesis. 

The sphingosine analogue FTY720 has recently emerged as an effective antagonist of SET and 

promising anti-cancer molecule able to reduce the complex formation between SET and PP2A, 

impair SET cytoplasmic accumulation and block malignant progression. In MLL the function of 

SET and its specific targeting by pharmacological approach has never been investigated. 

 

Therefore, in this chapter I aim to investigate the importance of SET in MLL progression by 1) 

gene silencing of SET expression and 2) pharmacological modulation using the SET antagonist 

FTY720, to determine whether SET down-regulation may affect MLL progression and, therefore, 

represents a novel and valid target for MLL treatment.  
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MATERIALS AND METHODS 

 

3.3 Stable transduction of MLL cell lines with short hairpin RNA (shRNA) 

We used short hairpin RNA (shRNA) transduction to knock-down the expression of SET in MLL 

models. Stable transduction of MLL cell lines and non MLL controls, was conducted in vitro using 

the lentiviral plasmid vector pLKO.p1 from Sigma (Table 3.1), co-expressing a puromycin 

resistance cassette to permit transduction selection of mammalian cells and ensure the 

establishment of stable clones (Figure 3.1). In this experiment it was necessary to use a positive 

and a negative control. The negative control is important to distinguish sequence-specific silencing 

from non -specific effects. As a transduction negative control, we used non targeting shRNA 

control (shScramble), designed to target no known gene sequence in the cells being used. The 

pLKO, 1-puro CMV-tag RFP, with no shRNA insert and expressing the Red Fluorescent Protein, 

was used as a transduction positive control. Expression of RFP by CMV-tag RFP transduced cells, 

was adopted to assess the transduction efficiency.  

Samples transduced with shSCRAMBLE and RFP were treated similarly to samples transduced 

with shSET and untransduced samples.  

The cell lines used for this experiment were stably expressing Green Fluorescent protein (GFP+) 

and obtained from Dr Yolanda Calle, University of Roehampton- London. The eGFP cells were 

generated by Dr Yolanda Calle as described in Ramasamy et al., 2012 (Ramasamy et al., 2012). 

The eGFP positive population was sorted using fluorescence-activated cell sorting (FACS) for the 

levels of GFP fluorescence, where the number of eGFP-cells seeded on a multi-well plate was 

proportional to the levels of fluorescent emission per well (Ramasamy et al., 2012). All the cell 

lines were mycoplasma negative and maintained in culture as described in Chapter 2, section 2.3.  
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Figure 3.1 Map and features of pLKO.1-PURO vector used for lentiviral transduction in the 

study (Sigma-Aldrich.com). The pLKO.1-PURO vector has a length of 7086 bp. The vector 

contains: U6 promoter, a type of polymerase III vector necessary for driving shRNA synthesis 

within the viral vector, central polypurine tract (cppt), human phosphoglycerate kinase eukaryotic 

promoter (hPGK), puromycin resistance gene for mammalian cells selection (puroR), 3’ self-

inactivating long termal repeat (SIN/LTR), F1 origin of replication (f1ori), Ampicillin resistance gene 

for bacterial selection (ampR), pUC origin of replication ( pUC ori), 5’ long terminal repeat (5’LTR), 

RNA packing signal (Psi) and reverse response element (RRE), able to enhance the nuclear 

export of unspliced viral genomic RNA and increase the viral titer.  
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Table 3.1. Characteristics of the lentiviral particles used for the study.  

 

3.3.1. Optimization of the multiplicity of infection of the lentiviral particles used for the study  

The Multiplicity of Infection (MOI) is referred to the number of viral particles needed per cell in 

order to obtain the maximal percentage of transduced cells.  

To calculate: 

MOI= (Total transducing units/mL)/ number of cells per well 

Where the total transducing units of the virus (TU) represent the correctly packaged particles of 

the virus.  

To identify the optimal MOI of the shRNA lentiviral particles used in this study, we set up two 

independent experiments at 5 and 10 MOI. 

 

3.3.2. Transduction procedure 

eGFP-K562, eGFP-THP1 and eGFP-MV411 were transduced with shScramble and pLKO, 1-puro 

CMV-tag RFP at MOI 5. Untrasduced cells were used as control. One more well of untransduced 

cells was plated as puromycin selection control. The cells were split the day before and maintained 

at the concentration of 2x105 cells/mL as described in Chapter 2, section 2.1. The following day, 

the cells were harvested and counted. For each transduction, 20.000 cell/well were plated in a 96-

Lentiviral  
transduction particles 

INSERT SEQUENCE/DESCRIPTION INSERT TU (Transduction 
units) /mL 

 
SHC002V 

MISSION non-mammalian 
pLKO, 1-puro shRNA  
Control  
Transduction Particles 

 
CCGGCAACAAGATGAAGAGCA
CCAACTC- 
GAGTTGGTGCTCTTCATCTTGT
TGTTTTT  

 
No human  
or mouse  
shRNA 

 
9.2 x 107 

 
SHC012V 

pLKO, 1-puro CMV-tag RFP 
control 

 
No shRNA  
Contains TagRFP gene under the 
control of the CMV promoter.  
 

 
No hairpin 

 
2.7 x 107 

 
SHCLNV 

 
 

 
shRNA against SET 
NM_ID 003011 

 
Hairpin 

 
2.2 x 107 
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wells plate U bottom, in a volume of 100L of transduction mix containing fresh medium, lentiviral 

particles and polybrene (see Table 3.2). After gently resuspending the transduction mix, the cells 

were spun down at 800 g for 15 minutes at 32ºC and then incubated at 37oC in humidified 5% C02 

atmosphere.  

The volume of lentiviral particles needed was previously calculated based on the MOI desired, the 

number of cells transfected and the TU of the virus.  

To calculate: 

Volume of virus: (MOI x number of cells) / (TU/mL) 

 

The Polybrene, also known as hexadimethrine bromide, is a cation polymer typically used to 

enhance the sensitivity of the cells to the transduction. The stock solution of the polybrene was 

10mg/mL  (2000x) and it was diluted 1:100 in water to prepare a working solution of 0.1mg/mL 

(20x). The final concentration used for the transduction was 5 µg/mL (5µL of 20x polybrene in 

100µL of transduction volume).  

 

Volume virus (µL) Polybrene 
 

Cell suspension Total volume  
 

(MOI x number of cells) 
 / (TU/mL) 

    
    5µL  

100µL – 
(µL virus+ 5µL 

Polybrene) 

100µL 

 

Table 3.2. Total volume of the transduction mix 

 

After sixteen hours, the plate was removed from the incubator and 100µL of pre-warmed complete 

culture medium were added to the 100µL of the cell suspension for a total volume of 200µL. Then, 

incubated again at 37oC in humidified 5% C02 atmosphere for additional 24 hours.   

The same procedure was employed to transduce eGFP-THP1, eGFP-MV411 with shScramble 

and pLKO, 1-puro CMV-tag RFP at MOI 10. The volume of the lentiviral particles was adjusted to 

MOI10 as described above.  
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3.3.3. Analysis of transduction efficiency by fluorescence microscopy 

Transduction efficiency was determined using red fluorescence emission from RFP+ cells. After 

48 hours from the transduction, cells were gently resuspended and 10µL of untransduced and 

CMV-tag RFP cells (RFP+) were added on a glass side and analysed under EVOS Fluorescence 

Microscope to track green and red fluorescence at 10X magnification. 

 

3.3.4. Setting up Colony-forming Unit assay in methylcellulose upon shRNA transduction 

The Colony-forming Unit assay is an in vitro quantitative assay used in the study of differentiation 

of hematopoietic stem cells. The cells are cultured in a semi-solid medium where they self-renew, 

proliferate and differentiate forming colonies. The colonies can be quantified and characterised 

according to their morphology (Sarma, Takeda and Yaseen, 2010).  

Forty-eight hours after the transduction, cells were centrifuged at 500g for 5 minutes, 150µL of 

supernatant was aspirated, and the pellet resuspended within the remaining 50uL of medium. The 

cell suspension was transferred to Eppendorf tubes previously dispensed with 800L of pre-

warmed semi-solid methylcellulose- based medium (Stem Cell Technology, M3231), 

supplemented with 100 IU/mL penicillin and 100 mg/mL streptomycin and an appropriate amount 

of puromycin for selection. The optimal concentration of antibiotic used to select transduced MLL 

cell lines was determined through a puromycin titration kill curve within the concentration of 

5µg/mL to 0.25µg/mL by Dr Esposito. The titration kill curve is a dose/response concentration 

curve generated from serial dilutions of antibiotic. An example of dose/response concentration 

curve will be described in more details in section 3.4.1. The concentration of puromycin used was: 

5 g/ mL for K562; 0.5g/mL for REH, THP1 and MV411; 3µg/mL for Kasumi, HB11;19 and SEM. 

The Eppendorf tubes were vortexed in both upside down and upright positions for 5 seconds and 

quickly spun in a mini-centrifuge. The methylcellulose cell mixture was accurately dispensed with 

a 18G blunt end needle attached to 1mL syringes and dispensed in a 24- well plate. To collect the 

remaining methylcellulose from the wall and the bottom, the tube was spun down several times. 

The cells were seeded into the two middle rows of the plate. The empty wells surrounding the two 

rows were filled with sterile distilled water. After that, the plate was placed into a at 37oC humidified 

5% C02 incubator for 7- 14 days until colonies of cells appeared. During those days, the dish was 
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scanned under the microscope to evaluate the relative distribution of the colonies over the time. 

Colony units are usually visible after 7 days of incubation. 

The method employed was adjusted according to the retroviral/lentiviral transduction and 

transformation assay protocol (RTTA/LTTA) reported in “Leukaemia methods and protocols”,  

(Zeisig and So, 2009).  

 

3.3.5 LTTA assay and methylcellulose re-plating  

Within 14 days, the colony units were quantified and characterized. It is current practise to count 

only colonies consisting of approximately 50 or more cells. After that, the cells were harvested 

from the colonies and re-plated for a second round of selection.  

The morphology of the colonies was observed and recorded using EVOS™ cell image system 

microscope. The LTTA assay was performed by reporting the number of colonies. To assist the 

colony counting, the bottom of the 24-wells plate was marked with horizontal lines using forceps 

or a pair of scissors. After that, the cells were harvested from the colonies, eluting the 

methylcellulose mix in 10mL of PBS 1X supplemented with 0.5 % of FBS. The solution was 

transferred into a 15mL tube and re-suspended with a serological pipette up and down several 

times, to further homogenise the suspension and avoid methylcellulose clumps. The tubes were 

placed into a centrifuge, spun down at 500 g for 5 minutes and the supernatant was discarded. 

Next, the pellet was resuspended in 1mL of pre-warmed complete medium (the volume of the 

medium depended on the size of the pellet and the initial number of the colonies) and the cells 

were counted using a haematocytometer. For methylcellulose re-plating, 2000 cells were re-plated 

in 800L of methylcellulose supplemented with puromycin, as described above and incubated up 

to 10-14 days. For some cell lines, such as Kasumi and REH, it was recommended to plate the 

cells in two different concentrations, 5000 and 15000 cells per well. 

The cell suspension was adjusted to a volume no larger than 100L of medium.  

The same procedure was repeated for a third re-plating assay in order to establish a stable 

transduced cell line (protocol adapted from Zeisig and So, 2009). The colonies were scored at 

every round and the total number was recorded for each condition (untransduced, untransduced 

+ puromycin, RFP + puromycin, shSCRAMBLE + puromycin, shSET + puromycin).  
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3.3.6 Characterisation of stable transduced cell lines 

Untransduced and the stably transduced cell lines (shScramble, RFP, shSET) were maintained in 

culture as described in Chapter 2 session 2.3 and further examined for cell proliferation, 

differentiation and subcellular expression of SET.  

 

3.3.7 Cell proliferation analysis 

Cell proliferation was assessed by green fluorescence intensity (ƛ excitation 488/ ƛ emission 

528nm), stably expressed from the eGFP cells used in the study (See Section 3.3) and measured 

using a Fluorescent Microplate Reader at 495nm. As for Ramasamy et al., the fluorescence 

intensity detected per well was proportional to the number of eGFP positive cells present in the 

well and used to calculate the proliferation index (Ramasamy et al., 2012).  

Briefly, cells were seeded at a concentration of 20.000 and 10.000 cells in 200uL of complete 

medium per well, in a 96-wells plate flat bottom. Three empty wells were filled with 200L of 

medium and used as a blank. the plate was incubated at 37oC humidified 5% C02 atmosphere. 

The GFP fluorescence was measured at t0, 24, 48, 72 hours and 6 days as described above. For 

GFP quantification, the fluorescence reading of the blank was subtracted from all the samples. 

The data were reported as RFU (Fluorescence Units) versus days of incubation.  

 

3.3.8 Analysis of cell differentiation by May-Grunwald-Giemsa stain 

The May-Grunwald-Giemsa is a polychromatic stain solution used as a reference method for 

differential staining of blood cells. The May-Grunwald Giemsa stain contains eosin (acid dye), 

alkaline methylene blue (basic dye) and azure (basic dye) which makes effect of azure. The acid 

dye carries negative charges and stains the alkaline components of the cells in pink-red, whereas 

the basic dyes carry net positive charges and stain the acidic cellular components in blue. The 

combination of these dyes stains all the cellular components facilitating the morphological 

inspection of the blood cells under the microscopy. The determination of nuclear-cytoplasmic (NC) 

ratio is used to distinguish differentiated cells from the undifferentiated ones. A N:C ratio of 4:1 
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identified undifferentiated cells whilst decreasing in N:C ratio indicates cell differentiation (Figure 

3.2) (Su Lim et al., 2015, Yeung et So, 2009)  

 

Stably transduced leukemic cell lines were collected in log phase growth and counted for cell 

slides preparation using a cytospin centrifuge. This is a specialised centrifuge used to deposit cells 

in suspension onto a microscope glass slide. The slides were mounted with paper pad and cuvette 

in a metal holder and assembled in the centrifuge. For each sample, we adjusted a cell suspension 

of 80.000 cells in 100uL of PBS, which were loaded inside the cuvette and spun down at 500 g for 

5 minutes. To extract the slide, the paper pad and the cuvette was carefully detached from the 

metal holder without damaging the fresh cytospin from the glass slide. The area around the 

centrifuged cells was carefully marked with a permanent marker and allowed to air-dry over-night 

on the bench. 

The following day, the cell slides were placed on a staining rack under the chemical hood and 

processed for the staining. One millilitre of May-Grunwald staining was directly added to the slide 

for 3 minutes. After having removed the stain, the slides were gently rinsed with deionised water. 

The excess of water was drained off using a tissue. For the Giemsa staining, the slides were 

placed into a coplin jar containing 60 mL of Giemsa solution diluted 1:20 in distilled water. After 

20 minutes, the slides were washed under running tap water, to eliminate the excess of stain and 

facilitate the analysis. 

The stained samples were observed under the microscope for structural and morphological 

inspection.  

 

 

Figure 3.3. Example of May-Grunwald-Giemsa staining of leukemic cell lines. Arrow in yellow 

indicates undifferentiated cell with a N:C ratio of 4:1. Arrow in red highlights differentiated cell 

presenting a lower N:C ratio. 
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3.3.9 Analysis of subcellular expression of SET 

Subcellular expression of SET in untransduced and stable transduced cell lines was detected by 

Immunoblot analysis. Samples were prepared and processed for SET protein analysis as 

described in sections 2.4 of Chapter 2. 

3.4 Pharmacological modulation of SET  

Pharmacological modulation of SET was assessed upon FTY720 treatment. FTY720 was 

purchased from Selleckchem (S5002) and resuspended in DMSO in a stock concentration of 

10mM. FTY720 aliquots were stored at -80oC and thawed out at room temperature before use.  

 

3.4.1 Calculation of FTY720 IC50 

The half maximal inhibitory concentration (IC50) is a quantitative measure indicating the amount 

of drug needed to inhibit a biological process by half. The most extensively methods currently 

used to measure the viability of the cells and determinate the IC50 of a drug, are represented by 

MTT assay and trypan blue exclusion. In our study we compared both methodologies to generate 

a dose/concentration response curve and establish the best indicator of FTY720 IC50 in MLL cell 

lines.  

The generation of a dose/concentration response curve required the preparation of serial dilutions 

over a range of various concentrations. For FTY720 IC50 we included seven serial dilutions 

generated in complete RPMI medium, within the concentration range of 10-4 M to 10-10 M. Figure 

3.4 provides an example of serial dilutions for drug dose-response assay. 

The cells were harvested and spun down at 500 g for 10 minutes. The supernatant was discarded, 

and the pellet resuspended in pre-warmed complete RPMI medium. The cells were counted and 

seeded in triplicate wells in a 96-wells plate round bottom at a concentration of 20.000 cells per 

well in 100L of pre -warmed complete medium. Three wells of untreated cells and three wells of 

cells treated with the vehicle (DMSO) were plated as controls. For the drug incubation, 100L of 

medium from dilution 2 (Figure 3.4., Step3) was added to the corresponding well and gently mixed 

to avoid bubbles. For untreated cells, 100L of pre-warmed complete medium was added to the 

cell suspension. The plate was placed at 37oC in humidified 5% C02 atmosphere incubator for 72 

hours.   
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After 72 hours, 100L of cells were aspirated and transferred to a 96-well plate flat bottom for MTT 

assay. The rest of the cells were processed for trypan blue exclusion assay.  

For both MTT assay and trypan blue exclusion, the average of the data obtained was normalized 

to the percentage of untreated cells and interpolated within a non-linear regression curve. The 

best-fit values indicated the IC50 of the drug. 

 

 

 

 

Figure 3.4. Example of serial dilutions preparation for the dose/concentration response 

curve used to calculate the IC50 of the drugs this study. The serial dilutions of the drug were 

generated from the stock concentration and prepared in complete medium (Step1, Step2). One 

hundred microliters of Step2 dilution were added to the each well in order to have a 1:2 dilution 

(Step3). This corresponded to the final concentration of the drug required to generate a log 

concentration curve within the range of 10-4 to 10-10 M. A tube containing the vehicle (DMSO) was 

included as control and diluted according to the highest concentration of the drug. 
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3.4.1.1 MTT assay  

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, also known as MTT, is a 

colorimetric assay based on the quantification of the metabolic activity of the cells as an indicator 

of cell viability. The assay is based on the conversion of the yellow reagent (MTT) to a purple 

product (Formazan). The viable cells, metabolically active, contain NAD(P)H- oxidoreductase 

enzymes which reduce the MTT salt to purple formazan crystals. Upon conversion, the formazan 

crystals precipitate near the surface of the cells where they can be detectable at 450 and 620 

nanometres using a multi-well spectrophotometer. 

We used Cell Titer96® AQueous One solution cell proliferation assay (Promega, G3580) to perform 

MTT assay in MLL cell lines. The reagent was stored in 1 mL aliquots at -20oC and thawed out at 

37oC for 10 minutes, protected from the light. 

One hundred microliters of cell suspension, previously transferred to a 96-wells plate flat bottom, 

was incubated with 20L of MTT assay reagent and gently resuspended avoiding bubble, then 

incubated at 37oC humidified, 5% C02 atmosphere. After 3 hours, the absorbance of the Formazan 

was recorded by optical density at 490 and 630nm using a Multiskan EX (Thermo fisher) 

microplate reader. 

 

3.4.1.2 Trypan blue exclusion assay 

The trypan blue exclusion assay is a dye exclusion test used to quantify the number of viable cells 

present in a cell suspension and assess the cell viability. This assay is based on the principle that 

in the cells whose membrane is compromised the uptake of the trypan blue dye, which binds 

intracellular proteins, is facilitated. Hence, dead cells are distinguished from alive cells by the 

bluish cytoplasm.  

For this test, 10L of cell suspension were aspirated from the 96-wells plate and mixed with 10L 

of trypan blue dye. The mixture was applied to a haemocytometer slide and examined under the 

microscope to determine the number of alive cells.  

The data obtained were fit into a non-linear regression curve in GraphPad prism software to 

generate the IC50 values.   
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3.4.2 Assessment of FTY720 response by CFU assay in methylcellulose 

We evaluated the effect of 2 and 5M FTY720 treatment on MLL colony-forming unit ability in 

methylcellulose. K562 cell lines were used as positive control, KASUMI was used as AML control 

and REH as ALL control. The MLL cell lines used for the study included THP1 and MV411, 

representative of MLL-AML, and HB1119 and SEM representative of MLL-ALL.  

Cells were harvested and spun down at 500 g for 5 minutes. After having aspirated the 

supernatant, the pellet was resuspended in pre-warmed complete medium. To set up the CFU 

assay, we incubated 2000 cells in 800L of methylcellulose with 8µL of FTY720 500M and 

FTY720 200M, for a final concentration of 5 and 2M FTY720. Details on CFU assay procedure 

are described in section 3.3.4. 

Quantification and characterization of colony units generated in response to FTY720 treatment 

was assessed as describe in section 3.3.5. Single cells were harvested and re-plating for two more 

rounds following the same procedure.  

3.4.3 Analysis of MLL differentiation upon FTY720 treatment 

We investigated the effect of FTY720 treatment on cell differentiation associated with CFU ability. 

The cells were grown in methylcellulose with 2 and 5M FTY720, as described in session 3.3.4. 

After the third round of CFU assay, single cells were isolated from the colonies (see section 3.3.5) 

and processed for May-Grunwald-Giemsa staining, as describe in section 3.4.  

 

3.4.4 Analysis of MLL apoptosis upon FTY720 treatment 

We analysed the effect of FTY720 treatment on MLL apoptosis by fluorescence-activated cell 

sorting analysis and cell cycle by quantification of DNA content.  

The cell lines used for this study were stably transduced with GFP as mentioned in paragraph 3.4. 

eGFP-K562, eGFP-KASUMI and eGFP-REH were used as non MLL controls; eGFP-THP1, 

eGFP-MV411, eGFP-HB1119 and eGFP-SEM were representative of MLL cell lines. The cell 

cycle analysis did not include eGFP-REH, eGFP-HB1119 and eGFP-SEM cell lines. 

The day before the treatment, all the cells were maintained in culture at a concentration of 2x105 

cells/mL as described in Chapter 2, section 2.3. The following day, the cells were harvested, 
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centrifuged at 500 g for 5 minutes and counted. For each condition the cell suspension was 

adjusted to 20.000 cells in 100L of complete medium and plated in triplicate in three 96 well-

plates round bottom (24, 48 and 72 hours) for apoptosis analysis and two 96 well-plates round 

bottom (24 and 48 hours) for cell cycle analysis. The stock of FTY720 was prepared in complete 

medium as described in the example above (Figure 3.4), at a concentration of 4 and 10M for 

apoptosis and 10M for cell cycle analysis. Next, 100L of the drug was added to 100L of cell 

suspension, obtaining a 1:2 dilution, for a final concentration of 2 and 5M FTY720 for apoptosis 

and 5M for cell cycle analysis. The suspension was gently mixed and incubated. The samples 

were processed for analysis of apoptosis after 24,48 and 72 hours and after 24 and 48 hours for 

analysis of cell cycle, using BD Accuri™ C6 Flow cytometer. The instrument was calibrated 

according to the standard BD Accuri C6 protocol using BD Accuri™ Spherotech 8-Peak Validation 

beads (FL1, FL3 channels) and 6-Peak Validation beads (FL4 channel). 

 

Green fluorescence emission (GFP) was used as a fluorescence-based cellular apoptosis 

reporter. The GFP signal was measured at 530nm in FL1 channel upon 2 and 5 M FTY720 

treatment at 24, 48 and 72 hours. The cell population was identified and gated based on the 

forward and side scatter signals profile (FSC/SSC). The combination of these two parameters 

allows for the discrimination of the cells by size and internal complexity in single-cell analysis. 

Among this population, we performed doublets discrimination by plotting area (-A) against the 

height (-H) for side scatters (SSC-A versus SSC-H). Doublets present double the area and width 

values of single cells whilst the height is roughly the same. Disproportions between height and 

area are used to identify doublets. This accurate discrimination ensures the exclusion of false 

GFP emission. Indeed, if a doublet containing a fluorescence positive and negative cell, passes 

through the laser, it will produce a positive pulse leading to false positives in both analysis and 

sorting experiments. 

For each cell population, we recorded a minimum of 4000 events in fast flow rate. Results were 

given in percentage of GFP positive cells, mean fluorescence intensity (MFI) units and absolute 

cell count/μL. All experimental data were normalised to vehicle fluorescence.   
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3.4.5 Analysis of MLL cell cycle upon FTY720 treatment 

The effect of FTY720 treatment on MLL cell cycle was assessed using propidium Iodide (PI) DNA 

staining upon 5µM FTY720 treatment at 24 and 48 hours. Propidium Iodide is a red-fluorescent 

membrane impermeant dye (excited at 488nm) which binds double stranded DNA by intercalating 

between base pairs with no sequence preference. The fluorescence emission reflects the DNA 

content.  

Plates were centrifuged at 1200 rpm at 4°C for 5 minutes and the supernatant was gently removed 

without disturbing the cell pellet on the bottom of the well. After that, the cells were gently re-

suspended in 100 µL PBS and centrifuged once again as described above. The supernatant was 

discarded, and the pelleted cells were re-suspended in 30µL of PBS buffer. To fix the cells, 70µL 

of cold ethanol 70% were dropwise added to 30µL of cell suspension while gently vortexed on a 

shaker. The plate was then kept at 4°C and processed for PI staining in the following days. For PI 

staining, the plates were centrifuged as described above, washed with PBS and re-centrifuged. 

After removing the supernatant, the cells were re-suspended in 25µL of PBS containing 0.2 mg/mL 

RNAse A and incubated at 37°C for 1 hour. At this point, 25µL of PBS containing PI (20ug/mL) 

were added to the cell suspension of 25µL of PBS containing 0.2 mg/mL RNAse. In this way, the 

PI was diluted 1:2 to a final concentration of 10µg/ml.  The plates were kept in the dark at 4°C and 

the PI emission was read on BD Accuri™ C6 Flow cytometer at FL2 in the same day. 

The cell population was identified and gated based on the forward and side scatter signals profile 

(SSC/FSC). Doublets discrimination was performed by plotting side scatter-heigh (SSC-H) versus 

side scatters-area (SSC-A). As described above, this was assessed in order to ensure a more 

accurate analysis based on the exclusion of doublets, detected by the instrument as a single event 

instead of two independent particles.  

For each cell population, we recorded a minimum of 10000 events in ungated in fast flow rate. 

Results were given in percentage of cell phase cells (SubG1, G1, S, G2-M). All experimental data 

were normalised to vehicle.  
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3.4.6 Cell proliferation analysis upon FTY720 treatment 

The effect of FTY720 on MLL cellular proliferation was analysed using GFP+ cell lines (eGFP-

K562, eGFP-KASUMI, eGFP-REH, eGFP-THP1, eGFP-MV411, eGFP-SEM) and green 

fluorescent emission was used as a viability reporter. Cells were plated in a 96-well flat bottom at 

a concentration of 200.000 and 100.000cells/mL in 100L of complete medium per well and 

incubated with 2 and 5M FTY720 as described in paragraph 3.3.4. Two hundred microliters of 

prewarmed completed medium was used as a blank. For proliferation analysis, green fluorescence 

was measured at t0, 24, 48,72 hours and 6 days using a Fluorescent Microplate Reader at 495nm 

(see paragraph 3.3.7).  

 

3.4.7 Analysis of the protein levels of SET and PP2A’s targets by Immunoblot assay 

Protein levels of SET and PP2A’s targets were assessed by western blot analysis upon 5µM 

FTY720 for 24 and 48 hours. For each condition, 2x106 cells were plated at a concentration of 

200.000 cells/mL.  the stock of FTY720 10mM was diluted 1:2 in complete medium and 5mM of 

FTY720 were added to the cell suspension in 1:1000 dilution (10µL of FTY720 in 10mL of cell 

suspension) to obtain a final concentration of 5µM FTY720. The untreated cells were incubated 

with the vehicle and treated in the same way.  After 24 and 48 hours, cells were harvested and 

processed for pellet preparation, protein extraction and Immunoblot analysis procedure as 

described in Chapter 2, section 2.4. The primary antibodies used for immunoblot detection are 

described in Table 3.3 and were incubated for 1 hour at room temperature or overnight at 4°C and 

stripped for multiple re-probing as described below.  The membrane was firstly probed with 

Phospho GSK3-ß (Ser9) overnight. Following the secondary antibody incubation and image 

acquisition, it was probed with Phospho- AKT (Ser473) for 1 hour at room temperature. After that, 

I probed Gsk3-ß, followed by stripping procedure and membrane re-probing with Phospho ERK 

(Thr202/Tyr 204) for 1 hour. At this point the membrane was stripped from Phospho ERK 

(Thr202/Tyr 204) and probed overnight with Akt. After Akt, I probed ERK. Following that, the 

membrane was stripped for the last probing with GAPDH. Details of SET, GAPDH and (HRP)-

conjugated anti-mouse secondary antibodies are described in chapter 2, Table 2.7 and 2.8.  
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Primary antibody Molecular 
weight 

Dilution Species Company/Catalogue 
number 

AKT 60kDa 1:1000  
in 5% non- fat dry milk 
 

Rabbit Cell signalling / 4691 

Phospho- AKT 
(Ser473) 

60kDa 1:2000 
 in 5% BSA 
 

Rabbit Cell signalling /4060 

ERK 
 

42-44kDa 1:1000  
in 5% BSA 
 

Rabbit Cell signalling / 4695 

Phospho ERK 
(Thr202/Tyr 204) 

42-44kDa 1:1000  
in 5% BSA 
 

Rabbit Cell signalling / 9101 

Gsk3-ß 46kDa 1:1000 
in 5% non- fat dry milk 
 

Mouse Cell signalling / 
9832S 

Phospho GSK3-ß 
(Ser9) 
 

46kDa 1:1000 
in 5% BSA 

Rabbit Cell signalling / 
5558S 

 

Table 3.3. List of Primary Antibodies used for the study. Indicated are all the primary 

antibodies used for this study, dilution, specie, sources and catalogue number. 

 

3.4.7.1 Stripping protocol for re-probing 

For comparative comparison between phosphorylated protein and total protein, all the PP2A’s 

targets (phosphorylated protein and total protein) were investigated on the same blot. Primary 

antibody against SET was probed on a separate blot. The removal of the primary and secondary 

antibody was performed using a mild stripping buffer (15 g glycine, 1 g SDS, 10 ml Tween-20 in a 

total volume of 1L of distilled water. pH 2.2). The membrane was incubated with the stripping 

buffer for 10 minutes in gently shaking. After the indicated time, the buffer was discarded, and the 

membrane was re-incubated for other 10 minutes in fresh stripping buffer. Following the second 

incubation, the blot was washed in PBS for 10 minutes twice and for 5 minutes two extra times.  

The washes were followed by blocking stage as described in Chapter 2, paragraph 2.4.3. 

 

3.4.8 Effect of FTY720 treatment on SET-PP2A Complex-immunoprecipitation assay 

For SET-PP2A Co-immunoprecipitation assay, cells were plated and treated with 5M FTY720 for 

24 and 48 hours, as described above (paragraph 3.3.6.1). Co-immunoprecipitation assay was 
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performed by immunoprecipitation of SET followed by immunoblot against PP2A. Co-

immunoprecipitation assay protocol is described in more details in Chapter 2, paragraph 2.4.4.  

 

3.4.9 Analysis of PP2A activity assay upon FTY72O treatment  

The effect of FTY720 on protein phosphatase activity in THP1 and MV411 was assessed by 

PP2A activity assay (Millipore,17-313). The assay is designed to measure the generation of free 

phosphate from the threonine phosphopeptide, using malachite green–phosphate complex  

 

3.4.9.1 Preparation of Malachite Green Solution 

Malachite green solution was included within the assay kit as solution A and solution B and used 

to detect phosphatase enzymatic activity. The two solutions were combined using 10µL of 

solution B and 1mL solution A, according to the final volume desired. 

 

3.4.9.2 Preparation of the phosphate standard curve 

The phosphate standard solution (solution C) was supplied by the kit and resuspend in water to 

make a 0.1mM working solution. This solution was used to prepare a phosphatase standard curve 

within the range of 200 to 2000 picomoles per well as described in Figure. 3.5 A. For each point, 

25µL of dilution were incubated with 100µL of malachite green (prepared as describe above, 

3.3.8.1) in a microtiter 96 well-plate supplied by the assay kit, then incubated at room temperature 

for 15 minutes. The standard curve was prepared in triplicate, distilled water was used as a blank. 

After the incubation, the absorbance was read out by optical density at 650nm using a Multiskan 

EX (Thermo fisher) microplate reader. The blank was subtracted from the standard and the 

absorbance plotted versus the picomoles as describe in Figure 3.6 B. 

 

3.4.9.3 Sample preparation and PP2A immunoprecipitation assay  

Cells were plated and treated for 24 and 48 hours with 5µM FTY720 as described in paragraph 

3.4 For protein extraction, cell pellet was prepared as described in Chapter 2, paragraph 2.4.1. 
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and lysed using an appropriate volume of phosphatase lysis buffer (20mM imidazole HCl, 2mM 

EDTA, 2mM EGTA pH7.0) supplemented with protease inhibitors (10μg/mL of aprotinin, leupeptin, 

antipain, soybean inhibitor and 1mM phenylmehylsulfony fluoride PMSF) from Sigma. The 

suspension was incubated in constant rotation at 40C for 30 minutes. After that, the lysate was 

spun down at 10,000 g for 15 minutes and the supernatant collected in clean tubes, discarding 

the pellet. Protein quantification was assesed using Bradford assay as described in Chapter 2 , 

paragraph 2.4.1 and 50µg of protein were adjusted in a final volume of 200µL of lysis buffer for 

PP2A immunoprecipitation. PP2A was immunoprecipitated adding to the lysate 4μg (4µL) of 

PP2A-C antibody and 300µL of pNPP Ser-Thr assay buffer (50 mM Tris-HCl, pH 7.0, 100 μM 

CaCl2), kit component, and the mixture was then incubated in constant rotation at 4oC for 2 hours. 

The samples were prepared in duplicate to include negative controls with no antibody. After the 

incubation, the beads were washed with 700µL of TBS, followed by one final wash with 500µL of 

Ser-Thr assay buffer. After each wash, the lysate was centrifuged at 1,200 g for 5 minutes to 

recover the beads. The supernatant was discarded without disturbing the pellet. After the final 

wash, the pellet was resuspended in 60µL of phosphopeptide and 20µL of Ser/Thr assay buffer. 

Next, incubated for 10 minutes at 300C in a thermoblock. 
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A. 

 

 

B. 

 

                          

 

 

 

 

 

 

 

 

 

Figure 3.5 Example of phosphatase standard curve generation. A. Dilution of phosphatase 

standard solution prepared in water to generate a phosphatase standard curve. B. The slope and 

Y intercept values, obtained from the phosphatase standard curve interpolation, were used to 

calculate the phosphatase activity of PP2A (picomoles/µg) as described in Figure 3.6. 
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3.4.9.4 PP2A activity assay  

To measure the activity of PP2A, 25µL of sample were transferred into a microtiter 96-well plate 

and incubated with 100µL of malachite green solution at room temperature in constant agitation. 

After 15 minutes of incubation, free phosphatase was measured by optical density at 650nm. For 

phosphatase activity analysis, the negative controls absorbance was subtracted from the 

positive samples and interpolated in the phosphatase standard curve equation to calculate 

enzymatic activity of PP2A (picomoles/µg).  

 

 

 

Figure 3.6 Example of calculation of enzymatic activity of PP2A (picomoles/µg). The 

phosphatase activity (Picomoles) was normalized with the amount of protein processed for PP2A 

immunoprecipitation (50µg).  

 

Two hundred microliters of prewarmed completed medium was used as a blank. Each well was 

gently re-suspended and the plate was incubated at 370C per 24, 48 and 72 hours using a 

Fluorescent Microplate Reader at 495nm as described in paragraph 3.2.1.  

 

 

3.3.10 Statistical analysis  

Statistical analysis was determined using Graph Pad prims 7, 2-way ANOVA, multiple comparison 

or T-test as specified in the figure legends. Analysis of cell proliferation was assessed by mixed 

effect 2-way ANOVA. Densitometry of immunoblotting images was performed using Image Studio 

software and normalised by Microsoft Excel, relatively to the loading control’s expression.   

  

Sample OD650 nm OD650 nm- 0 Picomoles/μg protein 

K562 0.239 0.118 (2067 * 0D650-19.58)/50  



CHAPTER 3: Molecular and pharmacological targeting of SET in MLL 

 

 

 

 

 

110 

RESULTS  

3.5 Stable transduction of MLL cell lines with short hairpin RNA (shRNA) 

As reported from the literature, genetic silencing of SET was largely used as a stable model to 

describe its biological role in cancer behaviour. In particular, previous studied showed that in solid 

tumour and leukaemia , knockdown of SET re-establishes the activity of PP2A, decreasing the 

tumorigenic potential of cancerous cells in immunodeficient mice such as SCID, NOD/SCID and 

BALB/c mice (Neviani, Santhanam, Trotta, Notari, Blaser, S. J. Liu, et al., 2005; Farrell et al., 2014; 

Sobral et al., 2014).  

In order to better understand whether SET plays a crucial role in MLL tumorigenesis and validate 

its potential role as a valid therapeutic target for MLL treatment, we silenced the genetic expression 

of this target by shRNA and investigated the effect of its depletion on MLL self-renewal ability.  

The cell lines used for this experiment were stably transduced with GFP protein and green 

fluorescence reporter was used to track viable cells. eGFP-K562 cell lines were used as leukemic 

cell line control, eGFP-KASUMI and eGFP-REH were used as non MLL AML and non MLL ALL 

controls.  

 

3.5.1 Optimization of MLL shRNA transduction at MOI 10 and MOI 5 

I first optimised the conditions to stably transduce the MLL and non MLL cells with the lentiviral 

vectors. In our study, the red fluorescent emission of MLL cell lines transduced with pLKO.p1 

vector carrying Red Fluorescent Protein (RFP), was used as a positive control to track whether 

the transduction was successfully achieved. 

Figure 3.7 shows representative images of GFP and RFP emission of untransduced and 

transduced eGFP-THP1 (A.) and eGFP-MV411(B.), 48 hours after transduction at MOI 10.  

Panels on the top (Untransduced, GFP+; Untransduced, RFP+) confirm that untransduced eGFP-

THP1 and MV411 cell lines were GFP positive whilst RFP negative. Panels on the bottom, (RFP, 

GFP+; RFP, RFP+) show single images of eGFP-THP1 and eGFP-MV411 transduced with 

lentiviral vector carrying RFP. The transduced cell lines resulted positive to both GFP and RFP. 

RFP images overlayed on GFP tracking, confirmed that most of the viable cells were successfully 

transfected with RFP at MOI10 after 48 hours from infection. 
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Having assessed the transduction efficiency at MOI10, we evaluated the effect of the negative 

control, targeting no coding sequence (shSCRAMBLE), and the positive control with no shRNA 

insert (RFP), on self-renewal capability of MLL cell lines (Figure 3.8). Ideally no differences should 

be observed between the cells transduced with the controls and untransduced cells in terms of 

colony morphology and number of colonies. However, when comparing the colony morphology of 

untransduced and shSCRAMBLE for THP1 and MV411 cell lines (Figure 3.8 A and B), we 

observed different colony morphology between untransduced and transduced cell lines. The latter 

appeared smaller than untransduced colonies and they preferentially grew at the edge of the well. 

Furthermore, in the analysis of the number of colonies (LTTA analysis) identified over the three 

rounds of puromycin selection upon shSCRAMBLE transduction, the LTTA histogram of figure 3.8 

D shows that the number of shSCRAMBLE MV411 survived over the three rounds of puromycin 

selection was much lower than the number of colonies formed by untransduced MV411.  

For THP1 and MV411 RFP, no colonies were identified after transduction at MOI 10. 

These results suggested that, although a multiplicity of infection of 10 (MOI10) had a very good 

transduction efficiency, it had toxic long-term effects on MLL cell lines.  

 

In contrast to these observations, reduced amount of virus (MOI 5) ensured successful 

transduction of eGFP-THP1 and eGFP-MV411 (MLL-AML), eGFP-HB119 and eGFP-SEM (MLL-

ALL), eGFP-K562, eGFP-REH and eGFP-KASUMI (non MLL controls) without affecting their self-

renewal ability (Figure 3.9-3.12). This can be observed from Figure 3.10, where we identified high 

similarity on colony morphology and colony number of non-trasduced and transduced cell lines 

with shSCRAMBLE and shRFP, indicating that the MOI in use had no toxic-long term effects on 

MLL cell lines.  

Based on these results, we identified the value of MOI 5 as ideal MOI value to successfully 

transduce MLL cell lines without interfering with the interpretation of the transduced phenotype.  
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Figure 3.7. Optimization of Lentiviral Transduction efficiency, MOI 10 
 

 
 

Figure 3.7. Optimization of Lentiviral Transduction efficiency, MOI 10. Digital microscope 

images of A) eGFP-THP1 and B) eGFP-MV411 untransduced and transduced with a pLKO1 

based lentiviral vector expressing Red Fluorescent Protein (RFP) at MOI 10, 48 hours after 

transduction. The cell lines used stably expressed green fluorescent protein (GFP +). Red 

fluorescent emission from cells transfected with the RFP lentivirus was used to analyse the 

transduction efficiency. Non- transduced cells exhibited only GFP emission (GFP+, RFP-). RFP 

transduced cells, successfully infected, exhibited both GFP and RFP (GFP+, RFP+, GFP/RFP 

overlay). Images were captured using Evos FL Digital Inverted Fluorescence Microscope 

(magnification 20X lens). 
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Figure 3.8. Effect of Lentiviral Transduction on MLL Colony-Forming Unit ability, MOI 10.  

 

 

Figure 3.8. Effect of Lentiviral Transduction on MLL Colony-Forming Unit ability, MOI 10. 

Colonies morphology of A) eGFP-THP1, B) eGFP-MV411 cell lines upon transduction with 

lentiviral vectors expressing shSCRAMBLE and RFP at MOI 10. The transduced cells were 

selected with puromycin. Data are representative of 3 rounds of puromycin selection in a single 

experiment. Digital microscope images were captured using Evos FL Digital Inverted 

Fluorescence Microscope (magnification 40X lens). C-D) The graphs represent the relative 

number of colonies obtained in each cell line with each construct in a Lentiviral Transduction and 

Transformation  Assay (LTTA). 
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Figure 3.9. Optimization of Lentiviral Transduction of MLL-AML leukemic cell lines, MOI 5.  

 

 
 
 
Figure 3.9. Optimization of Lentiviral Transduction of MLL-AML leukemic cell lines, MOI 5.  

Digital microscope images of A) e GFP-THP1, B) eGFP-MV411 untransduced and transduced 

with a lentivirus expressing RFP at MOI 5, 48 hours after transduction. The cell lines used stably 

expressed GFP. Red fluorescent emission from cells transfected with the RFP lentivirus was used 

to analyse the transduction efficiency. Untransduced cells exhibited only GFP emission (GFP+, 

RFP-). RFP transduced cells, successfully infected, exhibited both GFP and RFP (GFP+, RFP+, 

GFP/RFP overlay). Images were captured using Evos FL Digital Inverted Fluorescence 

Microscope (magnification 20X lens).  
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Figure 3.10. Optimization of Lentiviral transduction of MLL-ALL leukemic cell lines, MOI 5.   
 
 

 
 
 
 

Figure 3.10. Optimization of Lentiviral transduction of MLL-ALL leukemic cell lines, MOI 5.   

Digital microscope images of A) eGFP-HB1119 B) eGFP-SEM untransduced and transduced with 

a lentivirus expressing RFP at MOI  5, 48 hours of transduction. The cell lines used stably 

expressed GFP. Red fluorescent emission from cells transfected with the RFP lentivirus was used 

to analyse the transduction efficiency. Untransduced cells exhibited only GFP (GFP+, RFP-). RFP 

transduced cells, successfully infected, exhibited both GFP and RFP (GFP+, RFP+, GFP/RFP 

overlay). Images were captured using Evos FL Digital Inverted Fluorescence Microscope 

(magnification 20X lens).   
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Figure 3.11. Optimization of Lentiviral transduction of control leukemic cell lines, MOI 5.  
 

 

Figure 3.11. Optimization of Lentiviral transduction of control leukemic cell lines, MOI 5.  

Digital microscope images of A) eGFP-K562, B) eGFP-KASUMI and C) eGFP-REH untransduced 

and upon transduction with a lentivirus expressing RFP at MOI 5, 48 hours after transduction. The 

cell lines used, stably expressed GFP. Red fluorescent emission from cells transfected with the 

RFP lentivirus was used to analyse the transduction efficiency. Untransduced cells exhibited only 

GFP (GFP+, RFP-). RFP transduced cells, successfully infected, exhibited both GFP and RFP 

(GFP+, RFP+, GFP/RFP overlay). Images were captured using Evos FL Digital Inverted 

Fluorescence Microscope (magnification 20X lens). 
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Figure 3.12. Effect of Lentiviral Transduction on Colony-Forming Unit ability, MOI 5.   

 

 

 

Figure 3.12. Effect of Lentiviral Transduction on Colony-Forming Unit ability, MOI 5.   

Colonies morphology of A) eGFP-K562, B) eGF-THP1, C) eGFP-MV411 cell lines upon 

transduction with lentiviral vectors expressing shSCRAMBLE and RFP at MOI 5. The transduced 

cells were selected with puromycin. Images are representative of 3 rounds of puromycin selection. 

Digital microscope images were captured using Evos FL Digital Inverted Fluorescence Microscope 

(magnification 40X lens). D-F) The graphs represent the relative number of colonies obtained in 

each cell line with each construct in a Lentiviral Transduction Transformation Assay (LTTA). The 

colonies were re-plated for three rounds. 
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3.6 SET is essential for MLL self-renewal  

MLL cell lines and controls were transduced with pLKO.p1 vector carrying shScramble, RFP and 

shSET at MOI 5 to evaluate the effect of shSET on MLL self-renewal ability by Colony Forming 

Unit assay (CFU). Figure 3.13 and 3.14 show representative images of colony morphology of non 

MLL and MLL untransduced, untransduced+puromycin, shScramble, RFP and shSET expressing 

cells. In Figure 3.15 are shown LTTA graphs indicating the number of colonies survived at each 

round of puromycin selection for each cell line (K562, KASUMI, REH, THP1,MV411, SEM). For 

HB1119 no colonies were detected in any of the conditions. Although this cell line is suitable for 

growing in semi-solid medium (Yeung et al., 2010), technical issues may have occurred during my 

study. For the rest of the MLL cell lines, no colonies were identified when these cells were 

transduced with shSET, whereas colonies grew in MLL cell lines expressing shScramble and RFP. 

This indicates that SET knockdown largely blocked colony formation in MLL cell lines (THP1, 

MV411 and SEM). In KASUMI cell lines shRNA SET dramatically affected the number and the 

morphology of the colonies identified over the three rounds. Indeed, only a few colonies survived 

the third round, appearing smaller than the colonies obtained after the transduction with 

shScramble and RFP. However, the experiment was then repeated from other members of the 

Esposito’s team who could establish replating colonies over the three rounds and, therefore, 

technical issues may have occurred during my experiment. On the other hand, for K562 and REH 

I had no differences in colony morphology and colony number when comparing shSET to controls 

(shScramble and RFP) and untransduced (Figure 3.13 A, B; 3.14 A; Figure 3.15 A, B, E, F), 

suggesting that the effect of SET on impairing colony formation in semi-solid medium was specific 

of MLL cell lines.  

Taken together, these data clearly demonstrated that SET expression is essential for the self-

renewal ability of MLL.  
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Figure 3.13. Effect of shSET on MLL-AML Colony-Forming Unit ability, MOI 5. Colony 

morphology   

 
 

Figure 3.13. Effect of shSET on MLL-AML Colony-Forming Unit ability, MOI 5. Colony 

morphology   

Colonies morphology of A) eGFP-K562 (Control) B) eGFP-KASUMI (Control- AML) C) eGFP-

THP1, D) eGFP-MV411 (MLL-AML) cell lines upon lentiviral transduction with vectors expressing 

shSCRAMBLE, RFP, shSET, under puromycin selection. Images are representative of three 

rounds of puromycin selection. Digital microscope images were captured using Evos FL Digital 

Inverted Fluorescence Microscope (magnification 40X lens).  
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Figure 3.14. Effect of shSET on MLL-ALL Colony-Forming Unit ability, MOI 5.  

Colony morphology 

 

 

Figure 3.14. Effect of shSET on MLL-ALL Colony-Forming Unit ability, MOI 5. Colony 

morphology 

Colonies morphology of A) eGFP-REH (Control-ALL), B) eGFP-HB11;19, C) eGFP-SEM (MLL-

ALL) cell lines cell lines upon lentiviral transduction with vectors expressing shSCRAMBLE, RFP, 

shSET, under puromycin selection. Images are representative of 3 rounds puromycin selection. 

Digital microscope images were captured using Evos FL Digital Inverted Fluorescence Microscope 

(magnification 40X lens).  
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Figure 3.15. Effect of shSET on MLL Colony-Forming Unit ability, MOI 5. Colony number 
 

 

Figure 3.15. Effect of shSET on MLL Colony-Forming Unit ability, MOI 5. Colony number 

Relative number of colonies for a) eGFP-K562, b) eGFP-KASUMI, c) eGFP-THP1, d) eGFP-

MV411, e) eGFP-REH, f) eGFP-HB11;19, g) eGFP-SEM upon lentiviral infection with vectors 

expressing shSCRAMBLE, RFP and shSET under puromycin selection. Data are representative 

of 3 rounds of puromycin selection of two independent experiments (average/ SEM). The number 

of colonies of control-AML and MLL-AML cell lines is related to Figure 3.14. The number of 

colonies of control-ALL and MLL-ALL cell lines is related to Figure 3.8.  
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3.6.1 Characterization of stable cell line eGFP-K562-shSET  

Although I could not establish any MLL cell line stably transduced with shSET, K562, Kasumi and 

REH- shSET gave rise to colonies in methocult, a semi-solid methylcellulose-based media 

formulated for the in vitro detection and quantification of hematopoietic progenitor cells in 

the  colony-forming unit (CFU)  assay. Amongst these, only K562-shSET were expanded in liquid 

culture, whilst KASUMI sh-SET and REH sh-SET did not survive. However, the experiment was 

then repeated from other members of the Esposito’s team and also the rest of the non- MLL 

controls (Kasumi and REH) stably transduced with shSET were successfully expanded in liquid 

medium. This indicated that, in contrast to MLL cell lines, shSET knockdown did not affect the 

survival of non-MLL cell lines in liquid medium and technical issues may have occurred during my 

study. As we can see from Figure 3.16 A, Western Blot analysis confirmed a reduction of SET 

protein levels in eGFP-K562 stably transduced with shSET whilst, in eGFP-K562 transduced with 

shScramble and RFP, the levels of SET were comparable to eGFP-K562 untransduced. Figure 

3.16 B. shows the cell proliferation analysis of eGFP-K562 untransduced and eGFP-K562 stably 

transduced with shSET, shScramble, RFP and shSET at t0 and day 2, 4 and 6. Statistical analysis 

showed no overall difference on cell proliferation when comparing K562 untransduced to K562 

RFP, indicating that the RFP transduction does not have any effect on the K562 cell line. In 

contrast, the proliferation of K562 shScramble resulted statistically lower than that of untransduced 

cells (at day 4 p=0.0011 and at day 6 p<0.0001). This indicates that the shSCRAMBLE 

transduction negatively affects the proliferation of K562 cell line and therefore it is a worse control, 

compared to RFP, for my studies. We compared the proliferation of shSET to all the controls. 

There was no statistically significant difference in the proliferation of shSCRAMBLE and shSET 

cells at day 2, however shSCRAMBLE proliferated slowly than shSET cells at day 4 and 6 

(p<0.0001). There was no statistically significant difference in the proliferation of untransduced 

and shSET cells at day 2 and day 4 but shSET cells proliferated slightly slowly than untrasduced 

cells at day 6 (p=0.0157). Likewise, there was no statistically significant difference in the 

proliferation of RFP and shSET cells at day 2 and day 4 but shSET cells proliferated slightly slowly 

than RFP cells at day 6 (p=0.0441). In conclusion, although shSET does not have any effect on 

colony number, it does negatively affect the proliferation of K562 cells.  

 

https://cdn.stemcell.com/media/files/brochure/BR28790-MethoCult_Procedure.pdf
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Figure 3.16. Characterization of K562 stably transduced with shSET  

 

 

Figure 3.16. Characterization of K562 stably transduced with shSET  

A) Western blot analysis of SET protein level in untransduced, shScramble, RFP and shSET K562.  

B) Proliferation curve of GFP autofluorescent eGFP-K562 untransduced and transduced with 

lentiviral vectors expressing shSCRAMBLE, RFP, shSET at t0, 2, 4 and 6 days. GFP 

autofluorescence was used as a quantitative reporter of cell proliferation. For each cell line, the 

same number of cells was plated at t0 and the GFP signal was measured with a Fluorescent 

microplate reader. Data shown as mean ±SEM of triplicate wells and are representative of three 

independent experiments. For certain conditions, error bars shorter than the size of the symbols 

do not appear on the curve. Statistical analysis shown in Table 3.1.  
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Table 3.3. Statistical analysis in cell proliferation of K562 shSET. 

Statistical analysis related to Figure 3.10.c. Mixed-effect 2-way ANOVA analysis was performed 

between eGFP-K562 untransduced-shSCRAMBLE, untransduced- RFP, untransduced- shSET, 

RFP- sh SCRAMBLE, RFP- shSET, shSCRAMBLE- shSET. Data represent means of three 

independent experiments.  
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3.7 Pharmacological modulation of SET in MLL cell lines  

FTY720 is a SET binding drug which demonstrated a proven efficiency in anti-cancer therapy 

preventing the formation of SET-PP2A complex (Saddoughi et al., 2013; Pippa et al., 2014).  

To our knowledge currently, FTY720 is the only pharmacological agent able to antagonise SET 

function.  

We used FTY720 to evaluate whether the pharmacological treatment with this drug could 

modulate the interaction between SET and PP2A in MLL cell lines, rescue the activity of the 

phosphatase and block the malignant proliferation of this disease. The IC50 (half maximal 

inhibitory concentration) of FTY720 on MLL cell lines was calculated by MTT assay and Trypan 

Blue exclusion. K562 and KASUMI were used as non MLL control.  

Figure 3.17 A and B showed that, although the two methods are conceived to monitor different 

cell functions (mitochondrial activity for MTT assay and cell membrane integrity for trypan blue 

assay), the IC50 values obtained by MTT assay were similar to the values calculated by Trypan 

blue assay, identifying FTY720 half inhibitory concentration of 2µM. This concentration was also 

similar to the one used in previous studies conducted on AML cell lines  (Saito et al., 1999; 

Cristobal et al., 2011; Switzer et al., 2011; Yang et al., 2012; Chen et al., 2014; Pippa et al., 2014; 

Shouse et al., 2016; Smith et al., 2016; Megan M. Young et al., 2019; Vicente et al., 2020).  
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 Figure 3.17. Calculation of FTY720 IC50.  

 

  

 

Figure 3.17. Calculation of FTY720 IC50.  

Non linear-regression concentration response curve of FTY720 treatment in K562, Kasumi and 

MLL-AML (THP1, MV411, MOLM13) cell lines. Cell viability was determined by (A) MTT assay 

and (B) Trypan blue exclusion upon FTY720 treatment for 72hrs. The FTY720 IC50 was 

calculated using GraphPad Prism software. Data shown as mean ±SEM of triplicate wells and 

are representative of four independent experiments for MTT assay and three independent 

experiments for Trypan blue exclusion.  
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3.7.1 FTY720 on Colony Forming Unit ability and cell differentiation 

Based on the observation that the IC50 for FTY720 was between 1.6 and 5 uM in the cell lines 

analysed, we decide to test the effect of FTY720 on MLL Colony Forming Unit ability using FTY720 

at two concentrations, 2 and 5µM. These concentration have been reported to be non-toxic to 

healthy bone marrow cells (Neviani et al., 2013; Oaks, Santhanam and Walker, 2014). 

 When looking at the colony morphology details showed in Figure 3.18 A, we identified a reduction 

of the size of eGFP-THP1 and KASUMI colonies upon FTY720 treatment, compared to the 

untreated. In Figure 3.18 B we can observe number of colonies (B) and cell differentiation analysis 

of the single cells isolated from the colonies and stained with May-Grunwald-Giemsa staining (C). 

Our results showed no differences in terms of number of colonies and morphological features 

between MLL and non MLL cells when treated with FTY720 in semi-solid medium.  (Figure 3.18C).  

All things considered, FTY720 did not show any overall effect on both MLL self-renewal and upon 

treatment in methylcellulose.   
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Figure 3.18. Effect of FTY720 treatment on MLL Colony-Forming Unit ability and 

differentiation.  
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Figure 3.18. Effect of FTY720 treatment on MLL Colony-Forming Unit ability and 

differentiation.  

A) Colonies morphology of K562, AML Control (Kasumi) and MLL-AML (THP1, MV411) cell lines 

grown in methylcellulose upon FTY720 treatment. Digital microscope Images were captured using 

Evos FL Digital Inverted Fluorescence Microscope (magnification 40X lens). B) Percentage of 

colonies surviving to FTY720 treatment, relative to a). The cells were treated with FTY720 in 

methocult and the colonies counted after 7-10 days. The percentage of colonies was normalized 

against the vehicle. Data shown as mean ±SEM of triplicate wells and are representative of two 

independent experiments. 2way ANOVA test was performed between vehicle-2uM, vehicle-5uM 

for K562, KASUMI, THP1 and MV411 (* p=0.0254).  C) Microscope images of cell differentiation, 

corresponding to A). Cells were isolated from colonies and stained with Giemsa-Wright staining. 

For each condition, the same number of cells was stained for differentiation analysis. Images were 

taken using Nikon Digital camera adapter for microscope (D5100) (magnification 20X lens). Data 

are representative of two independent experiments. 
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3.7.2 FTY720 treatment blocks MLL proliferation 

MLL and controls were cultured as cell suspensions and treated with 2 and 5µM FTY720 for 24, 

48, 72 hours and 6 days, to assess cell proliferation by green fluorescent protein emission. Figure 

3.19 reports cell proliferation curves of non MLL controls (eGFP-K562, eGFP-KASUMI and eGFP-

REH), MLL-AML (eGFP-THP1, eGFP-MV411) and MLL-ALL (eGFP-SEM) cell lines.  

From panel A, we can observe that FTY720 had no effect on eGFP-K562 proliferation. In panels 

B, D and E are presented cell proliferation curves of AML control (eGFP-KASUMI) and MLL-AML 

cell lines (eGFP-THP1 and eGFP-MV411). In agreement with published data (Chen et al., 2014), 

FTY720 treatment decreased eGFP-KASUMI proliferation at day 1, 2 and 6, when used at the 

5µM (p=0.0214, p=0.0342, p=0.0256). For MLL-AML cell lines, our analysis showed for the first 

time that the proliferation of these cells was largely blocked upon 5µM FTY720 treatment already 

after one day of incubation (panel D and F) (***, p=0.0002). Panels C and F represent cell 

proliferation of ALL control (eGFP-REH) and MLL-ALL cell line (eGFP-SEM). As demonstrated in 

previous works conducted on ALL cell lines (Wallington-Beddoe et al., 2011), the non MLL, ALL 

control REH appeared very sensitive to FTY720. Our results showed that 5µM FTY720 drastically 

blocked the cell proliferation of eGFP-REH since day 1, whilst it slightly decreased the proliferation 

of MLL-ALL at day 6 (****, p<0.0001).   

In conclusion, our results indicated that FTY720 had a drastic impact on MLL cell lines and REH, 

resulting in a significant reduction of cell proliferation of treated cell lines compared to the vehicle.  
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Figure 3.19. Effect of FTY720 on MLL cell proliferation.  

 

 

 

Figure 3.19. Effect of FTY720 on MLL cell proliferation. Analysis of cell proliferation of A) 

eGFP-K562, B) eGFP-KASUMI, C) eGFP-REH , D) eGFP-THP1, E) eGFP-MV411, F) eGFP-SEM 

cell lines upon FTY720 treatment. Cell lines were treated with the indicated concentrations of 

FTY720 for 24, 48, 72hours and 6 days. GFP auto-fluorescent signal was measured with a 

Fluorescent microplate reader and used as a quantitative reporter of cell proliferation. Data shown 

as mean ±SEM of triplicate wells and are representative of independent experiments. For certain 

conditions, error bars shorter than the size of the symbols do not appear on the curve, see details 

in statistical analysis shown in Table 3.4;5;6,7,8,9. 
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Table 3.4-3.9. Statistical analysis of FTY720 effect on MLL cell proliferation.  

Mixed-effect 2-way ANOVA test of eGFP-K562 (Table 3.4), eGFP-KASUMI (Table 3.5), eGFP-

REH (Table 3.6), eGFP-THP1 (Table 3.7), eGFP-MV411 (Table 3.8) and eGFP-SEM (Table 3.9) 

cell proliferation upon 5 and 2uM FTY720. The mean of each treatment (2 and 5uM) was 

compared to the mean of the vehicle at day 1, 2, 3 and 6. For eGFP-K562, eGFP-THP1 and eGFP-

MV411 n=3; for eGFP-KASUMI, eGFP-REH, n=2 ; for eGFP-SEM, n=1. 3.7.3 FTY720 treatment 

induces G1 arrest in THP1 cells. 

Table 3.4-3.9. Statistical analysis of FTY720 effect on MLL proliferation.  

Table 3.4 Analysis of cell proliferation in eGFP-K562 Table 3.7 Analysis of cell proliferation in eGFP-THP1 

Table 3.5 Analysis of cell proliferation in eGFP-KASUMI Table 3.8 Analysis of cell proliferation in eGFP-MV411 

Table 3.6 Analysis of cell proliferation in eGFP-REHI Table 3.9 Analysis of cell proliferation in eGFP-SEM 
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The effect of 5µM FTY720 on cell cycle of non MLL (K562 and KASUMI) and MLL (THP1 and 

MV411) cell lines was evaluated by Propidium Iodide staining and analysed by FACS after 24 and 

48 hours of treatment. Our results showed that FTY720 did not induce cell cycle arrest in K562 

(Figure 3.20). On the other hand, the AML control (KASUMI) showed an increase of cells in G1 

after 24 and 48 hours of treatment. This was also associated with a decrease of cells in phase S, 

statistically significant when compared to the vehicle (Table 3.11).  

In MV411 we observed an increase of 10% of treated cells in SubG1 and G1 phase and 10% 

reduction in S and G2-M phases (Figure 3.20 D) after 24 and 48 hours of treatment. However, 

due to a matter of reproducibility this was not statistically significant (Table 3.13). For THP1, cells 

were blocked in Sub-G1 phase followed by a significant reduction of G1 population at 24 hours of 

treatment (Figure 3.20 C). On the other hand, after 48 hours THP1 cells were significantly blocked 

in G1 phase followed by a reduction of cell population in S and G2-M after 48 hours (*, p<0.001) 

(Table 3.12). 

These data indicated that FT720 impacted the cell cycle regulation of THP1 cells which were 

blocked in G1 phase and unable to enter S and G2-M phase after 48 hours of treatment.  
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Figure 3.20. Effect of FTY720 in eGFP-MLL cell lines. Analysis of cell cycle  

 

 

Figure 3.20. Effect of FTY720 in eGFP-MLL cell lines. Analysis of cell cycle  

Fraction of cell phase in treated and untreated eGFP-K562 (A), eGFP-KASUMI (B), eGFP-THP1 

(C),  eGFP-MV411(D),   upon 5uM FTY720 treatment. Cells were treated with the indicated doses 

of FTY720 for 24 and 48 hours and stained with propidium iodide (DNA dye) and analysed by 

fluorescent-activated cell sorting (FACS).  Data shown as mean ±SEM of triplicate wells and are 

representative of three independent experiments. 2way ANOVA-Multiple comparison test was 

performed between vehicle-5uM at 24 and 48hours.  



CHAPTER 3: Molecular and pharmacological targeting of SET in MLL 

 

 

 

 

 

135 

 
 
 
 

 
 
 
 

 
 
 
 
 

 

Table 3.10- 3.13. Statistical analysis of FTY720 on MLL cell cycle.  

Statistical analysis related to Figure 3.20. 2way ANOVA- Multiple comparison test was performed 

for SubG1, G1, S, G2-M between vehicle- 5µM FTY720 at 72hours in eGFP-K562 (Table 3.10), 

eGFP-KASUMI (Table 3.11), eGFP-THP1 (Table 3.12), eGFP-MV411 (Table 3.13). Data 

represent means of two independent experiments.  

  

Table 3.10-3.13. Statistical analysis of FTY720 effect on MLL cell cycle.  

Table 3.10. Analysis of cell cycle in eGFP-K562 Table 3.12. Analysis of cell cycle in eGFP-THP1 

Table 3.11. Analysis of cell cycle in eGFP-KASUMI Table 3.13. Analysis of cell cycle in eGFP-MV411 
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3.7.4 FTY720 induces a modest increase in cell death in MLL cell lines 

We analysed the effect of FTY720 treatment on cell death by fluorescent activated cell sorting 

analysis. The percentage of high expressers of Green fluorescent protein was used as report for 

viable cells. Previous analysis in Dr Calle’s lab have shown that the eGFP-low expressing 

population of cells represent cells undergoing early or late apoptosis (unpublished data). MLL cell 

lines (eGFP-THP1, eGFP-MV411, eGFP-SEM, eGFP-HB1119) and MLL controls (eGFP-K562, 

eGFP-KASUMI, eGFP-REH) were treated with 2 and 5µM FTY720 for 24, 48 (data not shown) 

and 72 hours and processed for cell death analysis.  

 

Figure 3.21 A shows that upon 2 and 5µM FTY720 for 72 hours, eGFP-K562 treated dead cells 

fraction was statistically higher than untreated cell dead fraction (vehicle-2uM ***, p=0.0001; 

vehicle-5uM **, p=0.0015). However, as the increase in the percentage of dead cells was lower 

than 20%, this might have little biological significance. For the rest of the controls, in contrast to 

the literature where FTY720 induced cell death in Kasumi cell line (Chen et al., 2014), in our study 

no effect was observed in this  AML control (Figure 3.21 B) whereas, the non MLL, ALL control 

eGFP-REH was very sensitive to 5µM FTY720 treatment and we observed a significant increase 

of cell death over the 72 hours (****, p<0.0001) (Figure 3.21 E),  as previously published 

(Wallington-Beddoe et al., 2011).  On the other hand, amongst the MLL cell lines we observed a 

statistically significant increase of the fraction of dead cells only in MV411 and SEM (Figure 3.21 

D and F). Although the rest of the cells (THP1 and HB1119) presented a slight increase of the 

population of GFP- cells when treated with 5µM FTY720, this was not statistically significant. 

FACS plots reported in Figures A are representative of three independent experiments  

 

These results indicated that FTY720 dramatically affects the survival of REH and slightly increases 

the population of early and late apoptotic GFP- cells in K562 and MLL cell lines.  
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 Figure 3.21. Effect of FTY720 in eGFP-MLL cell lines. Analysis of apoptosis   

 

 
 

  

 

Figure 3.21. Effect of FTY720 in eGFP-MLL cell lines. Analysis of apoptosis   

Bar chart showing the fraction of GFP-(dead) K562 (A), KASUMI (B), THP1 (C), MV411 (D), 

REH(E), SEM (F), HB1119 (G), upon 2 and 5uM FTY720 treatment. Cells were treated with the 

indicated doses of FTY720 for 72 hours. GFP auto-fluorescent signal was used as a quantitative 

reporter of alive cells. GFP+ cells were analysed by fluorescent- activated cell sorting (FACS). 

Data shown as mean ±SEM of triplicate wells and are representative of three independent 

experiments. Paired t-test was performed between vehicle-2µM and vehicle-5µM at 72hours.  
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3.7.5 FT720 decreases the levels of SET protein in MLL and disrupts SET-PP2A complex. 

 

To analyse the potential effect of FTY720 treatment on SET in MLL cells lines and non MLL 

controls, we conducted a Western blot analysis of SET expression upon 5µM FTY720 treatment 

at 24 and 48 hours in K562, KASUMI, THP1 and MV411.  

As we can see from figure 3.22 A and B, amongst the non MLL cell lines we detect a decrease of 

20% of SET expression only in KASUMI after 48 hours (Figure 3.22.B). By contrast, FTY720 

induced down-regulation of SET in THP1 and MV411 already after 24 hours of incubation (Figure 

3.22 C and D). In particular, as shown in Figure 3.31 C, in THP1 we observed a downregulation 

of SET expression up to 20% after 24 hours and 30% after 48 hours compared to the vehicle 

whilst, looking at MV411, the expression of the oncoprotein was downregulated of nearly 40% 

over the 48 hours of treatment.  

As FTY720 has been known to act as PP2A activator by disrupting the binding between SET and 

PP2A in K562 cells, we carried-out a SET-PP2A co-immunoprecipitation assay upon 5µM FTY720 

treatment at 24 and 48 hours in THP1 and MV411 cell lines.  

Figures 3.23 show immunoprecipitation of SET, followed by immunoblot against PP2A in 

untreated and treated cells, at 24 (A) and 48 (B) hours. The IP input was used as control for 

immunoprecipitation efficiency, proving that the samples processed for the analysis presented the 

protein of interest, SET. 

According to our previous results discussed in Chapter 2, section 3.2.2, immunoblot bands 

showed in the untreated IP+ samples that SET-PP2A complex was expressed in untreated MLL 

cell lines. Nevertheless, the IP+ immunoblot for treated MLL, demonstrated that SET-PP2A 

complex was disrupted in both eGFP-THP1 and eGFP-MV411 cell lines upon FTY720 treatment 

at 24 and 48 hours.  

Therefore, in contrast to published works showing  no difference in the expression of SET upon 

FTY720 treatment (Oaks, Santhanam and Walker, 2014; Pippa et al., 2014), our results showed 

for the first time that FTY720 negatively modulates the expression of SET in MLL cell lines, 

resulting in the disruption of SET-PP2A complex. Although further investigation is required, this 

may suggest that the overall effect of FTY720 on MLL cell lines may be dependent on SET 

expression.  
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Figure 3.22. Effect of FTY720 treatment on SET expression in MLL cell lines. 

 

 

 

Figure 3.22. Effect of FTY720 treatment on SET expression in MLL cell lines. 

Immunoblot for SET in A) eGFP-K562, B) eGFP-Kasumi, C) eGFP-THP1 and D) eGFP-MV411 

upon 5uM FTY720 treatment for 24 and 48hours. Densitometry analysis was conducted by Li-cor 

Image Studio software. GAPDH was used as a loading control. Values are expressed relative to 

the expression of target in vehicle cells and representative of one of two separate experiments. 
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Figure 3.23. Effect of FTY720 treatment on SET—PP2A complex.  

 

 

 
 
 
 
 
 
 
 
 
Figure 3.23. Effect of FTY720 treatment on SET—PP2A complex.  

Complex –immunoprecipitation assay showing SET—PP2A interaction upon FTY720 treatment. 

Immunoprecipitation of PP2Ac, western blot for SET in THP1 and MV411 untreated and treated 

with 5uM FTY720 for A) 24 and B) 48 hours. 



CHAPTER 3: Molecular and pharmacological targeting of SET in MLL 

 

 

 

 

 

141 

3.7.6 FTY720 treatment rescues the activity of PP2A   

The effect of PP2A activity upon FTY720 treatment was initially evaluated using a PP2A activity 

assay (Millipore,17-313) designed to quantify the levels of free phosphate generated by the 

activity of PP2A. 

The enzymatic assay was assessed upon 5µM FTY720 treatment at 24 and 48 hours in eGFP-

THP1 and eGFP-MV411 cell lines. Figure 3.24-A shows that FTY720 treatment did not alter the 

activity of the phosphatase in eGFP-MV411 cell line. By contrast, the levels of PP2A activity in 

eGFP-THP1 were halved at 24 hours (Figure 3.24 A) and 20% higher than the untreated after 48 

hours.  

However, to due technical issues experienced with the use of the PP2A activity assay 

(Millipore)(Frohner et al., 2020), we were unable to draw any conclusion and we decided to further 

quantify the activity of PP2A using different approaches based on 1) analysis of phosphorylation 

of PP2A on Tyr307, involved in the regulation of PP2A decreasing the activity of the phosphatase 

(Yang et al., 2012; Frohner et al., 2020), and 2) ability of PP2A to dephosphorylate several factors 

implicated in the regulation of cell cycle progression, proliferation, survival and differentiation such 

as Akt, ERK, GSK3-ß (Neviani et al., 2005).  

Therefore, we assessed by western blot the levels of phosphor- PP2A (Tyr307) and PP2A’s 

targets (phospho- ERK (Tyr202/Thr204), phospho-GSK3β (Ser9) and phospho- Akt) upon 5µM 

FTY720 treatment at 24 and 48 hours in K562, KASUMI, MV411 and THP1. 

In K562 we identified a reduction in the levels of PP2A phosphorylated (Figure 3.25 A). Similar 

results were observed in Kasumi (Figure 3.25B) and MV411 (Figure 3.25D). Western blot analysis 

in THP1 showed that the levels of phosphorylation of PP2A in Tyr307 were decreased after 48 

hours of treatment (Figure 3.25C). This may confirm the higher levels of PP2A activity reported in 

Figure 3.33B for this particular cell line. Although these data indicated a reduction in the levels of 

phospho-PP2A (Tyr 307), which could suggest enhancement of PP2A activity, we need to 

consider that the antibodies currently commercialised against phospho-PP2A (Tyr 307) have been 

recently reported as not specific for this target (Frohner et al., 2020). Therefore, to validate the 

hypothesis that FTY720 treatment rescues the activity of PP2A in MLL cell lines, we took a 

different approach and investigated the levels of phosphorylation of PP2A targets (Figure 3.26) by 

Western `Blot analysis. The results showed a reduction of phospho- ERK (Tyr202/Thr204) in 
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K562, MV411 and THP1 upon treatment with 5µM FTY720. For K562 the reduction of the protein 

was detected at 24 hours and restored at 48 hours of treatment. On the other hand, in MV411 the 

down-regulation of phospho- ERK (Tyr202/Thr204) was initiated at 24 hours and protracted over 

the 48 hours when the expression of the protein resulted almost completely depleted (Figure 3.26 

D). Another significant downregulation was observed in the levels of phospho-GSK3β (Ser9) and 

phospho- Akt (Ser473) for KASUMI and MV411 (Figure 3.26 B and D). In MV411 the levels of 

phosphorylation of these two proteins were drastically reduced to almost 70% over the 48 hours 

of treatment.  

Overall, the western blot results showed that FTY720 treatment decreased the levels of phospho-

PP2A Tyr307 in KASUMI, MV411 and THP1. In the same cell lines we also identified a reduction 

of some of the PP2A downstream targets such as phospho- ERK (Tyr202/Thr204), phospho-

GSK3β (Ser9) and phospho- Akt (Ser473). 

This may suggest that the effect of FTY720 on SET-PP2A interplay lead to re-activation of PP2A 

in MLL cell lines which in turn de-phosphorylates some of its downstream targets resulting in 

inhibition of proliferation.  
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Figure 3.24. Analysis of PP2A activity upon FTY720 treatment in MLL-AML cell lines. 

 

 

 

 

 

Figure 3.24. Analysis of PP2A activity upon FTY720 treatment in MLL-AML cell lines. 

 Quantitative determination of PP2A activity in eGFPTHP1 and eGFPMV411 cell lines after 

treatment with FTY720 5uM for A) 24 and B) 48 hours. Measurement of PP2A activity was 

determined after PP2Ac immunoprecipitation followed by PP2A activity assay. Values are 

expressed relative to untreated cells.  
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Figure 3.25. Effect of FTY720 treatment on PP2A and phospho PP2A expression in MLL 

cell lines.  

 
 
 

Figure 3.25. Effect of FTY720 treatment on PP2A and phosphor PP2A expression in MLL 

cell lines.  

Immunoblot for PP2A and phosphoPP2A in A) K562, B) Kasumi, C) THP1 and D) MV411 upon 

5uM FTY720 treatment for 24 and 48hours. Densitometry analysis was conducted by Li-cor Image 

Studio software. GAPDH was used as a loading control. Values are expressed relative to the 

expression of unphosphorylated target in vehicle and representative of one of two separate 

experiments. 
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Figure 3.26. Effect of FTY720 treatment on the expression of PP2A’s targets in MLL cell 

lines.  
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Figure 3.26. Effect of FTY720 treatment on the expression of PP2A’s targets in MLL cell 

lines.  

Immunoblot for phosphorylated and unphosphorylated expression of AKT, ERK and Gsk3-ß in A) 

K562, B) Kasumi, C) THP1 and D) MV411 upon 5uM FTY720 treatment for 24 and 48hours. 

Densitometry analysis was conducted by Li-cor Image Studio software. GAPDH was used as a 

loading control. Values are expressed relative to the expression of non phosphorylated targets in 

vehicle and representative of one of two separate experiments. 
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DISCUSSION AND CONCLUSION 

 

3.8 Genetic modulation of SET by shRNA 

SET is a multitasking protein, ubiquitously diffused in all the tissues and actively involved in 

numerous cellular processes (DNA replication, chromatin remodelling, gene transcription, DNA 

repair, cell migration and cell cycle regulation) as transcription regulator (Kato et al., 2007; Ozbek 

et al., 2007). In previous papers genetic depletion of SET served as a standard and accurate 

model to determine its physiological significance and its role on cancer behaviour (Sobral et al., 

2014). In this study Sobral et al.  demonstrated that in Head and Neck Squamous Carcinoma 

(HNNSC) models , depletion of SET  by stable knockdown, led to increased sensitivity to 

antineoplastic treatments and reduced tumour invasion in vitro and in vivo  (Sobral et al., 2014).  

In the pathogenesis of MLL, the role of SET is still unknown. Since, in chapter 2 we demonstrated 

that SET is over-expressed in MLL cell lines and primary samples, in this study we addressed for 

the first time the importance of SET expression in MLL self-renewal and progression, to 

understand whether this protein is essential for MLL tumorigenesis and could represent a bona 

fide target for the treatment of this disease. 

 

3.8.1 SET is essential for self-renewal ability of MLL 

To knockdown SET expression in MLL, we used lentiviral mediated shRNA delivery, expressing 

puromycin cassette to select stable clones. Lentiviral particles carrying shScramble and RFP-tag 

were used as transduction controls. The lentiviral multiplicity of infection was evaluated comparing 

two different MOI values, 5 and 10. The initial transduction conducted using MOI10 had toxic 

effects on the cell renewal ability of the cells. Indeed, it declined the self-renewal ability of MLL 

cell lines cell transduced with the RFP control, expected to behave similarly to non-transduced 

cells. By contrast, lentiviral transduction conducted at MOI 5 did not show any toxic effect on 

colony morphology. According to this preliminary analysis, all the rest of the experiments were 

conducted at MOI 5.  

We then characterised the effect of shRNA transduction based on the number of colony forming 

units and their morphology. Although a very low number of KASUMI shScramble and RFP colonies 
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survived the first round of puromycin selection, the self-renewal ability of these cells was 

successfully recovered during the following CFU-S rounds, presenting no further differences, 

compared to untransduced cell lines. This may be due to the fact that when the transfected cells 

are moved from the liquid medium to the methylcellulose-based medium, they may need more 

time to adapt, to proliferate and to develop the ability to form colonies. No differences were 

observed in the morphology of the same colonies. 

However, while SET depletion did not affect the self-renewal ability of K562 and REH, we 

surprisingly identified no colonies for MLL cell lines and only few colonies for KASUMI. 

Nevertheless, experiments repeated by other members of the Esposito’s team demonstrated that 

KASUMI cell line, successfully transduced with shSET, did form colonies in methylcellulose-based 

medium and they were eventually expanded in liquid medium. This suggested that potential issues 

may be occurred during my experiment and that, as in the rest of the controls (K562 and REH), 

SET did not impact the self-renewal ability of these cells. 

Following the CFU assay, K562 cell lines carrying shSET were successfully expanded in liquid 

medium and characterized by western blot and cell proliferation analysis. In these cells we 

observed stable depletion of SET protein levels accompanied by a reduction of cell proliferation, 

indicating that, despite SET is not essential for K562 self-renewal, it may contribute to regulate 

the K562 proliferation, as reported (Neviani et al., 2005).   

Although, a few papers have already described the important role of SET in leukemogenesis and 

tumorigenesis, to our knowledge, we were the first to explore the role of SET in the self-renewal 

ability of leukemic cells, such as AML, ALL and MLL. Our novel results imply that MLL cell lines 

lose their self-renewal ability when SET is silenced. These findings provided evidence that SET 

expression is essential for MLL self-renewal and open a new avenue of research to evaluate this 

protein as a druggable target in MLL treatment.  

 

3.9 Pharmacological modulation of SET upon FTY720 treatment 

FTY720 (Fingolimod, Gilenya ™, Novartis Pharma ), or 2-acetyl-4-tetrahydroxyimidazole , is a 

FDA (U.S. Food and Drug Administration) first-line immunomodulator used to treat relapsing-

remitting multiple sclerosis (MS), a chronic  autoimmune neurodegenerative disease of the central 

nervous system (CNS) (Kappos et al., 2006).  In addition to its immunosuppressor effect,  FTY720 
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has been shown to be a potent apoptosis inducer in solid tumours (prostate cancer, glioblastoma, 

breast cancer) and several forms of leukaemia (chronic myelogenous leukaemia, acute myeloid 

leukaemia, acute lymphoblastic leukaemia) (Neviani et al., 2007; Pchejetski et al., 2010; 

Wallington-Beddoe et al., 2011; Estrada-bernal et al., 2012; Kiyota et al., 2013; Chen et al., 2014; 

Martin et al., 2017).  

Functionally and mechanistically the immuno- suppressive and anti-cancer properties of FTY720 

may be separated. Indeed, the immunosuppressive effect of this drug depends on its 

phosphorylation. 

The active form of FTY720 (FY720-P), phosphorylated by SK2 (sphingosine kinase 2), targets the 

S1P (Sphingosine 1 Phosphatase) receptors involved in T-cells determination and lymphocyte 

trafficking from the lymphoid organs to the blood circulation (Tonelli et al., 2010). When FTY720 

engages and activates the S1P receptors,  lymphocytes are trapped within the lymphoid 

compartments, inhibiting  CNS attack by pathogenic lymphocytes (Brinkmann, Cyster and Hla, 

2004; Choi et al., 2011). Therefore, the phosphorylation is essential for the immunosuppressive 

effect of this drug. 

 

The unphosphorylated form of FTY720, also known as FTY720 prodrug, mediates apoptotic effect 

in cancer cells and it has shown great potential in inhibiting tumour growth and overcoming 

chemotherapy resistance (Neviani et al., 2007, 2013; Patmanathan et al., 2015). While the 

mechanisms mediating the apoptotic action of FTY720 have been poorly understood, a number 

of direct cellular targets of non-phosphorylated FTY720 have recently emerged, such as PTEN 

and SET, providing clear molecular insights into the biological effects of this drug. Indeed, in 

gastric cancer cells, FTY720 induced upregulation of the tumour suppressor PTEN which inhibits 

the phosphorylation of AKT, resulting in increase of caspase 3-9 and activation of apoptosis 

(Zheng et al., 2010). Regarding SET, as described in the introduction, this protein represents the 

most appealing target of FTY720. Structurally, SET has several domains, each with specific 

functions. In particular, residues 36–124 near the N terminus are critical for binding PP2A-C 

subunit and inhibiting PP2A. NMR spectroscopy analysis indicated that FTY720 binds SET on its 

hydrophobic ceramide binding pocket which has high affinity for ceramide and ceramide analogue 

such as FTY720. When FTY720 engages SET, a chemical shift of the 36-124 residues residing 
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at the N-terminal portion of SET prevents its dimerization or oligomerization. As a consequence, 

the monomeric SET remains associated with PP2A-B subunit  whilst the rest of the protein is 

released from the core subunit of PP2A (PP2A-C), rescuing the activity of the phosphatase (Saito 

et al., 1999; De Palma et al., 2019). According to these evidences, several studies confirmed that, 

when used as anti- cancer, FTY720 sequesters SET, disrupting  its binding with PP2A and 

relieving the PP2A-inhibitory action (Chen et al., 2014; Pippa et al., 2014; Vicente et al., 2020). 

Neviani et al., showed that in CML and Ph+ ALL, where the inhibition of PP2A tumour suppressor 

activity occurs in a SET-dependent manner, FTY720 induces apoptosis and impairs clonogenicity 

via PP2A activation.  (Neviani et al., 2007).  The same effects were confirmed in vivo, 

demonstrating that this drug significantly inhibits  BCR/ABL+  leukemogenesis in mice (Neviani et 

al., 2007). However, the doses required for anticancer effects of FTY720 in animal models are 

higher than those used for FTY720 treatment in multiple sclerosis models (<0.5 mg/day in multiple 

sclerosis versus 5 or 10 mg/day as anticancer drug in animal models) and some side effects have 

been reported when increasing the dose of this drug to reach the antineoplastic effect. One of the 

most common adverse effects registered in human patients treated at high concentration of 

FTY720 is bradycardia. This is induced by S1PR1 when FTY720 engages and activate the S1P1 

receptor. By contrast, in vivo studies showed that FTY720 used at a dosage of ≤10 mg/kg/day in 

mouse models has selective activity for neoplastic cells and minimal effect on healthy cells 

(Neviani et al., 2013). This is because in mice FTY720-S1PR1 activation mechanisms only slows 

heart rate without inducing any further toxic effects  (Mccracken et al., 2017). Despite the potential 

of FTY720 in anti-cancer treatment, the use of this drug  is still limited to in vitro and in vivo pre-

clinical studies and further investigations are required in order to determine whether the side 

effects caused by the high concentrations of this drug could be tolerated during the chemotherapy 

treatment (Gergely et al., 2012; Camm et al., 2014; Vicente et al., 2020). However, as for now, 

FTY720 remains the only commercially available molecule described to be able to target SET. 

 

Based upon the promising potential of FTY720 to target SET oncoprotein and the  recent in vitro 

and in vivo studies demonstrating that FTY720 displays cancer-selective activity against 

haematological malignancies such as acute and chronic lymphoblastic leukaemias, acute and 

chronic myeloid leukaemias, and multiple myeloma (Neviani et al., 2007; Liu et al., 2008; 
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Wallington-Beddoe et al., 2011; Kiyota et al., 2013), we thought of using this molecule to modulate 

the tumorigenic role of SET in MLL. 

For this study we used GFP+ MLL and control cell lines stably expressing GFP. The samples were 

treated with 2 and 5 µM FTY720 and processed for analysis of self-renewal ability, differentiation, 

cell death, cell proliferation and cell cycle regulation upon treatment.  As specified above (3.2) , 

the drug concentrations used in the study were reported to be non-toxic to healthy bone marrow 

cells (Neviani et al., 2013; Oaks, Santhanam and Walker, 2014). The lowest concentration (2µM) 

corresponded to the IC50 value calculated through a dose-response concentration curve on MLL 

and non MLL controls included in the study, whilst the highest value, also very similar to the IC50 

calculated on Kasumi cell lines(4.2µM) (Figure 3.17),  was chosen on the basis of published works  

(Saito et al., 1999; Christensen et al., 2011; Cristobal et al., 2011; Switzer et al., 2011; Yang et 

al., 2012; Chen et al., 2014; Pippa et al., 2014; Rincon et al., 2015; Shouse et al., 2016; Smith et 

al., 2016; Young et al., 2019; Vicente et al., 2020) 

 

3.9.1 FTY720 did not interfere with MLL self-renewal ability  

We investigated for the first time the effect of FTY720 treatment on MLL self -renewal by colony 

forming unit assay associated with analysis of single cell differentiation by May-Grunwald-

Giemsa staining in K562, KASUMI, THP1 and MV411 cell lines.  

In Chen et al., 2014 it was demonstrated that KASUMI cell lines are particularly sensitive to 

FTY720 treatment and the self-renewal ability of these cells is drastically reduced upon treatment 

with FTY720 used at a concentration between 5 and 7.5µM (Chen et al., 2014).    

This is in contrast with what we found. Differences between our study and the study conducted by 

Chen et al., could be addressed to the fact that in Chen et al., they used higher concentration of 

FTY720 and the cells were grown in  Iscove's Modified Dulbecco's Medium (IMDM) containing 

only 0.56% methylcellulose, whilst we used methylcellulose-based medium, strictly formulated to 

promote optimal growth and differentiation of hematopoietic cells in colony forming units.  

For THP1 and MV411, although we did not identify any difference in the number of colonies across 

the three re-plating, we observed a reduction in the size of the THP1 colonies upon treatment. To 

fully investigate whether FTY720 could affect the morphological status of the cells upon treatment 

in methylcellulose, after the third re-plating the cells were isolated from the colonies and processed 
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for May-Grunwald-Giemsa stain. The results showed no major morphological differences between 

treated and untreated cell lines. 

In conclusion, in our study we showed for the first time that FTY720 had no effect on the self-

renewal ability of MLL cell lines, additional analysis such as evaluation of the expression of CD11b, 

CD11c and CD14 lineage differentiation markers may be required to further characterize the 

morphological status of the cells isolated from the colonies grown in methylcellulose upon FTY720 

treatment and confirm the data. 

 

3.9.2 Analysis of FTY720 effect on cell death, cell proliferation and cell cycle regulation of MLL  

In human malignancies FTY720 demonstrated antagonistic effect on the survival and proliferation 

of cancer cells (Nagahara et al., 2001; Lee et al., 2004; Chen et al., 2014; Cristóbal et al., 2014).  

Therefore, following our results on the effect of FTY720 on the self-renewal ability of MLL we 

decided to investigate the possible effect of FTY720 on cell death, cell proliferation and cell cycle 

regulation in MLL-AML, MLL-ALL cell lines and controls. Since all the cells used to study the effect 

of FTY720 were stably transfected with GFP, the green fluorescent signal was used as a cell-

survival and proliferation indicator.    

Our results demonstrated that the effect of FTY720 treatment observed across the MLL and non 

MLL cell lines included in our study, was cellular- dependent. 

 

In 2013, Kiyota et al., showed that FTY720 had a potent inhibitory effect on K562  survival, 

associated with the activation of both intrinsic and extrinsic apoptotic pathway, independent from 

SET antagonism (Kiyota et al., 2013).  Our results showed that 2 and 5µM FTY720 had only a 

marginal effect on K562, increasing the percentage of K562 GFP- cells by 20 % after 72 hours of 

treatment. Differences between the results published by Kiyota and ours, may be addressed to 

the concentration of FTY720 used and the methodologies employed for to analyse the cell 

survival. Indeed, Kiyota et al., used concentrations higher than 5 µM (7.5µM)  and aimed to 

investigate the effect of FTY720 treatment on cell apoptosis through analysis of Annexin-V staining 

and expression of the Bcl-2 family members (BID and BIM) whilst, in our study we looked at the 

effect of FTY720 treatment by FACS, identifying the GFP-cells as dead cells and used the green 

fluorescence signal as cell survival indicator.  In addition to these results, we investigated for the 
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first time the effect of FTY720 on K562 proliferation and cell cycle regulation, reporting no changes 

between treated and untreated cells.  

All together these evidences showed that K562 cell lines are slightly sensitive to FTY720 

treatment.   

In Kasumi cell line, we did not detect any effect on cell death.  These results  were in contrast to 

the ones reported in the literature, showing that FTY720 is able to impact the survival of AML cell 

lines carrying AML1-ETO fusion gene (t8;21), such as Kasumi (Chen et al., 2014). Discrepancies 

between our study and the one conducted by Chen et al., may be addressed to the sensitivity of 

the different methodologies employed across the two studies and the concentration of FTY720 

used (7.5µM versus 5µM used in our study). Indeed, in terms of methodologies, our cell death 

analysis was based on fluorescent cells (GFP+ alive cells) percentage,  measured by FACS 

analysis whilst, in Chen et al., the cell death response was analysed by 1) Wright staining, by 

observing potential nuclei condensation and fragmentation, and 2) caspase 3-8-9 activation (Chen 

et al., 2014).  Interestingly, Chen et al., performed a mechanistic study on FTY720-induced cell 

death in AML, demonstrating that, in their study,  the cell apoptosis mechanism induced by this 

drug was mainly related to the perturbation of sphingolipid metabolism pathway (Chen et al., 

2014). According to their results, the accumulation of ceramide may initiate the apoptosis 

machinery through directly activating mitochondria and binding to SET which results in PP2A 

activation and apoptosis (Chen et al., 2014).  On the other hand, when we looked at the effect of 

FTY720 on KASUMI proliferation and cell cycle regulation, we found some similarities with the 

study conducted by Chen et al. Indeed, upon 5µM FTY720 treatment, we observed a significant 

decrease in cell proliferation, accompanied by cell cycle arrest in G1/S phase.  This was in part 

comparable with Chen et al., which demonstrated a reduction of Kasumi proliferation and a block 

of cell cycle in G0/G1 phase after 24 hours of treatment with FTY720. Although the cell phase 

distribution identified in their paper was different from the one observed in our study (Chen et al., 

2014), this could be addressed to the different concentrations of FTY720 used across the two 

studies (7.5µM FTY720 in Chen et al., versus 5µM FTY720 used in our study). Nevertheless, it 

was interesting to observe that, in their paper, reduction in cell cycle proliferation was found 

correlated with the effect of FTY720 on AML1 function rather than depended on PP2A re-activation 

(Chen et al., 2014).  
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Published papers showed that FTY720 treatment is able to induce MLL-AML cell caspase-

independent cell death when used at concentrations above 5µM. Young et al., investigated the 

effect of FTY720 on THP1 and MV411 cell apoptosis using FITC-Annexin V associated with cell-

impermeable nucleic acid stain YOYO3. Their results indicated that FTY720-induced apoptosis  in 

AML cell line, accompanied by vacuolization, rapid loss of plasma membrane asymmetry and 

cellular structure collapse, a mechanism independent from SET expression (Young et al., 2019).  

In our study, after 72 hours of 5µM FTY720 treatment, we observed a 20% increase of MV411 

GFP- cells and no effect in eGFP-THP1.  As discussed above, this is likely attributable to 

differences in the sensitivity of the methodologies employed to assess the status of the cells across 

the studies. Furthermore, we need to take into account that, as showed in Figure 3.22, in our study 

the population of THP1 untreated cells presented high percentage of GFP-negative cells (20%) 

suggesting that these cells were not growing well at that specific time point and therefore they may 

have behaved differently from what was expected if they were in optimal shape.  

On the other hand, in both MLL-AML cell lines, we observed a dramatic block of cell proliferation 

which was found correlated in THP1 with cell cycle arrest in G1 phase whilst, in MV411, with an 

important increase of cell fragmentation in subG1 phase. These findings are truly novel for the 

existing literature and highlighted the fact that AML cell lines carrying MLL translocation are 

significantly sensitive to FTY720. 

In REH, FTY720 treatment induced cell proliferation arrest and significant increase of cell death. 

This is in agreement with published papers showing that FTY720 induced caspase-independent 

cell death when used within a range of 5  to 10µM in ALL cell lines and in particular REH 

(Wallington-Beddoe et al., 2011). The same results were confirmed in ALL patient samples by 

Wallington-Beddoe et al., although the high sensitivity  of ALL to FTY720 treatment did not seem 

to be correlated with  SET-PP2A antagonism (Wallington-Beddoe et al., 2011). On the other hand, 

we were the first to investigate the effect of FTY720 treatment in ALL cell lines carrying the MLL 

translocation such as SEM and HB1119. Cell death analysis demonstrated that FTY720 increased 

the percentage of GFP- cells for both SEM and HB1119 and it partially reduced SEM proliferation. 

However, since after 72 hours of treatment the percentage of dead cells (GFP-) was below of 

20%, this effect may have no biological relevance and, because of the lack of time, I was unable 
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to investigate whether the reduction in cell proliferation could be accompanied by cell cycle 

dysregulation.  

 

In conclusion, to our knowledge, we were the first to indicate that MLL-AML cell lines, were 

particularly sensitive to FTY720 treatment.   

 

 

3.9.3 FTY720 antagonises SET-PP2A complex rescuing the activity of PP2A in MLL-AML cell 

lines 

As described in Chapter 2 we were the first to indicate that SET is overexpressed and bound to 

PP2A in MLL cell lines. In addition, in the previous part of this chapter, we demonstrated that SET 

is essential for MLL self-renewal and, upon treatment with FTY720, the proliferation of MLL-AML 

cell lines was largely blocked and accompanied by cell cycle arrest. Since published papers  

showed that  FTY720 antagonises SET-PP2A complex and inhibits tumour growth in vivo and in 

vitro (Saddoughi et al., 2013; Pippa et al., 2014), our results led us to speculate whether the effect 

observed upon FTY720 treatment in MLL cell lines could have been associated with modulation 

of SET and/ or SET-PP2A interplay. Therefore, we analysed the levels of SET and the status of 

SET-PP2A complex upon 5µM FTY720 treatment for 24 and 48 hours.  In contrast with the 

literature (Oaks, Santhanam and Walker, 2014; Arriazu et al., 2020), showing no differences in 

the expression of SET upon FTY720 treatment, we surprisingly found that  the SET levels were 

negatively modulated in treated  MLL cell lines (MV411 and THP1), but not in the controls (K562 

and Kasumi). Oaks et al., showed that FTY720 reduced phosphorylation of SET on Ser9 resulting 

to its nuclear accumulation (Oaks, Santhanam and Walker, 2014). In our study we did not 

characterize whether FTY720 could have also affected the localization and/or phosphorylation 

status of the protein 1) because of the lack of availability of specific antibody against SET Ser9 as 

described in chapter 2 (3.2.2) and 2) because of the lack of time. Nevertheless, we investigated 

the potential and crucial effect of FTY720 on SET-PP2A complex to determine whether, in 

response to the reduction of SET expression, SET-PP2A complex would have been disrupted and 

potentially implicated in the arrest of MLL proliferation.  
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Effect of FTY720 on SET-PP2A binding complex was assessed by co-immunoprecipitation assay 

upon 5µM FTY720 treatment for 24 and 48 hours in MV411 and THP1, the two MLL cell line 

models particularly sensitive to FTY720. The concentration of the drug was chosen based on our 

previous data showing that at this concentration FTY720 largely blocked MLL cell proliferation. 

We also demonstrated for the first time that FTY720 treatment disrupts SET-PP2A complex in 

both THP1 and MV411 cell lines. Note that, as described in Chapter 2, double bands detection for 

immunoblot of SET represented SET alpha and beta subunits (Saito et al., 1999), since we used 

a primary antibody against total SET detection (details  in chapter 2).   

Importantly, this is the first evidence of characterization of FTY720 effect on SET-PP2A binding 

complex in MLL cell lines and it indicated that FTY720 treatment decrease the expression of total 

SET. Furthermore, in addition to the reduction of SET expression, in MLL cell lines SET-PP2A 

complex was completely disrupted suggesting a potential implication in blocking the progression 

of both THP1 and MV411 cell lines. 

Since in myeloid malignancies,  FTY720 showed the capability to rescue the activity of PP2A in 

response to SET  and SET-PP2A antagonism (Neviani et al., 2005; Oaks, Santhanam and Walker, 

2014; R Pippa et al., 2014), we decided to elucidate whether this was also the case for MLL.  

Therefore, we measured the activity of PP2A by PP2A activity assay upon FTY720 treatment.   

Our results showed that FTY720 slightly increased the activity of PP2A in THP1 after 48 hours of 

treatment at 5µM. This analysis was conducted through an immunoprecipitation phosphatase 

activity assay (Millipore,17-313) widely used in the literature (Yang et al., 2012; Kiyota et al., 2013; 

Cristóbal, Manso, et al., 2014; Morita et al., 2020). This is an enzymatic assay based on 

immunoprecipitation of PP2A catalytic subunit (PP2A-c), followed by a colorimetric measurement 

of the amount of free phosphopeptide generated by PP2A. Although this is the most extensively 

assay used to validate the activity of PP2A, we experienced technical issues related to the 

sensitivity of the test in previous analysis (Arroyo et al., unpublished data).  

Note that, methylation of the catalytic subunit of PP2A is the major regulation of the activity of the 

phosphatase (Stanevich et al., 2011). However, as showed by Frohener et al., most of the 

antibodies used in the commercial phosphatase assay kit to immunoprecipitate PP2A had 

preference for the nonmethylated C subunit. This means that those antibodies are incapable of 

immunoprecipitating the majority of PP2A holoenzymes and analyse PP2A activity and, therefore, 
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they may lead to misinterpretation of results and lack of reproducibility (Frohner et al., 2020). 

Because of that, we preferred not to draw any conclusion but re-validated and re-interpretated our 

data using alternative approaches such as western blot analysis of PP2A and PP2Atargets 

including Akt, ERK, GSK3-ß. This approach was employed in several publications, reporting that 

FTY720 rescued the activity of PP2A decreasing the phosphorylation on Tyr307 and/or towards 

the de-phosphorylation of its downstream targets such as Akt, ERK, GSK3-ß (Neviani et al., 2005; 

Yang et al., 2012).  

Our analysis on the expression of PP2A Tyr307 phosphorylation upon 5µM FTY720 treatment 

confirmed a reduction of Tyr307-PP2A in KASUMI, THP1 and MV411. This supports the evidence 

that by down-regulating the level of SET and disrupting the inhibitory bound between SET and 

PP2A, FTY720 re-activates PP2A which, in turn, may dictate block of proliferation in MLL cell 

lines. However, we need to be very careful in using the analysis of Tyr307 PP2A as a reference 

of PP2A activity, since the antibodies currently commercialised have been recently reported as 

not specific for phosphorylated Tyr307 (Frohner et al., 2020). Nevertheles, western blot analysis 

of the expression of the PP2A’s targets, also confirmed that upon FTY720 treatment the levels of 

phospho ERK (Tyr202/Thr204), phospho-GSK3β (Ser9) and phospho- Akt (Ser473) were 

drastically and stably decreased in MV411 cell lines during the 48 hours of treatment. Once again, 

we supported the evidence that, in response to SET-PP2A antagonism, FTY720 rescued PP2A 

activity. This was also in agreement with a study conducted by Mccracken et al., showing that, 

after  treatment with 3µM FTY720 for  24 hours, down-regulation of PP2A’s targets was associated 

with an increase of PP2A activity in leukaemia  models (Mccracken et al., 2017). In THP1, we 

showed that after 48 hours FTY720 halved the expression of phospho ERK (Tyr202/Thr204). The 

same happened for phospho-GSK3β (Ser9) and phospho- Akt (Ser473) in KASUMI.  

 

Therefore, all together, our novel data confirmed that FTY720 used at a concentration of 5µM has 

a specific and promising effect on antagonising SET and its essential role in MLL tumorigenesis. 

Indeed, in MV4-11 and THP-1 cell lines, FTY720 drastically reduced the levels of SET and 

disrupted its binding with PP2A. As a result, PP2A was largely re-activated, arresting the 

proliferation of MLL cell lines. 
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 Although nowadays the employability of FTY720 in anti-cancer treatment is still limited to in vitro 

and in vivo pre-clinical studies, with these data we provide strong evidence that the effect of this 

drug is largely mediated through its inhibition of SET function resulting in increased PP2A 

phosphatase activity. Additionally, our data strongly support that SET represents a bona fide target 

for MLL treatment. We are confident that these novel findings will reinforce the current scientific 

literature contributing to open a new avenue for designing a more selective anti-cancer drug able 

to inhibit SET in MLL tumorigenesis.
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INTRODUCTION  

 

4.1 CIP2A, an emerging cancer therapy target  

In 2007, the discovery of  the human oncoprotein CIP2A, an endogenous PP2A-interacting protein 

of human cancer cells, contributed to expand the general understanding of the mechanisms 

critical for cancer progression (Junttila et al., 2007). As described in Chapter 2, CIP2A acts in 

context with some of the phosphorylated PP2A substrates, such as c-Myc, preserving tumour 

cells from apoptosis or senescence and promoting progenitor cell self-renewal (Junttila et al., 

2007; Junttila and Westermarck, 2008; Ventelä et al., 2012). Growing evidence has established 

the clinical relevance of CIP2A as marker of poor prognosis in several human malignancies such 

as  HNSCC (Haed and Neck Squamous Cell Carcinoma),  ovarian cancer, renal carcinoma, colon 

cancer, osteosarcoma, pancreatic cancer, breast cancer and hematopoietic malignancies 

(multiple myeloma, acute and chronic myeloid leukaemia) ( Junttila et al., 2007; Côme et al., 2009; 

Böckelman et al., 2011; Lucas et al., 2011; Ren et al., 2011; Wiegering et al., 2013; Zhai et al., 

2014; Barragán et al., 2015; Xu et al., 2016; Liu et al., 2017). In regard to hematopoietic 

malignancies, Lucas et al., reported that CIP2A is overexpressed at both protein and mRNA levels 

in CML patients and the high expression of CIP2A protein at chronic phase of diagnosis, is a 

potential predictor of later development of blast crisis (BC) (Lucas et al., 2011).  Moreover, 

Barragan et al., showed that in normal karyotype acute myeloid leukaemia, CIP2A overexpression 

represented an independent factor of poor prognosis for the progression of this disease (Barragán 

et al., 2015).  In addition to evidence indicating that CIP2A may serve as a prognostic marker for 

cancer, a few independent studies showed that down-regulation of CIP2A by gene silencing 

decreases cell viability and inhibits the growth of various cancer cell types. In gastric cancer, 

where CIP2A overexpression was observed at both mRNA and protein levels, depletion of CIP2A 

by siRNA, resulted in growth arrest, senescence and reduced colony forming potential of cancer 

cells (Li et al., 2008). This implies that CIP2A is an oncogenic factor for this form of cancer and it 

may represent a potential therapeutic target. Likewise, Liu et al., showed that in in vitro and in 

vivo MM models, CIP2A silencing byRNA interference leads to a decrease in cell proliferation and 

increased sensitivity to Dexamethasone-induced apoptosis. Furthermore, in response to CIP2A 

depletion, Liu et al., observed a significant down-regulation of c-Myc and reduced levels of 

phospho AKT, two of the main PP2A targets dysregulated in cancer, indicating that the CIP2A–
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PP2A axis is important for CIP2A-induced tumorigenesis and, therefore, it might serve as a 

molecular target for the development of future MM therapeutics (Liu et al., 2017). 

 

4.2 CARFILZOMIB, the proteasome inhibitor which antagonises CIP2A function 

Carfilzomib (Onyx Pharmaceutics) is a novel proteasome inhibitor, approved in 2012 for the 

treatment of relapsed and refractory multiple myeloma (RRMM) (Siegel et al., 2012). As a 

proteasome inhibitor, Carfilzomib selectively and irreversibly binds the proteasome, resulting in its 

sustained inhibition. Nevertheless, in 2017 Liu et al., revealed a novel anti-cancer mechanisms of 

Carfilzomib in leukemic cells, independent from its proteasome inhibition but surprisingly 

associated with CIP2A downregulation (Liu et al., 2017). In their report, Liu et al., showed that 

leukemic cells expressing high levels of CIP2A, were particularly sensitive to Carfilzomib which 

induced CIP2A downregulation, PP2A reactivation and cellular apoptosis in both in vitro and in 

vivo models (Liu et al., 2017). Mechanistically, Carfilzomib affects CIP2A expression at 

transcriptional levels, interfering with microRNAs and/or the expression of ELK1, a transcriptional 

regulator of CIP2A (Evans et al., 2011; Jung et al., 2013; Jung, Phillips and Chan, 2014; Wei et 

al., 2014; C. Y. Liu et al., 2017). On the other hand, since the KIAA124 gene, encoding for CIP2A, 

is also regulated by microRNAs (small, noncoding RNAs involved in post-transcriptional regulation 

of protein-coding genes), it could be possible that Carfilzomib suppresses CIP2A  transcription by 

interplaying with microRNAs, (Jung et al., 2013). 

So far, Carfilzomib has shown an antitumor effect in haematological malignancies, with minimal 

cytotoxicity against non-cancerous blood cells (Parlati et al., 2009) and the use of this 

pharmacological agent to inhibit the proteasome in patients with relapsed or refractory MM 

produced clinically significant response with acceptable safety profile (Siegel et al., 2012).  This 

provided insight into optimal use of this pharmacological agent in the clinic and, 

nowadays, Carfilzomib alone or in combination with chemotherapy is undergoing several early 

phase trials for the treatment of relapsed or refractory acute myeloid and acute lymphoblastic 

leukaemia, (NCT clinical trials: NCT01137747, NCT02303821, NCT02512926). 
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AIM AND RATIONALE 

CIP2A is a human oncoprotein and potent endogenous inhibitor of PP2A. Published studies have 

shown that CIP2A over-expression impairs the activity of PP2A on c-Myc dephosphorylation. As 

a result, c-Myc is stabilised and activated, leading to malignant progression. Based on the potent 

inhibitory effect of CIP2A on the tumour suppressor activity of PP2A, this oncoprotein has been 

proposed as a potential target for anti-cancer treatment.  

As discussed in Chapter 2, we were the first to identify and characterize CIP2A in MLL. Our novel 

results showed that CIP2A is over-expressed in both MLL cell lines and primary samples, and that 

CIP2A up-regulation was accompanied by elevation of c-Myc levels. However, the potential role 

of CIP2A in MLL tumorigenesis has not been fully explored yet.  

 

In order to determine whether CIP2A is an essential regulator of MLL malignancies and evaluate 

the possibility to target it for the treatment of this disease, in this chapter we explored the effect of 

CIP2A modulation by 1) gene silencing and 2) pharmacological approach using Carfilzomib, a 

proteasome inhibitor with emergent potential in antagonising CIP2A expression and block cancer 

progression.  
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METHODS  

4.3 Stable transduction of MLL cell lines with shCIP2A and CFU analysis.  

Analysis of CIP2A by genetic approach showed that down-regulation of this oncoprotein interfered 

with cancer cellular differentiation and progression, suggesting that CIP2A is implicated in 

diagnosis, progression and therapy of cancer.  

To characterize the role of CIP2A in MLL self-renewal and investigate whether it may represent a 

potential target for the treatment of this disease, we down-regulated the expression of CIP2A in 

MLL models by shRNA lentiviral transduction, followed by analysis of self-renewal ability in 

methylcellulose.  The lentiviral transduction was conducted in vitro using pLKO.1-PURO vector 

carrying a puromycin resistance cassette for transduction selection (Chapter 3, Figure 3.1). CIP2A 

expression was targeted by KIAA1524 shRNA lentiviral transduction particles whilst, 

shSCRAMBLE, targeting no coding sequence, and pLKO, 1-puro CMV-tag RFP, with no shRNA 

insert, were used as a transduction controls. All the characteristics about the shSCRAMBLE and 

RFP lentiviral particles are detailed in Table 4.1, whilst protocols and results related to optimization 

of the multiplicity of infection and transduction procedure are detailed in Chapter 3, section 3.3.1, 

3.3.2.). Forty-eight hours after the transduction, cells were cultured in a semi-solid medium with 

puromycin for ten to fourteen days to assess their ability in proliferating, differentiating and forming 

colonies (Chapter 3, section 3.3). The same procedure was repeated for three re-plating in order 

to establish a stable transduced cell line. At the end of each re-plating, the colony morphology was 

characterized by visual observation and recorded using EVOS™ cell image system, whilst colony 

quantification was conducted by LTTA assay as described in Chapter 3, section 3.3.5.  

4.3.1 Characterisation of stable transduced cell lines 

After the third re-plating, cells were isolated from the colonies and maintained in culture as 

described in Chapter 2, section 2.3. Cell lines stably transduced with shSCRAMBLE, RFP and 

shCIP2A were then processed for cell proliferation analysis (Chapter 3, section 3.4.6) and CIP2A 

quantification by Western Blot analysis (Chapter 2, section 2.4). 
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Table 4.1. Characteristics of the lentiviral particles used for the study.  

 

4.4 Pharmacological modulation of CIP2A  

We modulated CIP2A by pharmacological approach using Carfilzomib. This molecule was 

purchased from Selleckchem, resuspended in DMSO at a concentration of 50mM, aliquoted and 

stored at -80oC up to 6 months. The aliquots were thawed out at room temperature before use. 

The half maximal inhibitory concentration (IC50) of this drug was calculated by MTT assay and 

trypan blue exclusion as described in Chapter 3, section 3.4.1. The assessment of MLL response 

to CIP2A modulation upon Carfilzomib treatment was evaluated through CFU assay in 

methylcellulose, cell proliferation, apoptosis and CIP2A protein levels.  

 

4.4.1 Analysis of CFU assay in methylcellulose 

CFU assay was employed to explore the effect of Carfilzomib on self-renewal ability of MLL cell 

lines (THP1, MV411). K562 and KASUMI were used as controls. As described in Chapter 3, 

section 3.3.1, cells were growth in a 24 well-plate in 800µL of methylcellulose supplemented with 

the appropriate concentration of drug. Since in this study the effect of Carfilzomib was evaluated 

at a final concentration of 10 and 20nM, 8µL of 1µM and 2µM Carfilzomib, were added to each 

well, containing 800 uL of methocult to reach the final concentrations of 10 and 20nM (dilution 

1:100). The detailed protocol of CFU procedure was detailed in Chapter 3, section 3.4.4, 5. as for 

 

Lentiviral  

transduction particles 

INSERT 

SEQUENCE/DESCRIPTION 

INSERT TU (Transduction units) /mL 

 

SHC002V 
MISSION non-mammalian 
pLKO, 1-puro shRNA  
Control  
Transduction Particles 

 

CCGGCAACAAGATGAAGAGC
ACCAACTC- 
GAGTTGGTGCTCTTCATCTTG

TTGTTTTT  

 

No human  
or mouse  
shRNA 

 

9.2 x 107 

 
SHC012V 

pLKO, 1-puro CMV-tag RFP 

control 

 
No shRNA  
Contains TagRFP gene under the 

control of the CMV promoter.  
 

 
No hairpin 

 
2.7 x 107 

 
SHCLNV 

 
 

 
shRNA against KIAA1524 
NM_ID 020890 

 
Hairpin 

 
2.2 x 107 
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colony quantification by LTTA assay and colony morphology analysis, conducted by visual 

observation and recorded using EVOS™ cell image system microscope. 

 

4.4.2 Analysis of MLL differentiation upon Carfilzomib treatment 

Following CFU assay, the cells were harvested from the colonies, by eluting the methylcellulose 

mix in 10mL of PBS 1X supplemented with 0.5 % of FBS. The solution was transferred into a 

15mL tube and re-suspended with a serological pipette up and down several times, to further 

homogenise the suspension and avoid methylcellulose clumps. The tubes were placed into a 

centrifuge, spun down at 500 g for 5 minutes and the supernatant was discarded. Next, the pellet 

was resuspended in appropriate volume of medium (depended on the size of the pellet and the 

initial number of the colonies), the cells were counted using a haematocytometer and cultured in 

liquid medium as described in Chapter 2, section 2.3. At this point, we investigated the effect of 

Carfilzomib treatment on cytological features by May-Grunwald-Giemsa staining, as described in 

Chapter 3, section 3.3.8.  

 

4.4.3 Analysis of MLL cell survival upon Carfilzomib treatment 

Analysis of MLL survival and cell death upon Carfilzomib treatment at 10 and 20nM was conducted 

and processed by FACS analysis as described in Chapter 3, section 3.4. The cell lines included 

in this study stably expressed green fluorescence emission (GFP) which was used as a 

fluorescence-based cellular viability reporter as described in section 3.3.4, Chapter 3.  

4.4.4 Cell proliferation analysis upon Carfilzomib treatment 

MLL cell lines and controls (stably expressing green fluorescent protein), were treated with 

Carfilzomib at 10 and 20nM and processed for cell proliferation analysis at t0, 24, 48,72 hours and 

6 days using green fluorescent emission as a proliferation reporter. The protocol employed in this 

study has been adapted to the experimental procedure described in Chapter 3, paragraph 3.2.1. 

Carfilzomib 50mM was diluted 1:1000 to a concentration of 50µM which was used to prepare two 

serial dilutions of 40nM and 20nM. From each dilution, 100µL of Carfilzomib were added to 100µL 

of cell suspension to reach a final concentration of 20nM and 10nM.  Three wells of 200µL 
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completed medium were used as a blank. After that, the plate was incubated at 37oC humidified 

5% CO2 atmosphere and processed for GFP detection at t0, 24, 48, 72 hours and 6 days, using a 

Fluorescent Microplate Reader at 495nm.  

 

4.4.5 Analysis of the protein levels of CIP2A and PP2A’s targets by Immunoblot assay 

The effect of Carfilzomib on the modulation of the protein levels of CIP2A and PP2A’ targets was 

evaluated by Western Blot analysis. Carfilzomib was used at a concentration of 10 and 20nM for 

24 hours. Cells were plated at a concentration of 2x105 cells/mL in 10mL of complete medium as 

described in Chapter 3, section 3.3.6 and incubated with 10µL of 10µM and 20µM Carfilzomib to 

obtain a 1:1000 dilution, relative to the desired concentration. The untreated cells were incubated 

with the vehicle and treated in the same way.  After 24 hours, cells were harvested and processed 

for pellet preparation, protein extraction and Immunoblot analysis procedure as described in 

Chapter 2, section 2.4 The primary antibodies used for immunoblot detection are described in 

Chapter 3, Table 3.3 and were incubated as described in section 3.4.7 of the same chapter.  

4.4.6 Analysis of proteasome activity assay upon Carfilzomib treatment  

The proteolytic activity of the proteasome upon Carfilzomib treatment was evaluated in K562, 

KASUMI, THP1 and MV411 cell lines, using CHEMICON®’s 20S proteasome activity assay 

(Merck MIllipore, APT280). The assay is designed to measure the detection of the fluorophore 7-

Amino-4- methylcoumarin (AMC) generated from the proteasome after the cleavage of the 

labelled substrate LLVY-AMC.  

4.4.6.1 Generating AMC standard curve 

The AMC substrate was included in the kit and reconstitute with 100 μL DMSO, giving a 125 μM 

stock solution. The stock solution was then aliquoted and store at -20°C up to 6 months.  The 

standard curve was generated from 9 serial dilutions in the concentration rage of 0.04 μM – 12.5 

μM by diluting the reconstituted AMC Standard in 1X Assay Buffer. The assay buffer was supplied 

by the kit as a 10X stock, diluted 1:10 in distilled water and stored at 4°C. Hundred μL of each 

dilution were added to a well of a 96-well plate in triplicate and 100 μL of 1X Assay Buffer were 
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included as a blank. At this point, the fluorescence generated from the AMC curve was read at 

380/400nm using a Fluorescent microplate reader. 

 

4.4.6.2 Assay procedure  

Cells were plated at a density of 2x105 cells/mL in 10mL of complete medium and treated for 12 

hours with 10, 20,50, 100nM Carfilzomib. Carfilzomib was prepared in serial dilutions at a 

concentration of 100, 50, 20 and 10 μM in complete medium. For each condition, 10 μL of 

Carfilzomib were added to the cell suspension (1:1000), gently mixed and incubated in a 37oC 

humidified 5% CO2  incubator for  12 hours . For protein extraction, cell pellet was prepared as 

described in Chapter 2, paragraph 2.1.2. and lysed using an appropriate volume of  phosphatase 

lysis buffer (20mM imidazole HCl, 2mM EDTA, 2mM EGTA pH7.0). Protein quantification was 

assesed using Bradford assay as described in Chapter 2 , paragraph 2.2.1.  and 15µg of protein 

were used as a test sample. The assay mixture was prepared according to Table 4.2, incubated 

for 1 hour at 60oC and then processed for fluorescence reading using a 380/460 nm filter in 

Fluorescent microplate reader. The Proteasome Substrate stock solution was reconstitute prior 

usage with 65 μL of DMSO (giving a 10mM stock solution), aliquoted and store at   -20oC up to 3 

months. To prepare the assay mixture, the 10mM stock solution was diluted 1:20 in 1x assay 

buffer. For proteasome inhibitor analysis, the background reading from cell lysate and buffer was 

subtracted from the readings before calculating the increase in proteasome activity.  
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Figure 4.1 Example of AMC fluorigenic standard curve generation. The charts illustrate slope 

and Y intercept values, obtained from the AMC fluorigenic standard curve interpolation. These 

values, were used to calculate the fluorigenic signal relative to the levels of AMC generated from 

the activity of the proteasome.  

 
 
Table 4.2  Reagents and volume used to prepare the assay mixture. 
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4.5 Statistical analysis  

Statistical analysis was determined using Graph Pad prims 7, 2-way ANOVA, multiple comparison 

or T-test as specified in the figure legends. Analysis of cell proliferation was assessed by mixed 

effect 2-way ANOVA. Densitometry of immunoblotting images was performed using Image Studio 

software and normalised by Microsoft Excel, relatively to the loading control’s expression.   
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RESULTS 

4.6 CIP2A is essential for MLL self-renewal 

The effect of CIP2A on MLL self-renewal ability was evaluated by Colony Forming Unit ability upon 

shRNA transduction. The colony morphology of MLL cell lines and controls, transduced with 

shSCRAMBLE, RFP and shCIP2A is reported in Figure 4.2 and 4.3, whilst the number of colonies 

identified over the three re-plating, are reported in Figure 4.5 (LTTA graphs). Importantly, we found 

that shCIP2A largely blocked the self-renewal ability of MLL cell lines. Indeed, while no differences 

were observed amongst the controls (K562 and REH), no colonies were identified for THP1, 

MV411 and SEM when transduced with shCIP2A. Similar effect was observed in KASUMI cells, 

where only a few colonies were identified for shCIP2A after the second and third re-plating. 

Regarding shSCRAMBLE or RFP transduction, no differences were observed in any of the cell 

lines. For HB1119 no colonies were detected in any of the conditions. As described in Chapter 3, 

although this cell line is suitable for growing in semi-solid medium (Yeung et al., 2010), technical 

issues may have occurred during my study.  

In conclusion, our findings demonstrated for the first time that CIP2A is essential for the self-

renewal ability of MLL cell lines. 

 

4.6.1 Characterization of stable cell line eGFP-K562-shCIP2A  

After shRNA transduction, the cells were isolated from the single colonies and cultured in liquid 

medium. Amongst the controls, which were the only cell lines able to form colonies in semi-solid 

medium upon shRNA transduction, K562 shCIP2A were successfully expanded in liquid medium. 

As we can see from Figure 4.6 A, Western blot analysis confirmed CIP2A depletion upon shCIP2A 

transduction, indicating that this cell line was successfully and stably transduced. Moreover, 

analysis of cell proliferation showed that down-regulation of CIP2A did not affect the proliferation 

of this cell line. On the other hand, shSCRAMBLE decreased the cell proliferation of K562 at day 

2 (*, p=0.0223), compared to K562-shCIP2A cell lines, at day 4 compared to untransduced  K562 

(**, p=0.001),  and K562-shCIP2A (****, p< 0.0001),  and at day 6 days compared to K562 

untransduced, RFP and shCIP2A  (****, p< 0.0001), indicating that shSCRAMBLE cannot not be 

considered as optimal control for this study. 
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Figure 4.2 Effect of shCIP2A on MLL-AML Colony-Forming Unit ability, MOI 5. Colony 

morphology  

 
 
Figure 4.2. Effect of shCIP2A on MLL-AML Colony-Forming Unit ability, MOI 5. Colony 

morphology   

Colonies morphology of A) eGFP-K562 (Control) B) eGFP-KASUMI (Control- AML) C) eGFP-

THP1, D) eGFP-MV411 (MLL-AML) cell lines upon lentiviral transduction with vectors expressing 

shSCRAMBLE, RFP, shCIP2A, under puromycin selection. Images are representative of three 

rounds of puromycin selection. Digital microscope images were captured using Evos FL Digital 

Inverted Fluorescence Microscope (magnification 40X lens).  
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Figure 4.3 Effect of shCIP2A on MLL-AL Colony-Forming Unit ability, MOI 5. Colony 

morphology  

 

Figure 4.3 Effect of shCIP2A on MLL-ALL Colony-Forming Unit ability, MOI 5. Colony 

morphology 

Colonies morphology of A) eGFP-REH (Control-ALL), B) eGFP-HB11;19, C) eGFP-SEM (MLL-

ALL) cell lines cell lines upon lentiviral transduction with vectors expressing shSCRAMBLE, RFP, 

shCIP2A, under puromycin selection. Images are representative of 3 rounds puromycin selection. 

Digital microscope images were captured using Evos FL Digital Inverted Fluorescence Microscope 

(magnification 40X lens).  

 



CHAPTER 4: Molecular and pharmacological targeting of CIP2A in MLL 

 

 

 

 

 

173 

Figure 4.4 Effect of shCIP2A on MLL Colony-Forming Unit ability, MOI 5. Colony number 

 

 

 

Figure 4.4 Effect of shCIP2A on MLL Colony-Forming Unit ability, MOI 5. Colony number 

Relative number of colonies for A) eGFP-K562, B) eGFP-KASUMI, C) eGFP-THP1, D) eGFP-

MV411, E) eGFP-REH, F) eGFP-SEM upon lentiviral infection with vectors expressing 

shSCRAMBLE, RFP and shSET under puromycin selection. Data are representative of 3 rounds 

of puromycin selection of two independent experiments (average/ SEM). The number of colonies 

of control-AML and MLL-AML cell lines is related to Figure 4.3. The number of colonies of control-

ALL and MLL-ALL cell lines is related to Figure 4.4.  
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Figure 4.5. Characterization of K562 stably transduced with shCIP2A.  

 

 

 

Figure 4.5. Characterization of K562 stably transduced with shCIP2A.  

A) Western blot analysis of CIP2A protein level in untransduced, shScramble, RFP and shCIP2A 

K562.  B) Proliferation curve of GFP autofluorescent eGFP-K562 untransduced and transduced 

with lentiviral vectors expressing shSCRAMBLE, RFP, shCIP2A at t0, 2, 4 and 6 days. GFP 

autofluorescence was used as a quantitative reporter of cell proliferation. For each cell line, the 

same number of cells was plated at t0 and the GFP signal was measured with a Fluorescent 

microplate reader. Data shown as mean ±SEM of triplicate wells and are representative of three 

independent experiments. For certain conditions, error bars shorter than the size of the symbols 

do not appear on the curve. Statistical analysis shown in Table 4.3.  
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Table 4.3. Statistical analysis in cell proliferation of K562 shCIP2A. 

Statistical analysis related to Figure 4. Mixed-effect 2-way ANOVA analysis was performed 

between eGFP-K562 untransduced- shSCRAMBLE, untransduced- RFP, untransduced- shSET, 

RFP- sh SCRAMBLE, RFP- shCIP2A, shSCRAMBLE- shCIP2A. Data represent means of three 

independent experiments.  
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4.7 Pharmacological response to Carfilzomib of MLL cell lines  

Carfilzomib is a second-generation proteasome inhibitor, recently emerged as a potential 

pharmacological modulator of CIP2A ( Liu et al., 2017). Due to its promising effect on down-

regulating the expression of CIP2A in leukemic cells and inducing apoptosis, we decided to 

explore whether the use of this agent in MLL cell lines could modulate CIP2A expression and 

impair malignant progression. 

The IC50 of Carfilzomib on MLL cell lines and controls (K562 and KASUMI) was calculated by 

MTT assay and Trypan Blue exclusion. The results showed that, the IC50 values obtained by MTT 

assay were different from the values calculated by Trypan blue assay. In particular, by MTT assay 

we identified higher IC50 in MLL cell lines than K562. By contrast, trypan blue assay showed that 

MLL cell lines were much more sensitive to K562 and the IC50 identified in our study (248nM) was 

very similar to the concentration of Carfilzomib  (200nM) used to treat the same cells in the report 

published by Liu et al.(Liu et al., 2017). Note that, both tests are conceived to monitor the cell 

viability, however, while the Trypan blue assay assesses the integrity of the cellular membrane, 

the MTT assay monitors the mitochondrial activity of the cells. Therefore, different IC50 values 

identified for K562 may indicate that, low concentration of Carfilzomib (10nM) decreases the cell 

metabolism of K562 without impairing the cell survival. Alternatively, Carfilzomib has a cytostatic 

effect on these cells by interfering with the expression of cyclins or cyclin regulating proteins and, 

in order to induce cell death, higher concentrations (200nM) are required.  

  

4.7.1 Carfilzomib analysis on Colony Forming Unit ability and cell differentiation 

Having assessed the IC50 value of 10nM for MLL cell lines, we firstly tested the effect of 10 and 

20nM Carfilzomib on MLL Colony Forming Unit ability. As reported in Figure 4.8. Carfilzomib did 

not induce any change in the colony forming unit ability of K562 cell lines, whereas at 20 nM, it 

drastically affected the number of colonies in KASUMI, THP1 and MV411. Moreover, upon 20nM 

Carfilzomib, KASUMI and MV411 colonies appeared less compact than the ones identified in the 

rest of the two conditions (vehicle and 10nM Carfilzomib) and, in particular for MV411, this was 

accompanied by a reduction in the colony size. These results were corroborated by May-

Grunwald-Giemsa staining that showed the macroscopic morphology of the single cells isolated 

from the colonies. As we can see from Figure 4.8 C KASUMI, THP1 and MV411 isolated from the 
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relative colonies showed a decrease in N:C ratio, a particular feature of cellular differentiation 

(Chapter 3, section 3.2.2). Furthermore, for THP1 and MV411, changes in the cellular morphology 

were accompanied by a reduction in the cellular density attached on the slides: although in each 

condition, the same number of cells was processed for cytoslide preparation (80.000 cells in 200uL 

of PBS), only a few cells strongly attached the poly-lysine coated surface of the slide upon 10 and 

20nM Carfilzomib treatment. This may suggest that, in response to this treatment, the rest of the 

cells might be dead, or they might undergo different physiological processes which do not allow 

them to attach the slide surface.  

These findings provided for the first time strong evidence that Carfilzomib negatively affects the 

self-renewal ability of MLL cell lines.  
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Figure 4.6 Calculation of Carfilzomib IC50.  

 
 

 
 
 
 
 
 

Figure 4.6. Calculation of Carfilzomib IC50.  

Non linear-regression concentration response curve of Carfilzomib treatment in K562, Kasumi 

and MLL-AML (THP1, MV411, MOLM13) cell lines. Cell viability was determined by (A) MTT 

assay and (B) Trypan blue exclusion upon Carfizomib treatment for 72hrs. The Carfilzomib IC50 

was calculated using GraphPad Prism software. Data shown as mean ±SEM of triplicate wells 

and are representative of four independent experiments for MTT assay and three independent 

experiments for Trypan blue exclusion.  
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Figure 4.7. Effect of Carfilzomib treatment on MLL Colony-Forming Unit ability and 

differentiation. 
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Figure 4.7. Effect of Carfilzomib treatment on MLL Colony-Forming Unit ability and 

differentiation 

 

Figure 4.7. Effect of FTY720 treatment on MLL Colony-Forming Unit ability and 

differentiation.  

Colonies morphology of K562, AML Control (Kasumi) and MLL-AML (THP1, MV411) cell lines 

grown in methylcellulose upon Carfilzomib treatment. Digital microscope Images were captured 

using Evos FL Digital Inverted Fluorescence Microscope (magnification 40X lens). B) Percentage 

of colonies surviving to Carfilzomib treatment, relative to A). The cells were treated with 

Carfilzomib in methocult and the colonies counted after 7-10 days. The percentage of colonies 

was normalized against the vehicle. Data shown as mean ±SEM of triplicate wells and are 

representative of two independent experiments. C) Microscope images of cell differentiation, 

corresponding to A). Cells were isolated from colonies and stained with Giemsa-Wright staining. 

For each condition, the same number of cells was stained for differentiation analysis. Images were 

taken using Nikon Digital camera adapter for microscope (D5100) (magnification 20X lens). Data 

are representative of two independent experiments. 

 



CHAPTER 4: Molecular and pharmacological targeting of CIP2A in MLL 

 

 

 

 

 

181 

4.7.2 Carfilzomib inhibits proliferation of MLL cell lines 

For cell proliferation analysis, MLL cell lines and controls expressing green fluorescent protein 

were treated with 10 and 20nM Carfilzomib for 6 days. Green fluorescent emission was used as 

a cell proliferation reporter and compared at day 1, 2, and 6 of treatment.  

As we can see from the proliferation curves illustrated in Figure 4.9 panel A, Carfilzomib treatment 

slightly impaired the proliferation of K562 by 10 % after 6 days of treatment (vehicle-10nM *, 

p=0.0179; vehicle-20nM *, p=0.0175). A similar effect was observed from day 1 in KASUMI when 

using 20nM Carfilzomib (cell proliferation dropped by 40% after 6 days of treatment at 20nM;  

p=0.0217at day 1, p=0.0342 at day 2 and p=0.0256 at day 6), Figure 4.9 B. By contrast, 

Carfilzomib treatment largely blocked the proliferation of MLL cell lines over the 6 days of 

treatment. In fact, THP1 proliferation dropped by 90% upon 10nM Carfilzomib treatment and by 

100% at 20nM. Similarly, proliferation in MV411 dropped by 100% after both treatment at 10 and 

20nM (Figure 4.9 C and D).  

These results showed for the first time that MLL cell lines are particularly sensitive to Carfilzomib 

treatment which dramatically affect the proliferation of THP1 and MV411. 
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Figure 4.8. Effect of Carfilzomib on MLL cell proliferation.  
 

 

 

 

 

 

Figure 4.8. Effect of Carfilzomib on MLL cell proliferation. Analysis of cell proliferation of A) 

eGFP-K562, B) eGFP-KASUMI, C) eGFP-THP1, D) eGFP-MV411 cell lines upon Carfilzomib 

treatment. Cell lines were treated with the indicated concentrations of Carfilzomib for 24, 48, 

72hours and 6 days. GFP auto-fluorescent signal was measured with a Fluorescent microplate 

reader and used as a quantitative reporter of cell proliferation. Data shown as mean ±SEM of 

triplicate wells and are representative of three independent experiments. For certain conditions, 

error bars shorter than the size of the symbols do not appear on the curve, see details in statistical 

analysis shown in Table 4.4;5;6,7. 
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Table 4.4-4.7. Statistical analysis of Carfilzomib effect on MLL cell proliferation.  

                                                                               

 

 
 
 
 
 
 
 
Table 4.4-4.7. Statistical analysis of Carfilzomib effect on MLL cell proliferation.  

Mixed-effect 2-way ANOVA test of eGFP-K562 (Table 4.4), eGFP-KASUMI (Table 4.5), eGFP-

THP1 (Table 4.6) and eGFP-MV411 (Table 4.7) cell proliferation upon 10 and 20nM Carfilzomib. 

The mean of each treatment (10 and 20nM) was compared to the mean of the vehicle at day 1, 

day 2, day3 and day 6. eGFP-K562, eGFP-THP1 and eGFP-MV411 data are representative of 

three independent experiments. For eGFP-KASUMI data are representative of two independent 

experiments.  

 

Table 4.4. Analysis of cell proliferation in eGFP-K562 Table 4.6. Analysis of cell proliferation in eGFP-THP1 

Table 4.5. Analysis of cell proliferation in eGFP-KASUMI Table 4.7. Analysis of cell proliferation in eGFP-MV411 
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4.7.3. Carfilzomib induces increase in cell death in MV411 cell lines 

The effect of Carfilzomib treatment on MLL viability was analysed by fluorescent activated cell 

sorting after 24, 48 and 72 hours at 10 and 20nM. Since all the cell lines used in this analysis were 

stably expressing GFP the emission of fluorescence was used as a cell viability reporter. 

Representative plots of three independent experiments conducted of flow cytometry analysis are 

reported in Figures 4.9;10;11;12panels A, whereas statistical analysis and the bar graphs related 

to the plots are illustrated in in panels B.  

 

As we can see from figure 4.9 B, in K562 cell lines, Carfilzomib treatment increased the fraction 

of GFP- cells by 10% compared to the vehicle. Although this effect was statistically significant 

compared to the vehicle (vehicle-10nM, ****, p= 0.0008; vehicle-20nM, ****, p= 0.009) the fraction 

of GFP- cells identified upon treatment remained low than 20% and, therefore, this might have 

only a little or no biological significance in clinics. On the other hand, in agreement with Swift et 

al., Carfilzomib induced cell death in eGFP-KASUMI cell line  (Swift et al., 2018). Figure 4.10 

shows that upon treatment at 10nM Carfilzomib, 60% of KASUMI were GFP- and 80% of cells 

resulted GFP- at 20nM.  

Regarding the MLL cell lines, Carfilzomib induced a 20% increase of GFP- cells in THP1 when 

used at 20nM (vehicle-20nM *, p= 0.0121). The effect of Carfilzomib on THP1 cell lines had been 

already published by Liu et al. However, in their study, Liu et al., Carfilzomib was used at 

concentrations above 50nM and the apoptotic effect was evaluated by caspase activation and 

propidium iodide flow cytometric assay which presents a different sensitivity from the experimental 

procedure employed in our study (green fluoresce report) (Liu et al., 2017). In MV411, the fraction 

of GFP-negative was significantly increased upon treatment. Indeed, after 20nM Carfilzomib, 60% 

of the cell population was GFP- (vehicle-20nM ****, p< 0.0001), indicating that MV411 were 

particularly sensitive to this treatment (Figure 4.11).  

In conclusion, this experiment reports for the first time that Carfilzomib treatment at 10 and 20nM 

induced cell death in the MV411 cell line. 
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Figure 4.9. Effect of Carfilzomib in eGFP-MLL cell lines. Analysis of apoptosis. 

 

 

 

 

 

 

Figure 4.9. Effect of Carfilzomib in eGFP-K562. Apoptosis.   

Bar chart showing the fraction of GFP-(dead) K562 (A), KASUMI (B), THPI (C), MV411 (D) upon 

10 and 20nM Carfilzomib treatment. Cells were treated with the indicated doses of Carfilzomib for 

72 hours. GFP auto-fluorescent signal was used as a quantitative reporter of alive cells. GFP+ 

cells were analysed by fluorescent- activated cell sorting (FACS). Data shown as mean ±SEM of 

triplicate wells and are representative of three independent experiments. Paired t-test was 

performed between vehicle-10nM and vehicle-20nM at 72hours (Table 4.8). 
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Table 4.8. Statistical analysis of Carfilzomib effect on MLL apoptosis.  

 

 

 

 

Table 4.8. Statistical analysis of Carfilzomib effect on apoptosis.  

Paired t-test of eGFP-K562, eGFP-KASUMI, eGFP-THP1 and eGFP-MV411 cell death upon 10 

and 20nM Carfilzomib. The mean of each treatment (10 and 20nM) was compared to the mean of 

the vehicle after 72 hours of treatment.  Data are representative of three independent experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.8. Analysis of cell death in MLL cell lines 
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4.7.4 Carfilzomib inhibits the proteasome activity of MLL cell lines and controls 

Since Carfilzomib is a second-generation proteasome inhibitor, we examined its potential effect 

on the proteasome activity of MLL cell lines and controls after treatment at 10, 20,50 100nM for 

12 hours. The concentrations used in this study were chosen based on the IC50 calculate in 

paragraph 4.6 and the highest concentration used in published studies conducted on leukaemia 

cell lines (200nM for 12 hours) ( Liu et al., 2017) 

As depicted in figure 4.13, upon treatment with Carfilzomib, the activity of the proteasome was 

reduced in a dose-depended manner in each cell line. In particular, 10nM carfilzomib halved the 

proteasome activity of K562 whilst, when used at the highest dose (100nM), it reduced the 

proteasome activity by 70%. This was in agreement with previous data published by Liu et al., (Liu 

et al., 2017). In Kasumi the activity of proteasome was reduced by 70% when using Carfilzomib 

at 10nM, and by 80% when increasing the concentrations to 20,50 and 100nM with no differences 

across these three conditions. This is partially consistent with the data shown in the literature 

where Carfilzomib 100nM reduced the proteasome activity of Kasumi cell line (Swift et al., 2018). 

However, Swift and al., showed only a slight proteasome inhibition after 16 hours of Carfilzomib 

treatment at 10nM and it is difficult to address the differences observed between the two 

experiments since we used the same experimental procedure. 

In THP1, the activity of the proteasome was reduced in a dose-dependent manner up to 20nM 

Carfilzomib (halved upon 10nM and reduced by 70% at 20nM) and then stably reduced by 80% 

when using 50 and 100nM Carfilzomib. These results were consistent with the data shown by Liu 

et al.,( Liu et al., 2017). 

Our results on MV411 showed that in these cells the proteasome activity was decreased in a dose 

-dependent manner upon Carfilzomib treatment. In more details, it dropped by 70% after 10nM 

Carfilzomib and by 95% when using the highest dose of 100nM.  

Overall, these results showed that in MLL cell lines, the second-generation proteasome inhibitor, 

Carfilzomib, reduced the activity of the proteasome in a dose-dependent manner.  
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Figure 4.13 Effect of Carfilzomib on proteasome activity in MLL 

 

 

 

 

 

Figure 4.13 Effect of Carfilzomib on proteasome activity in MLL  

Analysis of proteolytic activity of the proteasome upon 10, 20, 50 and 100nM Carfilzomib for 12 

hours on K562, KASUMI, THP1 and MV411. Samples were incubated with a labelled peptide 

substrate (LLVY-AMC) and the amount of cleaved fluorophore AMC was measured in a 

fluorimeter. Data are representative of two independent experiments (average/ SEM). 
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4.7.5 Carfilzomib suppresses the levels of CIP2A in MLL  

To explore whether Carfilzomib could modulate the protein levels of CIP2A in MLL, we assessed 

immunoblot analysis on MLL cell lines and controls upon treatment at 10 and 20nM for 24 hours. 

The time point was chosen based on the results obtained from cell proliferation analysis showing 

that at 24 hours after treatment, Carfilzomib blocked the proliferation of MLL cell lines. Moreover, 

since previous immunoblot analysis conducted at 48 hours (data not shown) indicated that the 

protein levels of this target were significantly decreased at this time point in MLL cell lines, we 

decided to assess the effect of this treatment on shorter-term exposure.  

Figure 4.14 A and B show the effect of Carfilzomib treatment on K562 demonstrating that 10nM 

treatment induced a modest reduction of CIP2A whilst at 20nM treatment the expression of this 

protein was halved. This was not consistent with the report published by Liu et al., although in this 

study the effect of Carfilzomib on K562 was investigated at higher concentrations (Liu et al., 2017). 

In agreement with the fact that KASUMI is more sensitive than K562 to Carfilzomib, the levels of 

CIP2A were halved upon 10nM treatment and depleted at 20nM.  However, the most important 

effect was observed in MLL cell lines where CIP2A was almost undetectable even when 

Carfilzomib was used at 10nM for only 24hrs.  

These results indicated for the first time that, even when used at lowest concentrations, 

Carfilzomib down-regulates CIP2A expression in MLL cell lines leading to protein depletion after 

24 hours of treatment.  

  

4.7.6 Carfilzomib modulates the levels of phosphorylation and total protein of PP2A’s targets in 

MLL  

To investigate the potential effect of Carfilzomib on the CIP2A-PP2A axis, we analysed the protein 

levels of the main downstream targets of PP2A such as phospho- ERK (Tyr202/Thr204), phospho-

GSK3β (Ser9) and phospho- Akt (SER 473) by western blot analysis upon 10 and 20nM 

Carfilzomib treatment for 24 hours. 10nM Carfilzomib did not decrease the phosphorylation levels 

of PP2A targets or their total protein levels in K562. In the same cell line, 20nM Carfilzomib 

reduced the expression of AKT total protein without affecting the expression of phosphor-AKT, 

whereas it decreased the phosphorylation of GSK3β and ERK whilst increasing the level of GSK3β 
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and ERK total proteins (Figure 4.15 A, Figure 4.16 B and C). In KASUMI cell line, 10 nM 

Carfilzomib significantly down-regulated the phosphorylation levels of all the PP2A’ targets, 

without affecting the expression of total proteins. At 20nM instead, we observed a further reduction 

of PP2A phospho-targets which was accompanied by a strong reduction in the expression of total 

proteins. In THP1 and MV411 10nM Carfilzomib reduced the levels of total AKT and phospho- 

AKT. In this condition, phospho-ERK expression decreased whereas there were no changes in 

the expression of total Erk.  No considerable changes were detected in the expression of phospho- 

GSK3β in none of the MLL cell lines, whilst GSK3β was significantly decreased in MV411.  At 

20nM, total and phospho-GSK3β and AKT were considerably reduced. Phospho-ERK was also 

reduced but the level of total ERK did not decrease or were even increased (Figure 4.15C and 

4.16).  

 
These results infer that at 20nM, Carfilzomib leads to degradation of the total levels of the proteins 

studied. Therefore, this effect may be considered independent from the inhibition of the 

proteasome. However, in MV411 we found increased levels of ERK total protein suggesting that 

in these cells, Carfilzomib 20nM could block the activity of the proteasome leading to ERK 

accumulation. On the other hand, the effects obtained at 10nM on phospho-AKT, phospho-ERK 

and phospho- GSK3β in Kasumi, THP1 and MV411 cells indicate that Carfilzomib perturbates the 

phosphorylation of these pathways, which are part of the PP2A axis.  
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Figure 4.15. Effect of Carfilzomib treatment on CIP2A expression in MLL cell lines.  

 
 

 
 
 
 
 
Figure 4.14. Effect of Carfilzomib treatment on CIP2A expression in MLL cell lines.  

Immunoblot for CIP2A in A) eGFP-K562, B) eGFP-Kasumi, C) eGFP-THP1 and D) eGFP-MV411 

upon 10nM and 20nM  Carfilzomib treatment for 24 hours. Densitometry analysis was conducted 

by Li-cor Image Studio software. GAPDH was used as a loading control. Values are expressed 

relative to the vehicle and representative of one of three separate experiments. 
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Figure 4.15. Effect of Carfilzomib treatment on the expression of PP2A’s targets in MLL cell 

lines 
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Figure 4.15. Effect of Carfilzomib treatment on the expression of PP2A’s targets in MLL 

cell lines.  

Immunoblot for phosphorylated and unphosphorylated expression of AKT, ERK and Gsk3-ß in A) 

eGFP-K562, B) eGFP-Kasumi, C) eGFP-THP1 and D) eGFP-MV411 upon 10 and 20nM 

Carfilzomib treatment for 24hours. Densitometry analysis was conducted by Li-cor Image Studio 

software. GAPDH was used as a loading control.   
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Figure 4.16. Relative quantification of the expression of PP2A’s targets upon Carfilzomib 

treatment. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16. Relative quantification of the expression of PP2A’s targets upon Carfilzomib 

treatment. 

Bar graphs showing expression values of PP2A’ targets at phosphorylated and total protein levels 

upon 10 and 20nM Carfilzomib treatment for 24hours. In B) phosphorylated AKT / total AKT and 

total Akt/ GAPDH; in B) phosphorylated ERK / total ERK and total ERK/GAPDH; in C) 

phosphorylated Gsk3-ß / total Gsk3-ß and total Gsk3-ß /GAPDH. Densitometry analysis was 

conducted by Li-cor Image Studio software. GAPDH was used as a loading control. Values 

expressed are relative to Figure 4.15. 
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DISCUSSION AND CONCLUSION 

 

4.8 Genetic modulation of CIP2A by shRNA 

 
CIP2A is an oncogene which has not been fully characterised yet due  to the lack of the homology 

to any known proteins (Hoo, Zhang and Chan, 2002). However, it is well established that CIP2A 

is a PP2A endogenous inhibitor and a promising target for anti-cancer treatment. The oncogenic 

activity of CIP2A is demonstrated by transformation of human cells by overexpression or down-

regulation of CIP2A. In CML, Lucas et al., showed that in patients who progress to BC, CIP2A is 

present at a high level and contributes to  inhibition of PP2A whilst, knockdown of CIP2A  by siRNA 

approach rescued the activity of PP2A and negatively affected the stabilization of the oncotarget 

c-Myc (Lucas et al., 2011). Similarly, Juntilla et al., reported that, in HNSCCs, CIP2A is sufficient 

to induce tumorigenic conversion of spontaneously immortalized murine cells and, it is also 

important for the maintenance of the malignant cellular phenotype ( Junttila et al., 2007). Notably, 

in this report, Juntilla et al.  showed that knockdown of CIP2A largely impacted the viability and 

anchorage-independent growth of HNCSS cells in vitro inducing apoptosis. Furthermore, CIP2A  

silencing drastically reduced the size of the tumour in in vivo models  (  Junttila et al., 2007). 

Further evidence were provided in haematological malignancies where CIP2A inhibition 

suppressed cellular proliferation and induces apoptosis of MM models (Yang et al., 2016). In their 

report, Yang et al., demonstrated that CIP2A knockdown inhibited cellular proliferation and 

induced apoptosis, suggesting that CIP2A oncoprotein has an important relevance in the 

progression of the disease (Yang et al., 2016). Based on these pieces of evidence, we decided to 

explore the role of CIP2A on the self-renewal ability of MLL cell lines by gene silencing. By 

importance, our results showed that CIP2A largely reduced the capability of KASUMI and MLL 

cell lines to form colonies in semi-solid medium. In particular, while a few colonies were identified 

for KASUMI shCIP2A, no colonies were observed for MLL cell lines. These novel findings 

indicated that CIP2A plays an essential role for the self-renewal ability of these cells, with particular 

importance for MLL cell lines. Indeed, although further analysis needs to be conducted, preliminary 

data collected on shCIP2A Kasumi cells isolated from the colonies, suggested that these cells can 

be stably expanded in liquid medium (data not shown).  To corroborate the evidence that the effect 

of shCIP2A was specific for MLL, we demonstrated that knockdown of CIP2A had only a slight 
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impact on the number of colonies formed by non MLL cell lines such as REH and K562 and no 

differences were observed in the number /morphology of colonies formed by untransduced and 

transduced K562. Moreover, K562 cell lines were the only cells able to be expanded in liquid 

medium after the transduction. Analysis of CIP2A levels and cell proliferation in K562 shScramble, 

RFP and shCIP2A showed that, although in K562shCIP2A the expression of this oncoprotein was 

stably suppressed, this did not affect the proliferation of these cells, that proliferated as much as 

the K562 untransduced and the K562-RFP. On the other hand, shSCRAMBLE showed a slower 

proliferation, suggesting that shSCRAMBLE was not the optimal control for this transduction.  

To our knowledge, we were the first to characterise the essential role of CIP2A on self-renewal 

ability of MLL cell lines and, with these novel data, we provided the rationale for targeting CIP2A 

in MLL treatment.  

 
 

4.9 Pharmacological modulation of CIP2A using Carfilzomib 

 
Carfilzomib is a highly selective next-generation proteasome inhibitor approved in 2012 for the 

treatment of relapsed and refractory multiple myeloma (Siegel et al., 2012).  

Effect of Carfilzomib treatment in haematological malignancies has been extensively studied 

(Siegel et al., 2012; Jakubowiak et al., 2013; Gerecitano and Orlowski, 2014). In multiple myeloma, 

Carfilzomib, used as single-agent, showed minimal off-target adverse effects, long-term tolerability 

and promising antitumor activity (Siegel et al., 2013). Indeed, compared to the treatment with the 

first approved proteasome inhibitor, Bortezomib, which is often associated with gastrointestinal 

(GI) adverse events (AEs), bone marrow suppression, bone marrow thrombocytopenia, and dose-

limiting peripheral neuropathy (PN), Carfilzomib, presents lack of cumulative toxicities and 

favourable safety profile  which makes this pharmacological agent a better candidate for anti-

cancer treatment (Jagannath et al., 2004; Siegel et al., 2012, 2013; Berenson et al., 2014). 

Carfilzomib is structurally and mechanistically different from Bortezomib however, apart from 

inhibiting the proteasome, both molecules share the same anti-cancer effect on modulating the 

expression of CIP2A. Indeed,  it was previously reported that Bortezomib was able to target and 

down-regulate CIP2A in many malignancies, such as HCC, triple negative breast cancer, colon 

cancer and leukaemia, suppressing the expression of  KIAA1524 , the gene encoding CIP2A, 
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leading to PP2A reactivation, Akt dephosphorylation/inactivation and, consequently, cancer cell 

apoptosis (Teng et al., 2012; Tseng et al., 2012; Hou et al., 2013; Liu et al., 2013). Likewise, in 

2017 Yiu et al.  disclosed a new anti-cancer mechanism of Carfilzomib related to its ability to target 

the expression of CIP2A mRNA and induce apoptosis ( Liu et al., 2017). According to the evidence 

shown by Liu et al., Carfilzomib affects KIAA1524 transcription disturbing the binding of the 

transcription activator Elk1 to the KIAA1524 promoter. As a consequence, the levels of CIP2A 

mRNA and CIP2A protein are depleted. In addition to ELK1,  both MYC and E2F1 have been 

identified as potential modulators of CIP2A expression (Lucas et al., 2015).  Whereas there are 

not yet any evidence that MYC and E2F1 regulates CIP2A at transcriptional level,  Lucas et al. 

showed that the transcription factor E2F1 and cMYC are over-expressed in CML. CIP2A, E2F1 

and cMYC expression is interconnected as  knock-down of each of them induces down-regulation 

of the other two (Lucas et al., 2015). Although future investigation is necessary to fully understand 

the key mechanisms by which Carfilzomib modulates CIP2A expression, the results published by 

Liu et al., identified the therapeutic potential of this pharmacological agent in manipulating CIP2A 

expression in leukaemia.  

Based on this evidence we decided to evaluate the use of Carfilzomib, the second-generation 

proteasome inhibitor, in antagonising CIP2A in MLL and explore its associated effects on as self-

renewal ability, cell proliferation and cell death.  

4.9.1 Carfilzomib reduced the self-renewal ability of MLL  

Analysis of self-renewal ability of MLL cell lines was assessed by CFU assay followed by analysis 

of cytological features by May-Grunwald-Giemsa upon treatment with 10 and 20nM Carfilzomib. 

Of importance, our results revealed for the first time that Carfilzomib treatment drastically affected 

the self-renewal ability of AML and MLL cell lines. Indeed, upon treatment at 20nM, only a few 

colonies were identified for KASUMI, THP1 and MV411.  For K562 cell lines we did not identify 

and difference between treated cells and the vehicle suggesting that Carfilzomib does not affect 

the self-renewal ability of these cells. On the other hand, for Kasumi we observed a significant 

decrease in the number of colonies formed upon treatment.  

In addition to these results, we explored whether Carfilzomib could have induced morphological 

differentiation in those cells able to form the colonies. Our results showed that those cells 

appeared morphological severely distorted and differentiated with a decrease in N:C ratio (Chapter 
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3, section 3.2.2), and, in particular for THP1 and MV411, incapable to attach the cytoslides (poly-

L- lysine coated). With this analysis we were the first to demonstrate that Carfilzomib negatively 

affects the self-renewal ability of MLL cell lines.  

 

4.9.2 Carfilzomib induces MV411 cell death and inhibits proliferation 

The newly use of Carfilzomib in anti-cancer therapy showed a potent activity on inducing cellular 

apoptosis and inhibition of cell proliferation (Kuhn et al., 2007;  Liu et al., 2017). In preclinical 

models of multiple myeloma, Carfilzomib induced dose-and time-dependent inhibition of 

proliferation, ultimately leading to apoptosis (Kuhn et al., 2007). Based on these pieces of 

evidence we decided to investigate the effect of Carfilzomib on MLL cell death and cellular 

proliferation. Our analysis employed the use of green fluorescent signal, expressed by cell lines 

stably transduced with green fluorescent protein, as indicator or cell-survival and proliferation.  

We demonstrated that the effect of Carfilzomib on MLL and controls was cell-phenotype 

dependent.  

Our results showed that K562 were slightly sensitive to Carfilzomib treatment, indeed, no major 

differences were observed in cell death and cell proliferation analysis upon treatment. This is in 

agreement with the data published by Liu et al., showing that, even at higher concentration (up to 

800nM), Carfilzomib did not significantly affected the viability and the survival of these cells(Liu et 

al., 2017). In contrast to the effect identified in K562, KASUMI showed high sensitivity to 

Carfilzomib treatment which induced a significant increase of cell death, accompanied by a 

reduction in cellular proliferation. Previous studies reported that 100nM Carfilzomib induces 

apoptosis in Kasumi (Swift et al., 2018).  

Regarding the AML cell lines carrying MLL translocation, such as THP1 and MV411, we identified 

a strong inhibition of cellular proliferation over the six days of treatment. Moreover, in MV411 cell 

lines this was accompanied by increased cell death, in particular when using 20nM Carfilzomib. 

On the other hand, we did not see the same significant response in THP1, which presented a 

slight increase of GFP- population only when treated with 20nM.  In a previous study published by 

Liu et aL, it was demonstrated that Carfilzomib significantly reduced THP1 viability and induced 

cellular apoptosis. However, the concentrations of Carfilzomib used in Liu et al., were higher than 

the ones used in our analysis (50-100-200nM in Liu et al., versus 10 and 20nM in our study), and 
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the methodologies employed to assess drug-induced cell death were different from the one 

employed in our study (Immunoblot of caspase activation and propidium iodide flow cytometry 

assay in Liu et al., versus GFP reporter in ours) (Liu et al., 2017). This might explain why two 

experimental approaches had different sensitivity and, therefore, they generated different results.  

All together these results demonstrated that Carfilzomib largely blocked MLL proliferation when 

used at concentrations between 10 and 20nM.  

 

 4.9.3 Investigation of MLL response to Carfilzomib treatment: proteasome inhibition versus CIP2A 

antagonism 

Since in our study, MLL cell lines showed significant sensitivity to Carfilzomib with drastic block of 

cell proliferation we decided to explore whether this promising anti-cancer response was 

depended to the effect of Carfilzomib on proteasome inhibition and/or CIP2A antagonism. Our 

analysis suggested that Carfilzomib inhibited the proteasome activity of all the cell lines included 

in our study. In K562 we observed that 10nM Carfilzomib inhibited the proteasome but it did not 

reduce the levels of CIP2A. In contrast to published studies showing a significant reduction of 

proteasome activity at 100nM but not at 10nM of Carfilzomib for 16 hours(Swift et al., 2018), in 

KASUMI we observed inhibition of proteasome activity across all the concentrations tested (10, 

20, 50 and 100nM) already after 12 hours of treatment. Although similar protocols were used in 

the two study, the different results observed at 10nM could have been due to the different amount 

of protein processed for the proteasome activity assay analysis (25µg in Swift et al., versus 15µg 

in our study) (Swift et al., 2018) and therefore, this might have affected the sensitivity of the assay. 

Notably, we were the first to demonstrate that proteasome inhibition observed at 20nM was 

accompanied by CIP2A suppression. 

Importantly, in THP1 and MV411, inhibition of proteasome activity was accompanied by CIP2A 

down-regulation at both 10 and 20nM Carfilzomib. In regard to THP1, this was already shown by 

Liu et al., reporting that the levels of CIP2A expression in THP1 were suppressed when using 

concentrations above 10nM. 

Collectively, these data suggest that Carfilzomib inhibits the proteasome activity in all the cell lines 

included in the study and modulates the expression of CIP2A in a dose and cell-phenotype 

dependent manner. Although previous studies showed that the use of proteasome inhibitor 
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promotes the tumour suppression activity of MLL- fusion proteins in MLL leukaemia and results in 

therapeutic benefit in vivo (Liu et al., 2014; Ge et al., 2020), our analysis suggests that the down-

regulation of CIP2A induced by Carfilzomib may also contribute to its cytotoxic effect in MLL cell 

lines.   

4.9.4 Carfilzomib treatment modulates the expression of PP2A’s targets 

Previously, the CIP2A-PP2A-p-AKT pathway was shown to mediate the proteasome inhibitor-

induced cell apoptosis in human malignancies (Lin et al., 2012; Liu et al., 2017). In this regard, Lin 

et al., demonstrated that in HCC and HNCC, antagonisms of CIP2A using the proteasome 

inhibitor, Bortezomib, increased the PP2A-mediated Akt dephosphorylation (Lin et al., 2012). 

Similarly, Liu et al., showed that in leukemic cell lines, Carfilzomib modulated the levels of CIP2A 

and induced apoptosis through the CIP2A-PP2A-p-AKT pathway ( Liu et al., 2017). Apart from 

AKT, PP2A is a key regulator of other survival targets such as ERK and GSK3ß (Neviani et al., 

2005). Our immunoblot analysis on the expression of AKT, ERK and GSK3ß upon Carfilzomib 

treatment showed that in KASUMI cell line Carfilzomib down-regulated the levels of all the PP2A’s 

phosphorylated targets when used at both 10 and 20nM. On the other, used at the highest 

concentration, Carfilzomib reduced the levels of the total proteins. In K562, 20nM Carfilzomib 

negatively affected the levels of phospho-ERK and phospho-GSK3β, accompanied by an increase 

in GSK3β and ERK total proteins and a decrease in AKT expression. In MLL cell lines, 10 and 

20nM Carfilzomib decreased the expression of phospho-AKT, AKT and phosphor-ERK but not the 

total levels of ERK. By contrast, 20nM Carfilzomib drastically reduced the expression of GSK3β, 

accompanied by a significant decrease of phospho-GSK3β expression in MV411.  Although these 

results reflect only one experiment and, therefore, are provisional, a similar pattern was observed 

in a different experiment in which the analysis of phosphorylated and total proteins was conducted 

on separate blots.  

With these data we demonstrated that Carfilzomib perturbates the expression of the main targets 

of PP2A. Moreover, it may suggest that in MLL cell lines where, in response to the same treatment, 

CIP2A was found down-regulated, this effect may be dependent on the modulation of this 

oncoprotein.  

Our novel findings highlighted a possible essential role of CIP2A in MLL malignancy, expanding 

the understanding of the general mechanisms critical for the progression of this disease. 
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Furthermore, considering the limited role of CIP2A in adult cells and its overexpression in the 

tumour compartment, we believe that targeting CIP2A could represent a more specific approach 

for future MLL therapeutics. Nevertheless, more rigorous and robust preclinical assessments are 

needed in order to provide the best evidence to enable the use of Carfilzomib in MLL  and the role 

of CIP2A in the toxicity of this drug in MLL cells.  

 

In this regard,  previous reports have shown that ALL and MLL-ALL models are particularly 

sensitive to Carfilzomib treatment ( Takahashi et al., 2017; Swift et al., 2018; Cheung et al., 2021). 

Indeed, Swift et al.,  demonstrated effective cytotoxicity of Carfilzomib in MLL-ALL cell lines, such 

as KOPN8, and in primary paedriatic ALL cells carrying MLL rearrangements (Swift et al., 2018). 

Although in children with relapsed or refractory ALL, Carfilzomib has been currently 

undertaken early-phase clinical trials in combination with chemotherapy (NCT02512926, 

NCT02303821), Cheung et al., guarded against the use of Carfilzomib for treatment of MLL- 

rearranged infant ALL in the clinical setting. In their report, Cheung et al., demonstrated that, 

although Carfilzomib treatment, in combination with chemotherapeutic agents exhibited synergy 

in vitro, it did not prolong the survival of  MLL-5 and MLL-14 patient derived xenografts (PDX) in 

vivo.  (Cheung et al., 2021).  This report emphasizes the importance of in vivo validation prior to 

suggesting this agent for clinical use in anti-neoplastic treatment.
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5.1 The importance of gene and protein characterization in human malignancies 

The analysis of gene and protein expression profile in cancer is widely used as a strategy to 

compare cancer versus normal cells. Over the past few years, this comparison has been a gold-

standard in biomedicine, to identify novel diagnostic and prognostic biomarkers and novel 

therapeutic targets. Giving an example, molecular analysis of Chronic Myeloid Leukaemia (CML) 

has led to the characterisation of BCR/ABL fusion gene, an oncofusion gene derived from the 

chromosomal translocation t(9;22) which is uniquely  expressed on CML cells (Gui et al., 2015). 

Nowadays, targeting the BCR-ABL oncoprotein with specific BCR-ABL tyrosine-kinase inhibitors, 

such as Imatinib, represents the first line therapy for CML patients (Pagnano et al., 2017).  The 

discovery of BCR-ABL and the development of Imatinib has dramatically improved the prognosis 

and life expectancy of CML patients (from few years to over 30). 

In 2002 Armstong et al., published the first transcriptomic profiling study by microarray of MLL 

versus non-MLL-ALL and AML, discovering that MLL cells had a unique transcriptomic 

profile(Amstrong et al., 2002). Among the genes highly expressed in this distinct form of 

leukaemia, Flt3, CD44 and Dot1l have been extensively studied as promising candidates for MLL 

treatment. 

Among the 12600 genes tested in MLL transcriptomic profile there are no evidence of SET and 

CIP2A over-expression. I believe that there are two reasons to explain this paradox. The first is 

due to the examined samples.   In the study by Amstrong et al, MLL samples were compared to 

ALL and AML but not to healthy controls. Therefore, the genes listed are those specifically over-

expressed in MLL over AML and ALL. SET has been found over-expressed in 30% of AML 

whereas CIP2A has been found over-expressed in 70% of AML(Cristobal et al., 2011; Wang et 

al., 2011). The second reason might be due to the lack of CIP2A probe in the study by Armstrong 

et al.  Nevertheless, as PP2A targets are hyper-activated in MLL, in my Ph.D. research project I 

took a new approach to explore the molecular profile of these two important PP2A endogenous 

inhibitors in MLL, with the aim to determine whether they could be new targets for MLL treatment.  
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5.2 Characterization of SET and PP2A opens new avenues for MLL treatment 

My analysis of protein expression profile of SET and CIP2A in MLL cell lines and primary samples 

demonstrated that, compared to healthy bone marrow controls, in mixed lineage leukaemia, these 

two proteins are significantly over-expressed. This suggested a potential inhibition of PP2A activity 

which may justify why the down-stream targets of PP2A are hyper-activated in MLL. Therefore, I 

explored the potential mechanisms by which SET and CIP2A could interact with PP2A impairing 

its activity in MLL. My findings demonstrated for the first time that in MLL SET forms a protein-

protein interaction complex with the phosphatase. Notably, this is a key inhibitory mechanism for 

PP2A activity. In addition, I demonstrated that CIP2A overexpression was accompanied by an 

increase of Ser62c-Myc oncoprotein which, in non-malignant conditions, results down-regulated by 

the tumour suppressor activity of PP2A. This suggested an indirect but inhibitory interaction 

between CIP2A and PP2A. All together these novel results not only contributed to fully 

characterize the molecular profile of these oncoproteins in mixed lineage leukaemia but also 

opened a new research question for my study: are SET and CIP2A critical for MLL pathogenesis 

and drug resistance?  In this regard, I surprisingly found that, in response to SET or CIP2A 

silencing, MLL cell lines lost their self-renewal capability. This confirmed the essential role of these 

two proteins in MLL maintenance and, with these exclusive findings, I established the rationale to 

explore the effect of the pharmacological modulation of SET and CIP2A in MLL malignancy. 

Therefore, the last part of the project was focused on the analysis of the effect of pharmacological 

modulation of SET and CIP2A in MLL models. For this investigation, two commercially available 

molecule, FTY720 and Carfilzomib, were used as pharmacological antagonists of SET and CIP2A 

respectively. Upon treatment with these inhibitors, both SET and CIP2A were down-regulated and, 

as a consequence, the proliferation of MLL cell lines was drastically blocked. Importantly, I also 

demonstrated that in MLL models the anti-neoplastic effect of FTY720 was highly dependent on 

PP2A re-activation. In conclusion, this study provided for the first time strong evidence that SET 

and CIP2A are bona fide target for MLL treatment and that FTY720 and Carfilzomib exhibit potent 

anti-proliferative effect in MLL models carrying SET and/or CIP2A over-expression. Although 

further justifications are required for clinical development of specific SET and CIP2A antagonists, 
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these findings clearly offered additional insight, pointing an alternative and promising way to treat 

mixed lineage leukaemia.  

5.3 Proposed models  

Based on our results we propose the following models that summarise the effect of SET and 

CIP2A targeting in MLL. 

 

 

 

 

Figure 5.1 Targeting SET-PP2A interaction in KMT2A-R cells   

A) The nuclear protein SET is phosphorylated by PI3K and CK2 at Serine9. As a consequence of 

this phosphorylation, SET translocates from the nucleus to the cytoplasm where it is stabilised 

and binds PP2A, the master regulator of survival proteins such as ERK, AKT and GSK3beta. The 

direct interaction between SET and the catalytic subunit of PP2A leads to PP2A inactivation, 

critical for malignant proliferation. B) The fingolimod FTY720 disrupts SET-PP2A interaction, 
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negatively modulates the expression of SET and rescues the activity of PP2A. Active PP2A 

dephosphorylates/ inactivates ERK, AKT and GSK3-ß antagonising the cancer cell proliferation.  

 

 

Figure 5.2. Targeting CIP2A, the endogenous inhibitor of PP2A, in MLL leukaemia. A) PP2A 

is key regulator of cell cycle maintenance, and pro-survival targets such as c-Myc. PP2A 

dephosphorylates c-Myc at Ser62, leading to c-Myc proteasome degradation. Over-expression of 

CIP2A prevents c-Myc dephosphorylation toward PP2A, thereby stabilizing c-Myc and inducing 

malignant proliferation. B) We demonstrated that in MLL cell lines, down-regulation of CIP2A upon 

treatment with Carfilzomib decreased the levels of CIP2A and rescues the activity of PP2A. In fact, 

upon Carfilzomib treatment, the downstream survival targets of PP2A, such as AKT, ERK and 

GSK3-ß resulted dephosphorylated/inactivated. As a consequence, the proliferation of MLL cell 

lines was blocked. However, it is still unclear whether PP2A reactivation leads also to c-Myc 

dephosphorylation and its degradation contributing to MLL arrest.  
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5.4 Future directions 

Given the importance of SET and CIP2A in MLL malignancy and the excellent anti-proliferative 

effect observed upon their pharmacological inhibition, our future goal is to determine how this 

important discovery can be translated into an effective treatment for MLL patients.  

It has been showed that combination therapy using SET modulators and chemotherapy drugs 

enhances the sensitivity of cancer cells to anti-neoplastic treatment.  

Similarly to FTY720,  a novel SET antagonist known as OP449 COG449), blocked malignant 

proliferation of CML and AML cells by preventing the binding between SET and PP2A (Farrell et 

al., 2015). Moreover, when used in combination with first-generation (imatinib) and second-

generation (nilotinib, dasatinib) tyrosine kinases inhibitors (TKI) or chemotherapy, OP449 

produced efficient and selective inhibition of leukaemia cell growth with little or no effect on 

hematopoietic progenitors from healthy controls (Pippa et al., 2014; Richard et al., 2016) . This 

suggested that SET inhibitors in combination with TKIs or chemotherapy could represent a new 

drug combination to overcome drug resistance.  

Therefore, in our next study we will work on the effect of the combination of FTY720 to 

chemotherapy agents currently used in the treatment of MLL patients such as daunorubicin, with 

the aim to evaluate whether pharmacological antagonism of SET could enhance the sensitivity of 

the leukemic cells to the conventional MLL treatments. 

Regarding CIP2A, for drug discovery purposes, CIP2A structural information and the mechanism 

by which CIP2A inhibits PP2A activity must be solved. Therefore, our future studies will aim to 

assess further specific PP2A’s pathways that are modulated upon CIP2A inhibition, such as the 

expression of c-Myc oncoprotein, found over-expressed in our MLL models. Moreover, despite the 

potent effect of Carfilzomib and the CIP2A antagonistic effect of several small molecules, including 

10058-F4 and U0126 (MYC inhibitors) (Khanna et al., 2009), AG1478 (EGFR inhibitor)(Khanna et 

al., 2011), SP600125 (JNK inhibitor)(Khanna, 2013) a more selective peptide would be needed.
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Appendix A. Optimization of SET-PP2A Co-immunoprecipitation  

The following supplementary images include a recording of different lysis buffer protocols used to 

optimise SET-PP2A co-immunoprecipitation assay in K562 cell line and MDA-MB213 used as 

positive controls. 

For western blot analysis, positive and negative controls were loaded as follow: Input (aliquoted 

from total lysate to confirm PP2A expression); sample 2 (flow-through controls which confirmed 

whether the antigen or binding partners were bound to anti-PP2Ac antibody); samples 3 and 4 

(aliquots obtained from the washes to check whether the washes could interefere with the protein 

protein interaction, distrupting SET-PP2A complex). Immunoprecipitation was conducted as 

described in section 2.4.4. 
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Figure A1. SET-PP2A Co-immunoprecipitation assay in K562 cell line 

 

 

 

 

 

Figure A1. SET-PP2A Co-immunoprecipitation assay in K562 cell line.  

The co-immunoprecipitation analysis was performed according to the protocol published by 

Neviani et al., 2013. Cells were lysed in 20 mM HEPES (pH 7.0), 150 mM NaCl, and 0.1% NP-40  

(Neviani et al., 2013) supplemented with protease inhibitors (10μg/mL aprotinin, 10ug/mL soybean 

inhibitor, 1mm PMSF). Washes were performed using lysis buffer. A., Immunoprecipitation of 

PP2A, western blot against PP2A. B., Immunoprecipitation for PP2A, western blot for SET. In 

yellow, detection of SET. In white, detection of heavy chain of anti-SET primary antibody.  

Figure A2. SET-PP2A Co-immunoprecipitation assay in K562 cell line 
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Figure A.2. SET-PP2A Co-immunoprecipitation assay in K562 cell line.  
 
The co-immunoprecipitation analysis was performed according to the protocol published by Pippa 

et al., 2014. Cells were lysed in 1X TBS, 1% NP-40 (R. Pippa et al., 2014)supplemented with and 

protease inhibitors (10μg/mL aprotinin, 10ug/mL soybean inhibitor, 1mm PMSF). Washes were 

performed using lysis buffer. A., Immunoprecipitation of PP2A, western blot against PP2A. B., 

Immunoprecipitation for PP2A, western blot for SET.  
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Figure A3  SET-PP2A Co-immunoprecipitation assay in K562 cell line 

 

 

 
 
 
 
 
 
Figure A3  SET-PP2A Co-immunoprecipitation assay in K562 cell line.  
 
The co-immunoprecipitation analysis was performed according to the protocol published by Wang 

et al., 2015. Cells were lysed in 20 mM Tris- HCl (pH 7.0), 150 mM NaCl, 1 mM EDTA, 1 mM MgCl 

and 0.5% NP-40 (Wang et al., 2015)supplemented with protease inhibitors (10μg/mL aprotinin, 

10ug/mL soybean inhibitor, 1mm PMSF). Washes were performed using lysis buffer. A., 

Immunoprecipitation of PP2A, western blot against PP2A. B., Immunoprecipitation for PP2A, 

western blot for SET 
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Figure A4  SET-PP2A Co-immunoprecipitation assay in  MDA-MB231 cell line 

 

 

Figure A4. SET-PP2A Co-immunoprecipitation assay in MDA-MB231 cell line.  
 
The co-immunoprecipitation analysis was performed in MDA-MB231 according to the protocol 

published by Switzer et al., 2011. Cells were lysed in 100mM Tris, 0.2% NP40, 150 mM NaCl, pH 

7.4) (Switzer et al., 2011) with protease inhibitors (10μg/mL aprotinin, 10ug/mL soybean inhibitor, 

1mm PMSF). Washes were performed using PBS. A., Immunoprecipitation of SET, western blot 

against SET. B., Immunoprecipitation for SET, western blot for PP2A. 
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Appendix B. Effect of FTY720 on MLL cell lines. Analysis of cell cycle.  

 

The following supplementary images include histograms relative to cell cycle analysis reported in 

Figure 3.20. Non MLL (K562 and KASUMI) and MLL (THP1 and MV411) cell lines were treated 

with 5µM FTY720 for 24 and 48 hours, stained with propidium iodide (DNA dye) and analysed by 

fluorescent-activated cell sorting (FACS). Details are described in Section 3.7.3). 
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B1. Effect of FTY720 in eGFP-K562. Analysis of cell cycle  

 

Figure B1. Effect of FTY720 in eGFP-K562. Analysis of cell cycle. 

Cell cycle panels relative to Figure 3.20A. Each panel shows in the left, side scatter versus forward 

scatter plot (SSC versus FSC).  The forward scatter indicates the cell size, while the side scatter 

is related to the complexity and granularity of the cells sorted. Plots in the middle indicate doublet 

discrimination from single cells by plotting side scatter pulse -height versus forward scatter pulse 

area (SSC-H versus SSC-A). Histograms in the right side of the panel show plots of DNA content 

(PI) versus intensity (Count) for each cell cycle phase (subG1, G1, S and G2-M). Figures are 

representative of three independent experiments.  
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B2. Effect of FTY720 in eGFP-KASUMI. Analysis of cell cycle  

 
 

Figure B2. Effect of FTY720 in eGFP-KASUMI. Analysis of cell cycle. 

Cell cycle panels relative to Figure 3.20B . Each panel shows in the left, side scatter versus forward 

scatter plot (SSC versus FSC).  The forward scatter indicates the cell size, while the side scatter 

is related to the complexity and granularity of the cells sorted. Plots in the middle indicate doublet 

discrimination from single cells by plotting side scatter pulse -height versus forward scatter pulse 

area (SSC-H versus SSC-A). Histograms in the right side of the panel show plots of DNA content 

(PI) versus intensity (Count) for each cell cycle phase (subG1, G1, S and G2-M). Figures are 

representative of three independent experiments.  
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Figure B3. Effect of FTY720 in eGFP-THP1. Analysis of cell cycle. 

 

 

Figure B3. Effect of FTY720 in eGFP-THP1. Analysis of cell cycle. 

Cell cycle panels relative ti Figure 3.20C. Each panel shows in the left, side scatter versus forward 

scatter plot (SSC versus FSC).  The forward scatter indicates the cell size, while the side scatter 

is related to the complexity and granularity of the cells sorted. Plots in the middle indicate doublet 

discrimination from single cells by plotting side scatter pulse -height versus forward scatter pulse 

area (SSC-H versus SSC-A). Histograms in the right side of the panel show plots of DNA content 

(PI) versus intensity (Count) for each cell cycle phase (subG1, G1, S and G2-M). Figures are 

representative of three independent experiments.  
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Figure B4. Effect of FTY720 in eGFP-MV411. Analysis of cell cycle. 

 

Figure B4. Effect of FTY720 in eGFP-MV411. Analysis of cell cycle. 

Cell cycle panels relative to Figure 3.20. Each panel shows in the left, side scatter versus forward 

scatter plot (SSC versus FSC).  The forward scatter indicates the cell size, while the side scatter 

is related to the complexity and granularity of the cells sorted. Plots in the middle indicate doublet 

discrimination from single cells by plotting side scatter pulse -height versus forward scatter pulse 

area (SSC-H versus SSC-A). Histograms in the right side of the panel show plots of DNA content 

(PI) versus intensity (Count) for each cell cycle phase (subG1, G1, S and G2-M). Figures are 

representative of three independent experiments.  
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Appendix C. Effect of FTY720 on MLL cell lines. Analysis of apoptosis 

 

The following supplementary images include histograms relative to apoptosis analysis reported in 

Figure 3.21. Non MLL (K562, KASUMI, REH) and MLL (THP1, MV411, SEM and HB1119) cell 

lines were treated with 5µM FTY720 for 72 hours and analysed by fluorescent-activated cell 

sorting (FACS). The percentage of high expressers of Green fluorescent protein was used as 

report for viable cells. Details are described in Section 3.7.4. 
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Figure C1. Effect of FTY720 in eGFP-K562. Analysis of apoptosis   

 

Figure C1. Effect of FTY720 in eGFP-K562. Analysis of apoptosis   

FACS panels relative to Figure 3.21A. Each panel shows in the left, side scatter pulse versus 

forward scatter pulse plot (SSC versus FSC). The forward scatter indicates the cell size, while the 

side scatter is related to the complexity and granularity of the cells sorted. Plots in the middle 

indicate doublet discrimination from single cells by plotting side scatter pulse -height versus side 

scatter pulse- area (SSC-H versus SSC-A). Histograms in the right side of each panel are 

representation of alive and dead cells expressed as % of GFP from total cells sorted. Figures are 

representative of three independent experiments.  
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Figure C2. Effect of FTY720 in eGFP-KASUMI. Analysis of apoptosis   

 

Figure C2. Effect of FTY720 in eGFP-KASUMI. Analysis of apoptosis   

FACS panels relative to Figure 3.21B. Each panel shows in the left, side scatter pulse versus 

forward scatter pulse plot (SSC versus FSC). The forward scatter indicates the cell size, while the 

side scatter is related to the complexity and granularity of the cells sorted. Plots in the middle 

indicate doublet discrimination from single cells by plotting side scatter pulse -height versus side 

scatter pulse- area (SSC-H versus SSC-A). Histograms in the right side of each panel are 

representation of alive and dead cells expressed as % of GFP from total cells sorted. Figures are 

representative of three independent experiments.  
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Figure C3. Effect of FTY720 in eGFP-THP1. Analysis of apoptosis   

 

Figure C3. Effect of FTY720 in eGFP-THP1. Analysis of apoptosis   

FACS panels relative to Figure 3.21C. Each panel shows in the left, side scatter pulse versus 

forward scatter pulse plot (SSC versus FSC). The forward scatter indicates the cell size, while the 

side scatter is related to the complexity and granularity of the cells sorted. Plots in the middle 

indicate doublet discrimination from single cells by plotting side scatter pulse -height versus side 

scatter pulse- area (SSC-H versus SSC-A). Histograms in the right side of each panel are 

representation of alive and dead cells expressed as % of GFP from total cells sorted. Figures are 

representative of three independent experiments.  
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Figure C4. Effect of FTY720 in eGFP-MV411. Analysis of apoptosis   

 

Figure C4. Effect of FTY720 in eGFP-MV411. Analysis of apoptosis   

FACS panels relative to Figure 3.21D. Each panel shows in the left, side scatter pulse versus 

forward scatter pulse plot (SSC versus FSC). The forward scatter indicates the cell size, while the 

side scatter is related to the complexity and granularity of the cells sorted. Plots in the middle 

indicate doublet discrimination from single cells by plotting side scatter pulse -height versus side 

scatter pulse- area (SSC-H versus SSC-A). Histograms in the right side of each panel are 

representation of alive and dead cells expressed as % of GFP from total cells sorted. Figures are 

representative of three independent experiments.  
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Figure C5. Effect of FTY720 in eGFP-REH. Analysis of apoptosis   

 

Figure C5. Effect of FTY720 in eGFP-REH. Analysis of apoptosis   

FACS panels relative to Figure 3.21E. Each panel shows in the left, side scatter pulse versus 

forward scatter pulse plot (SSC versus FSC). The forward scatter indicates the cell size, while the 

side scatter is related to the complexity and granularity of the cells sorted. Plots in the middle 

indicate doublet discrimination from single cells by plotting side scatter pulse -height versus side 

scatter pulse- area (SSC-H versus SSC-A). Histograms in the right side of each panel are 

representation of alive and dead cells expressed as % of GFP from total cells sorted. Figures are 

representative of three independent experiments.  
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Figure C6. Effect of FTY720 in eGFP-SEM. Analysis of apoptosis   

 

Figure C6. Effect of FTY720 in eGFP-SEM. Analysis of apoptosis   

FACS panels relative to Figure 3.21F. Each panel shows in the left, side scatter pulse versus 

forward scatter pulse plot (SSC versus FSC). The forward scatter indicates the cell size, while the 

side scatter is related to the complexity and granularity of the cells sorted. Plots in the middle 

indicate doublet discrimination from single cells by plotting side scatter pulse -height versus side 

scatter pulse- area (SSC-H versus SSC-A). Histograms in the right side of each panel are 

representation of alive and dead cells expressed as % of GFP from total cells sorted. Figures are 

representative of three independent experiments.  
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Figure C7. Effect of FTY720 in eGFP-HB1119. Analysis of apoptosis   

 

 

Figure C7. Effect of FTY720 in eGFP-HB1119. Analysis of apoptosis   

FACS panels relative to Figure 3.21G. Each panel shows in the left, side scatter pulse versus 

forward scatter pulse plot (SSC versus FSC). The forward scatter indicates the cell size, while the 

side scatter is related to the complexity and granularity of the cells sorted. Plots in the middle 

indicate doublet discrimination from single cells by plotting side scatter pulse -height versus side 

scatter pulse- area (SSC-H versus SSC-A). Histograms in the right side of each panel are 

representation of alive and dead cells expressed as % of GFP from total cells sorted. Figures are 

representative of three independent experiments.  
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Appendix D. Effect of Carfilzomib on MLL cell lines. Analysis of apoptosis 

The following supplementary images include histograms relative to apoptosis analysis reported in 

Figure 4.9. Non MLL (K562 and KASUMI) and MLL (THP1 and MV411) cell lines were treated 

with 10 and 20 nM Carfilzomib for 72 hours and analysed by fluorescent-activated cell sorting 

(FACS). The percentage of high expressers of Green fluorescent protein was used as report for 

viable cells. Details are described in Section 4.7.4. 
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Figure D1. Effect of Carfilzomib in eGFP-K562. Analysis of apoptosis   

 

 

 

Figure D1. Effect of FTY720 in eGFP-K562. Analysis of apoptosis   

FACS panels relative to Figure 4.9A. Each panel shows in the left, side scatter pulse versus 

forward scatter pulse plot (SSC versus FSC). The forward scatter indicates the cell size, while the 

side scatter is related to the complexity and granularity of the cells sorted. Plots in the middle 

indicate doublet discrimination from single cells by plotting side scatter pulse -height versus side 

scatter pulse- area (SSC-H versus SSC-A). Histograms in the right side of each panel are 

representation of alive and dead cells expressed as % of GFP from total cells sorted. Figures are 

representative of three independent experiments.  
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Figure D2. Effect of Carfilzomib in eGFP-KASUMI. Analysis of apoptosis   

 

 

 

Figure D2. Effect of FTY720 in eGFP-KASUMI. Analysis of apoptosis   

FACS panels relative to Figure 4.9B. Each panel shows in the left, side scatter pulse versus 

forward scatter pulse plot (SSC versus FSC). The forward scatter indicates the cell size, while the 

side scatter is related to the complexity and granularity of the cells sorted. Plots in the middle 

indicate doublet discrimination from single cells by plotting side scatter pulse -height versus side 

scatter pulse- area (SSC-H versus SSC-A). Histograms in the right side of each panel are 

representation of alive and dead cells expressed as % of GFP from total cells sorted. Figures are 

representative of three independent experiments. 
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Figure D3. Effect of Carfilzomib in eGFP-THP1. Analysis of apoptosis   

 

 

 

Figure D3. Effect of FTY720 in eGFP-THP1. Analysis of apoptosis   

FACS panels relative to Figure 4.9C. Each panel shows in the left, side scatter pulse versus 

forward scatter pulse plot (SSC versus FSC). The forward scatter indicates the cell size, while the 

side scatter is related to the complexity and granularity of the cells sorted. Plots in the middle 

indicate doublet discrimination from single cells by plotting side scatter pulse -height versus side 

scatter pulse- area (SSC-H versus SSC-A). Histograms in the right side of each panel are 

representation of alive and dead cells expressed as % of GFP from total cells sorted. Figures are 

representative of three independent experiments. 
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Figure D4. Effect of Carfilzomib in eGFP-MV411. Analysis of apoptosis  

  

 

 

Figure D4. Effect of FTY720 in eGFP-MV411. Analysis of apoptosis   

FACS panels relative to Figure 4.9D. Each panel shows in the left, side scatter pulse versus 

forward scatter pulse plot (SSC versus FSC). The forward scatter indicates the cell size, while the 

side scatter is related to the complexity and granularity of the cells sorted. Plots in the middle 

indicate doublet discrimination from single cells by plotting side scatter pulse -height versus side 

scatter pulse- area (SSC-H versus SSC-A). Histograms in the right side of each panel are 

representation of alive and dead cells expressed as % of GFP from total cells sorted. Figures are 

representative of three independent experiments. 

 


