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ABSTRACT  

 Mixed lineage leukemias (MLL) are a group of acute and aggressive leukemias. 

They account for over 70% of infant leukemias, and 10% of acute adult leukemias. 

Pediatric ALL and therapy related MLL leukemias carry poor prognosis in spite of 

several advancement in the field of leukemia research. Therefore, new therapies for MLL 

leukemias are needed.  

 Majority of MLL leukemias arise due to the balanced translocations of the MLL 

gene. As a result of these translocations, chimeric MLL fusion proteins are expressed. 

The most frequently occurring MLL fusion proteins are known to aberrantly recruit the 

super elongation complex (SEC) resulting in constitutive transcription of genes that 

promote the development of leukemia. Hence, our strategy is to target the SEC as a 

means of inhibiting MLL leukemia. AF4 and AF9 proteins co-purify with components of 

the SEC and directly interact with each other. Our laboratory has previously identified the 

domain of AF4 which is required for AF9 interaction and demonstrated that inhibition of 

this interaction using an AF4 mimetic peptide results in decreased viability of leukemia 

cell lines expressing MLL fusion genes. The AF4 mimetic peptide was modified to 

improve its in vivo stability and the newly designed peptide was designated SPK111. 

Here, we demonstrate that SPK111 peptide inhibits the AF4-AF9 interaction and 

reduces the activity of the SEC using luciferase reporter assays. Further, we show that 
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SPK111 selectively reduces the viability of MLL leukemic cells in vitro. It 

induces membrane permeability and necrotic cell death. In order to test the in vivo 

efficacy of SPK111, we generated mice xenografts of MOLM13 and KOPN8 MLL 

leukemia cells. We observed a trend toward prolonged survival of xenografted mice 

following SPK111 treatment. However, the increased survival of treated mice did not 

reach statistical significance. A larger dose or dosing at an earlier point in time during 

disease progression had little effect on survival. Although it was difficult to achieve 

efficacy in vivo, pretreatment of leukemic cells with SPK111 prior to tail vein injection 

effectively inhibited xenograft establishment. This suggests that SPK111 is effective on leukemia 

initiating cells and may be developed as an effective bone marrow purging agent.  We also 

developed an ELISA for detection of serum SPK111 which can be used for future kinetic studies. 

PFWT is an AF4 mimetic peptide similar to SPK111. Previous studies suggest 

that PFWT perturbs the actin cytoskeleton which is likely to induce cell death. However 

our investigations show that PFWT does not adversely affect the filamentous actin 

content of leukemic cells. Moreover, pretreatment with actin stabilizing drugs does not 

protect against PFWT induced cell death. An apparent 10 kDa increase in the molecular 

weight of the AF9 protein was identified on exposure to PFWT. Our analysis of probable 

post-translational modifications shows the absence of O-glycosylation and 

monoubiqutination. Interestingly, multiple phosphorylation sites and an acetylation site 

of AF9 were identified using mass spectroscopy.  

Our studies on the AF4 mimetic peptide, suggest that inhibition of the AF4-AF9 

protein-protein interaction serves as an effective therapy for MLL leukemias. 
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CHAPTER 1

AN INTRODUCTION TO MIXED LINEAGE LEUKEMIA  

          Mixed lineage leukemias (MLL) are an aggressive subset of hematological 

malignancies. They are characterized by translocations of chromosome 11 band q23 and 

involve the MLL gene (Ziemin-van der Poel et al., 1991). These translocations are 

balanced and result in an in-frame fusion of the MLL gene to one of over 70 different 

genes. The expressed chimeric MLL fusion proteins give rise to acute leukemia. The 

name “Mixed lineage leukemia” derives from the observation that these leukemic cells 

express cell surface markers of lymphoid origin, or myeloid origin, or both. (Chowdhury 

and Brady, 2008). Figure 1 explains the distinct hematopoietic lineages and the 

subsequent differentiated cells that arise from hematopoietic stem cells. The dual 

phenotype of MLL leukemias suggest that MLL translocations transform early 

hematopoietic precursors or reprogram cells to a more pluripotent state.  

 MLL leukemias represent approximately 5-10% of all leukemias, and are found in 

patients of all ages. However, MLL rearrangements are especially common in infants less 

than one year of age. About 70% - 80% of all infant acute lymphoid leukemia (ALL) 

cases and 30-35% of infant acute myeloid leukemia (AML) cases are diagnosed with 

MLL translocations (Krivtsov and Armstrong, 2007). The presence of MLL 

rearrangements in infant ALL is associated with a poor prognosis, while its presence in 

infant AML has an intermediate prognosis (Mohan et al., 2010b). Event-free survival of 



2 
 

 
 

infants with leukemia carrying MLL translocation after conventional therapy and 

hematopoietic stem cell transplant is less than 50% compared to greater than 80% 

survival of infant leukemia cases that lack the translocation (Biondi et al., 2000; Mann et 

al., 2010) 

 Another group of leukemias in which MLL translocations arise is therapy-related 

leukemias. They arise as a secondary condition in  patients treated with topoisomerase II 

inhibitors, such as etoposide and daunorubicin, for unrelated malignancies such as breast, 

ovarian, and lung cancers (Andersen et al., 2001; Chowdhury and Brady, 2008; Super et 

al., 1993). They arise within 6-24 months post exposure to the inhibitors and most 

commonly are of the myeloid phenotype. Like infant ALL, these leukemias respond 

poorly to conventional therapies (Andersen et al., 2001; Felix, 1998; Super et al., 1993). 

 In addition, MLL leukemia also results from partial tandem duplication (PTD) of 

exons 5-12 within the MLL gene. As a result, an extra amino-terminus is added in frame 

to the full length MLL (Strout et al., 1998). These cases generally occur in adult or older 

patients and are associated with early relapse of the disease following initial remission on 

treatment. The gene expression pattern for PTD-carrying MLL leukemias are different 

compared to MLL fusion induced leukemia which suggests different molecular 

mechanisms may exist for this disease (Ross et al., 2004).   

 Significant advances have improved the overall prognosis of leukemia patients. 

However, in spite of the advances, MLL leukemia often has a poor prognosis and a high 

relapse rate. Hence, new targeted therapies need to be developed for this group of 

leukemias. In this thesis we explore one possible targeted therapy.  
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Figure 1 A schematic of hematopoiesis 

 

HSC: Hematopoietic Stem Cells give rise to multipotent progenitor (MPP) that further 

branches into two lineage precursors, Common Myeloid Progenitor (CMP), and 

Common Lymphoid Progenitor (CLP). From the CLP, arise the B cell, the T cell and 

the Natural Killer NK cells. On the other hand, the CMP give rise to the Granulocyte 

myeloid precursors (GMP) and the myeloid erythroid precursor (MEP). GMP gives 

rise to macrophages and to granulocytes which include neutrophils, eosinophils and 

basophils. MEP differentiates into pro-erythrocytes and megakaryocytes. Terminal 

differentiation of pro-erythrocytes gives rise to red blood cells, and megakaryocytes 

give rise to platelets. 
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 Finally, the common MLL fusion partners AF4 and AF9, epigenetic regulators 

and non-coding RNAs that play a role in MLL leukemias and which can be used for 

therapeutic targeting are introduced. 

 

MLL 

A Multidomain protein 

 The MLL gene at the chromosome locus 11q23 was identified due to its role in 

acute leukemias. It codes for a multi domain, 500kD protein that is 3969 amino acids in 

length. A schematic of its domain structure is shown in Figure 2. It is post-translationally 

cleaved by a threonine aspartase, Taspase1, into a 320 kD N-terminal fragment (MLL
N
) 

and a 180kD C-terminal fragment (MLL
C
) (Hsieh et al., 2003a; Hsieh et al., 2003b). The 

MLL
N 

and
 
MLL

C 
fragments interact with each other via the hydrophobic residues of 

phenylalanine and tyrosine rich N-terminal domain (FYRN domain) and a phenylalanine 

and tyrosine rich C-terminal domain (FYRC domain) to give rise to a stable, functional 

holoenzyme that catalyzes Histone 3 Lysine4 (H3K4) methylation (Hsieh et al., 2003b; 

Yokoyama et al., 2011). The MLL holoenzyme localizes to the nucleus and is known to 

regulate the expression of HOX genes, among others.   

At the extreme amino-terminus of the MLL
N
 fragment is the Menin Binding 

Domain (MBD). Menin functions as an adaptor and mediates the interaction of MLL with 

Lens Epithelium Derived Growth Factor (LEDGF) and c-Myb (Jin et al., 2010; 

Yokoyama and Cleary, 2008; Yokoyama et al., 2005; Yokoyama et al., 2004). LEDGF is 

a transcriptional co-activator, whose DNA binding domain helps mediate the binding of 
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MLL to DNA. c-Myb is a transcription factor belonging to the MYB family of oncogenic 

proteins and plays a significant role in hematopoietic regulation (Emambokus et al., 

2003). Myb null mice die due to failure of fetal liver hematopoiesis (Mucenski et al., 

1991). A distinct concentration range of c-Myb is required at every stage of 

hematopoiesis (Emambokus et al., 2003). Importantly, c-Myb is shown to recruit MLL to 

the Interleukin-13 gene locus, promoting its expression during the differentiation of 

memory T helper type 2 cells (Kozuka et al., 2011). 

Three AT hook binding sequences are found downstream of MBD. These hooks 

bind to the minor groove of AT- rich DNA, giving preference to structural features over 

precise nucleotide sequences for DNA binding (Broeker et al., 1996). The speckled 

nuclear localization sequences SNL1 and SNL2 are next to the AT hooks. They direct 

MLL to the nucleus and cause its accumulation in distinct punctate structures which can 

be detected by immunofluorescence (Butler et al., 1997).  

The location of breakpoints within the MLL gene at which translocations occur is 

limited to an 8.3 kb region, referred to as the breakpoint cluster region (bcr). This bcr 

divides the activator and repressor recruiting sequences within MLL. The repression 

domains one and two, are designated as RD1 and RD2, N-terminal of the bcr. 

Meanwhile, the atypical Bromo-domain and the transcriptional activation domain (TAD) 

lie toward the C- terminal and recruit co-activators. 

 RD1 and RD2 interact directly with histone deacetylases, polycomb group 

proteins, and the co-repressor C-terminal-binding protein (CTBP) (Xia et al., 2003). 

Paradoxically, the repression domain also facilitates the continued expression of the MLL 
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target genes. The cysteine rich CXXC domain within the RD1 region binds to non-

methylated CpGs, and confers protection against methylation that can otherwise result in 

silencing (Ayton et al., 2004; Cierpicki et al., 2010; Erfurth et al., 2008). The CXXC-

RD2 region binds to the polymerase-associated factor C (PAFc), which is involved in 

transcription initiation. This region is conserved in MLL fusions, and the association of 

PAFc with MLL fusion proteins has been shown to be important for leukemogenesis 

(Muntean et al., 2010). An open chromatin structure is facilitated by the binding of the 

atypical bromodomains to acetylated histone lysines, while the TAD binds to the 

transcriptional co-activators like Cyclic AMP-responsive element-binding protein 

(CREB) to promote transactivation (Jeanmougin et al., 1997), (Ernst et al., 2001). Thus, 

MLL functions as a dynamic hub that recruits both activator and repressor complexes.  

  A striking feature of MLL is that it can recognize and catalyze the histone three 

lysine four (H3K4) methylation mark. These recognition and catalytic domains are 

located in separate MLL fragments. The catalytic methyl transferase activity of MLL 

resides in the Su(var)3-9,enhancer of zeste, trithorax (SET) domain found in the MLL
C
  

fragment (Milne et al., 2002). This domain is highly conserved among yeast, Drosophila, 

and mammals, and mono-, di-, and trimethylates H3K4. The core MLL H3K4 

methylating complex as illustrated in Figure 3 includes MLL, Retinoblastoma binding 

protein 5 (RBP5), absent small or homeotic like Drosophilla (ASH2), and WD repeat 

containing protein 5 (WDR5) (Dou et al., 2006). WDR5 is a chromo-domain containing 

protein that binds to the H3K4 methylation marks. The methylation model proposed by 

Dou et al and Wysocka et al suggests that WDR5 recruits the MLL complex to the  
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Figure 2 Domain structure of the MLL protein 

The domains found in MLL from the N-terminus to the C-terminus: the Menin-

Binding Domain (MBD); the AT hooks ; Speckled Nuclear Localization Signals 

(SNLS); Repression Domains (RD), with the CxxC domain boxed in black; Plant- 

homeo-domain (PHD), separated by the BromoDomain (BD); Transcriptional 

Activation Domain (TAD); and the H3K4 methyltransferase activity containing 

SET domain. Taspase-1 Cleavage Sites (CS1 and CS2), and FYRN and FYRC 

motifs, and Breakpoint Cluster Region (BCR) of the gene are also shown. 
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H3K4me2 mark allowing progression to trimethylation and promoting MLL catalyzed 

dimethylation on adjacent nucleosomes (Dou et al., 2006; Wysocka et al., 2005). RBP5 

stabilizes the MLL core complex while both RBP5 and ASH2L participate in catalytic 

action performed by MLL (Cao et al., 2010). 

The Plant homeo domain three (PHD3) found in the MLL
N 

fragment is the 

recognition domain. It binds to the H3K4me2 and the H3K4me3 marks and promotes 

gene transcription (Chang et al., 2010b). PHD3 also binds to the cyclophilin CYP33, 

which in turn recruits repressors to the MLL target gene. Mutually exclusive binding of 

PHD3 to H3K4me3 and CYP33 helps switch between activation and repression of MLL-

bound genes (Chen et al., 2008a; Park et al., 2010). Overall, MLL contains four plant 

homeo-domain fingers named numerically in order of occurrence from the N-terminus. 

An isoform of the MLL
N
 fragment has a partial deletion of the PHD1 domain due to 

which it fails to interact with MLL
C
 and is promptly degraded. Hence, in addition to 

FYRN and FYRC, the MLL PHD fingers also stabilize the MLL holoenzyme (Yokoyama 

et al., 2011). 

 

Biological role of MLL 

 MLL is known to play a role in hematopoiesis. It maintains the normal number of 

progenitors and is not present in differentiated lymphoid and myeloid cells (Jude et al., 

2007). Inducible inactivation of Mll in adult mice leads to bone marrow failure. Mll-null 

hematopoietic stem cells also fail to reconstitute the hematopoietic system of syngenic 

lethally irradiated mice. Further investigation revealed that loss of Mll propels the 
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progenitor cells to proliferate and differentiate without replenishing the pool of quiescent 

stem cells, which eventually leads to bone marrow failure. Similar to the adult 

hematopoiesis, in vitro assays using Mll homozygous and heterozygous null cells derived 

from the mouse embryo yolk sacs fail to maintain embryonic hematopoietic progenitors 

(Yu et al., 1995). 

 Mll is required for proper axioskeletal, cranial, and neuronal development during 

embryogenesis. Deletion of exon 3b results in the loss of MLL expression in mutant mice. 

Homozygous deletion leads to death by embryonic day 10.5-11.5. The heterozygous 

mutants show homeotic transformation of the skeleton. Knockdown of the Hoxa gene 

cluster displayed similar developmental defects which lead to the identification of Mll as 

a regulator of the Hoxa gene cluster (Yu et al., 1998; Yu et al., 1995).  

  Mll maintains the temporal expression of the Hoxa gene cluster for segmental 

development. For instance, Mll is not required for the initial expression of the Hoxa7 

gene, but is required to maintain its expression beyond embryonic day 9 (Yu et al., 1998).  

Hox gene expression is repressed by the Polycomb group of proteins, while Trithorax 

proteins activate their expression. Simultaneous deletion of the mammalian Trithorax 

ortholog, Mll and the Polycomb gene, Bmi-1 in mice counterbalance each other. Bmi 

deletion in Mll null has been shown to restore the expression of Hoxc8 and abrogate the 

axioskeletal defects seen in Mll heterozygous null mice (Hanson et al., 1999).  

 The MLL
 
protein interacts with several different proteins as illustrated in Figure 

3. The functions arising from these interactions include cell cycle progression, DNA 
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damage response, differentiation, gene expression, chromatin regulation, and telomeric 

integrity.  

           Studies performed on Mll hypomorphic mice generated by mutating the Taspase-1 

cleavage sites shows that Mll regulates the cell cycle via E2F (Takeda et al., 2006).  E2Fs 

are the principal transcription factors that modulate cyclin expression and promote cell 

cycle progression. MLL, E2Fs, and G1 phase regulatory protein HCF-1 localize to cyclin 

promoters during G1/S phase, promoting H3K4 methylation and gene expression (Tyagi 

et al., 2007). MLL also positively regulates expression of the cell cycle inhibitor gene, 

CDKN1B (Milne et al., 2005b; Xia et al., 2005). Additionally, cell-cycle associated 

ubiquitin ligases, Skp, Cullin, F-box containing complex (SCF) and Anaphase-Promoting 

Complex (APC), ubiquitinate MLL leading to its degradation (Liu et al., 2007). Temporal 

degradation of MLL gives rise to peaks of maximal MLL expression during G1/S and 

G2/M phase, establishing a gradient of MLL concentration through the cell cycle. It is 

likely that MLL activates the E2Fs at low levels and the Cyclin dependent kinase 1 

(CDKI) at high levels, thereby contributing to the regulation of the cell cycle (Liu et al., 

2008). Regulation of MLL stability and activity by the cell cycle-associated protease 

machinery lays emphasis on the importance of the undulating MLL expression levels 

required for cell cycle progression. 

During DNA damage responses (DDR), MLL is phosphorylated on serine 516 by 

the Ataxia Telangiectasia and Rad-3-related (ATR) protein. This phosphorylation results 

in MLL stabilization by abrogating its interaction with SCF ubiquitin ligase. The 

stabilized MLL results in H3K4me3 at the site of DNA damage. The methylated histone  
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Figure 3   Schematic representation showing protein-protein interactions of MLL  

The Menin binding domain (MBD) binds Menin, Lens Epithelium Derived Growth 

Factor (LEDGF) and C-myb. Transcription associated Polymerase Associated Factor c 

(PAFc) or Histone deacetylases (HDAC) and BMI interacts with the Repression Domain 

(RD) of MLL. Cyclophilin, (Cyp33), E3 ubiquitin ligase ASB2, and Host cell factor one 

(HCF1) bind to the PHD domains. The SET domain interacts with histone H3, WD-40 

repeat containing protein-5 (WDR5) which complexes with Retinoblastoma Binding 

Protein-5 (RbBP5) and Absent small homeotic disc-2 Like (Ash2L). The transcriptional 

activation domain of MLL
C
 terminus binds CREB Binding Protein (CBP) and histone 

acetyltransferase MOF.  
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reduces the binding affinity of CDC45, a protein essential for DNA fork 

assembly. Hence, it delays the replication of damaged DNA loci, allowing time for DNA 

repair (Liu et al., 2010). Cells that abrogate the ATR dependent DDR fail to reduce the 

rate of DNA replication after exposure to ionizing radiation. This replication is known as 

Radio Resistant DNA synthesis (RDS). Mll-null fibroblasts exhibit RDS which can be 

rescued by Mll re-expression. 

MLL is required to maintain the hematopoietic progenitor population; however, 

its role in hematopoietic differentiation is not characterized. More recently, Ankyrin 

repeat and SOCS box protein 2 (ASB2), an E3 ubiquitin ligase, was found to interact 

with MLL via the PHD fingers and the bromo domain. ASB2 is upregulated during All 

Trans Retinoic Acid (ATRA) induced differentiation therapy, and its increased levels 

correlate with myeloid differentiation and a decrease in MLL protein levels. Conversely, 

knockdown of ASB2 in murine leukemic cell lines leads to delayed differentiation after 

ATRA treatment (Wang et al., 2012a). Interestingly, PHD2 itself exhibits E3 ubiquitin 

ligase activity in the presence of CDC34, a cell cycle associated E2 ubiquitin ligase. The 

in vivo bonafide substrates for this enzymatic activity are not yet identified (Wang et al., 

2012b).  

MLL-associated chromatin regulation involves methylation and acetylation of 

histone three. The SET domain of MLL is known to specifically di- and tri-methylate 

H3K4. These methylation marks are associated with an open chromatin state permitting 

active transcription (Milne et al., 2002).  In addition, the MLL
C
 terminus also recruits 

histone acetylases such as Males absent on the first (MOF) and CREB binding protein 
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complex (p300/CBP). H3K16 acetylation by MOF is required for active transcription of a 

subset of MLL target genes like HOXA9 (Dou et al., 2005). 

 RNA polymerase II, H3K4me3, and MLL co-occupy promoters of more than 

5000 genes in cultured lymphoblast and leukemic cells, suggesting a genome-wide 

regulatory role (Guenther et al., 2005). However, the Hoxa cluster of genes is a known 

target of MLL. This cluster has MLL distributed across extensive regions of the 

transcribed genes, unlike the 5' proximal binding profile at other genes. This finding 

suggests that the mechanism of gene regulation by MLL at the Hoxa cluster genes differs 

from other genes (Guenther et al., 2005). Mll-null fibroblasts have RNA polymerase II 

paused at the promoter sites of Hoxa9. Re-expression of Mll in these cells leads to a 

redistribution of RNA polymerase II across the transcribed unit. This suggests that Mll is 

associated with the process of transcriptional elongation at the Hoxa cluster of genes 

(Milne et al., 2005a). The mechanism of MLL regulation of genes by only 5' proximal 

binding is not known. 

MLL is also known to bind with transcription factors such as MAX, E2F, and p53 

and promotes gene expression (Dou et al., 2005). For example, a subset of p53 target 

genes recruits a complex of MLL, p53 and histone acetyl tranferase MOF-MSL1v1 for 

gene activation (Li et al., 2009).   

In human fibroblasts, MLL directly binds p53 and complexes with Shelterins, a 

group of proteins that maintain telomeric stability. The MLL-p53 complex at the 

telomeres promotes H3K4 methylation and RNA polymerase II-dependent transcription 

of the telomeres, thus promoting telomeric integrity. Conversely, MLL knockdown in 
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fibroblasts is known to result in loss of telomeric integrity and induction of senescence 

(Caslini et al., 2009). 

 

Mechanisms of oncogenic transformation by MLL fusions  

Loss of function mechanisms 

 As previously described, MLL is phosphorylated by ATR in response to DDR and 

causes delay of replication fork assembly. However, the MLL fusions can function in a 

dominant negative manner, inhibiting the localization of WT MLL at DNA damage sites 

and thus abrogating phosphorylation of wild type MLL. The fusion protein itself is 

phosphorylated but it does not prevent the assembly of a replication fork at the damaged 

loci, leading to abrogation of the MLL dependent DDR (Liu et al., 2010). Studies 

performed on an inducible mouse model of MLL-ENL suggest that induction of the fusion 

causes a myeloproliferative disorder, in which DDR is activated. Positive selection of 

clones that can override the DDR lead to the establishment of leukemia (Takacova et al., 

2012). Hence, abrogation of the DDR pathway by MLL fusions promotes 

leukemogenesis. 

 Cyclophilin 33 (Cyp33) is a peptidyl-prolyl cis-trans isomerase that isomerizes a 

proline in the PHD3-bromodomain linker region of MLL. The isomerization reaction 

increases the binding affinity of the MLL for Cyp33 (Wang et al., 2010). As mentioned 

earlier, Cyp33 further recruits repressors such as histone deacetylases promoting 

repression. Cyp33 overexpression is known to repress MLL target genes such as HOXC8, 

HOXA9 and C-MYC (Park et al., 2010). These genes play a role in sustaining 
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leukemogenesis. Furthermore, it has been demonstrated that an inclusion of the PHD3 

domain in the MLL-ENL fusion inhibits its immortalization capacity (Chen et al., 2008a). 

Similar to MLL-ENL, inclusion of PHD2 and PHD3 in MLL-AF9 diminishes its 

transformation capacity (Muntean et al., 2008). Hence, loss of PHD3 domain is necessary 

for leukemic transformation by MLL fusions. 

  As mentioned earlier, during ATRA-mediated differentiation of the myeloid 

cells, there is an upregulation of ASB2, an ubiquitin ligase that degrades MLL. This 

ligase binds MLL via the PHD-bromo-domain which is lost in the MLL fusions (Wang et 

al., 2012a). Therefore, MLL fusion proteins are less likely to degrade during 

differentiation. Moreover, unlike WT MLL, MLL fusion proteins do not show a biphasic 

rise and fall of protein levels during cell cycle progression (Liu et al., 2008). The 

increased stability of the MLL fusion proteins may contribute to leukemogenesis by cell 

cycle deregulation. 

 

Gain of function mechanisms   

       Both nuclear proteins with transactivation capacity and cytoplasmic proteins with 

coil-coil domains that impart dimerization properties are found as MLL fusion partners. 

A singular model that explains the disease-causing potential of multiple types of MLL 

fusion proteins has been difficult to construct because the N-terminus of MLL, which is 

common to all fusions, has been shown to be insufficient for transformation (Dobson et 

al., 2000; Slany et al., 1998).   
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  For the cytoplasmic fusion partners and MLL-PTD, a dimerization domain is 

considered crucial. In order to determine the potential of the dimerization domain, an 

artificial Mll fusion construct was generated by fusing the first eight exons of Mll to lacZ. 

LacZ was chosen as it has dimerization domains and is likely to permit the dimerization 

of MLL-LacZ fusion protein. The fusion was able to generate leukemia in mice, although 

it occurred at a lower frequency and with a longer latency (Dobson et al., 2000). In 

another study, it was shown that an artificial construct of MLL that can be induced to 

dimerize pharmacologically inhibits myeloid differentiation and upregulates MLL 

leukemia signature genes. Moreover, the dimerized MLL fusion binds with higher 

affinity to the Hoxa9 promoter compared to wild type MLL (Martin et al., 2003). Studies 

show that dimerization contributes to MLL fusion-mediated leukemias in the case of 

cytoplasmic fusion genes such as the AF6, GEPHYRIN, AF1p and GAS7 (So et al., 

2003). 

 Leukemias which express nuclear proteins such as ENL, AF9, AF4, and ELL, as 

MLL fusion partners, account for 80-90% of all MLL leukemias (Meyer et al., 2009).  

Most of these proteins participate in the process of transcriptional elongation. Certain 

developmentally regulated genes carry both H3K4me2 and H3K27me3 marks. On these 

bivalent marked genes, the RNA polymerase II is known to stall after the transcription of 

the first 50-100 nucleotides. Further processing requires the recruitment of super 

elongation complex (SEC) proteins, which include positive transcriptional elongation 

factor b kinase (PTEFb), AF9, ENL, AF4 or AF5, and ELL (Biswas et al., 2011; Lin et 

al., 2010b). The recruited PTEFb kinase phosphorylates the largest subunit of RNA 
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polymerase II on serine 2 and permits further transcription of these genes (Peterlin and 

Price, 2006). A frequent fusion of MLL to the components of the SEC suggests that this 

step is deregulated in MLL leukemias. Consequently, a generally accepted model of MLL 

leukemogenesis states that the MLL fusion protein permits aberrant transcriptional 

elongation of MLL target genes like HOXA9 and MEIS1 that are required to sustain 

leukemogenesis. This makes the SEC an attractive target for MLL therapy. In this 

dissertation we inhibit the interaction between the two proteins AF4 and AF9, found 

within this complex and determine its effect on leukemogenesis. This model is further 

explained in Figure 4 and 5. 
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Figure 4 An illustration of transcriptional elongation  

A) RNA polymerase II represented by its largest subunit RPB1 is stalled a few base 

pairs downstream from its transcriptional start site. 

B) AF4, AF9, ELL, and PTEFb are components of the super elongation complex, 

which is recruited to the stalled RNA polymerase II. This recruitment leads to 

phosphorylation of RPB1 on serine 2 and permits productive elongation. 

 

A 
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Figure 5 Model for leukemogenesis by MLL fusion proteins 

MLL fusion proteins aberrantly recruit the SEC by protein-protein interactions. The 

recruited complex permits the productive transcription of genes required to sustain 

leukemogenesis.  
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Gene deregulation in Mixed Lineage Leukemia 

 

Differential expression of the HOX cluster of genes plays a central role in 

segmental specification during embryonic development and in hematopoiesis. 

Particularly, genes of the HOXA cluster and some genes of HOXB cluster are highly 

transcribed in hematopoietic precursors and their expression gradually decreases with 

increased differentiation. Hence, deregulated expression of these clusters may contribute 

to the development of leukemia (Argiropoulos and Humphries, 2007). 

Much evidence exists that demonstrates increased expression of HOXA9 and 

HOXA7 in MLL rearranged leukemias. However, conflicting experimental data exists on 

the necessity of HOXA9 expression for MLL leukemogenesis. Knockdown 

of HOXA9 inhibits the growth of human MLL leukemia cell lines, whereas MLL-AF9 

knock-in animals develop leukemia in a Hoxa9-null background (Ayton and Cleary, 

2003; Faber et al., 2009; Kumar et al., 2004). Again, loss of either Hoxa9 or Hoxa7 in 

murine hematopoietic stem cells was shown to significantly reduce transformation by 

MLL-ENL, and later it was demonstrated by the same laboratory that Hoxa9 and 

Hoxa7 are dispensable for transformation by MLL-GAS7 (Ayton and Cleary, 2003; So et 

al., 2004). Furthermore, overexpression of Hoxa9 was shown to transform mouse-derived 

primary bone marrow cells in combination with the protein Meis1. The transformed cells 

induce myeloid leukemia in vivo, which recapitulates several features of MLL fusion 

leukemias (Kroon et al., 1998). Nevertheless, HoxA9 is an established target of MLL 

fusions with increased expression in MLL leukemias (Faber et al., 2009). 
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 HOX proteins require additional cofactors for efficient binding to their target 

genes. PBX and MEIS1 are known cofactors of the HOX proteins (Sitwala et al., 2008).  

MEIS1 is the best studied cofactor of HOXA9. Expression analysis shows an 

upregulation of both MEIS1 and HOXA9 expression in MLL leukemias (Armstrong et al., 

2002; Rozovskaia et al., 2001). Coexpression of these genes is also found in 

hematopoietic stem cells and early lineage progenitor cells (Hisa et al., 2004; Kawagoe et 

al., 1999; Lawrence et al., 1997). Meis1 levels correlate inversely with the latency of the 

disease (Wong et al., 2007). As stated earlier, in vitro retroviral transduction of Hox9 can 

transform primary bone marrow derived cells similar to an MLL fusion oncogene, 

however, these transformed cells exhibit a long latency for in vivo disease development. 

Coexpression of Hoxa9 with Meis1 dramatically reduces this latency and increases the 

penetrance of the disease (Kroon et al., 1998). Further, co-transduction of cells with MLL 

fusion genes and Meis1 results in an increase in colony forming potential and decreases 

its differentiation potential. This suggests that Meis1 protein levels have a rate limiting 

role in MLL fusion-mediated leukemic progression (Wong et al., 2007).   

 Meis1 deletion mutations in mice showed that the Pbx interaction domain is 

required for transformation by MLL fusion genes (Wong et al., 2007). Hoxa9 has also 

been shown to require Pbx interaction for its immortalization potential (Schnabel et al., 

2000). Moreover, Pbx3 expression is upregulated in cells transformed by MLL fusion 

genes, and decreased expression of Pbx2 or Pbx3 substantially reduces transformation 

capacity of MLL fusion genes (Wong et al., 2007; Zeisig et al., 2004a). A more recent 

report suggests that coexpression of Pbx3 and Hoxa9 has a synergistic effect on leukemic 
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transformation of lineage-negative progenitor cells derived from mouse bone marrow (Li 

et al., 2013).   

HOXA9, HOXA7, HOXA10 and MEIS1 upregulation is consistently detected in 

MLL-rearranged leukemias (Armstrong et al., 2002; Rozovskaia et al., 2003; Yeoh et al., 

2002).  Further, profiling data of AML and ALL patient samples determined a common 

signature expression profile for MLL leukemias irrespective of the lineage. (Ross et al., 

2004). Hence, MLL leukemias can be distinguished based on gene expression profiles 

compared to leukemias lacking MLL translocations. 

  In another study, a myeloid cell line that is dependent on MLL-ENL expression 

was established using a Tet inducible system. Induced loss of MLL-ENL led to a 

decrease in expression of a subset of the Hoxa cluster genes. This expression pattern was 

established as the "Hox code" consisting of genes from Hoxa4 to Hoxa11 that are 

expressed in transformed hematopoietic cells (Horton et al., 2005).  

 The transcription profile of MLL leukemias resembles embryonic stem cells 

(ESC) rather than hematopoietic stem cells (HSC). Similar to MLL fusion genes ectopic 

expression of just three ES signature genes Myb, Hmgb3, and Cbx5 is sufficient for 

immortalization of HSC (Somervaille et al., 2009).  Eya1 and Six1 heterodimeric 

transcription factors that are important embryonic development were determined to be 

upregulated in MLL leukemias by expression profiling. Eya1 can immortalize 

hematopoietic progenitors and can augment Six1-mediated transformation (Wang et al., 

2011). 
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Role of epigenetic enzymes in MLL leukemogenesis and targeted leukemic therapy 

 Epigenetic changes represent post-translational modifications of histones and 

chemical modifications of the DNA. They result in heritable states of gene expression 

without any changes to the DNA code. The epigenetic machinery consists of “writer” 

enzymes that add the modifications and “eraser” enzymes that remove the modifications. 

They also include “reader” proteins that can recognize these modifications, bind to them, 

and regulate transcription. Deregulated epigenetic control is a well-recognized feature of 

MLL leukemias. Additional epigenetic regulators that act in concert with MLL fusions 

provide avenues for therapeutic targeting and are discussed below.  

 

Targeting DNA methylation in MLL leukemias 

  Hypermethylation of a cluster of CpG-rich sequences (also known as CpG 

islands) within the promoters of tumor supressor genes leads to repression and may 

promote oncogenesis (Klose and Bird, 2006). Differential methylation hybridization 

experiments have identified unique DNA methylation patterns in MLL-rearranged ALL. 

For instance, infant ALL derived samples carrying t(4;11) and t(11;19) showed extensive 

hypermethylation, and a high degree of promoter methylation in these samples positively 

correlated with a high relapse rate (Stumpel et al., 2009). Loss of DNA Methyl 

Transferase 1 (DNMT1), an enzyme that maintains the methylation of CpG islands leads 

to higher latency for MLL-AF9 mediated AML development in mice (Broske et al., 

2009).  This suggests that a drug that inhibits DNA methylation can be used for therapy. 

Indeed, a study shows that treatment of MLL-rearranged ALL cell lines with the 
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demethylating agent decitabine activates tumor suppressor genes and induces apoptosis 

(Stam et al., 2006). 

 

Targeting histone acetylation 

 MLL fusion proteins abrogate the recruitment of CYP33 and histone deacetylase 

due to loss of PHD-bromo domains (Chen et al., 2008a; Wang et al., 2010). Lack of de-

acetylase recruitment promotes leukemogenesis; hence blocking the activity of acetylated 

histones may prevent leukemogenesis. Indeed, targeting BRD4, a bromodomain 

containing protein that binds acetylated histone has proven to be efficacious on MLL 

leukemias in in vitro and in vivo studies. MLL is known to interact with Polymerase-

Associated Factor Complex (PAFc). BRD4 is recruited to MLL target genes due to its 

interaction with Polymerase-Associated Factor Complex (PAFc). Additionally, this 

interaction is maintained by the MLL fusions.  Moreover, Brd4 is known to recruits 

PTEFb (Jang et al., 2005; Yang et al., 2005). Hence, inhibiting the recognition of 

acetylated histones by BRD4 is likely to uncouple BRD4 dependent PTEFb recruitment.  

Further, Dawson et al. showed that I-BET151, a small molecule inhibitor of BRD4, 

inhibited MLL leukemic cell lines and prolonged survival in murine xenograft models 

(Dawson et al., 2011). Similar to these studies, another group using RNA interference 

screening identified Brd4 as a principle epigenetic regulator required for cell cycle 

progression and leukemogenesis in MLL fusion-mediated leukemias (Zuber et al., 2011). 

JQ1, another bromo domain inhibitor, caused monocytic differentiation of MLL fusion 

leukemic cells and exhibited anti-proliferative activity in vivo. An analysis of the 
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expression profile on JQ1 treatment indicated a down regulation of a C-Myc-mediated 

transcription program (Delmore et al., 2011).   

 

Targeting histone methylation 

 Specific histone methylation marks serve as markers of transcriptional status.  The 

methylation on H3K4, H3K36, and H3K79 correlates with active gene transcription, 

especially transcription of HOX genes that is required for normal hematopoiesis 

(Kouzarides, 2002; Peterson and Laniel, 2004). MLL leukemias were found to be 

dependent on the enzymatic activity of Dot1l, an H3K79 methyl transferase (Chang et al., 

2010a; Jo et al., 2011). Genome-wide H3K79 methylation profiling and gene expression 

data correlates H3K79 methylation marks with MLL leukemia signature gene expression  

(Nguyen et al., 2011). Methylation catalyzed by DOT1L is dependent on the co-factor S-

adenosine methionine (SAM).  A small molecule named EPZ004777, which is a SAM 

analog, was shown to inhibit DOT1L enzymatic activity. It inhibits the growth of MLL 

leukemic cell lines, leads to Go/G1 growth arrest and induces apoptosis. The same study 

also showed a co-relationship between reduction of H3K79 methylation and MLL fusion 

target gene expression (Daigle et al., 2011). However, Dot1l is a global H3K79 methyl 

transferase, and its inactivation in adult mice leads to pancytopenia raising the possibility 

of hematologic toxicity in patients treated with DOT1L inhibitors (Jo et al., 2011). 

 The H3K4 methylation mark is added by MLL, and LSD1 is known to 

demethylate this mark (Shi et al., 2004). The loss of Lysine-specific histone demethylase 

(LSD1) leads to increases in H3K4 methylation at MLL targeted loci and correlates with 
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increased differentiation. Treatment with LSD1 small molecule inhibitors was shown to 

differentiate MLL leukemic cells in vitro (Harris et al., 2012). 

 

Role of Polycomb repressor complex proteins in MLL leukemia 

The Polycomb group of proteins assembles to form two complexes:  Polycomb 

repressor complex 1, PRC1 and Polycomb repressor complex 2, PRC2. The PRC2 

complexes add H3K27 trimethylation marks associated with transcriptional repression. 

PRC2 consists of three principal protein components: EED, SUZ12, and the enzymatic 

EHZ1 or EZH2 proteins (Morey and Helin, 2010) . The Polycomb groups of proteins are 

known to antagonize the function of MLL. In contrast to this, recent studies performed by 

three different laboratories suggest that PRC2 promotes MLL fusion-mediated 

leukemogenesis. Knocking down of Ezh1 or Ezh2 components of the PRC2 complex 

separately reduces the colony forming capacity of MLL fusions, but knockdown of both 

abrogates colony formation, suggesting redundancy between the two proteins. 

Alternately, knockdown of Eed, another component of the PRC2 complex is more 

effective at inhibiting transformation by the MLL fusion genes. This suggests that the 

activity of PRC2 group proteins could be targeted for treatment of MLL leukemia (Neff 

et al., 2012; Shi et al., 2013; Tanaka et al., 2012). Among the PRC1 proteins, Chromobox 

protein homolog 8 (Cbx8) has been shown to be required for MLL-AF9 fusion mediated 

leukemogenesis. However, the leukemia promoting capacity of Cbx8 is suggested to be 

independent of its interaction with other PRC1 component proteins (Tan et al., 2011). 
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Thus inhibiting the activity of PRC2 components and the recruitment of CBX8 may have 

therapeutic potential.  

 

Non Coding RNA in MLL leukemogenesis  

 Micro RNAs provide another potential avenue for MLL leukemic therapy. These 

small noncoding RNAs hybridize to target messenger RNA, resulting in its decreased 

translation or its increased degradation. Endogenous levels of beneficial miRs that target 

oncogenic products can be enhanced by using synthetic mimics. In contrast, miRs that 

suppress the activity of tumor suppressor genes can be downregulated using antisense 

oligomers called antagomirs. For instance, miR-196b is highly expressed in AML and 

translated from a region between HOXA9 and HOXA10 in an MLL fusion-dependent 

fashion. Its expression is shown to be required for immortalization and its inhibition in 

vitro diminishes the replating potential of transformed bone-marrow progenitors (Popovic 

et al., 2009).  

 A distinct pattern of miRNA expression is found in AML patient samples carrying 

MLL translocations versus non-MLL rearranged AML (Stumpel et al., 2011). Both 

upregulation and downregulation of miRNA plays a role in MLL leukemogenesis. The 

t(2;11)(p21;q23) translocation is associated with a strong up-regulation of miR-125b. An  

ectopic expression of miR-125b in mouse bone marrow-derived cells leads to an 

aggressive transplantable leukemia, and correlates with decreased differentiation capacity 

of hematopoietic progenitors (Chaudhuri et al., 2012). Conversely, miR495 expression 

decreases during leukemogenesis and its over expression suppresses MLL fusion induced 
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leukemogenesis by repression of MEIS1 and PBX3 (Jiang et al., 2012).  Several other 

miRNA targets that can serve as therapeutic targets have been identified but we limit our 

review to a few examples.  

 

AF9 

 AF9 was identified as the translocation partner gene in MLL leukemias with 

t(9;11)(p22;q23) translocations. It is the second most frequently occurring fusion partner 

of MLL in spontaneously occurring acute leukemias. It shares a high degree of sequence 

homology with another MLL fusion protein known as Eleven Nineteen Leukemia (ENL) 

(Iida et al., 1993; Nakamura et al., 1993; Rubnitz et al., 1994).  Both proteins contain a 

YEATS domain at the amino terminus. The name YEATS is an acronym derived from 

the human and yeast proteins in which it was first identified (Yaf9, ENL, AF9, Taf15 and 

Sas5). The precise function of the YEATS domain is not known; however, it has been 

shown to interact with histone 1 and histone 3. It is a structural feature found in proteins 

involved in chromatin remodeling and transcriptional regulation (Schulze et al., 2009b).  

 A serine, proline rich region follows the YEATS domain and includes a nuclear 

localization signal. The most striking feature of this region is the presence of long 

uninterrupted stretches of serine residues that are present in AF9 but absent in ENL. The 

functional attributes of the polyserine stretch have not yet been identified. The C-termini 

of AF9 and ENL exhibit transactivation properties in reporter assays. The fusion of MLL 

with the 3’ end of AF9, gives rise to a potent oncogene that can transform hematopoietic 
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progenitors. (Lavau et al., 1997; Rubnitz et al., 1994). The AF9 c-terminus is 

unstructured, permitting a wide variety of interaction-induced structural changes. (Leach 

et al., 2013). 

 Large scale phospho-proteomic studies of the human proteome suggest that AF9 

has multiple phosphorylation sites (Daub et al., 2008; Dephoure et al., 2008; Olsen et al., 

2010; Oppermann et al., 2009). However, so far only phosphorylation of AF9 on serine-

435 by serum glucocorticoid kinase 1 (Sgk1) has been verified (Zhang et al., 2007). This 

phosphorylation event prevents the interaction between Af9 and the protein Dot1a.  As 

indicated earlier Dot1 is a H3K79 methyl transferase shown to be essential for MLL 

leukemias. Af9 is found in a complex with Dot1a at the promoter of the epithelial sodium 

channel subunit alpha (ENaCα) gene expressed in the renal collecting duct (Zhang et al., 

2013). The presence of this complex leads to H3K79 tri-methylation, which results in the 

negative regulation of the ENaCα gene (Zhang et al., 2006).  Aldosterone leads to S435 

phosphorylation of AF9 and derepression of ENaCα due to a loss of interaction between 

Af9 and Dot1a at the promoter (Reisenauer et al., 2009; Wu et al., 2011; Zhang et al., 

2006) .   

An Af9 knockout mouse shows defects in vertebral patterning similar to those 

seen in Mll heterozygous mice, suggesting that Af9 may also be involved in the 

regulation of Hox genes (Collins et al., 2002). AF9 has also been shown to enhance the 

expression of GATA-1, a transcription factor associated with megakaryocyte/erythrocyte 

differentiation. Lentivirus mediated expression of AF9 in cord blood-derived HSC leads 
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to expansion of erythroid precursor cells, at the expense of colony forming cells-

granulocyte monocyte progenitors (CFC-GM). While shRNA-mediated AF9 knock-down 

in the same HSC leads to loss of erythroid precursors. Gene expression analysis of cord 

blood-derived cells show a decreasing gradient of AF9 expression as HSC progress to 

common myeloid progenitor followed by further differentiation to myeloid-erythroid 

progenitor and granulocyte-myeloid progenitors. AF9 can be detected in myeloid-

erythroid progenitor, while its levels dramatically drop in granulocyte-myeloid 

progenitors (Pina et al., 2008).  Hence, it has been suggested AF9 plays a role in 

specification of hematopoietic lineage. 

 AF9 mutations have been found in children with neurological disorders like 

epilepsy and ataxia (Pramparo et al., 2005). An investigation of the role of AF9 in murine 

neuronal biology shows that Af9 plays a role in the development of intermediate 

precursor neurons found in the cortex by regulating the (T brain 1) Tbr1 gene. Tbr1 is a 

transcription factor required for the development and differentiation of neurons. Af9 in a 

complex with Dot1 localizes to the promoter of the Tbr1 gene and mediates H3K79 

dimethylation which represses its expression. This suppression of Tbr1 is required for 

proper development of the cortex (Buttner et al., 2010).  

 AF9 also plays a role in the planar cell polarity pathway that inhibits canonical 

WNT signaling. AF9 interacts with a protein named Diversin and promotes JNK-

dependent gene transcription, which aids cells in orienting themselves with respect to the 

body axis (Haribaskar et al., 2009).  
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 The yeast homolog of AF9 generates direction- specific mating projections and 

maintains sensitivity to osmolarity (Welch and Drubin, 1994). Mutants of the yeast 

homolog of AF9 enhance the ‘hypersensitivity to osmolarity’ phenotype of actin mutants. 

Thus AF9 was identified as an actin-non-complementing gene 1 (ANC1) in yeast (Welch 

et al., 1993).  

The MLL-AF9 fusion is most commonly associated with myeloid leukemia in 

adults (Schoch et al., 2003). However, the same fusion in infants gives rise to both 

lymphoid and myeloid leukemias. These observed differences occur due to intrinsic 

properties of the cell that carries an MLL-fusion and are termed the 'cell of origin' effects. 

The neonatal HSC have a more stem-like gene signature, allowing progression to  

different cell fates, while adult HSC are biased toward myeloid origin (Horton et al., 

2012).  

 A mouse model that expresses physiological levels of Mll-Af9 from the Mll locus 

shows variable latency before development of leukemias based on the type of cell 

transformed. MLL fusions transform HSC with a shorter latency than committed 

progenitors. This difference in latency is because the Mll-Af9 has a higher expression 

level in hematopoietic cells compared to the progenitors (Chen et al., 2008b; Dobson et 

al., 1999).  

 

AF9 interacting proteins 

  Yeast two hybrid assays and protein purification studies have identified  several  

AF9 interacting proteins that includes the AF4  family members, Dot1, CBX8, BCoR, 
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ELL, HSP90 and actin (Bitoun et al., 2007b; Lin and Hemenway, 2010; Mohan et al., 

2010a; Monroe et al., 2011; Sobhian et al., 2010; Yokoyama et al., 2010). AF4, DOT1, 

CBX8, and BCoR bind directly to AF9 through its disordered carboxyl-terminus. AF4 

and AF9, the two most common fusion partners of MLL directly interact with each other 

and co-localize at distinct nuclear foci. This interaction is maintained by MLL-AF9 

fusions,  forming  a common network or complex of fusion partners (Erfurth et al., 2004).   

 Dot1 and AF9 form a complex of proteins that does not include AF4, CBX8, or 

BCoR (Biswas et al., 2011). Mohan et al., first identified all the components of this 

complex and named it the Dotcom complex. This complex includes the proteins Dot1, 

AF9, AF10, AF17, Skp1, TRAPP, and beta-catenin. Its known function is to methylate 

H3K79 (Mohan et al., 2010a). This methylation activity is required to maintain MLL 

fusion induced leukemogenesis, ENaCα activation in renal epithelia, development of 

Tbr1 positive neurons in the cerebral cortex, fetal erythropoiesis, postnatal 

hematopoiesis, cardiac development, and cell cycle regulation (Buttner et al., 2010; Jo et 

al., 2011; Okada et al., 2005; Schulze et al., 2009a; Zhang et al., 2006).  

 AF9 has also been identified in the “Tatcom” complex that is recruited by the 

HIV protein Tat to its long terminal repeats for efficient transcription. Tatcom has the 

same components as the SEC complex, suggesting that the virus hijacks the endogenous 

transcriptional machinery to aid in its propagation (Sobhian et al., 2010). 

ENL and subsequently AF9 were found to interact with the Polycomb group 

protein CBX8 (Hemenway et al., 2001). CBX8, also known as Polycomb 3, is a part of 

the PRC1 complex of proteins that antagonize the effects of trithorax/MLL and generally 
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repress genes. However, CBX8 has been proposed to play an activating role in MLL-AF9 

leukemias independent of the PRC1 complex. A point mutant of MLL-AF9 that 

abrogates CBX8 binding as well as Cbx8 knockout HSC transformed with MLL-AF9 

fusion genes suggest that this interaction is required to both maintain and initiate 

leukemias (Tan et al., 2011).   

  The BCL-6 interacting co-repressor (BCoR) is ubiquitously expressed in several 

human tissues and has several isoforms. Only one of these isoforms interacts with AF9. 

The only identified function of BCoR is to promote repression of genes in association 

with the transcription factor BCL-6. It shows a repressive effect on AF9 reporter 

constructs in in vitro assays (Srinivasan et al., 2003).   

The Heat Shock protein 90 (HSP90) has also been identified to interact with AF9.  

Knock down of Hsp90 by siRNA or its pharmacological inhibition by novobiocin results 

in cytoplasmic localization of Af9, implicating the role of this interaction in nuclear 

transport of Af9 (Lin and Hemenway, 2010). 

 

AF4  

AF4 is the most common MLL fusion partner in spontaneously occurring acute 

lymphoblastic leukemias (Daser and Rabbitts, 2004). It is a member of the 

AF4/LAF4/FMR2 (ALF) family of proteins. Several members of this family localize to 

nuclear nascent RNA storage sites, bind RNA, and are suggested to play a role in RNA 

splicing (Melko et al., 2011). A role in pathogenesis has also been identified. AF4, LAF4,  
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Figure 6 The domain structure of AF9 

In order, from the N-terminus are the YEATS domain, SSSn represents a polyserine 

stretch, Nuclear Localization Signal (NLS), Serine-Proline rich region that includes the 

MLL fusion break points, and the transcriptional activation domain (TAD) which 

includes the AF4 interaction region.  

 

 

  



37 
 

 
 

and AF5q31 are found as fusion partners of MLL in acute leukemias. Additionally, 

mutations in FMR2 and AF4 affect neuronal function (Gu et al., 1992; Gu et al., 1996; 

Taki et al., 1999; von Bergh et al., 2002).   

The structural features of AF4 ( as shown in Figure 7) include the ALF domain,  

N terminal homology domain (NHD), C terminal homology domain (CHD) and a serine-

proline rich transactivation domain which is common to all ALF family members (Ma 

and Staudt, 1996; Prasad et al., 1995).  The CHD can homo-dimerize or hetero-dimerize 

with other ALF family members (Yokoyama et al., 2010). In addition, our lab identified a 

13 amino acid long region of AF4 required for interaction with AF9. This region is 

conserved among all ALF family members (Srinivasan et al., 2004a). Charged amino 

acid  and the hydrophobic amino acids in this region form an extensive interaction with 

AF9 (Leach et al., 2013). This interaction will be discussed further in Chapter 2.  

  Af4 is highly expressed in brain and germinal centers of mouse embryo. Af4 

knockout mice show impaired maturation of pre-B cells and double negative thymocytes 

(Isnard et al., 2000). Hence, Af4 plays a role in B cell maturation at the germinal centers 

(Gu and Nelson, 2003). Lilliputian, the drosophila homolog of AF4, has been shown to 

participate in growth and cell fate determination by regulating the Ras/MAPK and the 

PI3K/PKB pathways (Wittwer et al., 2001).  

Phosphorylation and ubiquitination of AF4 plays an important role in regulating 

the protein. Siah1 and Siah2 ubiquitin ligases ubiquitinate AF4, leading to its degradation 

by the proteasome. A point mutation in this Siah ubiquitin binding motif abrogates 

ubiquitination, leading to AF4 accumulation in neurons. This accumulation causes the 
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repression of the Igf-1 gene in the cerebellum and the thymus. Cerebral Purkinje neurons 

are sensitive to AF4 protein accumulation and the subsequent decrease in Igf-1 activity. 

Loss of purkinje neurons leads to decreased motor coordination observed as a robotic gait 

in the affected mice. However, the abundance of AF4 positively correlates with positive 

Igf-1 activity in bone marrow and the lens, suggesting a context-dependent role in 

activation or repression (Bitoun and Davies, 2005; Bitoun et al., 2009; Oliver et al., 

2004). 

Relevant to this dissertation is the interaction of AF4 and PTEFb (Biswas et al., 

2011). PTEFb is a complex of CyclinT1 or CyclinT2 and Cyclin-dependent kinase 9 

(CDK9). It phosphorylates the heptameric repeats in the C-terminal domain of RNA 

polymerase II at serine 2, promoting the transition from initiation to the elongation phase 

of transcription. AF4 functions as a scaffold to help assemble the transcriptional 

elongation machinery. Its NHD interacts with CDK9, and maintains an association with 

other proteins required for transcriptional elongation. As transcription progresses, PTEFb 

phosphorylates AF4 at serine 212 and 220 (Esposito et al., 2011). This PTEFb-mediated 

phosphorylation leads to AF4 downregulation (Bitoun et al., 2007b). Also important to 

this transcriptional elongation function of AF4 is its interaction with AF9. AF4 and AF9 

co-localize in the nucleus.  As described earlier, the AF4-interacting sequence of AF9 is 

downstream of the ALF domain and is retained in  MLL-AF4 fusion proteins (Erfurth et 

al., 2004).  

 In infants, the t(4;11)(q21;q23) translocation predicts a poor prognosis. This 

translocation may arise in utero and result in leukemia that develops with a very short 
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latency (Heerema et al., 1999).  LAF4 and AF5q31, AF4 family members have been 

identified from patient samples more recently as MLL fusion partners (von Bergh et al., 

2002). It has been difficult to model MLL-AF4 in vivo compared to MLL-AF9/ENL, 

since fusion constructs fail to reliably transform hematopoietic progenitors. Enforced 

expression of MLL-AF4 in cord blood-derived HSC increased their colony forming 

capacity but was unable to induce leukemia upon xenograft (Montes et al., 2011).  

 This raises at least two possibilities: either secondary mutations are essential in 

the case of MLL-AF4-induced leukemia or MLL fusions are not arising in HSC found in 

cord blood. Knockin mouse models of  MLL-AF4 with secondary K-Ras mutations have 

been established and support the idea of requirement of additional mutations (Tamai et 

al., 2011). Enforced expression of MLL-AF4 in embryo derived HSC leads to 

transformation and leukemic growth, suggesting that MLL-AF4 may target pre-

hematopoietic mesoderm or hemangioblasts. Hemagioblastic precursors have the potency 

to give rise to hematopoietic lineage and endothelial lineage (Bueno et al., 2012). 

Moreover, MLL-AF4 translocations have been found in bone marrow derived 

mesenchymal stem cells of patients (Menendez et al., 2009) supporting the possibility 

that MLL-AF4 fusion transforms pre-hematopoietic cells.  

 Some in vitro studies suggest that both the chimeric proteins that arise from the 

translocation cooperate with each other. For instance, when MLL-AF4 and its reciprocal 

chimera AF4MLL are co-transfected they exhibit greater resistant to apoptosis and higher 

growth rate compared to an individual chimera (Gaussmann et al., 2007). 
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Figure 7   The domain structure of AF4 protein 

In order from the N-terminus are the N-terminal Homology Domain (NHD), 

AF4/LAF5/FMR2 family domain (ALF) that includes the MLL fusion breakpoints, the 

transcriptional activation domain (TAD), a 13 amino acid AF9 interaction domain, 

Nuclear Localization Signal (NLS), and the C-terminal Homology Domain (CHD).  
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AF4 and AF9 directly interact with each other and are constituent components of 

the SEC. The aberrant recruitment of SEC permits expression of genes required to sustain 

leukemogenesis. In order to target the SEC, we use an AF4 mimetic peptide that inhibits 

the interaction between AF4 and AF9. The aim of this study is to determine if the AF4 

mimetic peptide has a therapeutic potential for the treatment of MLL leukemias. 

Chapter 2 describes the in vivo studies performed to determine the therapeutic 

potential of the AF4 mimetic peptide, SPK111. Its effects on normal hematopoiesis were 

also assessed. Further, the chapter also documents the ELISA assay that was devised to 

determine the in vivo concentration of the drug.  Finally, the potential use of the peptide 

as a purging agent for ex vivo treatment of leukemia initiating cells is also explored.  

 In Chapter 3, we determine the effect of SPK111 on the AF4-AF9 interaction and 

the transcription elongation activity.  

Treatment with the AF4 mimetic peptide induces rapid membrane permeability 

and cytoskeletal changes. Hence, the experiments in chapter 4 attempt to determine how 

the peptide destabilizes the cytoskeleton and if this destabilization is the primary cause of 

cell death.  

Finally, Chapter 5 contains the concluding discussion and potential future 

experiments for newly arising research questions.  
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CHAPTER 2

AN IN VIVO ASSESSMENT OF THE THERAPEUTIC POTENTIAL OF SPK111 

Abstract 

 Misregulation of transcription elongation is proposed to cause MLL leukemias 

(Bitoun et al., 2007b; Yokoyama et al., 2010). In this chapter, we discuss the previously 

identified direct interaction between AF4 and AF9, protein components of the super 

elongation complex (SEC) that promotes transcriptional elongation. Further, two AF4 

mimetic peptides designed to inhibit the AF4-AF9 interaction are described. Treatment 

with the AF4 mimetic peptide, Peptide FMR2 Wild Type (PFWT) has been shown to 

decreases the viability of MLL leukemia cells (Palermo et al., 2008; Srinivasan et al., 

2004a). Based on these results, we hypothesized that treatment with a modified AF4 

mimetic peptide SPK111 would improve the survival of mice, xenografted with MLL 

leukemia cell lines. In vitro treatment of MLL leukemia cell lines with SPK111 showed 

that it effectively inhibits its growth. However, this efficacy could not be replicated in 

mice xenografted with MLL leukemias. The absence of the peptide in the circulating 

serum a few hours after subcutaneous injection was determined using ELISA suggesting 

decreased serum availability to be the cause of its in vivo ineffectiveness. Further, 

SPK111 does not significantly affect normal hematopoiesis in C57BL/6 mice, and pre-

incubation of MLL leukemic cells with SPK111 inhibits the establishment of leukemic 

xenografts.   
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Introduction 

The AF4 mimetic peptide 

AF4 and AF9 proteins are the most common fusion partners of MLL. Our 

laboratory first identified a direct physical interaction between the AF4 homolog FMR2 

and AF9 using yeast two hybrid assays (Erfurth et al., 2004). The minimal AF9 binding 

domain of FMR2 was mapped to 13 amino acids (residue number 759 -771). This 

sequence is conserved among ALF family members (AF4, LAF4, and FMR2). A peptide 

was synthesized to mimic the conserved AF9 interaction domain of FMR2. Its amino 

terminus was linked with Penetratin, a protein transduction domain, to allow for its 

transport across the cell membrane. This synthetic peptide was named Penetratin FMR2 

Wild Type (PFWT) and its amino acid sequence is shown in Figure 8. Mutational 

analysis showed that the amino acids sequence of valine, lysine and isoleucine at position 

763-765 of FMR2 are important to maintain interaction with AF9. In order to serve as 

negative control, a mutant version of the peptide was synthesized with V763E and I765S 

amino acid substitutions and was named PFmut. In vitro experiments showed that PFWT 

inhibited AF4-AF9 interaction while PFmut did not (Srinivasan et al., 2004a).   

 Leukemic cell lines carrying a MLL translocation had decreased viability when 

treated with PFWT (Srinivasan et al., 2004a). Analysis of caspase cleavage, tunel staining 

and several other assays of apoptosis showed no evidence of this process in PFWT-

treated MV4-11 cells (leukemic cell lines carrying a MLL-AF4 translocation). Instead, 

necrotic cell death was determined by electron microscopy after treatment with PFWT. 

Pretreatment with serine protease inhibitors were shown to render protection against 
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PFWT induced necrosis (Palermo et al., 2008). Furthermore, PFWT treatment inhibited 

the colony forming capacity of MV4-11 cells and led to cell cycle arrest in Go/G1 phase 

(Palermo et al., 2008).  

PFWT also exhibited a synergistic interaction with chemotherapeutic drugs, 

etoposide and cytarabine. Synergy was found to be dependent on the order of drug 

treatment. Etoposide and cytarabine had to be applied to the cells 24 hours prior to 

addition of PFWT to obtain synergy (Bennett et al., 2009). Thus, it has been 

demonstrated that PFWT, which targets the AF4-AF9 interaction, decreases the viability 

of MLL leukemia cell lines in vitro and also synergizes with conventional cytotoxic 

therapies.  

   Further, an in vitro biochemical assay based on protein-protein interaction was 

designed in our laboratory to monitor PFWT's ability to inhibit the AF4-AF9 interaction 

(unpublished data). Several substitutions were made in PFWT to increase its in vivo 

stability. L-stereoisomeric forms of amino acids found in vivo were substituted with the 

D-stereoisomers in order to make the peptide resistant to peptidases. These substitutions 

were tested using the assay to confirm that the peptide retained its ability to inhibit the 

AF4-AF9 interaction. D-stereoisomeric substitutions made at residues 1, 8 and 10 of the 

peptide retain the ability to bind AF9. Tryptophan is susceptible to oxidation and was 

replaced with nor-leucine at position 2 to make the peptide stable for long term storage. 

Lysine at position 4 forms a charged salt bridge interaction with AF9  (Leach et al., 

2013). Substitution of this lysine with ornithine at position 4 forms a more stable salt 

bridge as it has a higher pKa. Finally, the N-terminus of the modified peptide is attached 
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to 10 amino acids sequence derived from the HIV Tat protein, whose function is to 

transduce the peptide across the plasma membrane. It has been shown that mode of entry 

and distribution of the Tat fusion depends on the size of the fused molecule. Short 

peptides fused to Tat diffuse directly into the cell without the expenditure of any energy 

and tend to distribute through the cytoplasm and accumulate in the nucleus (Ho et al., 

2001; Tunnemann et al., 2006). The efficiency of cargo delivery for Tat protein 

transduction sequence was found to be higher than that of penetratin (Hallbrink et al., 

2001; Mi et al., 2000). The newly synthesized AF4/FMR2 mimetic peptide with all the 

above mentioned substitution was named SPK111. 

  A mutant version of this peptide named SPK110 was also synthesized. It has a 

glutamic acid substitution at position 4 in place of ornithine. The negative charge on 

glutamic acid cannot form a salt bridge interaction with AF9; hence SPK110 cannot 

inhibit the AF4-AF9 interaction. In this chapter, we describe the results of experiments 

performed to determine the efficacy of SPK111. 

 

MATERIALS AND METHODS 

Cell Culture  

   Leukemia cell lines MV4-11 (MLL-AF4), MOLM13 (MLL-AF9), K562 (BCR-

ABL), REH (ETV6-RUNX1) and MOLT4 (T lymphoblast) were obtained from the 

American Type Culture Collection (ATCC) and KOPN 8 (MLL-ENL) cells were 

obtained from the Leibniz Institute DSMZ. These cells were cultured in RPMI 1640  
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 hFMR2:                       
 
     LWVKIDLDLLSRV    

 hAF4:                                LMVKITLDLLSRI 

 PFWT           (Penetratin)-LWVKIDLDLLSRV 

 PFmut           (Penetratin)-LWEKSDLDLLSRV 

 Penetratin       RQIKIWFQNRRMKWKK 

 SPK111- modified Tat(dL)(Nle)VOrnIDL(dD)L(dL)-CONH2 

 SPK110 –modified Tat(dL)(Nle)VDIDL(dD)L(dL)-CONH2 

 Modified  Tat        - (dR)(dK)(dK)(dR)(dR)Orn(dR)(dR)(dR)(βA) 

 

Figure 8 Schematic of peptide design based on AF9 interacting domain of AF4 

The amino acid sequence of AF9 binding domain of human AF4 and FMR2 is shown in 

figure. The peptide FMR wild type (PFWT) sequence is based on FMR2 amino acids. 

The mutant version of the AF4 mimetic peptide PFmut has mutated amino acids which 

are in red. The amino acid sequence of the protein transduction domain Penetratin has 

also been shown. The peptide SPK111 and SPK110 generated by stereomeric and 

isomeric substitution of amino acids is also shown. Substituted dextro stereoisomers of 

amino acids are represented by (d), and the beta isomers of an amino acid are represented 

by (β). Some of the lysine residues are substituted with ornithine represented by Orn and 

tryptophan is replaced with Norleucine represented by (Nle). Ornithine residue (Orn) in 

SPK111 forms a salt bridge interaction with AF9. In SPK110, Orn is substituted with 

negatively charged aspartic acid D.   
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medium (ATCC, Manassas, VA) supplemented with 10% fetal bovine serum (FBS) 

(Atlanta Biologicals, Lawrenceville, GA), 1.1 % penicillin/streptomycin (Pen/Strep) 

(Invitrogen), and 2.2% glutamine ( Cell Grow, Mediatech, Manassas, VA).  

HEK293T cells (Clontech) and HeLa (ATCC) cells were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) (Cellgrow, Mediatech, Manassas, VA), 

supplemented with 10% FBS, and 1.1% Pen/Strep. All cells were incubated at 37
o
C with 

5% carbon dioxide. 

 

Peptide Stock 

The AF4 mimetic peptide, SPK111 (modified Tat- (dL)(Nle)VOrnIDL(dD)L(dL) 

or its mutant control SPK110 (modified Tat-(dL)(Nle)VDIDL(dD)L(dL) were 

synthesized and purified by HPLC to > 85% purity by New England Peptide (Gardner, 

MA). The modified Tat protein transduction sequence is ((dR)(dK)(dK)(dR)(dR)-

O(dR)(dR)(dR)(bA)). A stock of 37.5mg/ml of SPK111 or SPK110 was dissolved in cell 

culture grade 99% pure Dimethyl sulfoxide (DMSO) (Edward lifesciences, CA) to obtain 

a 1000x stock. Aliquots of the stock were stored at -80
0
C.   

Cell Viability Assay  

The Promega Cell Titer-Glo luminescent cell viability assay measures the total 

cellular ATP and can be used to quantify metabolically viable cells. This assay was used 

to measure the cell viability. MV4-11, MOLM13, KOPN8, K562, REH and MOLT4 

were seeded at a density of 1 million cells per ml. They were exposed to SPK111 or 

SPK110 at concentrations of 12.5µg/ml, 25µg/ml, and 37.5µg/ml. As an additional 
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control, cells were exposed to the same final volume of DMSO as used in peptide 

treatments. Cells (100µl) were dispensed in 96 well plates in quadruplicates for each 

given concentration. The plates were incubated at 37
ο
C for 24 hours. After equilibration, 

100 µL of Cell Titer Glow Reagent (Promega) was added to each well and placed on a 

rotating platform for 2 minutes to aid cell lysis. Cells were incubated for additional 10 

minutes at room temperature to stabilize the luminescent signal. Luminescence was 

recorded using POLAR Star Omega plate reader (BMG Labtech).  

Viability of the peptide treated cells was calculated as percentage of DMSO 

treated cells. 

 

 Generating mouse xenografts 

Six week old female NOD/SCID mice were sublethally irradiated with 250 cGy 

of total body irradiation. On the same day, post irradiation 2x10
6
 MOLM13, KOPN8, 

MV4-11, or K562 leukemia cells were injected into the tail vein.  The number of mice 

used in each experiment is indicated in the results section. 

A post mortem analysis was performed to confirm the presence of xenografted 

leukemic cells at the end of each experiment. Bone marrow samples were obtained by 

flushing femurs with PBS. The samples were lysed in 1X RBC lysis buffer (8.3g/l 

ammonium chloride in 0.01M Tris-HCl pH 7.5) for 2-3 minutes. The lysed sample was 

centrifuged. The cell pellets were blocked with 2% FBS in PBS and stained with anti-

human CD45
+
 FITC (BD Pharmingen # 55482) and analyzed by flow BD canto II flow 

cytometer and Flow Jo 2.0 software. 
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In vivo treatment with SPK111 

  In order to calculate the dose for animals we assumed that the density of mouse 

tissue is equivalent to that of water. Hence the in vivo equivalent of 25µg/ml will be 

25mg/kg.  

Treatment was started one week after the injection of leukemia cells unless 

otherwise indicated. Mice were injected subcutaneously with the specified dose of 

SPK111 or with vehicle alone (2% DMSO in PBS). Survival was measured as the time 

from leukemia cell injection until a moribund state developed. Extreme lethargy or 

paralyses were considered end points. Survival benefit was assessed by Kaplan–Meyer 

analysis using Prism Graph Pad software. In order to detect a significant change (p< 0.05) 

in mean survival from 21+/-4 days to 28+/-4 days with a power of 0.80, seven animals 

were needed per group (2 sample t-test, calculations performed by Dr. Rong Guo, 

institutional biostatistician).  

 

 Effect of SPK111 on leukemia-initiating cells/ex vivo purging of leukemic cells 

  2 x 10
6
 MOLM 13 cells were incubated ex vivo with 37.5 µg/ml SPK111 or 2% 

DMSO in PBS for 24 hours. The cells were then collected by centrifugation at 1200 rpm 

for 4 mins, re-suspended in PBS and injected into sub lethally irradiated NOD/SCID mice 

via tail vein. Mice were monitored for 2 months after cells were injected. 
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Bioluminescent monitoring of leukemic growth in vivo 

 Leukemic progression was monitored in mice xenografted with MV4-11 cells 

expressing luciferase. MV4-11 cells expressing luciferase were provided to us by Dr. 

Scott Armstrong’s Laboratory (Dana-Farber Cancer Institute, Boston, MA). Images were 

acquired using the xenogen imager 10 minutes following intra peritoneal injection of 125 

mg/kg of D-luciferin. Luminescent images were analyzed using the caliper life science 

live image software.  

 

Hematologic Toxicity 

SPK111 (50 mg/kg) or 2% DMSO in PBS was administered subcutaneously to 6-

week old female C57BL/6 mice daily for 5 days. Three mice were used per group. Seven 

days after the administration of the last dose, mice were euthanized and whole blood was 

collected by heart puncture. Whole blood analysis was performed with a Hemavet 950F 

instrument (Drew Scientific) in order to determine any short term hematological toxicity.  

To determine the effect on myeloid cells, bone marrows were flushed from the 

femur and red blood cells were lysed in buffered ammonium chloride. Cells were then 

collected by centrifugation. The cells were incubated in 2% FBS in PBS for 30 minutes, 

followed by labeling with the following eBioscience antibodies: anti-mouse CD41 (#12-

0411-81), anti-mouse Ter119 (#17-5921-81), anti-mouse CD11b (#48-0112-80) and anti-

mouse LyGr-1 (#85-5831-81).  After incubation, the cells were washed twice with 2% 

FBS in PBS and suspended in the same buffer. Cells were analyzed using a BD Canto II 

flow cytometer and Flow Jo 2.0 software.  
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Enzyme Linked Immunosorbent assay (ELISA) 

  ELISA was used to measure the peptide concentration in the serum following 

subcutaneous injections. The anti-SPK111 antibody used in this assay is a polyclonal 

antibody purified from the serum of a rabbit immunized with SPK111 peptide plus an 

adjuvant (New England Peptides, Gardner, MA). In order to establish a standard curve 

for the ELISA, dilutions of SPK111 stock were prepared in FBS containing 0.05% 

tween-20.  Standards and blank (100µl) were added to wells in triplicate. To assess the 

concentration of peptide in the serum, 6 week old female C57BL/6 mice were 

subcutaneously injected with 50mg/kg of SPK111 and were sacrificed 1 h or 3 h after 

treatment. Whole blood was collected by heart puncture. The whole blood was allowed to 

clot at room temperature and then centrifuged at 10, 000 x g at 4
ο
C for 15 minutes. The 

serum was collected and 100µl loaded into the wells of a protein binding 96-well plate. 

(About 100-150µl of serum is obtained from a single heart puncture sample, hence it is 

not possible to monitor the peptide levels in the same mouse). Hence each sample well 

represents a single animal. Plates were covered with thin plastic film and incubated in the 

refrigerator at 4
ο
C overnight. The next day the wells were washed 3 times with PBS and 

then incubated with 100µl of anti-SPK111 antibody diluted 1:1000 in PBST (PBS+ 

0.05% Tween) for 1 hour at room temperature (RT). Wells were then washed 5 times 

with PBST. Horse radish peroxidase conjugated anti-rabbit IgG antibody (Invitrogen) 

was diluted 1:7500 in PBST and added to the wells,  and incubated at room temperature 

for 30 minutes followed by 5 washes with PBST. The HRP activity was detected using 

tetramethylbenzidine (TMB)/peroxide (100µL) for 10-15 mins. The reaction was stopped 
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by addition of 50µl of HCl to the wells (R&D Systems, Cat. #DY999). Absorbance was 

measured at 450nm using a POLAR Star Omega plate reader (BMG Labtech).  

 

Results 

  SPK111 is toxic to leukemia cells  

 Incubation of leukemic cells with the AF4 mimetic peptide, PFWT, results in 

decreased viability. The same decrease is not observed on incubation of the peptide with 

peripheral blood derived mononuclear cells (Palermo et al., 2008; Srinivasan et al., 

2004a). In order to confirm that the modified AF4 mimetic peptide, SPK111, has the 

same effect, viability assays were performed. The human leukemia cell lines MV4-11, 

MOLM13, and KOPN8 carrying MLL-AF4, MLL-AF9 and MLL-ENL translocations, 

respectively, were treated with 12.5µg/ml, 25µg/ml and 37.5µg/ml of the active peptide 

SPK111 and the mutant peptide SPK110 for 24 h. Viability after treatment was 

determined by quantification of cellular ATP using the Promega Cell Titer-Glow 

luminescent cell viability assay. Treatment with the vehicle, DMSO, served as negative 

control. As shown in Figure 9, the viability of MLL leukemia cell line decreases with 

increasing concentrations of SPK111. However, treatment with the mutant peptide, 

SPK110, which has a single amino acid mutation in the AF9 binding region, does not 

affect the viability at the same concentrations. This suggests that inhibition of the AF4-

AF9 interaction results in decreased viability.  

  The myeloid leukemia cell line K562 expressing a BCR-ABL fusion gene, a pro-

B-leukemia cell line REH expressing the ETV6-RUNX1 fusion gene, and a T-
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lymphoblatic cell line MOLT4 carrying a p53 mutation were representative of non-MLL-

rearranged leukemias. These leukemia cell lines lack MLL fusion genes and are 

comparatively less sensitive to SPK111 as shown in Figure 9.   

 

SPK111 is ineffective against xenografted MLL leukemias 

  In order to determine if SPK111 treatment improves the survival of mice 

xenografted with human MLL leukemic cell lines, we injected mice with 2x10
6
 

MOLM13 and KOPN8 cells. The presence of the xenograft was confirmed at the end of 

each experiment by detecting the presence of hCD45 antigen from the extracted bone 

marrow derived whole blood samples (data not shown). In two independent experiments, 

xenografted mice were subcutaneously injected with 37.5mg/kg SPK111 or DMSO 

vehicle solution for 5 consecutive days. The first dose was administered 7 days after 

transplant. Assuming a volume of distribution of one, 37.5 mg/kg corresponds to an in 

vitro dose that results in less than 15% viability of MOLM13 and KOPN8 cells.  

 The results depicted in Figure 10 show a trend towards improved survival. 

However, no statistical significance was obtained.  In addition, mice in the SPK111 

treatment group developed skin irritation and ulceration at the site of injections indicating 

toxicity to dermal tissue.  Two days after tail vein injection of leukemic cells in mice, the 

leukemic burden is likely to be low. In the next experiment, we sought to determine if 

dosing when the disease burden is low improves survival.  KOPN8 xenografted mice 

were subcutaneously injected with 37.5 mg/kg SPK111or DMSO two days after 

transplant.  A total of five doses were administered to KOPN8 xenografted mice in 
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Figure 9 Treatment of leukemic cells with SPK111 results in decreased viability 

MV4-11, MOLM13, KOPN8, K562, REH, and MOLT4 leukemic cells were treated with 

increasing concentrations of SPK111 or the mutant peptide SPK110 for 24 hours. 

Viability was measured using Promega Cell titer-glow luminescent viability assay. 

Viability is expressed as a percentage of DMSO treated cells. The error bars represent % 

standard error. Significance is determined using student’s t-test. ‘*’ indicates p<0.01. No 

significant difference is indicated by n.s. IC50 calculated using ED50 plus software. 
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this experiment. Survival analysis shown in Figure 11 indicates that there was no survival 

advantage for the treatment group.  

 The adverse effects of SPK111 on the skin of the mice raised the possibility of 

secondary events like bleeding and infection. In order to minimize the effect on skin, we 

tested treatment with a smaller dose of SPK111 (25mg/kg) but with an increased number 

of doses. Dosing frequency was maintained at one dose given per day. The total amount 

of drug administered to KOPN8 xenografted mice during therapy was 5 mg of SPK111 

over 10 doses which is 30% higher than the 3.75mg administered at a larger dose for 5 

days previously. Similarly, the total amount of drug administered to MOLM13 

xenografted mice during therapy was 6 mg of SPK111 over 12 doses which is 60% 

higher than the 3.75mg administered at a larger dose for 5 days. However, this dosing 

scheme had no effect on the skin lesions or the survival of MOLM 13 or KOPN8 

xenografted mice (Figure 12).   

 

Effect of SPK111 on normal hematopoiesis  

It is important to determine the effects of an experimental drug on normal 

hematopoiesis in order to identify any acute toxicity.  C57BL/6 mice were treated with a 

daily subcutaneous dose of 50mg/kg of SPK111, SPK110 or vehicle control for 5 

consecutive days. The dose 50mg/kg is the largest amount of dose administered in any 

survival experiment. An analysis of the whole blood collected by heart puncture a week 

after dosing shows no significant differences in the total white blood cell count, platelet 

count or the hemoglobin level (Figure 13).   
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Figure 10 Survival of mice with MLL leukemia xenografts after treatment with 

37.5mg/kg of SPK111 for 5 daily doses 

 

MOLM13 (A) and KOPN8 (B) xenografted mice were injected subcutaneously with 

37.5mg/kg SPK111 or 2% DMSO in PBS daily for 5 consecutive doses. The first dose 

was administered on day 7 after transplant. N represents the number of animals in each 

group and p value was calculated using log rank test (prism graph pad software). Median 

survival of DMSO and SPK111 treated mice is shown.  

  SPK111 [37.5mg/kg] / DMSO   

MOLM13 

N=4  

P=0.0849 

Median survival 

DMSO - 19days 

SPK111-20.5days 

 
 

A 

 

 

 

 

 

 

  

B 

N=5 

P=0.052 

Median survival 

DMSO - 23days 

SPK111-26days 

 
 

SPK111 [37.5mg/kg] / DMSO   

 

 

 



   57 
 

 
 

 

 

                   

 

 

Figure 11 Survival of mice with MLL leukemia xenografts treated 2 days after 

transplant 

KOPN8 xenografted mice were injected subcutaneously with 37.5mg/kg SPK111 or 2% 

DMSO in PBS daily for 5 consecutive doses. The first dose was administered on day 2 

after transplant. N represents the number of animals in each group and p value was 

calculated using log rank test (prism graph pad software). Median survival of DMSO and 

SPK111 treated mice is shown.  
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Figure 12  The effects of frequent treatment with 25mg/kg of SPK111 on mice with 

MLL leukemia xenografts  

 

MOLM13 (A) and KOPN8 (B) xenografts were injected subcutaneously with 25mg/kg 

SPK111 or 2% DMSO in PBS for the indicated number of doses. The first dose was 

administered on day 2 and day 7 after transplant for MOLM13 and KOPN8 respectively. 

N represents the number of animals in each group and p value was calculated using log 

rank test (prism graph pad software). Median survival of DMSO and SPK111 treated 

mice is shown. 
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   AF9 positively regulates genes that promote erythroid-megakaryoctic lineage 

precursor development (Pina et al., 2008). Hence, flow cytometry analysis using markers 

of erythroid-myeloid precursor cells was done on bone marrow samples derived from the 

same mice as Figure 13. We observed a two fold increase in Gr-1 expressing granulocyte 

macrophage precursors in samples derived from mice treated with active and mutant 

peptides compared to mice treated with the vehicle, suggesting that the peptide may 

affect the myeloid population (Figure14). Ter119 antibody binds erythroid cells from pro-

erythroblast through mature erythrocyte stages. Hypotonic lysis buffer is used to lyse the 

mature erythrocytes in the whole blood collected from the bone marrow of mice. 

Variation in the number of cells of the erythroid lineage determined using TER-119 

antibody could be an effect of increased lysis of the mature erythrocytes (Figure14). 

CD41 is a marker of megakaryocytes and is also present on certain hematopoietic stem 

cell populations. CD41 labeling shows variation in the sample derived from mice treated 

with SPK111, however this variation is not statistically significant (Figure 14). 

 

SPK111 can be used for purging of leukemia initiating cells 

  Leukemia initiating cells are slow dividing cells that evade conventional 

chemotherapeutics and play a role in re-establishing leukemia after a period of latency 

(Clevers, 2011). In order to test the effect of SPK111 on leukemia initiating cells, we 

treated 2X10
6
 MOLM13 cells with 37.5µg/ml of SPK111 for 24 hrs. The viability of 

MOLM13 cells at this concentration in vitro is 15% or less. In order to determine if the 

remaining viable cells are resistant leukemic cells, the entire cell suspension was injected 
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Figure 13   SPK111 does not affect the whole blood composition 

 

50mg/kg of SPK111, 50mg/kg of SPK110 or DMSO was administered to C57BL/6 mice 

daily for five consecutive days. Seven days after the last injection whole blood collected 

by heart puncture was analyzed on a hemavet. No significant differences were found in 

the platelet, hemoglobin and the total white blood cell count between samples derived 

from mice treated with vehicle, SPK111 or SPK110. Hemoglobin content in 

grams/deciliter (g/dL) and cell count is thousand cells per micro liter (K/µl). Each group 

consisted of three mice. Error bars represent standard deviation and significance 

difference between DMSO treatment derived sample and peptide treatment derived 

samples was determined using students t-test.  

 

      n.s.                  n.s. 

  

            n.s.                 n.s. 

n.s. 



   61 
 

 
 

 

 

    

 

Figure 14 Effect of SPK111 on myeloid differentiation    

 

50mg/kg of SPK111 was administered to C57BL/6 mice daily for five consecutive days. 

Seven days after the last injection the bone marrow was collected and labeled with 

fluorescent antibodies to the surface markers Gr1(Granulocyte Myeloid precursor), CD 

41(Multipotent hematopoietic precursor and megakaryocyte), and Ter119 (pro-

erythroblasts) and analyzed by flow cytometer. Gating was restricted to viable cells. 

There were three mice in each group. Error bars represent standard deviation and 

significance was determined using students t-test. 

* 
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into the tail veins of sub-lethally irradiated NOD/SCID mice. Cells exposed to vehicle 

control caused fatal leukemia in all mice approximately 21 days following injection. In 

contrast, cells exposed ex vivo to SPK111 did not cause measurable disease in five of six 

animals during the 60 days of observation (Figure 15).  

  Similarly, 2X10
6 

MV4-11 cells that express luciferase were cultured for 24 h in 

the presence of 37.5µg/ml SPK111 or vehicle control. The entire cell suspension was 

then injected into the tail veins of sub-lethally irradiated NSG mice. Luminescence at 

various time points is depicted and shows that the treated cells fail to establish leukemia 

(Figure 16).  

 

Establishment of  ELISA to determine serum SPK111 concentration 

SPK111 treatment leads to decreased viability of leukemic cells in vitro (Figure 9). 

However, it has little effect on  mice engrafted with MLL leukemic cell lines. One 

possibile reason for in vivo ineffectiveness is a low serum concentration. We established 

a direct ELISA  to determine the levels of SPK111 in the serum after subcutaneous 

injections. Dot blot analysis confirmed that the anti-rabbit polyclonal antibody generated 

by New England Peptide Incorporated  binds  to SPK111. Further, several variations of  

buffer and  incubation times were tried in order to establish a standard curve of SPK111 

for ELISA estitmation. The concentration range of the established standard curve was 

1.87µg/ml to 37.5µg/ml (Figure 17). From cell viability assays (Figure 9), the MLL 

leukemia cell lines exhibit sensitivity to SPK111 in the concentration range of 12.5µg/ml-

37.5µg/ml. Hence, we established a standard curve that included this concentration range.  
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Figure 15   SPK111 treated leukemia cells fail to engraft after incubation with 

SPK111 

 

2X10
6 

MOLM13 cells were exposed to 37.5μg/ml SPK111 or 2% DMSO in PBS for 24 

hours in vitro before they were injected into the tail vein of a NOD/SCID mouse. 

Survival was measured from the time of tail vein injection until the development of a 

moribund state. N represents the number of animals in each group and p value was 

calculated using log rank test (prism graph pad software). Median survival is shown. 
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Figure 16  Luciferase expressing MV4-11 cells fail to engraft  after incubation with 

SPK111 

2X10
6
 MV4-11 cells that express luciferase were treated ex vivo with vehicle control (2% 

DMSO in PBS)(A)  or 37.5µg/ml of SPK111(B) for 24 hours before tail vein injection. 

Luminescence is measured following subcutaneous injections of  D-luciferin. The day on 

which luminsescence was measured post tail vein injection is indicated. 
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Figure 17 Quantiative detection of SPK111 using a newly synthesized polyclonal 

anti-SPK111 antibody 

 

(A) A standard curve  of SPK111  was established  by incubating the peptide in FBS and 

0.05% tween and detecting a concentration dependent signal. The signal was detected 

using anti-SPK111 antibody, HRP conjugated secondary antibody and 

tetramethylbenzidine (TMB)/peroxide based colorimetry detection. Error bars represent 

standard deviation of triplicate wells. (B) C57BL/6 mice were subcutaneously injected 

with 50mg/kg of SPK111. Whole blood was collected by heart puncture at 1 hour and 3 

hours (C) after administration of the peptide. 100 µl of serum obtained after clotting 

whole blood was loaded into the wells of a 96 wells plate along with standards and 

processed. The measured negative value in the samples suggests the absence of SPK111 

in the serum 
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Using this assay, we performed a set of kinetic experiments. C57BL/6 mice were 

subcutaneously injected with 50mg/kg of SPK111 and its levels in the serum were 

determined by ELISA, 1 h and 3 h after subcutaneous injection. As shown in figure 17, 

we could not detect the presence of SPK111 in the serum of the subcutaneously injected 

mice at any time point. The implications of these results are further considered in the 

discussion. 

   

Discussion 

 Therapy related MLL rearrangements and infants diagnosed with MLL fusion 

bearing leukemias have a particularly poor prognosis.  Hence effective therapies that 

target the aberrant molecular mechanisms harnessed by the MLL rearrangements need to 

be developed. Our laboratory has previously established that the AF4-AF9 protein-

protein interaction is important to sustain the viability of MLL fusion carrying leukemic 

cell lines. Disruption of this interaction on exposure to PFWT, an AF4 mimetic peptide 

reduced the viability of the leukemic cell lines in vitro (Srinivasan et al., 2004a). We 

further modified this peptide to possibly increase its in vivo stability. Discussed here are 

the results of the experiments performed to test the efficacy of the modified AF4 mimetic 

peptide SPK111. 

 Exposure to increasing concentrations of the SPK111 peptide effectively 

decreases the viability of MV4-11 (MLL-AF4), MOLM13 (MLL-AF9), and KOPN8 

(MLL-ENL) leukemia cells carrying MLL-fusions (Figure 9). SPK110 is a control 

peptide with a single amino acid ornithine substituted with aspartic acid. Exposure to 
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SPK110 does not lead to a similar decrease in viability suggesting that the observed 

effects are specific to SPK111 (Figure9). Moreover, MLL-fusion carrying leukemia cells 

exhibit greater sensitivity to the peptide compared to the non MLL rearranged leukemia 

cell lines such as  K562 (BCR-ABL), Reh (TEL-ETV6) and MOLT4 (p53 mutant, T 

lymphoblast) (Figure 9). This therapeutic specificity is attributed to the dependence of 

MLL fusions on the super elongation complex (SEC).  

 The most frequently occurring MLL fusion partners ELL,AF4, AF9 and ENL are 

components of the SEC (Mohan et al., 2010b). The MLL fusions function as 

oncoproteins by recruiting the SEC due to protein-protein interaction (Bitoun et al., 

2007a; Mueller et al., 2009; Yokoyama et al., 2010). The recruited SEC promotes ectopic 

expression of genes required to sustain leukemia. SPK111 was designed to inhibit the 

AF4-AF9 interaction, which is a part of the SEC. In chapter 3, we demonstrate that 

SPK111 effectively decreases the AF4-AF9 interaction and reduces the activity of the 

SEC. Hence, we attribute the observed specific sensitivity of MLL leukemia cells to the 

disruption of SEC integrity by SPK111. Leukemic cell lines with wild type MLL do not 

depend on SEC and hence exhibit less or no sensitivity to the peptide.  

 The observed sensitivity to the peptide cannot be attributed to a difference in 

uptake of the peptide between different cell lines. The Tat transduction sequence is 

known to transport short peptides similar to the AF4 mimetic peptide across the plasma 

membrane in an energy independent manner (Tunnemann et al., 2006). As this occurs by 

passive diffusion, it is less likely that SPK111 uptake varies between different leukemic 

cell lines.  
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In order to further test the efficacy of SPK111 in vitro, we generated xenografted 

mice. Non obese diabetic severe combined immunodeficiency (NOD/SCID) mice were 

sub-lethally irradiated with 250cGy of whole body radiation prior to transplant. Sub-

lethal irradiation leads to a decrease in bone marrow density permitting an enhanced 

long-term xenograft (Andrade et al., 2011). Using tail vein injections, we established 

xenografted mice carrying MOML13 or KOPN8 leukemia (Appendix Figure 30). Similar 

attempts to transplant K562 in NOD-SCID mice did not result in xenografts. (Appendix 

Figure 31). Previous studies in literature describe orthotopic xenografts of K562 cells in 

immunocompromised mice. However, disseminated K562 xenografts are not described 

(Ren et al., 2010; Yu et al., 2006). It is possible that the grafted K562 human leukemic 

cell lines do not survive in the hematopoietic environment of the murine system. It is 

known that human hematopoietic cells are less responsive to murine GM-CSF and IL-3 

cytokines. This effect may play a role in failure to form a disseminated graft (Auffray et 

al., 1994; Drake et al., 2012). Also attempts to xenograft leukemic cells by retro-orbital 

injection did not yield a robust xenograft due to technical failure (data not shown).  

The established MOLM13 and KOPN8 xenografted mice were used in subsequent 

independent experiments to test the effect of SPK111 administration on survival. 

Identification of human CD45 antigen using immunolabeling and flow analysis from the 

whole blood of the grafted mice was used to confirm the presence of the graft at the end 

of each survival experiment (data not shown).  The parameters varied for these 

experiments include the amount of (drug) SPK111 administered, the number of doses 

administered, and the time point at which the first dose was administered. Neither 
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treatment with 25mg/kg for prolonged period of time ( 10-12 doses) nor treatment with  a 

larger dose of 37.5mg/kg  (5 doses) significantly improved the survival of KOPN8 or 

MOLM13 xenografted mice (Figure 10 and 12).  

We observed skin lesions with 25mg/kg SPK111 injections which worsened with 

increased dose of 37.5mg/kg. These lesions raised the possibility of secondary infections 

and hence limited the amount of peptide that could be administered in a single dose. In 

chapter 3, we show that SPK111 induces necrosis of leukemic cells (Figure 18). Hence it 

is possible that the administered SPK111 induces necrosis at the site of injection. To 

circumvent the problem of skin toxicity, in one experiment we administered 50 mg/kg of 

SPK111 by intraperitoneal injections. However, the intraperitoneal injections of the drug 

were not well tolerated by the mice resulting in death of the mice and termination of the 

experiment. SPK111 was also administered two days after transplant, when leukemic 

burden is presumed to be low. However, this strategy did not result in improved survival 

of xenografted mice (Figure 11).   

The lack of activity of peptide administration in vivo is in direct contrast to 

decreased viability of leukemic cells seen in vitro. Several parameters such as the serum 

levels of a drug and its rate of clearance from the system impact its in vivo efficacy (Lin, 

2009). We designed an enzyme linked immunosorbent assay (ELISA) to test the serum 

levels of SPK111 at various time points after subcutaneous injections (Figure 17). 

However, we could not detect its presence in the serum 1 hour and 3 hours after 50mg/kg 

subcutaneous injection (Figure 17). This suggests that the peptide does not distribute 

evenly throughout the body or does not enter systemic circulation or is cleared rapidly. 
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Alternatively, the protein transduction domain tagged to the N-terminus of the peptide 

could result in higher intracellular accumulation and hence its presence could not be 

detected in the serum samples or it could be rapidly degraded by proteases. Further 

testing of whole blood cell lysate and organ homogenates such as skin from the site of 

injection, kidney and liver after SPK111 administration will help determine how SPK111 

is distributed in the murine system. Fluorophore labeled SPK111 can be synthesized to 

monitor its dynamic distribution in mice (Vasquez et al., 2011). Knowledge of dynamic 

distribution can help guide better dosing strategies for effective treatment.  

AF9 is highly expressed in hematopoietic stem cells. A shRNA mediated 

knockdown of AF9 in cord blood derived lineage-negative-multipotent-hematopoietic-

progenitor cells results in decreased erythrocyte colony formation (Pina et al., 2008). In 

contrast, overexpression of AF9 in the same cells results in increased erythrocyte and 

megakaryocyte colonies with a corresponding decrease in granulocyte and monocyte 

precursors (Pina et al., 2008). As SPK111 is an AF4 mimetic peptide that binds to the 

AF9-carboxyl terminus and blocks its activity, we tested its effect on normal 

hematopoiesis in C57BL/6 mice. These mice were subcutaneously injected with 

50mg/kg/day of SPK111 for five consecutive days. This dose corresponds to the 

maximum dose of SPK111 we used in our survival experiments. Seven days after 

SPK111 treatment; we did not observe much effect on the total white blood count, 

platelet count and the hemoglobin content in the whole blood samples collected from the 

treated mice (Figure13). Further, a comparison of cells derived from the bone marrow of 

SPK111, SPK110 and vehicle treated mice showed no significant changes in the number 



   73 
 

 
 

of cells expressing CD41, a multipotent hematopoietic precursor and megakaryocyte 

marker. The increased variability seen in Ter119 expressing cells is a possible effect of 

an excessive lysis by the RBC lysing buffer (Figure14). A two fold increase in Gr-1, a 

marker of myeloid precursors, is seen in both SPK110 and SPK111 treated cells. This 

suggests that the observed increase in myeloid population is based on the entire sequence 

of the peptide and does not represent the effect of the charged interaction of ornithine on 

SPK111.  A future study using a large number of animals needs to be performed to 

determine if both the active and the mutant peptide induce changes in the myeloid 

lineage. 

 In humans, autologous transplant of hematopoietic stem cells is perfomed after a 

high dose of radiation. Purging of cancer cell with drugs like 4-

hydroperoxycyclophosphamide or using cancer cell specific antibodies prior to 

autologous transplant is a therapeutic strategy under study  (Kasamon et al., 2011; 

Selvaggi et al., 1994; Yeager et al., 1986). We determined if SPK111 can be used for 

purging of leukemic cells ex vivo prior to autologous transplant. Treatment of MOLM13 

and luciferase expressing MV4-11 cells in vitro before tail vein injection leads to a failure 

in establishment of leukemia in the grafted mice (Figure 15 and 16).  Hence, there is the 

possibility of using SPK111 to “purge” bone marrow prior to autologous transplantations. 

This purging treatment will decrease or preferably eliminate the incidence of minimal 

residual disease present in the transplant sample, thereby preventing a relapse after 

transplant. Several studies on leukemic initiating cells have been performed by ex vivo 

exposure of leukemic cells to experimental drugs prior to transplant. The drug is 

http://www.ncbi.nlm.nih.gov/pubmed/20655387
http://www.ncbi.nlm.nih.gov/pubmed/20655387
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considered effective if the exposed cells fail to transplant (Diamanti et al., 2013). The 

failure of   SPK111 exposed MOLM13 and MV4-11 cells to establish xenografts, 

suggests that the peptide effectively eliminates leukemia initiating cells.   
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CHAPTER 3

WORKING MECHANISMS OF SPK111 

Abstract 

 SPK111 is an AF4 mimetic peptide, designed to inhibit AF4-AF9 interaction. 

AF4-AF9 is a part of the super elongation complex whose activity is required to sustain 

MLL mediated leukemogenesis. Hence, inhibition of this interaction may be of 

therapeutic value for MLL leukemia.  Here, we demonstrate that MLL leukemic cell lines 

undergo necrotic cell death on treatment with SPK111. Further, we show that SPK111 

inhibits the AF4-AF9 interaction using co-immunoprecipitation experiments. Incubation 

with SPK111 also leads to a decrease in the activity of the super elongation complex 

dependent luciferase reporter. Further, we observe a decreased stability of RPB1, the 

largest subunit of RNA polymerase II on incubation with SPK111. This is consistent with 

the known degradation of RPB1 due to irreversible stalling of RNA polymerase II under 

conditions of cellular stress. Based on the results described in this chapter, we conclude 

that SPK111 inhibits AF4-AF9 interaction which leads to decreased SEC activity.  

 

Introduction  

          The super elongation complex (SEC) promotes productive elongation of genes at 

which RNA polymerase II pauses thirty to forty base pairs from the transcriptional start 

site. This type of regulation promotes rapid induction of genes such as heat shock genes, 
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serum-inducible genes, and also facilitates synchronous induction of developmental 

genes (Fuda et al., 2009; Gilmour, 2009).  

 The constituent proteins of the SEC are  the ALF family of proteins (AF4/AF5),  

the ELL family of proteins (ELL1/2), the YEATS domain-containing proteins 

(AF9/ENL) and the positive transcription elongation factor b (PTEFb)(Lin et al., 2010a). 

AF4 and AF5 of the ALF family form heterodimers. They functions as a central scaffold 

for the assembly of the SEC. Deletion mapping of AF5 suggests that it directly binds 

Cyclin T1, ELL1/2 and AF9/ENL through distinct domains (Chou et al., 2013). ELL and 

AF9 independently associate with PAFc which mediates the interaction of SEC with 

RNA polymerase II (Chou et al., 2013; He et al., 2011).  PTEFb, another component of 

SEC, is a dimer of cyclin dependent kinase 9 (CDK9) and cyclinT1. It phosphorylates the 

Serine 2 residue of the heptameter repeats found within the C-terminal domain of RPB1, 

the largest subunit of RNA polymerase II, and also phosphorylates two negative 

transcription elongation factors, DSIF and NELF. These phosphorylation events permit 

dissociation of the negative transcriptional elongation factors and productive transcription 

of genes with paused RNA polymerase II (Isel and Karn, 1999; Peterlin and Price, 2006).  

 Under physiological conditions, specific interactions with transcription factors or 

transcriptional co-activators lead to the recruitment of the SEC.  Retinoic acid receptor 

complex is a transcription factor that leads to the recruitment of SEC to 

Hoxa1, Cdx1 and Cyp26a genes to promote neuronal differentiation (Lin et al., 2011). 

Further, ELL which is a part of the SEC is known to interact with the mediator complex. 

The mediator complex is a transcription co-activator and plays a role in recruitment of 
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SEC on transcriptionally paused genes. Knock down of MED26, a component of the 

mediator complex, leads to decreased presence of SEC components on the transcribed 

regions of Hsp70 and the MYC genes (Dawson et al., 2011; Takahashi et al., 2011). 

 The SEC also plays are role in HIV pathogenesis. The basal transcription of HIV 

genome is dependent on SEC. However, this transcription is inefficient due to the liable 

nature of ELL2, a component of SEC. During productive elongation, the viral Tat protein 

recruits more ELL2 and PTEFb to its long terminal repeat (LTR). The association of 

ELL2 with active PTEFb increases its half-life and accelerates the transcription of the 

provirus (He et al., 2010).  

  In addition to their role in HIV, the SEC proteins are found as fusion partners of 

MLL. They aberrantly recruit the SEC through protein-protein interaction, resulting in 

deregulated transcriptional elongation of genes required to promote leukemogenesis 

(Yokoyama et al., 2010). Further, the N-terminal MLL domain of the MLL fusions 

interacts with  RNA polymerase associated factor c ( PAFc), which in turn interacts with 

the yeats domain of AF9 or ENL and recruits the SEC (He et al., 2010). It has been 

shown that the Bromodomain 4 (Brd4) protein that binds acetylated histones can  also 

recruit SEC. Uncoupling of the transcription elongation from acetylated histones by small 

molecule inhibitors that block the acetyl binding by Brd4 inhibits MLL leukemogenesis 

(Dawson et al., 2011; He et al., 2010). 

 Thus the recruitment of the SEC either by Brd4 or MLL-N terminal or by the 

fusion partner (AF4, AF9, ENL and ELL) is required for leukemia. In this chapter, we 

explore the possibility of inhibiting the SEC activity by competitively inhibiting the 
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interaction between AF4 and AF9, two of its constituent proteins using the AF4 mimetic 

peptide SPK111.  

 

Materials and Methods 

Annexin V and Ethidium Bromide staining 

BD Pharmigen Annexin staining kit (# 559763) was used for these experiments.  One 

million MOLM13 and MOLT4 cells were treated with 25µg/ml SPK111 or 25µg/ml 

SPK110 or DMSO for 6 hours. Cells were then washed in ice cold PBS and suspended in 

100µl 1X binding buffer (0.1M Hepes pH 7.4, 1.4M NaCl, 25mM CaCl2). 7-AAD (5 µL) 

and PE annexin V (5 µL) were added to the cell suspension and incubated for 15 minutes 

in the dark at room temperature, followed by detection of labeled cells within 1 h on a 

BD Canto II flow cytometer. Analysis of data was done using the Flow Jo 2.0 software.  

 

Electron Microscopy 

MOLM13 cells were exposed to 25µg/ml SPK111 or SPK110 or DMSO for 6h and 24 h. 

After treatment, the cells were collected by centrifugation and suspended in 3 % 

glutaraldehyde prepared in 0.1 M sodium cacodylate buffer. Cells were then treated with 

1% osmium tetroxide, dehydrated, embedded in resin and sectioned.  Ultra-thin sections 

were then stained with aqueous solutions of uranyl acetate (2%) for 10 mins and lead 

citrate (0.3%) for 5 min, and digitally photographed using a Hitach H600, transmission 

electron microscope. 
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Western blot analysis of RNA polymerase II protein level 

  For western blot analysis, K562 and MOLM13 cells were treated with 25 µg/ml 

of SPK111 or SPK110 or equal volume of DMSO for 6 h and 24 h. Following incubation, 

cells were lysed in Tris buffer (30 mM Tris pH 7.4, 150mM NaCl, 0.5 % Triton-X 100 

(v/v)) supplemented with 1X protease inhibitor cocktail (Sigma P8340) and 1mM DTT. 

Lysed cells were sonicated. After sonication, the lysate was centrifuged at 4
ο
C to separate 

insoluble debris. The cleared lysate was boiled along with an equal volume of 2X Laemlli 

buffer for 10 mins. Proteins were separated on 8% Tris-acetate gels (Invitrogen), 

transferred to PVDF membranes and probed with anti-RNA pol II clone CTD 4H8 

antibody (Millipore) diluted to 1:2000  and anti-actin (Sigma-A5441) diluted to 1:10,000 

in 5% - milk containing PBS. The signal was detected by chemiluminescence using 

Amersham ECL Plus reagents.  

 

Co-immunoprecipitation  

Co-immunoprecipitation experiments were performed to determine effect of SPK111 on 

the AF4-AF9 interaction. HEK293T cells were transfected with FLAG-AF9 and GFP-

AF4755-777.  The transfected cells were treated with 37.5µg/ml SPK111, SPK110 or 

DMSO for 24 h before they were lysed in Tris buffer (30mM Tris pH7.4, 150mM NaCl, 

0.5% Triton-X 100 (v/v), 1X protease inhibitor cocktail and 1mM DTT) and sonicated. 

The sonicated lysate was centrifuged at 11,000rpm at 4
0
C for 10 mins. 37.5µg/ml 

SPK111, SPK110 or DMSO was added to the cleared cell lysate. After peptide 

incubation for 3h at 40
C, the anti-FLAG M2 agarose beads or isotype control antibody 
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bound agarose was added to immunoprecipitate AF9 associated proteins. The agarose 

bound proteins were washed three times with lysis buffer, suspended in 2X Laemlli 

buffer, boiled and separated by electrophoresis (Invitrogen Nupage SDS 4-12% gradient 

gels). The FLAG-AF9 immunoprecipitate was blotted using anti rabbit polyclonal GFP 

anti body (life technologies # A11122). The expressed Flag AF9 was detected in cell 

lysate using M2 antibody (Sigma #F1804). 

 

Luminescent reporter assay 

HeLa cells were transfected with expression vectors carrying HIV LTR firefly luciferase, 

HIV Tat, and Renilla luciferase (a gift of Dr Andrew Rice, Baylor College of Medicine) 

at a ratio of 15:3:7 weight by weight using Lipofectamine 2000 (Invitrogen). In control 

experiments, we replaced Tat with empty vector. Media was changed after 6-8 hours to 

avoid any lipofectamine-related toxicity. Twenty-four hours after transfection, the cells 

were treated with the indicated concentration of SPK111 or DMSO. After 24 hours of 

treatment, cells were lysed according to the Promega Dual Luciferase Reporter Assay 

protocol (E 1960), and the signal was read using a Veritas 96-well luminescent plate 

reader equipped with a dual auto-injector system. The luminometer was pre-programmed 

to perform injections and to complete sequential readings of both firefly and Renilla 

luciferase reporter activity. Renilla luciferase activity was used to normalize for 

transfection efficiency.  
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Results 

SPK111 induces necrotic cell death  

 The AF4 mimetic peptide, PFWT, has been shown to induce necrosis in MLL 

leukemia cell lines (Palermo et al., 2008). The amino acid sequence of SPK111 peptide is 

the same as PFWT except for the modification of the amino acids to enhance in vivo 

stability (Figure 8).  Hence, SPK111 was predicted to induce necrosis of MLL leukemia 

cell lines. Following exposure to SPK111, the ultra-structural changes observed by 

electron microscopy in MOLM13 cells expressing MLL-AF4 are consistent with necrotic 

cell death. The electron micrograph shows that cell have intact plasma membrane after 

vehicle treatment or treatment with the mutant peptide, SPK110. In contrast, SPK111 

treated cells features of cells undergoing necrosis such as disruption of the plasma 

membrane and release of cellular contents (Figure 18). 

  Annexin V staining is used to detect phosphatidylserine on the outer cell 

membrane which is a distinctive feature of apoptotic cells. This is combined with 7AAD 

staining which stains cells that have lost membrane permeability and hence are no longer 

viable.  A double positive staining with Annexin V and 7AAD with no increase in the 

staining of annexin V alone would indicate that the cells lose viability due to loss of 

membrane permeability.  

 MOLM13 cells that were incubated with 25µg/ml of SPK111 for 6 hours showed 

a 58% increase in double positive stained cells and a small 7% increase of annexin 

stained apoptotic population compared to vehicle (DMSO) treated cells. This indicates 
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that there is loss of membrane permeability following SPK111 treatment (Figure19).  A 

similar exposure of MOLM13 to SPK110, the mutant peptide also leads to a 25 % 

increase in double positive stained cells suggesting that the mutant does retains some 

activity. MOLT4, a T-ALL leukemic cell line expressing wild-type MLL was also 

incubated with SPK111, shows the absence of any staining. This cell line is resistant to 

SPK111 and is used to demonstrate the specificity of the peptide.  

 

 SPK111 inhibits AF4- AF9 interaction 

 The peptide sequence of SPK111 mimics the AF9 binding region of AF4 (Figure 

8). It has been designed to competitively inhibit the AF4-AF9 interaction. Structural 

studies performed by Leach et al suggest that amino acid 761-775 of AF4 interact with 

AF9. Hence we used the GFP tagged fragment of AF4 expressing the amino acids 755-

777 for co-immunoprecipitation experiments.  HEK293T cells were transfected with 

FLAG AF9 and GFPAF4755-777 and exposed to 37.5µg/ml SPK111, 37.5µg/ml SK110 or 

DMSO vehicle control for 24 hours. The GFPAF4755-777 fragment immunoprecipitates 

with FLAGAF9 in the presence of DMSO. The amount of GFPAF4755-777 fragment 

immunoprecipitated by FLAGAF9 decreases on treatment with both the SPK111 and the 

SPK110 peptide. However, the amount of the immunoprecipitated GFPAF4755-777 AF4 in 

the presence of SPK111 is quantitatively lower than the amount precipitated from cells 

treated with SPK110 (Figure 20). This suggests that the peptide inhibits AF4-AF9 

interaction. 
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Figure 18 Necrosis induced by SPK111  

Electron micrograph of the morphological changes in MOLM13 cells treated with 

25µg/ml of SPK111 for 6 hours (A) and 24 hours (B). Vehicle (DMSO) treated and 

mutant peptide treated cells show intact plasma membranes (arrows). SPK111 treatment 

induced necrotic changes include plasma membrane (arrows) disintegration.  
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Figure 19 Loss of membrane integrity on incubation with SPK111  

 (A) Annexin and 7 AAD labeling of MOLM13 (MLL-AF9) and MOLT4 (WT-MLL) 

cells incubated with DMSO or 25 µg/ml of SPK110 or 25 µg/ml SPK111 for 6 hours. 

Double positive staining indicates loss of membrane permeability in MOLM13 cells and 

the absence of staining of SPK111-insensitive MOLT4 cells is used to indicate the 

specificity of the SPK111 peptide. The data is representative of two independent 

experiments. (B) Forward scatter and Side scatter plots are used for gating of cells 

analyzed in A. 
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Exposure to SPK111 decreases SEC dependent transcription  

  Productive transcription of the HIV long terminal repeats (LTR) depends on the 

SEC. The basal transcription of the HIV occurs at a very low rate due to the instability of 

the ELL2 protein, a component of SEC. The ELL2 is a short lived protein that is further 

stabilized through its interaction with active PTEFb. During basal transcription, the levels 

of active PTEFb are low. The viral Trans-activator of transcription protein (Tat) 

overcomes this limitation by recruiting more ELL2 and active PTEFb, resulting in the 

stabilization of ELL2 and faster HIV transcription rates (He et al., 2010; Liu et al., 2012).  

A HIV LTR-driven luciferase reporter was designed to monitor the pro-virus 

transcriptional activity. This reporter plasmid had previously been used to demonstrate 

the efficiency of transcription elongation by the Tat-recruited SEC (Lin et al., 2010b). As 

AF4 and AF9 are the constituent components of the SEC, we hypothesize that inhibition 

of this interaction by the peptide SPK111 will negatively affect the transcriptional 

activity of the viral Tat-recruited SEC. HeLa cells are known to express all the protein 

components of SEC, and hence were used as a model system to test effect of SPK111 on 

HIV LTR reporter activity. Viability assays (data not shown) were performed to test the 

sensitivity of Hela cells to SPK111.  A concentration of SPK111 below 50µg/ml did not 

affect its viability. Hence a concentration range of 25µg/ml to 50µg/ml was used to 

perform assay. HeLa cells were transiently transfected with HIV LTR reporter plasmid 

and Tat or empty vector. As shown in Figure 21, we observe a concentration dependent 

decrease in Tat mediated reporter activity following exposure to SPK111. Further, 
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exposure to SPK111 does not affect the basal transcriptional activity in the absence of 

Tat. This shows that SPK111 impairs Tat recruited SEC transcriptional activity. 

 

SPK111 exposure decreases the stability of RNA polymerase II 

 Phosphorylation of serine 2 on the carboxyl terminal domain of RPB1, the largest 

subunit of RNA polymerase II, is a mark of active transcription catalyzed by PTEFb. As 

hypothesized, if SPK111 treatment disrupts the interaction between SEC component 

proteins AF4 and AF9, then we should detect the changes in serine 2 phosphorylation of 

RPB1. However, we observed an overall decrease in the levels of RPB1 on SPK111 

exposure as illustrated in Figure 22.  Incubation of the sensitive MOLM13 (MLL-AF9) 

cell line with 25µg/ml of SPK111 for 24 hours leads to a decrease in levels of RPB1, the 

largest subunit of RNA polymerase II. This decrease is specific as it is not observed 

following incubation of MOLM13 with SPK110 and on incubation of K562 (WT MLL) 

with SPK111.  These results are further explained in the discussion. 

 

Discussion 

 AF4 and AF9 are among the most common MLL fusion partners (Prasad et al., 

1995). They directly interact with each other and importantly, both the MLL-AF4 and the 

MLL-AF9 fusions retain the domain required for this interaction (Erfurth et al., 2004). 

Further, AF4 and AF9 are a part of the SEC and it is suggested that the misregulated  
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Figure 20 SPK111 inhibits the binding of AF4 and AF9 

HEK293T cells were transiently co-transfected with FLAG-AF9 and GFP-AF4 755-777 and 

incubated with 37.5µg/ml of SPK111 for 24 hours. After treatment, Flag AF9-bound GFP 

AF4 was immunoprecipitated with anti-FLAG antibody bound to agarose and analyzed 

by western blot using anti-GFP antibody. The blot is a representative of two independent 

experiments. 
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Figure 21 Decrease in HIV LTR assay activity on incubation with SPK111  

 Hela cells transiently transfected with plasmids expressing the HIV LTR luciferase 

reporter, Tat/ empty vector, and renilla luciferase are exposed to increasing concentration 

of SPK111 for 24 hours. After incubation luminescence is measured. The measured 

luminescence of the reporter is normalized to the luminescence of the co-transfected 

renilla luciferase. Error bars indicate standard deviation of triplicate wells. * indicates p 

values <0.05 using a two tailed student t-test. Figure is representative of three 

independent experiments.  
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Figure 22 SPK111 exposures leads to decrease in RPB1 stability  

MOLM13 and K562 cells are treated with 25ug/ml SPK111 for 6 hours and 24 hours. 

After treatment, cells are lysed and RPB1 levels are determined by western blot. Actin is 

used as loading control. A decrease in the level of RPB1 is observed after 24 hours in 

MOLM13 cells indicated by the *. The figure is representative of two independent 

experiments.  
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activity of the SEC leads to MLL leukemogenesis (Mueller et al., 2009). Hence, targeting 

of the AF4-AF9 interaction may lead to decreases in the activity of abnormal SEC. 

  SPK111 mimics the AF9 binding domain of AF4 which spans the amino acids 

759 to 771. Hence, the peptide should competitively inhibit the coimmunoprecipitation of 

the FLAGAF9 and GFPAF4 755-777. Results shown in figure 20 confirm that the presence 

of SPK111 displaces the AF4-AF9 interaction (Figure 20). Structural analysis of the 

AF4-AF9 interaction performed by Leach et al suggests a charged interaction between 

AF4 lysine 764 and glutamic acid 544 of AF9.  The positive charged lysine 764 is 

replaced by the amino acid ornithine in SPK111 peptide. Ornithine has a higher pKa than 

lysine and hence forms a stronger salt bridge interaction with AF9 that competitively 

inhibits the interaction with endogenous AF4.  

 The amino acid sequence of the mutant peptide SPK110 is the same as SPK111 

except for the substitution of positively charged ornithine with negatively charged 

glutamic acid. This glutamic acid repels the complementary negative charge in AF9. 

Thus, it is less likely to interfere with endogenous AF4 and AF9 electrostatic interaction. 

However, SPK110 exposure also leads to a decrease in AF4 coimmunoprecipitated with 

AF9. This decrease is quantitatively smaller compared to SPK111 (Figure 20). The 

structural studies of AF4-AF9 interaction performed by Leach et al., 2012 suggests that 

the AF4 residues 761-775 are structurally ordered in AF4-AF9 complex. In addition to 

the described electrostatic interaction, several hydrophobic interactions stabilize AF4-

AF9 interactions. These include valine at position 763 and isoleucine at position 765 that 

are adjacent to charged lysine 764. Hence, it may be possible that SPK110 acts as 
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competitive inhibitor for hydrophobic interactions due to which it displaces the AF4-AF9 

interaction to some extent. Future competitive inhibition studies using charged mutants of 

AF4 at 763 and 765 and at amino acids 771-775 will help determine the importance of 

this hydrophobic interaction. 

  AF4 and AF9 individually have several biological functions. However, their 

interaction together has only been described as a part of the SEC. Biswas et al have 

shown that AF9 mutations that selectively reduce AF4-PTEFb interaction decrease the 

expression of MLL and MLL fusion target gene  HOXA9. Our data shows a decrease in 

Tat recruited SEC-driven transcription following SPK111 exposure as measured by HIV 

LTR reporter assay (Figure 21). This suggests that displacement of the AF4-AF9 

interaction reduces the transcriptional activity of SEC.  

RPB1 is the largest protein subunit of RNA polymerase II. During 

transcriptionally coupled DNA repair, RNA polymerase is paused at the site of DNA 

lesions. If the DNA repair mechanism fails to repair the lesion, then RPB1 is degraded. 

This degradation is also observed on treatment with α-amanatin which is a specific 

irreversible inhibitor of RNA polymerase II (Wilson et al., 2013). We found that the 

levels of RPB1, the largest subunit of RNA polymerase II decrease after 24 hours of 

exposure to SPK111 in MOLM13 cell line (Figure 22). This degradation is specific as it 

does not occur in the less sensitive K562 cells.  This suggests that targeting the AF4-AF9 

with SPK111 may lead to irreversible stalling of the SEC, promoting the instability of the 

stalled RNA polymerase II.  
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 Our laboratory had previously established that the AF4 mimetic peptide PFWT 

induces necrotic cell death (Palermo et al., 2008). The SPK111 synthetic peptide is based 

on the same sequence as PFWT, hence it should also induce necrotic cell death. As 

shown in Figure 18, SPK111-treated MOLM13 (MLL-AF9) cells show enlargement of 

cells, loss of membrane integrity and spillage of cytoplasmic content into the 

extracellular matrix, all distinctive features of necrosis. 

  The absence of increase in annexin V positive and 7AAD negative staining upon 

SPK111 treatment of MOLM13 cells excludes apoptosis induction by the peptide (Figure 

19). However, double positive staining suggests that the peptide induces loss of 

membrane permeability. Upon exposure of MOLM13 to SPK110, the mutant peptide also 

exhibits a 20% increase in double positive stained cells. As discussed earlier, SPK110 

may disrupt the hydrophobic interaction between AF4 and AF9 and hence inhibit the 

AF4-AF9 interaction but to a lesser extent.  

  Previous studies performed to determine the mechanism of necrotic cell death 

induced by the AF4 mimetic peptide PFWT have ruled out tumor necrosis factor (TNF) 

activation, reactive oxygen species (ROS) production, a decrease in ATP production, the 

necroptotic pathway, and the lysosomal calpain-cathepsin pathway as modes of necrosis. 

Further, the same studies suggest specific loss of plasma membrane integrity and 

disruption of filamentous actin in MLL leukemic cell lines to be the cause of AF4 

mimetic peptide induced cell death (Amanda Winters, dissertation). The possibility of a 

decrease in actin cytoskeletal stability following PFWT treatment was investigated and is 

further discussed in chapter 1V.  
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CHAPTER 4

THE EFFECT OF THE AF4 MIMETIC PEPTIDE, PFWT ON THE PROTEIN AF9 

AND THE STABILITY OF THE ACTIN CYTOSKELETON 

 

Abstract 

 The AF4 mimetic peptide PFWT was shown to selectively reduce the viability of 

MLL leukemia cell lines. Previous studies performed to identify its mode of action show 

that it induces an irreversible increase in membrane permeability. The induced 

permeability was shown to coincide with an increase in monomeric actin (G-actin) and a 

corresponding decrease in filamentous actin (F-actin) by fluorescent microscopy 

(Amanda Winters, dissertation). Hence, we performed further studies to determine the 

effect of PFWT exposure on the actin cytoskeleton. The ultracentrifugation sedimentation 

and flow cytometry analysis presented in this chapter show no significant changes in F-

actin after PFWT treatment. Importantly, pre-treatment with actin stabilizing drugs fail to 

protect against PFWT induced cell death. Thus, we conclude that actin destabilization is 

not the primary cause of PFWT induced cell death.  

   Previous studies had also identified a 10 kDa increase in the molecular weight of 

AF9 after PFWT treatment. Hence, we explored the possibility that AF9 is 

posttranslationally modified by ubiquitination or O-glycosylation.  However, our results 

failed to detect these modifications. Finally, multiple putative phosphorylation sites and a 

possible acetylation site were identified by mass spectrometry analysis.   
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Introduction 

Actin cytoskeleton 

 Actin exists in two principal forms, globular monomeric actin (G-actin) and 

filamentous polymeric actin (F-actin). F-actin is a dynamic polymer. It has a fast growing 

end also known as barbed end where ATP bound actin monomers are rapidly added to 

elongate the polymer. Opposite the barbed end is the pointed end where the rate of 

monomer addition is very slow. Due to hydrolysis of ATP, the ADP bound actin 

dissociates leading to break down of F-actin. Under steady state, the rate of association of 

ATP-actin and the rate of dissociation of ADP-actin are in equilibrium. This equilibrium 

is known as actin treadmilling (Wanger et al., 1985). During actin polymerization the 

equilibrium shifts in favor of ATP-actin association and during de-polymerization it 

shifts in favor of ADP-actin dissociation.  

 Actin binding proteins promote either polymerization or the depolymerization of 

F-actin. The protein profilin preferentially binds to ATP-actin, stabilizes it and 

accelerates polymerization (Carlsson et al., 1977). In contrast, the protein cofilin binds 

both forms of actin and functions to sever filaments into short fragments and promotes 

subunit loss from the pointed ends. Some proteins like thymosin sequester the ATP 

bound monomeric actin and then release it on an appropriate signal for actin 

polymerization (Irobi et al., 2004). Several naturally occurring small molecules also bind 

to actin and alter its dynamics. These include Phalloidin and Latrunculin A. Phalloidin is 

a heptapeptide toxin derived from mushrooms. It inhibits F-actin depolymerization by 

binding adjacent actin subunits, locking them together and preventing dissociation. 
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Latrunculin A is a toxin derived from sponge that promotes actin depolymerization. It 

irreversibly binds ADP actin monomers and inhibits adenine nucleotide exchange leading 

to a decrease in the concentration of ATP bound actin monomers that can be 

polymerized. This shifts the actin dynamics in favor of depolymerization (Morton et al., 

2000; Yarmola et al., 2000).  

  Functionally, actin plays a role in cytoplasmic process such as cell motility, 

endosome trafficking, scaffolding and in nuclear processes like chromatin remodeling, 

transcription and RNA splicing. Nuclear actin is required for efficient transcription by 

RNA polymerase I, II and III (Hofmann et al., 2004; Hu et al., 2004; Philimonenko et al., 

2004). Actin associates with RNA polymerase II C-terminus domain via actin binding 

protein N-WASP which polymerizes actin to establish a scaffold to organize protein-

protein interactions (Wu et al., 2006).   

  The actin cytoskeleton also participates in programmed cell death. A drop in 

cellular ATP levels during ischemia or mitochondrial damage results in depletion of the 

ATP bound actin monomers preventing actin polymerization. This eventually results in 

cell death due to diminished cytoskeletal rearrangement capacity (Atkinson et al., 2004). 

Further, actin plays a modulatory role in JNK and NF-κB signaling which participates in 

cell death programs (Papakonstanti and Stournaras, 2008). Genetic studies have also 

identified a role for actin in necrosis. Disruption of the β-actin gene by retroviral 

insertion, decreases β-actin protein levels, and prevents perinuclear aggregation of 

mitochondria and reactive oxygen species production in TNF-treated fibrosarcoma cells 

preventing necrosis (Kim et al., 2003; Li et al., 2004). In summary, the actin cytoskeleton 
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can lead to cell death either by compromise of cytoskeleton dynamics or by modulation 

of signaling pathways. Previous studies of PFWT treated cells showed an absence of 

apoptotic and necrotic markers. In this chapter we examine the effect of the PFWT 

peptide on F-actin dynamics.  

 

Post translational modifications of nuclear factors.  

 We observed an approximately 10 kDa addition to the molecular weight of AF9 

following PFWT treatment. Cellular fractionation determined that the modified AF9 

localized to the nuclear compartment. O-glycosylation and ubiquitination are known to 

increase the apparent molecular weight of a protein in the range of 7-10 kDa and occur on 

nuclear transcription factors; hence we tested for these modifications. They are briefly 

reviewed here.  

 A sugar molecule named N-acetylglucosamine, when added to serine or threonine 

residues of the target protein, results in O-glycosylation. This sugar residue is added by 

the enzyme O-GlcNAc transferase (OGT) and it can be easily reversed by the activity of 

hexosaminidase called OGlcNAcase (Wells and Hart, 2003). Generally, transmembrane 

proteins are glycosylated on their extracellular domain or secreted proteins are 

glycosylated to increase their solubility. However the transmembrane and extracellular 

proteins carry a different form of glycosylation called N-glycosylation and typically have 

multiple sugar residues attached as a modification. O-glycosylation on the other hand is 

attachment of a single N-acetylglucosamine residue. It is found on cytosolic proteins and 

nuclear transcription factors including Oct-1, c-Myc, and p53. The transcription factors 
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Stat5 and Pax6 are O-glycosylated in the nucleus, and this modification restricts them to 

the nuclear compartment (Guinez et al., 2005).  

 Another modification found on transcription factors is monoubiquitin. It mediates 

nuclear transport, transcriptional activity, and protein-protein interaction. The well-

known tumor suppressor, Phosphatase and tensin homolog on chromosome ten (PTEN) 

requires monoubiquitination for nuclear import (Trotman et al., 2007). In contrast, 

monoubiquitination of p53 signals its nuclear export (Nie et al., 2007).  

In many transcription factors such as Myc, Jun and Fos, the transcriptional 

activation domain overlaps with sequences that promote rapid proteasomal degradation 

(degrons). Deletion of the transcription specific ubiquitin ligase (E3) blocks 

transcriptional activation. But, fusion of a single ubiquitin moiety to the transcription 

factor restores the normal transactivation without degradation (Muratani and Tansey, 

2003; Salghetti et al., 2000). However, there are also examples of transcription factors 

such as Tax, where monoubiqutination reduces transcriptional activity without proteolytic 

degradation (Peloponese et al., 2004). Hence both monoubiqutination and O-

glycosylation are important modifications found on transcription factors that play a role 

in localizing the transcription factor to the nucleus and regulating its transcriptional 

activity.  
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Materials and Methods 

Flow cytometry analysis of filamentous actin content 

 MV4-11 cells (1 X 10
6
 per ml) were suspended and treated with 25µg/ ml of 

PFWT, 25µg/ ml  PFmut and vehicle control (DMSO) for 1hour. Following incubation, 

cells were rinsed with PBS and fixed with 3.4% paraformaldehyde in PBS for 15 minutes 

at room temperature. The fixed cells were rinsed in PBS and permeablized with 0.1% 

triton-x 100 in PBS for 10 minutes, then blocked with 2% BSA in PBS and stained with 

1:40 diluted Phalloidin alexa488 for 15 minutes in the dark to stain filamentous actin. 

After incubation with Phalloidin the cells were washed twice with 2% FCS in PBS, re-

suspended in the same, and analyzed on the BD Canto II flow cytometer to determine the 

filamentous actin content.   

 

Ultracentrifugation assay  

            MV4-11 cells were treated with 25µg/ml of PFWT, 25µg/ml PFmut, and vehicle 

control (DMSO) for 1hour. As a positive control for actin depolymerization, MV4-11 

cells were treated with 0.2µg/ml Latrunculin A (0.5µM) for 20minutes. Following this, 

cells were lysed in lysis and actin stabilization buffer, LAS buffer (# LAS01. 

Cytoskeleton, Denver, CO). The lysate was centrifuged at 2000 rpm to pellet any unlysed 

cells. The supernatant was spun in an ultracentrifuge at 100,000g at 4
0
C. After 

ultracentrifugation, the supernatant containing G-actin was stored on ice. The F-actin in 

the collected pellet was depolymerized for an hour on ice by addition of 10 nm 
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Cytochalasin D in milli-Q water. The volume of depolymerization solution in which F-

actin is dissolved was equal to the volume of the supernatant containing G-actin.  20µl of 

F and G actin containing solution was added to 2X sample buffer and run on 8-12% 

NuPAGE gel (Invitrogen). The gel was transferred to a nitrocellulose blot. The blot was 

developed using antibody to actin (Sigma # A5441). Quantification of actin was 

performed using image J.   

 

Phalloidin protection assay 

 MV4-11 cells were treated with 2.5 µM phalloidin oleate 1 hour  prior to being 

exposed to 25µg/ ml of PFWT, 25µg/ ml PFmut, and vehicle control (DMSO) for 1hour.  

Viability was assessed using cell titer glow assay as described in chapter 2.   

 

Production of lentivirus 

 The lentivirus expression vectors CSIEmMLLT3, LLXshMLLT3 and CSIEm 

encoding for AF9, shRNA to AF9 and empty vector respectively have previously been 

described in Pina et al., 2008. In addition to expression of AF9, these lentivirus vectors 

also encode Green Flourscent Protein (GFP) which can be used for selection of the 

transduced cells. The lentivirus stocks of these three expression vectors were produced 

using Virapower lentivirus packaging mix and the 293FT cell line according to the 

manufacturer's protocol (Invitrogen, Carlsbad, CA). The stocks were stored at –80°C. 
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The titer of the lentivirus for each batch of stock was determined by Lenti-X GoStix 

(Clontech) using manufacturer's protocol.  

 

Lentivirus transduction of cell line and selection by flow cytometry 

 For lentiviral transduction, 100,000 MV4–11 or K562 leukemia cells were mixed 

with 8μg/ml polybrene, lentivirus particles (Multiplicity of infection 50) in RPM1640 

medium without FBS. This mix was centrifuged at 2000 RPM for 2 hours at 32° C. After 

centrifugation, the spinoculated mix was incubated for an additional 4 hours at 37
ο 

C.  

Following incubation, the cells were plated in 100 μl of RPMI 1640 media supplemented 

with 10% FBS and 5 ng/ml of recombinant GM-CSF (peprotech).  These transduced cells 

were sorted for EGFP expression 7 days post transduction using fluorescent activated cell 

sorter (BD FACS ARIA).   

 

SDS PAGE and western blot 

 Cells were lysed in lysis buffer (50 mM Tris, 150 mM NaCl, 0.25% SDS and 

protease inhibitor). The lysate was mixed with Laemmli buffer and boiled for 5 minutes 

before loading onto 4-12% Bis-Tris gradient gels (Invitrogen) for separation of proteins 

by electrophoresis. The separated proteins were transferred to nitrocellulose membranes, 

blocked in 5% milk in PBS, and incubated overnight with primary antibodies for AF9 

(Novus biologicals NB-1566) at 1:1000 dilution, and actin (Sigma A5441) at 1:4000 

dilution. Incubations with HRP-conjugated secondary antibodies were done at room 
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temperature for 1hour. The chemiluminescence signal was developed using ECL Plus 

detection kit (Amersham) or Dura Supersignal (Fisher).   

 

Cellular fractionation 

 K562 (1X10
6
) transduced with AF9 (modified K562) were washed in PBS, and 

lysed in 100 µL hypotonic lysis buffer (10 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, pH 

7.9) at 4°C supplemented with 1 mM DTT, protease inhibitor (Sigma P8340), and 

phosphatase inhibitor (Sigma P0044). After incubation for 15 minutes on ice, NP-40 was 

added to a final concentration of 0.6% and samples were vortexed. Following vortexing, 

the cells were centrifuged at 11,000 rpm for 10 minutes at 4°C to pellet the nuclei. The 

supernatants containing cytoplasmic fraction were transferred to separate tubes, and 

nuclei were washed with excess hypotonic lysis buffer (11,000 rpm x 5 minutes at 4°C).  

Laemmli buffer was added to both nuclear and cytoplasmic fractions (100 µL each). 

 

Sample preparation for mass spectroscopy 

  For initial mass spectroscopy samples, endogenous AF9 was immunoprecipitated  

(3 immunoprecipitation reactions were combined, each reaction used 2 ug of novus 1566 

antibody for immunoprecipitation from a  cell lysate of  10
7 

MV4-11 cells) and separated 

on 4-12 % Bis-Tris gradient gel (Invitrogen). The gel was fixed using coomassie fix 

solution (45% methanol and 1% acetic acid) for 1 hour and then stained with colloidal 

coomassie reagent (170 grams ammonium sulfate, 1g coomassie G250, 5 mL acetic acid 

and 450 mL methanol per liter) for 2-4 hours. This was followed by 3 washes of ultra-



105 
 

 
 

pure water. Using a clean scalpel, bands corresponding to 62 kDa AF9 and 58 kDa AF9 

were cut out and placed in a clean eppendorf tube and shipped on ice to the mass 

spectroscopy facility (Louisiana State University).  

 For a second mass spectroscopy analysis, 20µl of αFLAG-M2 agarose was used 

to immunoprecipitate FLAGAF9 from cell lysate transfected HEK293T cells. The lysis 

and immunoprecipitation was performed in Tris buffer (50mM Tris, 150mM Nacl, 0.25% 

SDS and protease inhibitor). Three immunoprecipitates were combined and separated on 

8-12 % Bis-Tris gradient gel, stained with coomassie, band corresponding to AF9 were 

cut and shipped to University of Illinois Chicago mass spectroscopy facility on ice.  

 

Glycosylation analysis 

Alkali treatment 

  Modified K562 (2x10
8
) were lysed in 1ml lysis buffer (50 mM Tris, 150 mM 

NaCl, 0.25% SDS and protease inhibitor), sonicated for a pulse of 10 seconds then 

centrifuged at 11,000 rpm at 4
ο
C. 10 µl of 1N NaOH was added to 90 µl of cell lysate to 

obtain a final concentration of 0.1N NaOH. The solution was incubated at room 

temperature for 30 minutes. As a control, 10 µl of distilled water was added to 90 µl of 

cell lysate and incubated at room temperature for 30 mins simultaneously.  After 

incubation, the samples were boiled in Laemmli for 5 minutes followed by western blot 

analysis.  
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Enzymatic deglycosylation 

 Enzymatic deglycosylation of modified K562 cells was performed using a 

deglycosylation kit purchased from QA Bioscience using the manufacturer’s protocol 

(QA bioscience kit E-G001). For a negative control, the enzyme mix was substituted with 

water. For protease inhibiton IX protease inhibitor (sigma P8340) was added along with 

the enzyme mixture prior to incubation. 

 

Wheat germ agglutinin (WGA) affinity assay 

 Modified K562 (5x10
6
) were lysed in 100 µL buffer (40 mM Tris with 1%SDS 

and 2.5% mercaptoethanol buffer). The cell lysate was diluted 1:10 into 

immunoprecipitation buffer (500mM HEPES, 150mM NaCl, and protease inhibitors) 

then incubated with WGA conjugated agarose. To test for specificity of binding, WGA 

agarose that had previously been incubated with 1 M N-acetyl glucoseamine was also 

incubated with the diluted lysate. The WGA was incubated with the diluted cell lysate for 

one hour on a rotating platform at 4°C. The agarose was washed several times in immune 

precipitation buffer. The precipitated glycoproteins were mixed with Laemmli buffer and 

boiled for 5 minutes followed by Western blot analysis to detect AF9 (Novus 1566). 

 

Co-immunoprecipitation  

 HEK293T cells were transfected with FLAGAF9 and HA tagged Ubiquitin (HA-

UB) or FLAG AF9 alone or HA-UB alone. The transfected cells were lysed in Tris buffer 
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(30mM Tris pH7.4, 150mM NaCl, 0.5% Triton-X 100 (v/v), 1X protease inhibitor 

cocktail, 1mM DTT and NEM [a deubiquitin enzyme inhibitor] and sonicated. The 

sonicated lysate was centrifuged at 11,000rpm at 4
0 

C for 10 minutes.  The Anti-FLAG 

antibody bound beads (M2 agarose beads) were added to immunoprecipitate AF9 

associated proteins. The agarose bound proteins were washed three times with lysis 

buffer, suspended in 2X Laemlli buffer, boiled and separated by electrophoresis 

(Invitrogen Nupage SDS 4-12% gels). The immunoprecipitate was blotted using anti HA 

antibody (Roche #1167475). The expressed FLAG AF9 was detected in cell lysate using 

monoclonal anti-FLAG antibody (Sigma #F1804). 

 

Generation of AF9 point mutants 

K297A and K297Q point mutations were generated in FLAG tagged full length AF9 and 

EGFP tagged AF9 expression vectors using Invitrogen’s gene tailor site directed 

mutagenesis kit and the manufacture’s protocol. Primers (F: GAAGAACTCTCAGCCA 

AAGCTAGGAAAAAGAGT, R: TTTGGCTGAGAGTTCTTCAGAATCTGAAAT) 

were used to generate the alanine point mutant and primers (F: GAAGAAACTCTCA 

GCCAAACAGAGGAAAAAGAGT, R: ATAGTTCCTAAGATGGCCCTTCAAGGAA 

CCT) were used to generate the glutamine point mutants.  

 

Fluorescence microscopy  

 HeLa cells plated on four chamber slides (duplicates for each construct) were 

transfected with EGFP-AF9 and EGFPAF9K297A expression vectors using 
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Lipofectamine 2000 (Invitrogen) and the manufactures’ protocol. 48 hours after 

transfection the chamber slides were washed with PBS and the cells were fixed in 3.7% 

formalin. DAP1 containing antifade reagent and a cover slip were then placed on the 

slide. Fluorescent images were taken using a Zeiss LSM-510 microscope.   

 

Results 

PFWT exposure does not significantly alter the actin cytoskeleton dynamics.   

  Previous microscopic examination of PFWT exposed MV4-11 cells suggest a 

decrease in F-actin content (Amanda Winters, unpublished data). Monomeric actin has a 

mass of 33 kDa and filamentous actin is a polymer, hence they can be separated based on 

size. Ultracentrifugation is a technique used to separate molecules based on size and has 

previously been used to separate F-actin and G-actin to study actin cytoskeleton 

remodeling (Kim et al., 2008). Hence, ultracentrifugation was used to determine changes 

in actin cytoskeleton following PFWT incubation. For these experiments, MV4-11 cells 

were exposed to 25µg/ml of PFWT, vehicle control DMSO, and latrunculin A (0.2 

µg/ml). As described in the introduction, the toxin latrunculin A promotes actin 

depolymerization, and hence it was used as a positive control. Treatment with this toxin 

shows a decrease in filamentous actin indicating that the centrifugation separation works 

efficiently. However, there is no significant decrease in F-actin content recovered from 

cells incubated with PFWT compared to that recovered from DMSO incubated cells 

(Figure 23A). This shows that PFWT exposure did not lead to actin depolymerization in 

MV4-11 leukemic cells. The results of ultracentrifugation experiments were contrary to 
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the previous findings; hence we performed additional flow cytometry analysis of F-actin 

labeled MV4-11 cells after treatment with the peptide. Phalloidin binds specifically to 

filamentous actin and is often used for F-actin detection (Wulf et al., 1979). We 

performed phalloidin-FITC staining of MV4-11 cells incubated with 25µg/ml of PFWT, 

25µg/ml PFmut, or vehicle control DMSO. The cells were fixed with formaldehyde after 

treatment and prior to labeling to ensure that the phalloidin reagent itself does not induce 

any dynamic cytoskeletal changes. As shown in Figure 23B, there is no shift in the F-

actin (phalloidin-FITC) label intensity of the cells incubated with PFWT. Thus there is no 

progressive depolymerization in these cells.  

 Phalloidin-oleate is a semi-synthetic derivative of phalloidin with increased cell 

membrane permeability. This compound was used to study the role of F-actin in various 

cellular functions (Laudadio et al., 2005). We used phalloidin-oleate to determine if pre-

incubation with an F-actin stabilizing compound could inhibit PFWT induced cell death. 

We first tested the sensitivity of MV4-11 cells to phalloidin-oleate and determined that a 

concentration range from 1µM to 5µM is nontoxic. We then incubated the MV4-11 cells 

with 5µM phalloidin-oleate an hour prior to incubation with vehicle control DMSO, 

25µg/ml PFWT or 25µg/ml PFmut. The results of the viability assay shown in Figure 24 

identified that pre-incubation with phalloidin does not protect against PFWT induced cell 

death.  
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Figure 23 MV4-11 cells incubated with PFWT show no significant decrease in F-

actin content 

 (A)  MV4-11 cells were treated with 25µg/ml of PFWT, 25µg/ml PFmut, vehicle control 

(DMSO), and 0.2µg/ml Latrunculin A. The F-actin and G-actin content of treated cells is 

separated by ultracentrifugation and blotted as described in materials and methods. The 

blot is a representative of two different experiments. (B) MV4-11 cells were treated with 

25µg/ml of PFWT, 25µg/ml PFmut and vehicle control (DMSO) and labeled with FITC 

phalloidin. Forward scatter and Side scatter plots were used for gating live cells. The plot 

of phalloidin-FITC intensity shows consistent F-actin staining intensity on treatment. 

Results are representative of three independent experiments. (C) Orange-unstained cells, 

Red-DMSO treated cells, blue- PFMUT treated cells and Black- PFWT treated cells. 
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Figure 24 Phalloidin-oleate does not affect PFWT induced cell death 

 MV4-11 cells were pre-incubated with 5µM phalloidin-oleate for 1 h followed by an 

additional 1 h treatment with either DMSO, 25µg/ml PFWT, or 25µg/ml PFmut. Cell 

viability was measured using Promega Cell Titer-Glo luminescent viability assay. 

Viability is expressed as a percentage of DMSO treated cells. The error bars represent 

standard deviation.  n.s. indicates no significant difference. The two graphs represent two 

independent experiments. Dark bars represent viability in the absence of phalloidin pre- 

treatment and light bars represent viability after treatment with phalloidin. The 

experiment was performed in quadruplicate. 
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Establishment of a permanent cell line expressing post translationally modified AF9 

 In order to study the effects of wild type AF9 on the actin cytoskeleton of MLL 

leukemic cells, we used lentivirus to knock down or overexpress AF9 in MV4-11 and 

K562 cells. These lentivirus constructs have previously been described and express GFP 

which can be used for selection (Pina et al., 2008). Due to technical challenges we were 

not able to efficiently transduce MV4-11 cells. Hence, we could not address the primary 

aim of determining the cytoplasmic effects of AF9 in MLL leukemia cell line. However, 

the leukemic cell line, K562 (BCR-ABL) was transduced efficiently. A GFP marker was 

used to sort the transduced population. A western blot showing AF9 expression in each of 

the sorted populations of cells is shown in Figure 25A. In the cell lysates of K562 cells 

that were transduced with lentivirus expressing AF9, we detected both a 58 kDa AF9 and 

a slow mobility 68 kDa AF9 molecule by western blot. The shRNA mediated-knockdown 

of AF9 was not efficient as AF9 was still detected in the shRNA transduced cell lysate.   

 A post translationally modified 68 kDa AF9 moiety had previously been 

identified from the lysate of MV4-11 cells incubated with the peptide PFWT and it was 

shown to localize to the nucleus (Amanda Winters, dissertation). Hence, we further 

characterized the 68 kDa AF9 observed in the transduced K562 cells using cell 

fractionation. As seen in figure 25B, the 68 kDa AF9 exhibits the same nuclear 

localization as observed on PFWT exposure. Lamin B and cytochrome oxidase IV (COX 

IV) were used as markers to determine the purity of the separated nuclear and cellular 

fractions respectively (Figure 25B). The K562 cells that express both species of AF9 

have been stably transduced and served as a source of protein to attempt to analyze the 
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nature of 68 kDa AF9 protein. Henceforth, I will refer to these cells as modified K562 for 

simplicity.  

 

Absence of O-glycosylation on 68 kDa AF9 protein 

In order to determine if  O-glycosylation  contributes to the increase in molecular 

weight of AF9 observed  in modified K562,  we used  wheat germ agglutanin affinity pull 

down and  enzyme and alkali based degylcosylation assays (Laudadio et al., 2005). 

 Carbohydrate binding proteins known as lectins are often used to  

immunoprecipitate glycosylated proteins as they bind to  specific sugar moieties. Wheat 

germ agglutanin (WGA) is known to specifically bind O-glycosylated proteins. 

Preincubation with sugars like N-acetylglucosamine saturates the sugar  binding sites on 

WGA and hence should exclude or compete away glycosylated proteins. This exclusion 

by the sugar was used to measure the specificity of binding. As shown in the Figure 26A, 

AF9 binding to WGA appears to be non-specific as preincubation with 1M N-acetyl 

glucosamine does not block its ability to precipitate the 68 kDa AF9. 

  Incubation with deglycosylating enzymes followed by a shift in electrophorectic 

mobility is another way of detecting glycosylated proteins. We used a commerically 

avaliable O- deglycosylation kit to determine if  it would diminish the amount of 68 kDa 

AF9 while increasing the amount of the 58 kDa AF9 protein.  However, deglycosylation 

does not have an effect the 68 kDa AF9 protein (Figure 26). As a control, the enzyme 

was substituted with deionized water. The O-glycan linkage is easily hydrolyzed using 

dilute alkaline solution such as  0.1N sodium hydroxide. 
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  Figure 25 Modified K562 cells expressing 68 kDa AF9 band  

(A) AF9 expression in GFP sorted cell population after transduction of lentivirus 

encoding AF9, shRNA targeting AF9 and empty vector (control). (B)  Cytoplasmic (C) 

and Nuclear (N) fractionation of modified K562 cells showing nuclear localization of 

the 68 kDa AF9 band. This figure is representative of three independent experiments.  

This chemical reaction is known as beta elimination and is used for chemical digestion of 

O-glycosylated proteins prior to mass spectroscopy analysis. Following incubation with 

mild alkali, we observed an increase in protein mobility suggesting that an alkali-labile 
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post translational modification occurs on the AF9 protein. However, the shift in mobility 

is greater than expected, revealing a 55kD AF9 band (Figure 26 B).  

 

Absence of monoubiquitination on 68 kDa  AF9 protein 

 We performed experiments to determine if AF9 is monoubiquitinated. HA-

ubiquitin (HA-UB) was co-transfected with FLAGAF9 in HEK293T cells. Anti-FLAG 

antibody was used to immunoprecipitate AF9. A western blot analysis with anti HA 

antibody was done to determine if the immunoprecipitated AF9 is ubiquitinated. Results 

in Figure 27 show that the HA antibody failed to detect a 68 kDa band. Hence, we 

concluded that AF9 is not modified by ubiquitination.  

 

Post Translational modification of AF9 

 We immunoprecipitate AF9 from MV4-11 cell lysate using anti-AF9 antibody 

and sent it to Louisiana State University (LSU) for mass spectroscopic identification of 

post translational modifications. Their analysis identified K297 to be a possible 

acetylation site. In order to study this site, we generated the following point mutants: 

K297A, which cannot be acetylated and K297Q, which constitutively mimics acetylation. 

These mutations were generated in both FLAG and EGFP expression vectors to aid in 

immunoprecipitation and immunofluorescence experiments. The expression of the FLAG 

tagged AF9 K297A and AF9 K297Q mutants in HEK293T cells were detected by western 

blots (Figure 28). The expressed EGFP AF9 K297A was detected in the nucleus and in the  
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Figure 26 Absence of O-glycosylation of 68 kDa AF9  

(A) Wheat Germ Agglutinin (WGA) affinity pull down shows non-specific binding of the 

68 kDa AF9. Cell lysates from modified K562 cells were incubated with WGA agarose 

or with WGA agarose previously saturated with 1 M N-acetyl glucoseamine (NAcGlc). 

WGA precipitated proteins were analyzed using anti-AF9 antibody. (B) Alkali incubation 

results in the appearance of a 55 kDa AF9 protein. Cell lysates from modified K562 cells 

were incubated with water or 0.1N NaOH for 0.5 hour at room temperature and then 
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analyzed by western blots. (C) Enzymatic deglycosylation has no effect on AF9. Cell 

lysate from modified K562 cells were incubated with water (control) or with a O-

glycosidase enzyme mix (Enzyme). All the blots in this figure are representative of three 

separate experiments. 
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Figure 27 Absence of Monoubiquitination on 68 kDa AF9  

 (A) HEK293T cells were transiently transfected with Flag AF9 and HA-UB or with HA-

UB or Flag AF9 only. Cell lysate was immunoprecipitated with an anti-Flag antibody. 

The precipitate was then analyzed by western blot to detect ubiquitin using an anti-HA 

antibody. (B) The western blot of the immunoprecipiate shows the presence of FlagAF9. 

(C) Western blot of whole cell lysates showing the expression of HA-UB.  
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cytoplasm of HeLa cells. This pattern of localization is different from the EGFP AF9 

which localized to the nucleus (Figure 28).Immuo-labeling of wild type AF9 in leukemic 

cells MV4-11 shows that it is has a cytoplasmic localization.  Immuno-labeling also 

shows that AF9 is compartmentalized to the nucleus on treatment with the PFWT peptide 

(Amanda Winters, thesis). This change in localization is accompanied by a 10 kDa 

increase in the molecular weight of AF9. A single acetylation on K297 is less likely to 

induce this increase in weight. Hence, we did not perform further experiments with these 

mutants.  

Meanwhile, we transiently transfected FlagAF9 in HEK293T cells, purified the 

expressed AF9 using anti-Flag (M2) conjugated agarose and sent the precipitated proteins 

to  University of Illinois, Chicago (UIC) mass spectroscopy facility. Mass spectroscopic 

analysis of the immunoprecipitated AF9 suggests probable lysine 364, 405, 412, 448, and 

452 phosphorylation  (multiple lysine phosphorylations). 

 

Discussion 

 

 PFWT exposure specifically decreases the viability of MLL leukemic cell lines. 

Previous studies showed the absence of known apoptotic and necrotic markers after 

PFWT treatment (Amanda Winters, dissertation). These studies also demonstrated a 

decrease in F-actin content of MV4-11 by fluorescence microscopy on exposure to the 

peptide. Hence, in the current chapter we tested the hypothesis that PFWT treatment 

induces cell death by F-actin depolymerization. If the peptide PFWT actively induced  
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Figure 28 Expression of lysine K297 mutants of AF9 

(A) Western blot analysis of transiently transfected HEK293T cells shows the expression 

of FLAGAF9, FLAGAF9K297A and FLAG AF9K297Q. The blot is representative of one 

experiment among three separate experiments performed. (B) Fluorescent microscopy 

detects the presence of transiently transfected EGFPAF9, (C) EGFPA9K297A.  EGFP 

expression is shown top left, differential interface contrast microscopy (DIC) picture is 

shown top right, DAPI stained nuclei in blue, right bottom is the overlay. Images are 

representative of two separate experiments.  

  

      

    C

 

                                  

 

 

 

 

 

 

 

 

 

 

                                    

 

            

 

 

 

 

 

 

 

 

 

 

 

 

B 



123 
 

 
 

depolymerization then we would observe a decrease in F-actin content and a 

corresponding increase in G-actin content after exposure to PFWT. 

   However, the ultracentrifugal separation of F-actin and G-actin does not show a 

decrease in F-actin content (Figure 23 A). Again, if PFWT leads to progressive 

depolymerization then affinity labeling after PFWT exposure would show a decrease in 

intensity of FITC-phalloidin labeling.  However, we do not observe such shift, further 

confirming the absence of progressive depolymerization (Figure 23B). More importantly, 

pretreatment with phalloidin-oleate which is known to stabilize F-actin does not lead to 

increase in viability of PFWT treated cells (Figure 24). The lack of effect of an actin 

stabilizing drug confirms that depolymerization of actin is not the primary cause of 

PFWT-induced cell death. 

Several studies in the literature suggest that compounds that promote actin 

polymerization or depolymerization lead to apoptosis in leukemic cells. For instance, 

Jasplakinolide, an actin polymerizing drug, is shown to induce apoptosis in T cell 

leukemia (Rao et al., 1999) and cytochalasin B, an actin depolymerization agent enhances 

apoptosis in growth factor deprived HL-60 cells (pro-myleocytic leukemic cells) (Morley 

et al., 2003; Desouza et al., 2012; White et al., 2001).  We have already established that 

the AF4 mimetic peptide induces necrosis. Hence it is less likely that PFWT induces 

necrosis by direct depolymerization of the actin cytoskeleton. 

 AF9 has a predicted molecular weight of 63 kDa. However, its apparent 

molecular weight is 58 kDa after electrophoretic separation on a 4-12% gradient gel 

containing SDS. An efficient transduction of K562 cells with lentivirus expressing AF9 
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resulted in the identification of a previously undocumented AF9 moiety with the apparent 

mass of 68 kDa in addition to the commonly observed 58kDa AF9 moiety (Figure 25). 

The transduced (modified) K562 maintain the expression of both these AF9 moieties on 

freeze-thawing.  The same expression is also maintained through 20 or more passages. 

One possible reason for detection of both species of AF9 could be that enforced 

expression of AF9 leads to an increase in AF9 protein levels and hence the identification 

of the less abundant 68 kDa AF9. To test this hypothesis in the future, wild type 

(untransduced) K562 cells can be treated with the proteasome inhibitor MG132, to 

determine if inhibition of protein degradation leads to the accumulation of the less 

abundant 68 kDa AF9.  

 Post translational proteolytic processing often decreases the apparent molecular 

weight of a protein. However, the observed difference in molecular weight of the two 

AF9 moieties does not involve a proteolytic processing event as antibodies specific to 

both the amino and the carboxyl terminus of AF9 can identify both the moieties.   A 

FLAG antibody recognizes the N-terminal FLAG tagged AF9 and C-terminal specific 

AF9 antibody novus 1566 bind AF9 carboxyl terminus. Both of these antibodies are 

shown to recognize the 58 kDa and the 68 kDa AF9 proteins (Figure 25 A and Figure 28 

A).  We next performed experiments to determine if AF9 was post translationally 

modified by monoubiquitinated or O-glycosylation. Both of these modifications are 

known to occur on transcription factors such as Stat5 and p53 on nuclear localization. 

The localization is important as the 68 kDa AF9 was shown to concentrate in nuclear 

fractions (Figure 25). Immunoprecipitation experiments after co-transfection with HA-
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UB and FLAGAF9 showed the absence of monoubiqutination (Figure 27). Next we used 

several different tests to identify O-glycosylation. Enzymatic de-glycosylation using a 

commercially available O-glycosidase kit did not lead to decrease in 68 kDa AF9 protein 

(Figure 26). This suggests absence of O-glycosylation. However, a deglycosylation 

reaction using a known O-glycosylated protein as a positive control can be used in the 

future to strengthen the results of this assay. 

Treatment with mild alkali (0.1N NaOH) at room temperature led to the 

identification of a 55 kDa protein by an AF9 specific antibody that recognizes the C-

terminus. This 55 kDa AF9 is also detected in untreated cells (Figure 26). Further, 

experiments can be performed to determine if the 55 kDa band identified by the AF9 

antibody is a proteolytic degradation product or a full length AF9 protein. If the 55 kDa 

AF9 band is a full length protein then it should be identified with an antibody that 

recognizes its N-terminus similar to its identification with a C-terminus specific AF9 

antibody. HEK293T cells transfected with vector encoding a N-terminal FLAG tagged 

AF9 can be treated with mild alkali followed by detection of the 55 kDa AF9 using anti-

FLAG antibody. Recognition of AF9 N-terminus confirms that the 55 kDa AF9 is full 

length. However if the FLAG tag fails to identify the tagged AF9 55 kDa band then it is 

likely to be a proteolytic degradation product. 

The sugar residue of the O-glycosylated protein specifically binds the lectin 

Wheat germ agglutinin (WGA). Further, this specificity can be confirmed by competing 

away the bound o-glycosylated protein using N-acetylglucosamine sugar. The 68 kDa 

AF9 was immunoprecipitated with WGA and could not be competed away with 1M N-
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acetyl glucosamine, which suggests nonspecific binding (Figure 26 A). The positive 

charge on WGA interacts with the negative charge on the sugar moiety of the 

glycosylated proteins, promoting binding (Monsigny et al., 1980). However, other 

negative charges on a protein may promote non-specific binding. As the 68 kDa AF9 

precipitated with WGA and the 58 kDa AF9 does not, it is possible that the modification 

present on AF9 imparts a negative charge to it.  

 Initial mass spectroscopy analysis of AF9 post translational modifications 

identified a possible acetylation on lysine 297. Two point mutations at this site were 

generated (K297A and K297Q). The alanine mutation was made to test for loss of 

acetylation function and the glutamine substitution is known to act as mimetic of 

acetylation function (Wang and Hayes, 2008). A western blot shown in Figure 28 

suggests that the K297 mutant proteins are expressed at a higher level compared to the 

Flag AF9. Future experiments need to be done to determine if the K297 mutation confers 

increased stability to AF9, or whether the observed protein level is due to a difference in 

transfection efficiency. Promoter reporter assays (firefly luciferase reporter assays) often 

use a secondary reporter plasmid to normalize for transfection efficiency (renilla 

luciferase). Similarly, we could co-transfect GFP expressing vector along with 

FLAGAF9K297A, FLAGAF9K297Q and FLAGAF9 and use the expressed levels of 

GFP in each lysate to normalize for transfection efficiency. After normalization for 

transfection efficiency, if the protein levels are higher in the mutants then that would 

suggest that a modification on lysine 297 influences the stability of the AF9 protein.  
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 GFPAF9 transfected in epithelial cells appears to be nuclear (Figure 28B) (Lin 

and Hemenway, 2010; Srinivasan et al., 2004b). Fluorescent microscopy using 

EGFPAF9K297A showed its presence in the cytoplasm and the nucleus. This suggests that 

the modification present on the lysine 297 plays a critical role in the nuclear localization 

of the protein. Hence, a mutation of this site may lead to its appearance in the cytoplasm.  

However, from the pattern of AF9 localization in modified K562 cells, we know that 

forced expression of AF9 leads to the accumulation of 68 kDa AF9 in the nucleus and 58 

kDa AF9 in the cytoplasm (Figure 25).  Hence, it is also possible that an increased 

stability of the AF9 K297A mutant protein leads to identification of both cytoplasmic and 

nuclear AF9.   

In summary, our results show the absence of Monoubiqutination or O-

glycosylation of AF9. Further experiments will identify if the 68 kDa AF9 accumulates in 

the nucleus on forced expression due to increased expression of the AF9 protein. 

Similarly further investigation will determine if lysine 297 is important for nuclear 

localization and AF9 turn over.  

Our second round of mass spectroscopy analysis on FLAGAF9 

immunoprecipitates identified the presence of multiple phosphorylation sites (serine 364, 

405, 412,448 and 452). However, a western blot analysis of the immunoprecipitated 68 

kDa AF9 using an anti-serine phospho antibody is needed to confirm the presence of 

phosphorylation on AF9.  Alternatively the radioisotope P
32 

can be used for identification 

of phosphorylation sites. Additionally, evidence for AF9 phosphorylation is found in 

several global scale proteomic studies that determine changes in total cellular 
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phosphorylation related to mitosis or T- cell activation. These studies have also identified 

multiple possible phosphorylated forms of AF9 (Daub et al., 2008; Dephoure et al., 2008; 

Oppermann et al., 2009). 

 AF9 interacts with several proteins such as AF4, CBX8, BCoR and DOT1L.  It is 

tempting to speculate that the multiple phosphorylation sites on AF9 may singularly or in 

combination regulate the protein interactions of AF9. 

  



 
 

129 
 

CHAPTER 5

SUMMARY, CONCLUSION AND FUTURE DIRECTIONS 

Summary of results 

Chromosomal translocations of the MLL gene give rise to acute leukemias.  

Pediatric ALL and therapy-associated MLL leukemias are categorized as high-risk (Pui et 

al., 2002; Pui and Relling, 2000). Current treatments for MLL leukemia include a 

combination of cytotoxic drugs and/or allogeneic bone marrow transplants after high 

dose chemotherapy. However, the event free survival of MLL leukemia patients is low in 

spite of these advances (Biondi et al., 2000; Mann et al., 2010). Hence there is a need for 

development of targeted therapies.  

A widely accepted mechanistic model of MLL leukemogenesis suggests that 

MLL fusion proteins aberrantly recruit the super elongation complex (SEC) promoting 

the transcription of a subset of MLL target genes whose gene products initiate and  

sustain leukemogenesis (Lin et al., 2010a; Zeisig et al., 2004b).  Thus, our therapeutic 

strategy is to inhibit the activity of the aberrantly recruited SEC.  In this study, we 

evaluated the therapeutic potential of inhibiting the protein-protein interaction between 

AF4 and AF9, which are constituent components of the super elongation complex, using 

the AF4 mimetic peptide SPK111.  

 In summary, our results show that coimmunoprecipitation of AF4 and AF9 in the 

presence of SPK111 competitively inhibits the AF4-AF9 interaction. SPK111 exposure 



130 
 

 
 

also leads to a decrease in transcriptional activity of the SEC-dependent HIV-LTR driven 

luciferase reporter. This observation suggests that SPK111 decreases the transcriptional 

output of the SEC by inhibiting the AF4-AF9 protein-protein interaction. Additionally, 

studies performed in our laboratory have shown that exposure of MLL leukemia cell lines 

MV4-11 and MOLM13 to SPK111 leads to a decrease in the expression of MEIS1, a 

gene regulated by MLL fusion protein (Bhavana Malik, Dissertation). This observation 

confirms that the disruption of the AF4-AF9 interaction is effective at inhibiting the 

transcriptional elongation activity of SEC. 

SPK111 exposure leads to necrotic cell death of MLL leukemia cell lines. Further, 

the MLL leukemia cell lines exhibit relatively higher sensitivity to SPK111 compared to 

other leukemia cell lines. This sensitivity can be attributed to the increased dependence of 

these cell lines on the aberrantly recruited SEC. 

MV4-11 and MOLM13 MLL leukemia cells fail to engraft after in vitro exposure 

to SPK111.  Hence, we conclude that SPK111 is toxic to leukemic initiating cells. This 

effectiveness, however, was not observed on treatment of mice with an established 

leukemia xenograft, which may be due to limited bioavailability of the peptide after 

subcutaneous injections.  A standard curve for ELISA was established to determine the 

levels of SPK111 in mouse serum and it can be further optimized for bio-distribution 

studies. 

Another AF4 mimetic peptide, PFWT, was tested in earlier studies, all of which 

were performed in vitro. These earlier studies suggested that PFWT possibly induces a 

depolymerization of the actin cytoskeleton. However, our investigations determined that 
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PFWT exposure does not induce any significant changes in the filamentous actin content.  

Additionally, pretreatment with filamentous actin stabilizing drugs does not protect 

against PFWT mediated cell death. 

 The wild type AF9 protein is observed as a 58 kDa molecule on a western blot 

using AF9 specific antibody. However, a 68 kDa AF9 molecule was identified in the cell 

lysates of leukemic cells incubated with PFWT (Amanda Winters, dissertation).  Further,   

we also observed the presence of the 68 kDa AF9 molecules in cell lysates of K562 

leukemic cells transduced with AF9 expressing lentivirus.  This increase in molecular 

weight is likely due to a post translational modification. Our attempts to identify a post-

translational modification show the absence of O-glycosylation or monoubiquitination. 

Finally, mass spectroscopy analysis suggested the presence of several phosphorylation 

sites on AF9 protein and an acetylation site at lysine 297. Mutants of AF9 lysine 297 

result in increased expression of the AF9 protein suggesting that this amino acid may 

play a significant role in AF9 protein turnover. However, as discussed in chapter 4, 

further experiments need to be performed to confirm the acetylation and phosphorylation 

of AF9. 

The results described here suggest that AF9 is post translationally modified which 

affects its protein levels and localization. Further we show that the AF4 mimetic peptide 

SPK111 reduces the viability of MLL leukemia cells and MLL leukemia stem cells. It 

also effectively reduces the transcriptional activity of the SEC, whose deregulated 

activity is the underlying cause of MLL leukemias. Thus SPK111 is an effective potential 

therapy for MLL leukemias.  
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Figure 29 Mechanism of SPK111  

(A) MLL fusion proteins aberrantly recruit the super elongation complex by protein-

protein interactions. The recruited complex permits the productive transcription of genes 

that are known to sustain leukemogenesis.  
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(B)  The AF4 mimetic peptide SPK111 disrupts the interaction between AF4 and AF9, 

two of the constituent components of the super elongation complex. This disruption 

results in destabilization of the complex, decreases stability of RNA polymerase subunit 

RPB1 and decrease in transcription of the leukemia sustaining genes.   

 

Future Investigations 

 SPK111 is effective in vitro; however, we cannot detect its presence in the serum 

a few hours following subcutaneous injection. The ELISA described in chapter 2 can be 

used to detect the accumulation of SPK111 in an untargeted organs. It is essential to 

know the bio-distribution of SPK111 in order to determine its clearance rate and 

accumulation in an untargeted organ. Fluorescence molecular tomography (FMT) can be 

used to non-invasively image and quantify time dependent increase and decrease in 

fluorescence intensity throughout the major organs of mice (Vasquez et al., 2011). Thus, 

a fluorophore conjugated SPK111 can be used in the future for the monitoring of its in 

vivo distribution. 

   An efficient packaging and delivery system can also be used to improve the in 

vivo efficacy of SPK111.  Nanoparticles that effectively target the leukemic blast can be 

developed. For instance, acute myeloid leukemia stem cells were found to express C-type 

lectin-like molecule-1 (CLL1) which was used to distinguish between leukemic stem 

cells (LSC) and hematopoietic stem cells (HSC). Nanoparticles carrying 

chemotherapeutic drugs were coated with CLL1 binding ligands. The coated 

nanoparticles specifically and effectively delivered drugs to the AML LSC (Zhang   H et 
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al., 2012).  Similarly, MLL leukemic blasts can be evaluated for expression of antigens 

such as CD44, CD47, and IL-3 R alpha that are known to be highly expressed on 

leukemic stem cells. This will help single out an antigen that can be used for targeting 

nanoparticles to MLL leukemia cells. These targeted nanoparticles can be loaded with 

SPK111 for more effective therapy. 

 The AF4 mimetic sequence can be packed in liposome. Liposomes are small 

synthetic lipid bilayers that can carry chemotherapeutics. The liposomes are often 

attached to antibodies or receptor ligands to improve targeting specificity (Harata et al., 

2004). Liposomes coated with antibody that recognize leukemic blast may improve the 

targeting specificity. 

  The molecular weight of SPK111 is 2.5 kDa. Peptides smaller than 12 kDa are 

rapidly cleared by glomerular filtration resulting in decreased serum levels (Vegt et al., 

2010). Hence, chemical alterations that reduce glomerular filtration rate can be 

considered. Several small therapeutic peptides are conjugated to polyethylene glycol 

(PEG) in order to decrease renal filtration rate and improve their bioavailability. The PEG  

can be attached to end of  a linker  peptide that can be cleavage for slow release of the 

peptide for cellular uptake (Santi et al., 2012). Hence, a reversible pegylation tag may 

improve the serum half-life of SPK111.  

 Small molecule inhibitor drugs are preferred over peptide drugs due to stability of 

the drug, ease of storage, and drug administration. The AF9 C-terminus is unstructured 

but the presence of an interacting protein such as AF4 results in an induced structure. 

Hence, it may be difficult to design small molecular inhibitor that can bind the AF9 C-
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terminus and inhibit the induction of structural changes. However, a high-throughput 

assay based on protein-protein interaction has been designed to screen for molecules that 

preferentially inhibit the AF4-AF9 interaction (Watson et al., 2013). Further screening of 

compound libraries with this assay may potentially identify a small molecular inhibitor.  

  As described in chapter 4, we need additional experiments to confirm the 

multiple phosphorylation sites (serine 364, 405, 412, 448, and 452) on AF9 identified by 

mass spectroscopy. Previous studies have shown that Af9 is phosphorylated on serine 

435 by serum glucocorticoid induced kinase-1 (Sgk1) (Zhang et al., 2007). This 

phosphorylation results in reduced Af9-Dot1a interaction promoting ENaCα 

derepression. Based on this example, we speculate that the phosphorylation sites 

identified by mass spectroscopy are likely to regulate the many protein-protein 

interactions of AF9. Hence, the identified serine phosphorylation sites can be mutated to 

alanine. These mutations can be generated as a single site mutation or as a combination of 

multiple sites. These mutants can then be used to study how phosphorylation affects 

protein interactions of AF9. The functional effects of AF9 protein-protein interactions in 

in the hematopoietic regulation include H3K79 methylation, and transcriptional 

elongation. Additionally, it also regulates ENaCα expression in kidney epithelium. 

Hence, the effect of AF9 phosphorylation on these functions can be investigated. 

 

Conclusion 

From our in vitro and in vivo studies, we conclude that inhibition of the AF4-AF9 

protein-protein interaction effectively reduces the viability of MLL leukemia cells and 
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can be used for ex vivo purging of leukemic stem cells. We also demonstrate that 

inhibition of this interaction reduces the transcriptional activity of the SEC which is 

known to be deregulated in MLL leukemias. Hence, further development of small 

molecular inhibitors that inhibit the AF4-AF9 interaction or further optimization of the 

AF4 mimetic peptide to improve its systemic bioavailability may lead to effective therapy 

for MLL leukemias.  
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APPENDIX A: 

ESTABLISHMENT OF XENOGRAFT MODELS FOR MLL LEUKEMIA 
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Establishment of xenograft models of MLL leukemia 

In order to achieve disseminated systemic leukemic mice model, 2x10
6
 
 
 

MOLM13 cells were injected into tail vein of sublethally irradiated NOD/SCID mice. 

The injected mice developed disease symptoms such as poor grooming, extreme lethargy 

or hind limb paralysis, approximately 21 days after transplant. These were sacrificed and 

their bone marrow analyzed for the presence of human CD45
 
antigen. CD45 is a 

ubiquitous antigen present on all hematopoietic cells except erythrocytes and plasma 

cells. Antibodies to this antigen can help distinguish the species of origin. In our 

xenograft model, we use it to identify the human leukemic cells. 41% of the cell collected 

from  bone marrow showed the presence of hCD45 antigen  confirming engraftment 

(Figure 30). KOPN8, a cell line carrying MLL-ENL fusion gene,  also successfully 

engrafted following  tail vein injection of 2x10
6
 cells (Figure 30). Further,  hematoxilin 

and eosin (H&E) staining showed diffused infiltration of leukemic cells in kidney, liver 

and blood harvested from the MOLM13 xenografted mice ( Figure 30E). 

We also performed tail vein injection of 2x10
6
 K562 cells into NOD/SCID mice 

after sublethal irradiation. Eight weeks after injection, the mice showed no signs of a 

disease. Hence we sacrified some of these mice and analyzed their  bone marrow for the 

presence of the human CD45
 
antigen. As shown in Figure 31, we find that  hCD45

 

labeled cells represents less than 3% of the total population, suggesting inefficient 

engraftment. Similarly, tail vein injections of  MV4-11 cells in NOD/SCID mice failed to 

establish a xenograft (Figure 31). The successfully established MOLM13 and KOPN8 

xenografts were further used to test the efficacy of SPK111.
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Figure 30  MOLM13 and KOPN8 leukemia xenografts established by tail vein 

injections 

A) Tissue culture MOLM13 cells labeled with anti hCD45 FITC. B) Bone marrow from 

NOD/SCID mice that received  tail vein  injection of MOLM13 cells was labelled with 

anti hCD45 FITC. 41.1% of the total cell population were hCD45 positive. C) Tissue 

cultured KOPN8 cells labeled with anti hCD45 FITC were used as positive control.D) 

Bone marrow from NOD/SCID mice that received tail vein injection of KOPN8 cells was 

labeled with hCD45 FITC. 31.1% of the total population were hCD45 positive.  E) H&E 

staining of liver derived from MOLM13 xenografts shows diffused infiltration of 

leukemic blast. Their presence is also indicated by arrow heads in the stained blood 

smears.  
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Figure 31  K562  cells fail to engraft in NOD/SCID mice after tail vein injections 

A) Tissue cultured K562 cells labeled with anti hCD45 FITC. B) Bone marrow from 

NOD/SCID mice that received tail vein injection of K562 cells was labeled with anti 

hCD45 FITC. Less than 3% of the total cell population were hCD45 positive. A total of 

16 mice were injected. Viability count using tryphan blue was performed prior to tail vein 

injections in order to suspend the cells at a  density of 2 million cells per 100µl for tail 

vein injections.  
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