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ABSTRACT 

An intricate network of transcription factors determines gene expression patterns that define 

cellular identity. Development of T-cells involves dynamic changes, including the activation 

and silencing of transcription factors. As part of the transcriptional landscape, TAL1 forms a 

heterodimer with E-proteins such as E2A, E2-2, and HEB, which bind DNA and activate 

transcription as part of a complex, including LIM-only protein 2 (LMO2), Lim domain-binding 

protein 1 (LDB1), and GATA proteins. The overexpression of LMO proteins, as well as an 

abnormal expression of TAL1, has been identified as hallmarks of T-cell Acute Lymphoblastic 

Leukaemia (T-ALL). Considering the high relapse rates, drug resistance, and poor prognosis 

of T-ALL, it is imperative to investigate the molecular mechanisms underlying T-ALL in order 

to develop effective therapeutic strategies. 

E-proteins have important roles in the progression of haematopoiesis, orchestrating thymocyte 

maturation and developmental progression. HEB, a member of the E-protein protein family, 

plays a pivotal role in guiding thymocytes toward the double positive stage and beyond. HEB 

exists in two isoforms: HEB canonical and HEB alternative. A previous study of HEB 

immunoprecipitation followed by mass spectrometry identified the transcription factor GFI1 

as a potential new member of the complex. Recent research has shown that GFI1 has dual 

functions, acting as a transcriptional activator in conjunction with IKAROS and as a 

transcriptional repressor by recruiting KDM1A. However, the role of GFI1 in T-ALL remains 

unexplored. 

This study identified the interaction between HEB and GFI1, particularly with the HEB 

alternative isoform, in four human T-ALL cell lines (ARR, DU528, HSB2, and CCRFCEM), 

using proteomic analysis and genome-wide studies. The genomic distribution of GFI1 was 

examined using chromatin immunoprecipitation (ChIP) followed by next generation 



  

sequencing (ChIP-seq). Comparison of these data with previous ChIP-seq data revealed 

that distinct binding complexes exists in ARR and in the other three cell lines. 

The role of HEB in T-ALL was further dissected using CRISPR-Cas9 gene editing. Targeting 

TCF12, the gene encoding HEB, led to the loss of the expression of the canonical isoform of 

HEB. This reduced the expression of its alternative isoform, providing evidence for a 

regulatory interaction between the two isoforms, as well as reduced the expression of 

GFI1. There was no significant morphological change or chromosomal instability in the ARR 

cells following HEB deletion, indicating that TCF12 deletion does not cause overt cellular 

abnormalities. In response to the loss of HEB, LMO2 is observed to possess increased 

association with the DNA, increasing chromatin accessibility, and potentially compensating 

for the loss of HEB through enhanced DNA-cofactor interactions. Overall, these findings 

provide valuable insight into the molecular basis of T-ALL, which could lead to the 

development of targeted therapeutic interventions. 
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Chapter 1 General introduction 
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 Haematopoiesis 

Haematopoiesis refers to the process whereby the cellular components of blood are produced, 

during embryonic development and throughout adulthood, to establish and refresh the 

circulatory system. Different blood cell types (lineages) in the blood system have diverse 

functions. Leukocytes, white blood cells, are cell types required for the immune system (Bain, 

2017). Erythrocytes, red blood cells, are responsible for delivering oxygen to tissues (Hamasaki 

and Yamamoto, 2000). Megakaryocytes form and release platelets, which have a vital role in 

controlling blood clotting, inflammation, wound healing, and tumour metastasis (Jurk and 

Kehrel, 2005). All blood lineages arise from haematopoietic stem cells (HSCs). Scientists have 

studied the development of the blood system in detail using a variety of models to enhance the 

understanding of this process, as well as blood disorders and cancers. The sites of 

haematopoiesis change anatomically during development. Before birth, it begins with primitive 

haematopoiesis in the yolk sac, whereas definitive haematopoiesis originates from the aorta-

gonad-mesonephros (AGM), expands within the developing liver in mammals, and finally 

establishes itself in the bone marrow and thymus around birth (Jagannathan-Bogdan and Zon, 

2013).  

A mammal embryo undergoes several waves of haematopoietic development, each of which 

produces cohorts of cells with increasing complexity of blood lineage potential. There are three 

sequential waves or stages of haematopoiesis: the primitive wave, the pro-definitive wave, and 

the definitive wave (Figure 1.1). The first wave, the primitive wave is responsible for the 

formation of unipotent blood cells, it starts in the extraembryonic yolk sac during the gestation 

period which is at 7 days in mouse embryos and 18–20 days in human embryos, and their 

formation occurs primarily in the aortic endothelium of the AGM (Palis and Yoder, 2001). The 

main purpose of the primitive wave is to generate nucleated erythroid progenitors (primitive 

erythrocytes) that are essential for oxygen distribution required for the rapidly growing embryo, 
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while the first macrophages and megakaryocytes play an important role in tissue remodelling 

(Tober et al., 2007, Orkin and Zon, 2008).  

The second wave called the “pro-definitive wave” arises in the yolk sac, it generates the HSCs 

that originates from haemogenic endothelial cells and give rise to multipotential 

haematopoietic progenitors. During this wave cells undergo a transition process called 

endothelial-to-haematopoietic transition (EHT) then migrate to the foetal liver and differentiate 

into erythro-myeloid progenitors (EMPs) and lympho-myeloid progenitors (LMPs) 

(Jagannathan-Bogdan and Zon, 2013). These cells lack the self-renewal capability which 

makes this a limited and transitory wave. Therefore, it is replaced by the third wave of 

haematopoiesis, that is permanent, called the definitive wave. The production of definitive 

HSCs and differentiated blood cells including erythrocytes, megakaryocytes, monocytes, B and 

T lymphocytes occur during this intraembryonic wave (Dzierzak and Bigas, 2018). Around 

birth, these cells further migrate to the spleen, where myeloid lineage differentiation occurs, 

and then finally reside in bone marrow, where they acquire the stem cell characteristics and 

adult HSC surface markers (Canu and Ruhrberg, 2021). 
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Figure 1.1: Embryonic haematopoietic development. 

Schematic illustration of the haematopoietic development three sequential waves; primitive, pro-
definitive and definitive waves. A mouse developmental stage timeline is shown at the top from 
embryonic day 7 (E7) to embryonic day 12.5 (E12.5). Highlights the foetal liver (FL) and the dorsal 
aorta (DA), which are important sites for blood cell development. The "Progenitors" section below 
details the types of primitive cells found at these stages, including progenitors for erythrocytes (p-Ery), 
megakaryocytes (p-Mk), and macrophages (p-Mo). In the middle section, the green line indicates blood 
cell maturation process. EMP (Erythro-Myeloid Progenitor) and LMP (Lymphoid-Myeloid 
Progenitor) line up, resulting in HSC at the "Definitive" stage. Each progenitor type is indicated by the 
following icons: erythrocytes (Ery), megakaryocytes (Mk), macrophages (Mo), granulocytes (Gr), T 
cells, and B cells. Taken from (Canu and Ruhrberg, 2021).  
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In adult vertebrates, the haematopoiesis system is a hierarchical system, with the adult HSCs 

located at the apex of this hierarchy. Within the haematopoietic system, HSCs are the only cells 

that can self-renew, giving rise to identical daughter cells without differentiation, in addition 

to generating multipotent progenitor cells that further differentiate into all blood cell types 

(Seita and Weissman, 2010). The differentiation starts from HSCs, which give rise to 

multipotent progenitors (MPPs) (Figure 1.2). At this stage, the self-renewal ability is lost, and 

cells retain the capacity to differentiate into various types of mature blood cell lineages. 

Subsequently, two cell lineages emerge from the MPP stage: common myeloid progenitors 

(CMPs) and Lymphoid-primed multipotent progenitors (LMPP). CMPs segregate into 

megakaryocyte/erythroid progenitors (MEPs) and granulocyte/monocyte progenitors (GMPs). 

MEPs further differentiate into mature megakaryocytes and erythrocytes, whereas GMPs 

maintain the production of mature granulocytes and monocytes. LMPP, on the other hand, have 

the potential to develop into granulocyte/monocyte progenitors or it can develop into common 

lymphoid progenitor that give rise to natural killer (NK) cells, and B-cells or T-cells. 

Although the above description of haematological development helps to understand the 

generation of the different progenitor cell types, a newer continuum model of haematopoiesis 

shows that HSCs lead to the development of a mixture of biased cells rather than truly 

multipotent cells (Ceredig, R et al., 2009). This model indicates that HSCs can be affiliated 

with a single pathway leading to the production of a specific cell lineage. In this pathway, HSCs 

may not end in each type of cell but may prefer to produce cells based on certain shared 

characteristics, such as near-neighbour relationships. In a continuum model of haematopoiesis, 

cytokines have also been found to have an important role in lineage fate (Ceredig R et al., 

2006). These haematopoietic cytokines not only guide cell lineage but also enhance the chances 

of survival and production of lineage-related cells (Brown, Sanchez and Sanchez-Garcia, 

2020). 
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In a continuum model, HSCs may select a lineage from a range of possibilities, leading to a 

mixture of cells with specific lineage traits. HSC sub-populations develop low levels of mRNA 

for different receptors, such as macrophage colony-stimulating factor (M-CSFR), 

erythropoietin (EpoR), and granulocyte colony-stimulating factor (G-CSFR). These cytokines 

can generate chemical gradients to move cells to particular areas and can direct the 

development of the erythroid, monocyte, and neutrophil lineages, respectively (Eizenberg-

Magar I et al., 2017). This shows that cytokine signals received by HSCs can affect their 

differentiation towards specific blood and immune cell types, showing the complex 

relationship between intrinsic factors, extrinsic signals, and cell lineage determination in 

haematopoiesis (Brown, 2021). 

The functional characteristics of the multipotent stem cell concept was first discovered by Till 

and McCulloch in 1961. They identified the first quantitative, clonal method, when they studied 

the effect of radiation on the bone marrow of mice and noticed cells in mice spleens with the 

capability to colonise and self-renew (Till and Mc, 1961), (Becker et al., 1963). Subsequently, 

several groups of scientists identified cell surface markers to purify and understand the 

differentiation process of HSCs. HSCs were then subdivided and characterised based on their 

immunophenotype using FACS technology (fluorescence-activated cell sorting) (Spangrude et 

al., 1988, Akashi et al., 2000). 

Haematopoietic stem cells and multipotent haematopoietic progenitors (MMP) were identified 

and purified based on a combination of surface markers to identify different progenitor 

populations, the signalling lymphocyte activation molecule (SLAM) family markers and 

Lineage, Stem cell antigen-1 (Sca-1), Kit (CD117) LSK markers (Morrison and Weissman, 

1994). The expression of SLAM family receptors is differential among haematopoietic 

progenitors, which correlates with the primitiveness of the progenitor. It has been identified 

that receptors with combinatorial expression can accurately differentiate stem cells from 
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progenitor cells. Cell surface receptors of SLAM family include CD150 (also called Slamf1), 

CD48 (Slamf2), CD229 and CD244. The expression of CD150 was observed in HSCs but not 

in MPPs or restricted haematopoietic progenitors. The CD244 marker was found to be 

expressed by MPPs and some restricted progenitors, but not by HSCs. The CD48 marker was 

expressed by restricted B lineage and myeloerythroid lineage progenitors, but not by HSCs and 

MPPs. The expression of CD229 was found to distinguish lymphoid-biased HSCs from 

myeloid-biased HSCs (Kiel et al., 2005, Oguro et al., 2013). 
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Figure 1.2: A schematic representation showing haematopoietic cells differentiation. 

The diagram depicts the stepwise process of haematopoiesis, starting with haematopoietic stem cell 
(HSC) that differentiate into multipotent progenitor cells (MPP). MPPs branch into both myeloid or 
lymphoid lineages - the common myeloid progenitor (CMP) or Lymphoid-primed multipotent 
progenitor cell (LMPP). CMP develop into myeloid-erythroid progenitors (MEP), which then 
differentiate into megakaryocyte progenitors, platelets, or erythrocytes. Granulocyte-monocyte 
progenitors (GMP) may originate from CMP or LMPP. GMPs then further differentiate into mast cells, 
basophils, neutrophils, eosinophils, monocytes, and macrophages. LMPP can also produce lymphoid 
progenitors (CLP) which differentiate into; B cell progenitors (BCP) that become B cells, T cell 
progenitors (TCP) that become T cells, and natural killer progenitors (NKP) that become natural killer 
cells. Created in Biorender.com  
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1.1.1 Haematopoiesis regulatory factors 

Haematopoiesis is a complex process regulated by multiple intrinsic and extrinsic factors. A 

combination of factors is needed to maintain an accurate balance between mature and immature 

cells (Robertson et al., 2000). For example, the fluctuation of gene expression and interactions 

between transcription factors are essential intrinsic factors that control the differentiation of 

cells toward a particular cell lineage (Tsai et al., 1994).  Several studies have identified that 

Runt-related transcription factor 1 (RUNX1), LIM-only 2 (LMO-2) and GATA2, amongst 

others, are necessary for the development of HSCs  (Lie et al., 2018, Yamada et al., 1998).  

Additionally, blood lineage specification requires other transcription factors for differentiation 

and lineage commitment. For instance, GATA1 is known to mediate the differentiation of 

common myeloid progenitors towards megakaryocyte/erythroid progenitors and 

granulocyte/monocyte progenitors (Heyworth et al., 2002). The overexpression of GATA1, 

P21 (cyclin-dependent kinase inhibitor 1) and Krüppel-like factor (KLF-1) directs the cell 

differentiation toward erythroid. Additionally, PU.1 (gene name Spi1) and C/EBPα play an 

important role in lineage specification, leading to the commitment of cells towards 

macrophages, granulocytes, and B lymphocytes, whereas the PU.1 interaction with GATA3 

stimulates the differentiation of T-cells (Xie et al., 2004, Laiosa et al., 2006).  

The extrinsic factors are also necessary for the regulation of HSC expansion, cell fate 

determination and self-renewal. The bone marrow niche, the bone marrow microenvironment 

that consists of different types of haematopoietic and non-haematopoietic cells such as 

osteocytes, adipocytes, stromal cells, and extracellular matrix, is essential for the HSC 

senescence and regulation of stem and progenitor cell differentiation (Lee et al., 2017). A 

component of this microenvironment is the extracellular matrix, which is composed of 

collagen, proteoglycans, and glycoproteins. It plays an important role in the haematopoietic 

environment and controls haematopoiesis; it is also involved in a variety of biological 
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processes, including cell adhesion, growth factor interactions, various cytokines binding and 

presentation and cell signalling pathways (Verma et al., 2020). 
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  T-cell development  

The thymus is the site where T-lineage commitment and T-cell differentiation take place. 

Haematopoietic progenitors that have the potential to become T-cells need to migrate from the 

bone marrow to the thymus through circulation. The thymus provides an environment that 

comprises non-lymphoid cells, chemokines, cytokines, extracellular matrix elements, and other 

soluble proteins that support the commitment of progenitors to the T-cell lineage, their 

proliferation, T-cell receptor gene (TCR) rearrangement and the development of thymocytes 

into mature T-cells. TCR rearrangement is an important process that occurs during the 

development of T-cells in the thymus, which allows T-cells to recognize specific antigens. In 

the thymus, the early lymphoid progenitors lack T-cell receptors (TCRs) and undergo 

phenotypically distinct stages with the expression of specific surface markers and TCR 

variations (Germain, 2002). 

For T-cell development and cell fate determination, somatic assembly of TCR genes (Tcra, 

Tcrb, Tcrg, Tcrd) is critical. An assembly of these four TCR genes is controlled by the 

lymphoid-specific recombinase complex RAG, consisting of RAG1 and RAG2. TCR 

coding sequences are assembled by the RAG1/RAG2 complexes that catalyse the 

recombination of variable (V), diversity (D), and joining (J) segments. As a result of RAG 

enzyme activity, double-strand breaks are created between recombination signal sequences 

flanking the V(D)J gene segments, and nonhomologous end joining is performed to promote 

assembly of αβ or γδ TCRs. The recombination of the TCR gene instructs the thymocyte to be 

committed to either the αβ or γδ lineages, which have different characteristics and functions. 

(Bassing et al., 2002, Hayday and Pennington, 2007). The majority of T-cells are of the αβ 

lineage, they express TCRs with α and β chains. They can detect antigen peptides presented by 

major histocompatibility complex (MHC) molecules on other cells’ surfaces. While the γδ T-

cell lineage express TCRs consisting of γ and δ chains, they are capable of recognizing a wider 
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range of antigens such as non-peptide molecules, on the surface of cells in a non-MHC-

dependent manner (Attaf et al., 2015). 

Tcrd, Tcrg, and Tcrb are recombined at the stage when most T-cell identity genes are active 

and RAG enzymes are activated (Mingueneau et al., 2013). The recombination 

of Tcrd and Tcrg successfully leads to the assembly of a TCRγδ, while recombination 

of Tcrb result in assembly of TCRβ (Krangel, 2009). Thus, functional and effective TCR 

facilitates differentiation and positive selection during T-cell development, whereas the 

unsuccessful expression of either TCRγδ or TCRβ chain, will result in cellular apoptosis 

(Taghon et al., 2006). 

T-cells develop by passing through a series of developmental stages. Differentiation stages are 

classified by the expression of several important membrane molecules. In mice, there are four 

double-negative stages (DN1–DN4), meaning that the cells lack the expression of the two 

glycoprotein markers that determine T-cell type (CD4 for T helper cells and CD8 for cytotoxic 

T-cells). This is followed by the CD8 intermediate single-positive (ISP), then CD4/CD8 

double-positive stage,  and finally functionally mature CD4 or CD8 single-positive (SP) cells 

(Koch and Radtke, 2011). The DN stages are categorised through the expression of different 

surface markers (CD44 and CD25). The pre-thymic progenitors migrate from the bone marrow 

to the thymus and at the corticomedullary junction and become early thymic progenitor cells 

(ETPs) (Figure 1.3). In the first double-negative stage (ETP/DN1), in which the cells are 

immature T-cell progenitors in the thymus, the transition from DN1 to DN2 is characterised by 

the expression of CD44, DN2a cells with high KIT expression transform into DN2b 

cells expressing low KIT, indicating the initiation of T-cell commitment (Yui et al., 2010). 

This is followed by the expression of CD25 in stages DN2 and DN3. The DN3 stage is divided 

into DN3a and DN3b according to b-selection. b-selection is a checkpoint that allow cells to 

verify the successful rearrangement of their TCR-b chain locus, a successful TCRb expression 
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is required for proliferation, while an unsuccessful TCRb expression results in 

apoptosis (Famili et al., 2017, Carpenter and Bosselut, 2010). Cells containing functional 

TCRb express the pre-TCR, which consists of TCRb and pre-TCRa, and proceed to the 

double-positive stage (CD4+CD8+)(Jones and Zhuang, 2007).  

In the double-positive stage, thymocytes go through TCRa rearrangement, resulting in the 

production of mature ab TCR. Double-positive cells that express effective TCR recognise 

antigens in the context of major histocompatibility complex and receive positive selection 

signals. These cells then differentiate into single-positive cells, expressing either CD4+ or 

CD8+. Cells that fail to express effective TCR will die through a process called death-by-

neglect, which is a default death pathway for non-functional cells with the inability to bind to 

MHC (Szondy et al., 2012). 

T-cell differentiation stages in humans are similar to those in mice, but they are classiefied 

according to different surface markers such as CD34, CD7, CD5 and CD1a (Figure 1.4) (Famili 

et al., 2017). The pre-thymic progenitors express the marker of development CD34, which can 

further differentiate into multiple lineages. Starting with the DN stages, the early T-cell 

progenitors (ETPs) are CD34+ CD38low, which is equivalent to the DN1 in mice. The next 

stage, called the Pro-T1, is characterised by the expression of CD7+ CD5- CD1a-. This is 

followed by the Pro-T2 stage that expresses CD7+
 
CD5+ CD1a-, and the last DN stage is the 

pre-T stage, which is the expression of the surface marker CD1a. This is the T-cell commitment 

marker, where the ability of cells to differentiate into other lineages is lost (Capone et al., 1998). 

Following is a CD4+ ISP stage (mouse ISPs are CD8+) that will further differentiate into CD4+ 

CD8+ double-positive cells and then to functional CD4+ or CD8+ cells (Awong et al., 2009). 
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Figure 1.3: Illustration of mice T-cell developmental stages in the Thymus. 

Early progenitor cells travel from the bone marrow (pre-thymic) and enter the thymus as DN1 cells. 
DN2a stages show Notch dependence and T-cell commitment starts at the DN2b stage followed by 
DN3a stage, where cells undergo b-selection. Cells that arranged their TCR-b successfully differentiate 
into DN3b, followed by the DN4, ISP and DP stages. The double positive stage undergoes positive 
selection through the TCR-ab, giving rise to CD4 or CD8 single positive cells. Created using 
Biorender.com.  
 

Figure 1.4: Illustration of T-cell differentiation stages in human. 

Upon entering the thymus, early thymic precursors (ETP) undergo sequential developmental stages. 
Using CD7, CD5 and CD1a as surface markers, CD4 and CD8 double negative stages are further 
classified. The ETP differentiates into CD7+, CD5-, and CD1a- (pro-T). There are then CD7+, CD5+, 
and CD1a- cells (Pre-T). Intermediate single positive (ISP) cells in humans express CD4, which 
differentiate into CD4/CD8 double positive cells and eventually become CD4 or CD8 single positive 
cells. Taken from (Bayón-Calderón et al., 2020). 

Notch dependent 
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1.2.1 Transcriptional regulation of T-cell development  

The cellular identity of cells is defined by their gene expression patterns and therefore by the 

underlying networks of transcription factor activity. The development of T-cells, through the 

above-mentioned transition stages that generate functional T-cells from lymphoid primed 

progenitors, is characterised by rapid coordinated changes in the activation and silencing of 

transcription factor genes in response to the changing environment they are in. Lineage 

commitment starts at the DN1 stage, which has a specific molecular signature in which it 

expresses Gata3 and Spi1. Overexpression of these transcription factors leads to a block in T-

cell development (Anderson et al., 2002a) and an increase in myeloid (Anderson et al., 2002b) 

and/or mast cell development (Taghon et al., 2007). At the DN1 stage Notch signalling is 

activated, which is required for T-cell lineage development and inhibition of the B-cell lineage. 

Notch signaling is also involved in the upregulation of Bcl11b, reducing NK potential (Li et 

al., 2010). It was shown that Bcl11b deficiency and high expression of Inhibitor of DNA 

binding proteins (ID) factors enhance NK development (Heemskerk et al., 1997).  

The transcriptional regulation in T-cell development has been classified into three overlapping 

stages, (Figure 1.5) (Yui and Rothenberg, 2014). Stage 1 involves the transcription factors that 

have a critical role in the proliferation and survival of HSCs. These are expressed in the pre-

thymic stage and then downregulated.  Meis1, Gata2, and Hoxa9 are downregulated before the 

transition to DN2a (Gwin et al., 2013). Lmo2 and Mef2c remain expressed until the DN2a phase 

and are then suppressed. Transcription factor genes Spi1, Hhex, Gfi1b, Erg, Tal1, Lyl1, and N-

Myc continue to be expressed until reaching the DN2b stage and are then inhibited. Upon 

reaching the DN3 stage, cells lose their potential to become natural killer cells, dendritic cells, 

B-cells, or myeloid cells. To support this lineage commitment, stage 2 of transcriptional 

regulation sees increased expression of key transcription factors that identify T-cell lineage, 

such as Gata3, Bcl11b, and Tcf7. Their expression helps the cells to progress to the DN3 stage, 
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where the cells undergo TCR rearrangement (Zhang et al., 2012b). The activation of NOTCH 

signalling at this stage and the interaction of its ligands with NOTCH receptors on the surface 

of lymphoid precursor ensures the sequential activation of T-cell transcription factors and 

promote T-cell development and differentiation (Koch  et al., 2008). GATA3, BCL11B and 

TCF1 in stage 2 play an essential role in inhibiting the expression of many stem and progenitor-

cell genes from stage 1. This is required for normal T-cell development, because their abnormal 

expression could lead to malignant transformation of T-cells. Also, the inhibition of the class 

II helix–loop–helix (HLH) transcription factors, Tal1, and Lyl1 in stage 1 is crucial for the 

activation of T-cell-specific genes. The overexpression of Tal1 induces the sequestration of E-

proteins which form the TAL1/E-protein heterodimer. This heterodimer indirectly inhibits the 

transcription of genes regulated by E-protein dimers. The silencing of Tal1 and/or Lyl1 is 

therefore critical for the formation of E-protein dimers (Tan et al., 2019). E-protein 

transcription factors are known to regulate T-cell transition processes and important for TCRβ 

thymocytes. E-protein dimers regulate Rag1 and Rag2, facilitate the integrity of b-selection 

checkpoint and regulate the thymocytes that passed the b-checkpoint (Zhong et al., 2007, Yui 

et al., 2010, Rothenberg, 2014) 

The third stage involves gene expression following the b-selection. T-cells undergo rapid 

proliferation during the DN3b to DP transition phases in response to TCR signals and 

ultimately lose their dependence upon the Notch receptor. In the absence of Notch signalling, 

thymocytes rely on pre-TCR signals that inhibit NOTCH-activated genes by the IKAROS 

transcription factor (Geimer Le Lay et al., 2014, Yui and Rothenberg, 2014).  In response to 

pre-TCR signalling, Id3 expression is transiently turned on, temporarily inhibiting E-protein 

activity, but the E-proteins then resume their function (Engel et al., 2001). DN3 cells that have 

not completed V(D)J recombination while being selected may be inhibited by high levels of 

constitutively expressed Gfi1, considering an important role of Gfi1 in this process (Schmidt 
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et al., 1998). Furthermore, RUNX1 has been demonstrated to play a role in regulating the 

transition from the DN to the DP stage of developing thymocytes, as well as the transition from 

DP to SP (Egawa et al., 2007). The gene expression of Ets1/2, Tcf7, Lef1, Gfi1 and Tcf12 

continues from stage 2 and increases in stage 3 for efficient T-cell thymocyte production. A 

precise control of regulatory networks and the inhibition of Notch target genes during and post 

β-selection is essential for maintaining healthy T-cells, as well as protecting against potentially 

malignant transformations (Yui and Rothenberg, 2014). 
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Figure 1.5: Illustration of the pattern of important transcription factors expression levels 
during T- cell development.  

The figure shows the three phases of transcriptional regulation during T-cell development. The blue bar 
represents the genes of proteins involved in the transcriptional regulation of stem cells and 
progenitors. A brown bar represents the expression of the T-cell specification and commitment 
factors. Intensity of colour indicates dynamic changes in gene expression (dark = high, light = low) 
(Yui and Rothenberg, 2014). 
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  Helix-loop-helix E-box binding factor - HEB 

The E-protein transcription factors belong to the basic helix-loop helix (bHLH) family, a large 

family of proteins characterised by two distinct conserved domains: a basic region and the HLH 

structure. The basic region located at the N-terminus, consists of mostly basic residues and is 

essential for binding of the transcription factor to DNA at the specific hexanucleotide sequence 

‘CANNTG’, referred as an E-box motif. The HLH domain is at the C-terminal end and 

comprises mainly hydrophobic amino acid residues and contains two a-helical regions 

connected by a loop. The HLH region is important for the interaction between proteins and the 

formation of homo- and heterodimers (Jones, 2004, Murre et al., 1994). E-proteins are involved 

in a variety of developmental processes such as myogenesis, neurogenesis, heart, pancreatic 

development and lymphopoiesis (Massari and Murre, 2000).  

The HLH family is classified into different groups based on dimerization capabilities and 

DNA-binding specificity. Class I includes members of the E-protein family; E2A (TCF3), E2-

2 (TCF4), and HEB (gene name: TCF12) (Belle and Zhuang, 2014). These regulate 

transcription by forming homodimers or heterodimers with other E-proteins or with class II 

bHLH proteins. Class II includes proteins such as myodenin, MyoD, TAL1, and LYL1 and 

require heterodimerization with class I E-proteins to function as transcriptional activators or 

repressors (Murre c, et al1994). E-proteins can also form as heterodimer with Inhibitor of DNA 

binding proteins (ID) to prevent DNA binding by the E-protein dimers. ID proteins are HLH 

proteins lacking the DNA binding activity (Benezra et al., 1990). The activities of E-proteins 

and their antagonist ID proteins play a critical role in haematopoiesis as they orchestrate 

developmental progression and thymocyte maturation (Lazorchak et al., 2005).  

HEB was first described in 1992 (Hu et al., 1992). TCF12 contains 21 exons, with the total 

gene spanning more than 200 kb (Wang et al., 2006a). It is essential in many developmental 

processes. It can promote myogenesis by forming a heterodimer with MyoD, which is a 
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myogenic regulatory factor, and binds in the promoter regions of muscle-specific genes at E-

box sequences. HEB plays a fundamental role in controlling thymocyte transition to the DP 

stage and beyond and controls thymocytes survival. HEB is important in the activation of the 

recombinase genes Rag1 and Rag2, which mediate TCR-b, TCR-g and TCR-d gene segment 

rearrangements (Langerak et al., 2001). It is also involved in the regulation of pTa expression, 

which is essential for efficient selection and proliferation of immature thymocytes (Tremblay 

et al., 2003).  

HEB is expressed in the form of two major isoforms, due to differential transcription start site 

usage; HEB canonical (HEBcan), which starts at exon 1 and HEB alternative (HEBalt), which 

starts between exons 8 and 9 (Figure 1.6A). There are different domain compositions 

in these isoforms (Figure 1.6B). Both consists of the HLH domain that is required for DNA 

binding and dimerization with other bHLH proteins. The activation domains 1 (AD1) and AD2 

mediate coactivators recruitment to the transcriptional complex is found in canonical isoform. 

However, AD1 activation domain is absent from the alternative. HEB isoforms are expressed 

differently during T-cell development stages. HEBalt is highly expressed in early T-cell 

progenitors and then gradually inhibited towards the double-positive transition stage. In 

contrast, HEBcan is expressed throughout the stages and is upregulated in the DP stage (Figure 

1.6C) (Wang et al., 2006a). Unique roles have been played by the two isoforms: HEBcan was 

shown to inhibit natural killer cell potential, while HEBalt did not show this effect (Braunstein 

and Anderson, 2011). HEBalt restricts myeloid fate during haematopoiesis (Wang et al., 

2006b).  
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Figure 1.6: Schematic representation of HEB genomic structure and expression level. 

(a) Genomic organization of TCF12, arrows indicate the two alternative transcription start sites, 
resulting in HEBcan and HEBalt expression, vertical bars represent exons. (b) The structural differences 
between the two HEB isoforms. The figure was adapted from (Braunstein and Anderson, 2012) and 
modified using Biorender.com. (c) Dynamic expression of HEB isoforms during T-cell development 
stages. Created using Biorender.com. 
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1.3.1 HEB in Haematopoiesis 

There is considerable evidence supporting an important role of HEB in haematopoiesis, both 

in lineage commitment and differentiation. Tcf12 expression level is found to be more 

abundant in HSCs as compared to LMPP and CLP. As such, Tcf12 is believed to have a role 

in regulating haematopoiesis. The result of targeted deletion of Tcf12 in HSCs showed that 

their reconstitution capacity is significantly reduced in comparison to wild-type (WT) HSCs. 

A significant decrease in white blood cell and lymphocyte numbers was observed in the 

peripheral blood of Tcf12−/− mice compared with WT mice. In the meantime, neutrophil, red 

blood cell, and platelet counts remained unchanged. Also, the percentage of B cells and CD4+ 

cells declined significantly, but the percentage of myeloid and CD8+ cells did not change in the 

peripheral blood of Tcf12−/− mice. In the thymus of Tcf12−/− mice, CD4+ and double-positive T-

cell frequencies and absolute numbers decreased significantly while CD8+ and double-negative 

T-cells increased. The results suggest that there are two effects: a block in differentiation, and 

a shift between CD4-positive and CD8-positive cells (Liao and Wang, 2021).  

Moreover, the lineage cells in the spleen of Tcf12−/− mice showed a decrease in B cells and 

CD4+ cells, suggesting that Tcf12 protein is needed for the development of these cells. At the 

same time, the number of myeloid, CD8+ cells, and DP cells remained relatively 

unchanged. The effect originates primarily from a defect in B and T cell differentiation, rather 

than myeloid differentiation. Also, ablation of Tcf12 led to a significant reduction in the 

expression of differentiation genes such as Runx1, Klf5, Cebpα, and Cebpe in HSCs, indicating 

a role of Tcf12 in regulating HSCs differentiation. However, there was no difference in the 

HSC self-renewal gene expression, including Hoxa5, Hoxa7, Hoxa9, Hoxa10 and Mn1 (Liao 

and Wang, 2021). These last two observations may also explain the expansion of early T-cell 

progenitors in the absence of HEB; persistent self-renewal with reduced differentiation.  
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Recent research has revealed that HEB has an indispensable effect on human mesodermal 

specification and haematopoiesis during embryogenesis. Using CRISPR/Cas9 gene-editing 

technology, human embryonic stem cells (hESCs) were transfected with a plasmid that 

disrupted both HEBalt and HEBcan expression, by targeting exon 9 of the gene locus. The 

results of this study revealed a profound defect in mesodermal development, failure of T cell 

development as well as a decrease in the expression of RUNX1 and NOTCH1, two key 

regulators of the generation of hemogenic endothelium. Ectopic expression of HEBcan largely 

corrected these defects. Additionally, analysis of RNA-seq data showed a disruption of the 

expression of genes required for the development of heart, neural crest and endothelial 

development, which confirmed that HEB is important in the differentiation of all these lineages 

(Li et al., 2017). 

Moving on to the interaction between the E-proteins during haematopoiesis, E2A has been 

found to be essential in B-cell lineage development and differentiation. The E2A gene encodes 

alternative splice variants, E12 and E47, which vary in their basic DNA binding region. HEB, 

in co-operation with E2-2, can help to modulate E2A protein activity in B-cell lineage 

development via two potential mechanisms: 1) HEB and E2-2 dimerize with the inhibitory ID 

proteins that inhibit both HEB and E2-2, resulting in increasing E2A protein availability, 2) 

HEB and E2-2 heterodimerize with E2A proteins and contribute directly in B-cell-specific gene 

transcription (Zhuang et al., 1996, Hu et al., 1992). Overall, these studies provide an important 

insight into the role of E-proteins in the regulation of a wide range of genes involved in various 

aspects of cellular development and haematopoiesis. 

  TAL1/LMO2 multiprotein complex 

T-cell Acute Lymphoblastic Leukaemia protein 1 (TAL1, previously SCL) belongs to the class 

II basic helix–loop–helix (bHLH) transcription factors. It has an essential function in the 

generation of haematopoietic stem cells but is not required for their maintenance (O'Neil et al., 
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2004). TAL1 is highly expressed in HSCs and early multipotent progenitors and is then 

suppressed during haematopoietic differentiation in all but the erythroid lineage (Kallianpur et 

al., 1994). TAL1 forms a heterodimer with E-proteins (E2A, E2-2 or HEB) to bind to DNA 

and activate transcription as part of a transcription complex that consists of LIM-only protein 

2 (LMO2), Lim-domain-binding protein 1 (LDB1) and GATA family proteins (Hsu et al., 1994 

Murre, 2000). This multiprotein complex functions in the regulation of gene expression of T-

cell development and differentiation. LMO2 expression is largely overlapping with that of 

TAL1 and is supressed at the DN2 stage, the beginning of T-cell commitment. 

LMO2 is a transcriptional regulator important for normal haematopoietic development and is 

required for HSCs differentiation to committed to erythrocyte lineage (Sincennes et al., 2016). 

LMO2 belongs to the LIM-only class of the LIM zinc finger protein family, it is composed of 

two LIM domains. For many biological processes, protein-protein interactions are critical for 

the formation of complexes with other proteins. LIM domains do not bind DNA, but rather 

serve as scaffolds for the assembly of protein complexes. It has consistently been demonstrated 

to play a significant role in regulating gene expression via transcriptional regulation (Zheng 

and Zhao, 2007). The LMO2 complex, through multimerization of LDB1, was found 

to facilitate long-range interactions between enhancers and promoters, for example in the β-

globin locus (Meier et al., 2006). 

As a result of a study using LMO2 knockout mice, it was found that LMO2 is necessary for 

erythropoiesis to occur in the yolk sac, and mice lacking LMO2 died at E9-10 (Warren, et al. 

1995). In 1997 Wadman et al. demonstrated that LMO2 regulates transcription by forming a 

complex with GATA-1, TAL1 (Scl) and LDB1. Since then, other studies have confirmed that 

this transcription factor complex is essential to the development of erythropoiesis, which 

explains why knockout mice did not survive past early embryonic development when LMO2 

was deleted (Kerenyi and Orkin, 2010).  
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Overexpression of LMO proteins (LMO1 and LMO2) was found with aberrant TAL1 

expression in T-cell Acute Lymphoblastic Leukaemia (T-ALL) (Ferrando et al., 2002a). More 

than 70% of T-ALL cases that are due to a chromosomal translocation involve a master 

transcriptional regulator (Sincennes et al., 2016). TAL1 and LMO2 were found aberrantly 

expressed in T-ALL as a result of chromosomal translocation involving their loci at 1p32 and 

11p13 respectively (Wadman et al., 1997). TAL1 is commonly overexpressed due to the SIL-

TAL deletion, which is an approximately 90 kb deletion from the 5’UTR of the SCL-

interrupting locus (SIL) gene to the 5’UTR of the TAL1 gene, forming the SIL/TAL1 fusion 

gene. The cell cycle regulator, SIL gene is expressed throughout the development of T cells, 

consequently, SIL/TAL1 fusion activates TAL1 expression even when TAL1 is supposed to 

be downregulated leading to constitutive expression of TAL1 (Delabesse et al., 1998). 
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  T-cell Acute Lymphoblastic Leukaemia  

Cancer is a class of diseases that can be defined as the abnormal and uncontrolled proliferation 

of cells which exceed their normal boundaries, invading surrounding tissues and spreading to 

distant tissues and organs (Roy and Saikia, 2016). Leukaemia is a type of cancer that forms in 

the tissues responsible for the production of blood cells, which includes bone marrow and the 

lymphatic system. One type of leukaemia, Acute Lymphoblastic Leukaemia (ALL), involves 

the expansion and malignant transformation of lymphoid progenitor cells in bone marrow and 

peripheral blood (Szychot et al., 2014). ALL is a frequently observed type of leukaemia; it is 

the second most common cancer among children under the age of one, although it can also 

occur in adults, and has a high mortality rate (Ibagy et al., 2013). It is classified into two broad 

types, known as B cell-lineage and T cell-lineage ALL. B-ALL shows heterogeneity with 7 

recurrent genetic abnormalities, based on the 2008 World Health Organization classification. 

T-ALL on the other hand, is often the result of chromosomal rearrangements and aberrant 

expression of transcription factors (Montaño et al., 2018b). 

T-ALL represents approximately 10-15% of paediatric cases and 25% of adult cases of ALL. 

With a diagnosis of T-ALL, patients show widespread bone marrow infiltration by immature 

T-cell lymphocytes, increased white blood cells counts, mediastinal masses of thymus, pleural 

effusions and central nervous system infiltration (Van Vlierberghe and Ferrando, 2012). T-

ALL diagnosis has gradually improved as a result of intensified treatment protocol and 

chemotherapy, leading to a 5-year cure rate without relapse in over 70% of children and over 

50% of adults. However, relapse cases, which are resistant to chemotherapeutics and tend to 

have a poor prognosis, occurs in up to 20% of children and 40% of adult (Girardi et al., 2017).  

Despite the high amount of research and clinical studies, T-ALL is considered to be a clinical 

challenge due to its high relapse rates, drug resistance and poor initial prognosis. Therefore, 
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further research on T-ALL is necessary to better understand the underlying molecular causes 

and to evolve therapeutic approaches.  

Cytogenetic alteration of healthy T-cell progenitors can result in T-ALL. T-ALL development 

is a multi-steps process; the malignant transformation occurs via the accumulation of several 

genetic and epigenetic abnormalities, causing defects in cellular proliferation, survival, cell 

cycle and differentiation of T cells. Several studies indicated that more than 70% of T-ALL 

cases are associated with chromosomal translocation and aberrant expression of transcription 

factors that are the key regulators responsible for normal control of T-cell proliferation, 

differentiation, and survival (Belver and Ferrando, 2016). The first genetic changes observed 

in T-ALL patients were chromosome aberrations, discovered by Kowalcyzk et al. in 1983.  T-

ALL is frequently caused by a spectrum of chromosomal aberrations such as translocations, 

deletions, or mutations (Kowalczyk and Sandberg, 1983).  Van Vlierberghe et al. classified 

genetic abnormalities into two types. Type A abnormalities include abnormal expression of 

oncogenes encoding transcription factors that are crucial in T-cell development and 

differentiation. Examples of these aberrantly expressed genes are TAL1, LMO1/2, HOXA, 

TLX1, TLX2 and MEF2C. Type A abnormalities may be mutually exclusive and correlate to 

specific molecular-cytogenetic T-ALL subgroups. Type B abnormalities consist of genes that 

are involved in cellular processes such as signalling pathways, self-renewal, or aberrant 

activation of tyrosine kinases, such as NOTCH1, CDKN2A/B and ETV6 (Van Vlierberghe et 

al., 2011). 

1.5.1 Classification of T-ALL 

Analysis of gene expression and immunophenotype profiles classified T-ALL into subgroups. 

Early T-lineage progenitor (ETP) T-ALL is the first group, which is characterised by a block 

at the early stage of T-cell differentiation and exhibit immunophenotypes of CD4- and CD8-. 

ETP represent approximately 10% of T-ALL paediatric cases and 50% of adult cases and is 
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associated with poor prognosis (Coustan-Smith et al., 2009, Van Vlierberghe et al., 2011). In 

contrast, the second group show more favourable prognosis which is the early cortical subgroup 

with phenotype of CD1a+ CD4+ CD8+ (Niehues et al., 1999). The third group with a relatively 

more mature immunophenotype of CD4+ CD8+ CD3+, is the late cortical subgroup (Ferrando 

et al., 2002b).  

Homminga et al., classified T-ALL cases according to gene expression. As shown in Figure 1. 

7, these data were hierarchically clustered based on microarray gene expression 

data of paediatric T-ALL samples. The major clusters were associated with elevated expression 

of TAL and LMO proteins due to genetic abnormalities, while TLX/HOXA transcription 

factors were the predominant transcription factors in the second largest cluster. TLX1-

translocated cases with high CD1 expression were found in the third cluster, referred to as the 

"proliferative cluster." Among the fourth cluster was the so-called "immature cluster", 

consisting of immunophenotypically immature CD4/CD8 double negative cases expressing 

early progenitor genes (Homminga et al., 2011). 
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Figure 1.7: The genetic subgroups of T-ALL identified based on cluster analyses of 
patient samples. 

Four groups were identified based on a hierarchical cluster analysis of 117 diagnostic T-ALL samples 
and seven controls of normal bone marrow (NBM). Taken from Homminga et al., 2011. 
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1.5.2 HEB in T-cell Acute lymphoblastic leukaemia  

HEB knockout/knockdown studies were found to display greater defects in T-cell development 

compared to knockout/knockdown studies of other E-protein genes (Barndt et al., 2000). HEB 

deficiency in mice resulted in an accumulation of Intermediate single-positive (ISP) cells along 

with approximate 5–10-fold total thymocyte reduction (Barndt et al., 1999). In contrast, 

knockout of TCF3 (E2A) and TCF4 (E2-2) showed a partial block at the DN1 stage with normal 

thymocyte development (Barndt et al., 2000). HEB and E2A play an important role in 

thymocyte development as they control the transition from DP to single-positive (SP) stage. 

E2A is downregulated upon transition from the DP to the SP stage and this downregulation 

promotes thymocytes maturation. During positive selection, TCR signalling induces the 

expression of ID3 to decrease E2A activity and progress to the SP stage, whereas HEB is 

required to be expressed during the transition stage. E2A-deficient mice showed excess 

maturation from DP to SP, whereas ID3-deficient mice showed a reduction in the transition 

from DP to SP (Bain et al., 1999). Deletion of HEB and E2A simultaneously in the T-cell 

lineage clearly affected the balance between CD4 and CD8 populations. The results showed a 

reduction of CD4 SP cells while CD8 SP cells increased, while the overall thymic cellularity 

remained the same. As a consequence of the deletion of HEB or E2A, numerous CD8+ cells 

lacked surface TCR expression in the periphery, showing that HEB and E2A prevent the cells 

from further development until there is an effective TCR-positive selection signal to transit to 

SP (Jones and Zhuang, 2007). 

In early T-cell development, HEB functions to control levels of GATA3. By limiting GATA3 

and IL-7Ra expression, HEB restricts thymic NK development (Vosshenrich et al., 2006). 

HEB deficiency leads to the inhibition of T-cell development at the b-selection checkpoint 

(DN3) (Braunstein and Anderson, 2010). Deficiency of HEB resulted in the generation of cells 

that had phenotypic characteristics similar to those found in DN1, in the DN3 stage. The 
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conversion of DN3 to a DN1-like precursor resulted in compromised NOTCH1 function and 

thereby loss of T-cell potential, which was replaced by intra-thymic B-cell development (Pui 

et al., 1999). It was shown that the DN1-like thymocytes differed from the WT DN1 

thymocytes, as the DN1-like precursors did not have the potential to develop into different 

lineages. By comparing the mRNA levels of HEB knockout precursors with that in wild type 

DN1 thymocytes, B-cells, myeloid cells, and NK, it was found that the levels of Pax5, Spi1, 

and SpiB, which enable the cells to differentiate into B-cells, decreased in DN1-like precursors. 

E2A, Id2, and Gata3 levels were similar in DN1-like to DN1 thymocyte. In contrast, Notch1 

and Bcl11b expression in DN1-like were reduced in contrast to DN1 thymocytes, which 

promotes the development of NK cell (Braunstein and Anderson, 2011). 

TAL1 acts as an activator and/or repressor of target genes by binding to gene regulatory regions 

(Palomero et al., 2006). One study examined the overexpression of Tal1 and deficiency of E2A 

and HEB in a transgenic mouse model and reported a 50% reduction of thymocyte cellularity, 

a decrease in the number of DP thymocytes that led to reduced production of CD4 SP 

thymocytes, and an increase in immature CD8 thymocyte production. Activation of Tal1 

perturbs the development of thymocytes, induces and accelerates leukaemia by interfering with 

E47 and HEB, and represses the E47/HEB target genes. Ectopic expressing of Tal1 in mouse 

cells deficient in E2A and/or HEB expression (Tal1/E2A+/− and Tal1/HEB+/−) revealed a 

reduction of the expression of genes essential for thymocyte development, such as CD5, Rag1 

and Rag2, which are regulated by the E47/HEB heterodimer, comparing to transgenic mouse 

cells expressing Tal1 on a wild type background. CD4 expression was decreased in Tal1 cells 

and demonstrated a further decrease in cells expressing Tal1 and deficient in HEB and/or E2A. 

These results indicate that Tal1 contributes to the leukaemia by direct repression of E47/HEB 

target gene expression (O'Neil et al., 2004). 
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  The zinc finger transcription factors GFI1 and GFI1B 

Growth factor independence 1 and 1B (GFI1 and GFI1B) are zinc-finger containing 

transcriptional repressors. They share a similar structure consisting of three identifiable 

domains; the N terminus domain contains a small conserved SNAG (Snail/GFI1) domain, that 

is important for its repressor activity via recruitment of histone modifiers (Figure 1.8). The C-

terminus domain contains of six C2H2-type zinc fingers essential for DNA-binding – notably 

zinc fingers 3–5. Finally, the intermediate domain, located between the SNAG and zinc finger 

domains, functions by binding proteins that are involved in transcriptional regulation, mRNA 

splicing and protein modifications (Möröy, 2005, van der Meer et al., 2010). The intermediate 

domain distinguishes the GFI1 from the GFI1B protein based on the difference in size between 

the two proteins: GFI1 consists of 422 amino acids, while GFI1B comprises 330 amino acids 

(Anguita et al., 2017), generating a mass of 55 kDa and 37 kDa for GFI1 and GFI1B 

respectively. 

 

 

 

 
Figure 1.8: Structure of Gfi1 and Gfi1b. 

The figure illustrates the domain structure of two proteins, Gfi1 and Gfi1b. As indicated by the blue 
boxes (the zinc finger) both proteins contain regions designated for DNA binding, the C-terminus 
domain. The green box at one end is called the "SNAG domain," the N-terminus domain, which has a 
specific role in repression, as indicated by the adjacent arrow. An intermediate domain is indicated by 
the grey box. This is the location where the protein interacts with other molecules, taken from (Möröy 
et al., 2015). 
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GFI1 and GFI1b have essential roles in haematopoietic stem cell self-renewal, proliferation 

and differentiation. Gfi1b is highly expressed in early HSCs and then downregulated at the 

multipotent progenitor stage, and gradually further downregulated during B and T cell 

differentiation. In contrast, Gfi1 expression level is upregulated at these stages. It is required 

for early T-cell progenitors transition stages, where it is(Duan et al., 2005) expressed at the 

DN1 and DN2 stage and then increases to high expression at DN3, where it controls the beta-

selection and encourages DP cell formation (van der Meer et al., 2010) (Möröy et al., 2015). 

GFI1 modifies chromatin and controls target gene expression by recruiting histone modifying 

enzymes, such as histone lysine methyltransferase G9a, histone demethylase LSD1 and histone 

deacetylase 1 (HDAC1) (Duan et al., 2005). The oncogenic potential of GFI1, in part arises 

from its ability to recruit LSD1 (Lysine specific demethylase) to the p53 tumour suppressor 

protein (Khandanpour et al., 2013). Subsequently, LSD1 de-methylates p53 at C-terminal 

lysines which in turn prevents p53 from activating pro-apoptotic proteins, such as Bax, Puma 

and Noxa, in response to tumorigenic mutations. Ultimately, GFI1 recruitment of LSD1 

prevents p53 induced cell apoptosis in response to DNA damage, an important defence 

mechanism against tumour formation.  

Several studies have shown a role for GFI1 in regulating oncogenesis. Gfi1 mutation can give 

rise to human neutropenia (Person et al., 2003). Aberrant expression of Gfi1 can result in lung 

tumours (Kazanjian et al., 2004), and GFI1 may cooperate with oncoproteins such as C-MYC 

and PIM-1 in T-cell lymphomagenesis (Zörnig et al., 1996). Aberrantly expressed Gfi1 also 

affected differentiation of healthy cells. Gfi1 deficiency in myeloid progenitor cells prevented 

cell differentiation into mature granulocytes (Duan and Horwitz, 2003). T-cell development 

was partially arrested in mice lacking Gfi1, and there was a reduction of mature B-cells in these 

mice (Karsunky et al., 2002b). The overexpression of Gfi1 in transgenic mice accelerated T-
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cell entry into the S phase after antigenic simulation, whereas Gfi1 deficiency led to a reduced 

T cell response to TCR stimulation (Karsunky et al., 2002a). In murine disease models, Gfi1 

deletion slowed down T-ALL progression, prevented malignant transformation in transplanted 

hosts, and moreover, conditional Gfi1 knockout in established lymphomas was observed to 

attenuate the tumour and promote survival (Khandanpour and Möröy, 2013). 

Since the 1990s, emerging evidence has implicated aberrant Gfi1 expression in haematopoietic 

transformation, leading to the development of T-cell lymphoid leukaemia. The involvement of 

GFI1 in T-ALL progression was first identified in studies using Moloney murine leukaemia 

virus (MoMLV) induced models of leukaemia (Gilks et al., 1993). In this model viral 

insertional mutagenesis of tumour suppressor and proto-oncogenes drives oncogenesis. 

Accumulation of MoMLV proviral insertions in these models confers interleukin-2 

independent growth to T cells (Lazo et al., 1990), a critical process in the oncogenic 

transformation of lymphoid progenitors. In these studies, Gfi1 was identified as a prevalent 

proviral integration site.  

However, it has become clear that aberrant Gfi1 expression is not the major aetiological 

mechanism driving lymphoid progenitor transformation, as transgenic overexpression of GFI1 

alone is insufficient for leukemogenesis (Zörnig et al., 1996). Rather, the role of GFI1 in 

transformation appears to arise from its potential as an ‘oncorequisite’ factor that assists the 

progression and development of T-ALL through cooperation with other oncogenes. Indeed, 

MoMLV-upregulated Gfi1 operates as a partner of constitutively expressed Pim-1 or Myc 

oncogenes in the tumorigenesis of murine T-cell lymphoma modules (Zörnig et al., 1996), 

highlighting the oncogenic potential of GFI1 and its ability to operate in concert with other 

oncogenes.  

Critically, the role of Gfi1 as an oncogenic progression factor has been demonstrated outside 

of viral integration-induced leukaemia. Indeed, elevated expression of Gfi1 has been reported 
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in subsets of human NOTCH-driven T-ALL oncogenesis (Weng et al., 2004). Gfi1 is intricately 

involved in mutant Notch-dependent T-ALL, where it appears to act in concert with Notch 

signalling to initiate and maintain lymphoid leukaemia. Gfi1 knockdown significantly inhibited 

Notch activity and disease progression (Phelan et al., 2013). Furthermore, GFI1 appears to 

have a role in tumorigenesis and T-ALL progression, as maintained and upregulated Gfi1 

expression is required during the preleukemic phase, but the gene later becomes downregulated 

during progression to leukaemia (Phelan et al., 2013).  

A recent study identified the GFI1-interacting protein IKAROS, encoded by the IKZF1 gene, 

which is a zinc finger transcription factor (Sun W et al., 2022). IKAROS plays an important 

role in B and T cells development, and in T-ALL function as a tumour suppressor. Gene 

expression profiling revealed a previously unrecognized function of GFI1 in transcriptional 

activation of a subgroup of genes involved in T cell development. Ectopic expression of GFI1 

and/or knockout of IKAROS resulted in positively transactivated genes such as Notch3, CD3 

and RAG1 (Figure 1.9). They performed GFI1 and IKAROS ChIP-seq to investigate the 

potential common target genes, which revealed approximately 80% of GFI1-bound peaks 

overlap with IKAROS peaks. This result suggested that GFI1 and IKAROS regulate common 

proteins and that genes co-occupied by GFI1 and IKAROS have fundamental roles in T-cell 

development, such as GFI1 itself, NOTCH3, CD3, TCF3, MYC, RUNX3, MYB and HES (Sun 

W et al., 2022). 
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Figure 1.9: Schematic representation of GFI1 role. 

GFI1 acts as transcriptional activator when cooperates with IKAROS and activates genes such as 
NOTCH3, CD3 and RAG1, or acts as a transcriptional repressor by recruiting LSD1 via its suppressor 
domain SNAG (Sun W et al., 2022). 
 
 
It has been shown that that GFI1 is involved in the regulation of alternative splicing of mRNA. 

This is a regulated post-transcriptional process in which exons are linked in different 

combinations from the same mRNA, leading to the generation of more than one functional 

protein isoform from the same gene (Black, 2003). In T-cells, GFI1 was shown to interact and 

bind with U2AF26, a small nuclear RNA auxiliary splice factor. As a consequence, this 

cooperation directly regulates alternative splicing of the transmembrane tyrosine phosphatase 

CD45. The activity of CD45, which is one of the important regulators of T-cell receptor (TCR)-

mediated signalling and T-cell activation, is controlled by alternative splicing of its pre-mRNA. 

In the absence of GFI1, U2AF26 induces exon skipping in CD45 pre-mRNA, generating the 

less active CD45RO isoform, which negatively affects T cell activation. In contrast, U2AF26 

with GFI1 facilitates the formation of the more active CD45RB isoform, associated with T-cell 

activation. In Gfi1-deficient mice, the uncontrolled activity of U2AF26 leads to defective 

splicing of CD45, especially in CD4+ T-cells, thereby causing a decreased level of antigen-

mediated activation of T-cells. This indicates that GFI1 plays an essential role in the mediation 

of alternative splicing of CD45 in T- cell and controls T-cell receptor signalling (Heyd et al., 

2006). 

Additionally, Gfi1 deficiency was found to influence the expression of genes. It acts as an 

upstream negative regulator of the Id1 and Id2 proteins. As a result, ID proteins negatively 
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regulate the expression of HEB, which function as a critical effector in early T cell development 

and proliferation (Murre, 2005). Aberrant regulation of HEB expression has been implicated 

in T-ALL (O’Neil et al., 2004). The oncogenic function of Gfi1 in this regard is mediated by 

its loss-of-function, which inhibits its repressive function on its downstream targets, Id1 and 

Id2, leading to elevated expression of these genes (Yücel et al., 2003). As mentioned above, 

deficits in expression of E-protein genes have been reported to drive accelerated T-cell 

selection and proliferation (Bain et al., 1999; Yücel et al., 2003). Therefore, it can be 

hypothesised that GFI1 exerts an additional oncogenic role through its ability to regulate HEB 

E-protein dosage via regulation of Id1 and Id2.  

To conclude, GFI1 displays dynamic and intricate roles as “oncorequisite” factor of T-ALL 

progression. Despite not providing the initiating force underlying lymphoid transformation, it 

clearly has cooperative functions by inhibiting apoptosis, and for sustaining oncogenic Notch 

signalling. Furthermore, GFI1 expression is not simply required in an upregulated state, but 

rather is modulated during disease progression from high to low expression levels, where 

modulation of downstream E-protein dosage is involved as well. Future work will be required 

to better define the regulatory mechanisms behind GFI1 expression, and to better characterise 

its role in lymphoid malignancy. Finally, GFI1 presents as a promising target for novel T-ALL 

treatments, which is currently being explored (Geimer Le Lay et al., 2014).  
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 Genome editing and CRISPR-Cas9 

The development of genome editing technologies has offered new possibilities for tackling 

diseases such as lymphoblastic leukaemia and to improved therapeutic potential of diseases. 

There are several genome editing tools that have been developed in the last decade. The most 

commonly used technologies are Zinc-Finger Nucleases (ZFNs), Transcription activator-like 

effector nucleases (TALENs) and Clustered regularly interspaced short palindromic repeats 

(CRISPR)(Gaj et al., 2016). Following is a brief explanation of how these three gene editing 

techniques differ in term of the nucleases used and the type of repair required.  

The ZFNs editing tool involves the fusion of the zinc finger domain and the cleavage domain 

of the restriction enzyme Fokl from the bacterium Flavobacterium okeanokoites (Fokl). These 

ZF DNA-binding domains are made up of multiple C2H2 zinc fingers that determine the 

specificity of DNA binding, thereby directing ZFNs to their target sites. The ZF domains 

recognize three to four base pairs, and the tandem domain can bind to longer nucleotide 

sequences. For specific site cleavage in the genome, zinc finger domains are designed in pairs 

to bind two sequences flanking upstream and downstream the cut site. The FokI domains as a 

result bind and cut DNA at the site and create a DNA DSB that has a 5’overhang. DNA DSB 

is repaired via two repair mechanisms; the Homology-directed repair  (HDR) is a precise 

mechanism, which occurs primarily during the S or G2 phase and involves the use of 

homologous donor DNA to repair DNA damage, or the Non-homologous end joining (NHEJ), 

is an error-prone mechanism, involves connecting broken ends of DNA together, leading to the 

formation of a heterogeneous pool of insertions and deletions and occurs throughout any cell 

cycle phases (Cathomen and Joung, 2008, Urnov et al., 2010).  

TALENs is another tool with a structure similar to ZFNs. Both involve using the FokI nuclease 

domain to create a DSB at a specific target site in the genome. However, the DNA binding 
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domains in TALENs are different. TALENs use transcription activator-like effectors domains 

that are composed of a series of 33-35 amino acids repeats, each recognising single nucleotides. 

This increases the potential for specificity and target capabilities in comparison to ZFNs. 

Genome editing has been successfully accomplished using these techniques, however there are 

several disadvantages associated with these approaches. In the case of ZFNs, the requirement 

for three base pairs made the construction more challenging. Sites rich in guanine appeared to 

produce more efficient editing than sites lacking guanine. Furthermore, because ZFNs interact 

with DNA modularly (i.e. independently), editing efficiency was compromised as well. 

TALENs as a gene-editing tool was time-consuming and expensive. Although TALENs have 

a 5' thymine and 3' adenine structure, they limit the customization of targets. In addition, 

regions with high levels of DNA methylation were less efficiently edited with TALENs (Gupta 

and Musunuru, 2014, Li et al., 2020). 

In recent years, studies have presented the use of CRISPR-Cas9 technique as a simpler, faster, 

cheaper method, with the ability to multiplex genome editing (Mali et al., 2013). In this way, 

multiple guide RNAs can be used simultaneously in a single cell to target multiple sites. 

CRISPR are repeated DNA sequences composed of 23 to 47 bp separated by non-repetitive 

sequences or spacers found in the genome of prokaryotic, CRISPR was initially discovered in 

Escherichia coli, by Dr Nakata’s team in 1987 (Ishino et al., 1987). However, its role as a 

protection against bacteriophages was not clarified until 2007. Jansen et al. discovered in the 

early 2000s that these DNA repeat elements were found in both bacteria and archaea. The 

repeat elements consist of direct repeats separated by spacer regions of DNA between 21 and 

37 bp in length. In addition, cas genes were identified, though the exact function of the system 

was unclear at the time (Jansen et al., 2002). 
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In 2005 Francisco Mojica and Christine Pourcel reported independently that the spacer regions 

between the repeat sequences are homologous to sequences found in bacteriophages, 

prophages, and plasmids (Mojica et al., 2005, Pourcel et al., 2005). In addition, Bolotin and 

colleagues confirmed these observations in a third influential paper published in the same year 

(Bolotin et al., 2005). The significance of these seminal publications was, however, grossly 

underappreciated. 

Researchers have spent almost a decade improving the system, since the discovery in 2005, for 

it to be used as a tool that is safe and efficient in a variety of circumstances. Since the beginning 

of 2013, more than a thousand papers have been published containing the acronym CRISPR in 

the title or abstract. CRISPR-Cas9 has developed into an incredibly fast-paced field where 

laboratories around the world have used this technology to edit the genomes of a variety of 

different cell types and organisms. CRISPR-Cas9 system (Type II) was first introduced into 

mammalian organisms in 2013 and was considered the newest genome editing tool for inducing 

site-specific DSBs and subsequent mutagenesis in eukaryotic cells, plant, mouse, and human 

(Cong et al., 2013). The timeline in Figure 1.10 summarizes the major advances that have been 

made in this field. 

 

 

 

 

 

 

 



42 
 

 

 

 

 

 

 

Figure 1.10: Timeline of genome editing and CRISPR-Cas9 system development. 

An overview of key milestones in the development of genome editing technologies is outlined in this 
figure, with a particular emphasis on the emergence and advancement of CRISPR-Cas9. From the 
beginning of genetic manipulation to the most recent advances in precise gene editing is included in the 
timeline. Taken from (Doudna and Charpentier, 2014) 
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1.7.1 CRISPR-Cas9 principle  

CRISPR-Cas9 is a novel targeted genomic editing method that enable genomic modifications 

in different mammalian cells. When using CRISPR-Cas9 as an editing tool, two parts are 

essential: (i) the Cas9 protein is an endonuclease that can recognize and cut the DNA at specific 

locations and initiates the DSBs in the target DNA, (ii) the gRNA, which is an RNA sequence 

of 20 nucleotides long that is complementary to the targeted DNA sequence to be edited. This 

gRNA assists in directing Cas9 to the DNA target region. Additionally, the protospacer 

adjacent motif (PAM) sequence, a short guanine-enriched sequence (5’NGG sequence) plays 

an important role in this system, since only those genomic DNA regions that contain PAMs 

can be recognised and bound by the Cas9, indicating their significance (Barrangou, 2013, Jinek 

et al., 2013). 

Briefly, the CRISPR method involves using a gRNA to guide the Cas9 nuclease to the target 

region in the genome, where it can mediate DNA cleavage and create double strand breaks. 

DNA DSBs generated by Cas9 can result in endogenous cellular DNA repair processes, which 

can be exploited to engineer the genome. An illustration of the CRISPR/Cas9 genome editing 

system can be seen in Figure 1.11. The repair of DSBs can generally be accomplished in one 

of two ways: either by HDR or by NHEJ. During HDR repair, a donor DNA template with 

homology in the ends is used, this DNA can be inserted into the target site of the gene, causing 

frameshifts or insertion of DNA, is vital for single gene editing. In NHEJ no template is used, 

broken ends can be rapidly ligated. However, this process generates small insertions or 

deletions at specific sites, causing target genes' function to be altered or disrupted, which can 

lead to a knock-out phenotype resulting from frameshift mutations (Hryhorowicz et al., 2017). 

As a result of CRISPR-Cas9's simplicity and high efficiency it has become one of the most 
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widely used tool for studying gene expression alterations and has a great potential for 

modelling the treatment of cancer and other genetic disorders.  

An advantage of CRISPR technology is that it allows the reproduction of tumour-associated 

chromosomal translocations, which result from illegitimate nonhomologous chromosome 

joining during carcinogenesis. With CRISPR-Cas9's ability to introduce DSBs at defined 

positions in cells, it has been possible to generate human cell lines and primary cells containing 

chromosomal translations that resemble those described in cancers, enabling researchers to 

diagnose and treat the disease such as lung cancer (Choi and Meyerson, 2014), acute myeloid 

leukaemia, and Ewing’s sarcoma (Torres et al., 2014, Chen et al., 2014).  
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Figure 1.11: Schematic representing the CRISPR/Cas9 system. 

The target DNA molecule represents the genomic region to be edited or modified. Cas9 is needed to 
recognize and bind to a short, specific DNA sequence adjacent to the target site, protospacer adjacent 
motif (PAM). gRNA consists of a sequence complementary to the target DNA. An endonuclease 
protein, Cas9 is illustrated as a molecular scissor, function to break double strands of DNA at the 
targeted sites. The 3' and 5' ends of the target DNA indicate that the DNA strands will be cleaved and 
repaired following Cas9-induced breaks. Taken from (Redman et al., 2016). 
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1.7.2 CRISPR-Cas9 applications  

As previously mentioned, the development of new approaches, including CRISPR-Cas9, is 

crucial for functional studies, it has been possible to develop powerful animal genetic models 

that mimic the cooperative oncogenic lesions affecting genes that have an established role in 

the proliferation and establishment of leukemic clones (Nemudryi et al., 2014). CRISPR-Cas9 

has already been used to study many diseases, including haematological diseases. In ALL most 

genetic modifications have been conducted using this technique, most of these experiments 

involved the mutation, insertion, or deletion of genes. Transcription factor deregulation is a 

common mechanism in the pathogenesis of human cancer, especially in leukaemia cells. 

Through chromosomal translocations, transcription factor genes are often amplified, deleted, 

or rearranged, it may also be subjected to point mutations that result in functional gains or 

losses. It may therefore be possible to treat ALL effectively by targeting transcription factors 

(Montaño et al., 2018a). 

In nearly 80% of B-ALL patients, transcription factors such as PAX5 and IKZF1 were altered. 

In response to these alterations, glucose metabolism and energy supply have been adversely 

affected, where transcription factors function as metabolic repressors by limiting the 

production of ATP. The CRISPR-Cas9-based screening of PAX5 and IKZF1 transcriptional 

targets identified several target genes including NR3C1, TXNIP and CB2 as central effectors 

of B-lymphoid glucose and energy restriction, and therefore as potential targets for treating B-

ALL (Chan et al., 2017). 

 In the case of T-ALL, TAL1, which is one of the most frequently deregulated oncogenes and 

TRIB1 (TRB1) genes, were disrupted with CRISPR-Cas9 technique to investigate their 

biological function. In this study, two known changes to TAL1 protein (insertion and deletion) 

were reproduced in a cell line and that resulted in alterations in their expression. Additionally, 
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there was also a change in the methylation and acetylation of H3K27, which suggests a causal 

relationship between mutagenesis, epigenetic modulation, and TAL1 expression (Navarro et 

al., 2015). 

Overexpression of LMO2 has been related to the development of T-ALL. However, the cause 

of this overexpression remains unclear since few mutations have been reported. A study 

conducted by Rahman's group in 2017 using diagnostic samples from paediatric and adult T-

ALL patients as well as PF-382 and DU528 T-ALL cell lines. They identified a recurrent 

mutation hotspot resulting in an aberrant promoter within intron 1 of LMO2.  Disruption of the 

mutant allele by CRISPR/Cas9 in PF-382 T-ALL cell lines, significantly decreased LMO2 

expression, demonstrating a clear causal relationship between the mutation and dysregulation 

of oncogene expression. Moreover, the spectrum of CRISPR/Cas9-derived mutations 

reveals important insights into how functional transcription factor binding is interconnected. 

These mutations create high-confidence binding sites that may be utilized by MYB, ETS1, or 

RUNX1, all of which belong to the highly oncogenic TAL1-LMO2 complex (Rahman et al., 

2017). 

1.7.3 CRISPR-Cas9 limitations  

Despite its wide usage as a genome editing tool, CRISPR-Cas9 still has a number of limitations 

that drive researchers to propose solutions to develop it. Its main difficulty, as with all gene 

editing, is that Cas9 nuclease has a diverse tolerance to mismatch between gRNA and targeted 

genomic DNA, which can lead to off-target effects. Another cause of off-target effects may be 

PAM mismatch (Fu et al., 2013). It is interesting to note that whole-genome sequencing has 

demonstrated that off-target sites typically occur in mouse ESCs but occur very rarely in human 

stem cells (Koo et al., 2015, Schwank et al., 2013, Smith et al., 2014). However, it is important 

to improve the targeting specificity. This could be by creating a well-designed gRNA, to ensure 
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high efficiency of genome cleavage and low rates of off-target effects (Kim et al., 2016, Naito 

et al., 2015, Montague et al., 2014, Cradick et al., 2014). Additionally, by reengineering the 

Cas9 nuclease structure, CRISPR-Cas9 could be rendered more specific in its targeting (Ran 

et al., 2013). The use of Cas9 mutants, for example, can introduce a single nick into the DNA 

strand bound to gRNA without destroying the entire double strand. In this case, single stranded 

breaks (SSBs) are caused by mutants that combine two single-stranded RNA pairs to cause 

double-stranded breaks (DSBs) at the exact same location (Ran et al., 2013). There are several 

mutant Cas9 proteins that are highly efficient, such as Cas9 nickase (Cas9n), Streptococcus 

pyogenes Cas9 (SpCas9), SpCas9-high fidelity-1, eSpCas9 1.1, and hyper-accurate Cas9 

(Slaymaker et al., 2016, Kleinstiver et al., 2016, Chen et al., 2017). Furthermore, it has been 

shown by several studies that altering the target specificity of gRNA by modifying its length 

either decreasing or increasing, can increase the efficiency of on-target cleavage without 

sacrificing the targeting specificity (Fu et al., 2014). In addition, a hairpin structure was 

demonstrated to significantly reduce off-target rates by 55-fold by designing it at the 5′ end of 

the gRNA spacer (Kocak et al., 2019). 
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1.8 Aim and objectives 

This study aims to understand how transcription factors determine gene expression patterns 

defining cellular identity, particularly in the context of T-cell Acute Lymphoblastic Leukaemia 

(T-ALL). A number of transcription factors, such as TAL1, as well as E-proteins, such as HEB, 

play critical roles in the development of T-cells. T-ALL is characterized by abnormal 

expression patterns, including overexpression of LMO proteins and TAL1. Therefore, in order 

to develop effective therapeutic strategies, it is necessary to explore these processes in greater 

depth. In this study, we investigate the role of HEB, a key factor in guiding thymocytes to 

maturation stages, and its interaction with GFI1, whose functions are still unknown in T-

ALL. Using proteomic analysis, genome-wide studies, and CRISPR-Cas9 gene editing 

experiments, this study reveals distinct binding complexes, regulatory interactions between 

HEB isoforms, and the effect on GFI1 expression. The specific objectives of this study were 

to: 

• Investigating the role of the transcription factor HEB in T-cell Acute Lymphoblastic 

Leukaemia.  

• Investigating the functional interaction between HEB and GFI1 in T-ALL. 

• Exploring the relation between DNA methylation and HEB binding in T-ALL. 

• Performing CRISPR/Cas9 experiment to delete HEB gene and assess the impact on T-

ALL cell proliferation, apoptosis, and transcription factors. 

• Understanding how GFI1 can influence the expression of genes associated with T-ALL, 

which can help to develop novel treatments for the disease. 
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Chapter 2 Materials and Methods 
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 Cell culture 

T-ALL cell lines (ARR, DU528, HSB2, and CCRFCEM) were cultured in RPMI medium 

(Sigma), supplemented with 10 % Fetal Bovine Serum (FBS), 2 mM GlutaMAX (Gibco), 100 

units/mL penicillin, 100 µg/mL streptomycin (Gibco), 0.075 mM monothioglycerol (MTG; 

Sigma). Cells were maintained at a density range of 0.4 - 2x106 cells/ml by centrifugation for 

5 min at 300 g and resuspension in fresh medium every other day. Cells were incubated at 37 

°C and 5 % CO2 in a humidified incubator. 

Cell lines  

Our study was conducted using proteomic analysis and genome-wide approaches in four 

human T-ALL cell lines. In all four cell lines (ARR, DU528, HSB2 and CCRFCEM), LMO2 

is expressed (Sandberg et al., 2007a). The cell lines ARR and DU528 were obtained from Dr 

A.W. Langerak, (Erasmus Medical Centre, Rotterdam, NL). HSB2 and CCRFCEM cell lines 

were provided by Prof. P. N. Cockerill (University of Birmingham). 

ARR is an early T-cell precursor cell line that carries some myeloid features. ARR cells were 

derived from a CD7+ CD33+ CD3- T-ALL patient sample. DU528 is a leukaemia-derived 

immature T-cell line that originated from a 16-year-old male patient by Kurtzberg et al. in 

1985. HSB2, an immature T-cell line, was derived in 1966 from an 11-year-old male patient 

with acute lymphoblastic leukaemia and subsequently passaged in new-born Syrian hamsters. 

CCRFCEM comprises lymphoblastic leukaemia cells obtained from a 4-year-old Caucasian 

female patient with T-ALL secondary to lymphosarcoma, as reported by Kaplan et al. in 1974. 

The cell lines DU528, HSB2 and CCRFCEM are all associated with small interstitial deletion 

(1p32), that fuses the regulatory region of the SCL-interrupting locus (SIL) with the TAL1 

gene, resulting in continuous expression of TAL1 (Cavé et al., 2004), (Janssen et al., 1993). 

On the basis of their surface marker expression, ARR is the least differentiated T-ALL cell line 

as it is only positive for CD7. Therefore, its development has been blocked at the DN1 stage. 
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This is followed by DU528 which is arrested at the DN2 stage as it expresses CD5 in addition 

to CD7. HSB2 has cytoplasmic CD3 (CyCD3) and therefore belongs to the DN3 group, while 

CCRFCEM is a mature T-cell, arrested at the single positive stage, as it is CD3 and CD4 

positive with rearranged TCRαβ. Table 2.1 illustrates the specific immunophenotypic 

markers expressed in each cell line. Several reasons led to the decision to use all four cell lines 

for our subsequent studies. The most important is that these cell lines, blocked at the different 

stages of T-cell development, typify the whole range of T-ALLs, allowing us to maximise the 

possibility of identifying oncogenic mechanisms that are common in all T-ALL.  

Table 2.1: Immunophenotype of human T-ALL cell lines at different stages of 
development. 

This table lists cell line names, origins, and surface marker expressions.  
 

 
 
Abbreviations: CD, cluster of differentiation; TCR, T-cell receptor; TdT, terminal deoxynucleotidyl 
transferase; ND, not done. Adapted from Sandberg et al. (2007). 
 
  

Cell line T-cell 
malignancy of 

origin 

CD7 CD5 CD1a CyCD3 CD3 TCR CD4 CD8 TdT CD2 

ARR CD3- T-ALL + − − ND − − − − ND − 

DU528 CD3- T-ALL + + − ND − − − − − − 

HSB2 CD3- T-ALL + + − + − − − − − − 

CCRFCEM TCRαβ+ T-ALL + + + + + αβ + − + − 
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 Total protein extraction 

Cells were pelleted by centrifugation at 300 g for 5 min, followed by a wash with phosphate-

buffered saline (PBS). IP cell lysis buffer (150 mM NaCl, 20 mM Tris pH8, 2 mM EDTA, 0.5 

% NP-40, 1:1000 protease/phosphatase inhibitor cocktail (PPI; Roche)) was used to resuspend 

the cell pellet at 100x107 cells/ml and incubated on ice for 10 min. Samples were centrifuged 

for 10 min at 4 °C, after which the supernatant was collected and stored at -20 °C. Protein 

concentration was measured using a BCA Protein Assay Kit (Thermo scientific).   

 Nuclear protein extraction 

For enrichment of nuclear proteins, cells were pelleted by centrifugation at 300 g for 5 min, 

followed by two washes with phosphate-buffered saline (PBS) and hypotonic buffer (10 mM 

HEPES pH7.6, 10 mM KCl, 1.5 mM MgCl2, 1:1000 protease/phosphatase inhibitor) 

respectively. Cells were then resuspended in hypotonic buffer at 2x107 cells/ml and incubated 

on ice for 1 h. The lysate was centrifuged at 500 g for 5 min at 4 °C to pellet the nuclei, after 

which the pellet was resuspended at 3x108 cells/ml hypertonic buffer (20 mM HEPES pH 7.6, 

420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 % NP40, 20 % Glycerol, 1:1000 PPI) and 

incubated on ice for 20 min to extract nuclear proteins. Samples were centrifuged at 15,000 g 

for 2 min at 4 °C to pellet the insoluble proteins. Supernatant was transferred to new tubes and 

diluted with 1.8 volume of No Salt Buffer (20 mM HEPES pH 7.6, 1.5 mM MgCl2, 0.2 mM 

EDTA, 0.5 % NP40 and 20 % Glycerol, 1:100 PPI) to adjust the salt concentration of the 

sample. Nuclear extracts were frozen and stored at -20 °C until use. Protein concentration was 

measured using a BCA Protein Assay Kit (Thermo scientific).   

 RNA isolation and cDNA synthesis  

RNA was isolated using a NucleoSpin RNA isolation Kit (Macherey-Nagel), according to the 

manufacturer’s protocol. In brief, up to 5 x 106 cells were collected, centrifuged, and 

resuspended in a lysis buffer containing β-mercaptoethanol. Then, lysate was filtered and 
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bound to an extraction column for DNA digestion, after which the column was washed and 

dried. The RNA was eluted using RNase-free H2O and RNA concentrations were measured 

using a Nanodrop 2000 C spectrophotometer (Thermo Scientific). Following the addition of 

RNase inhibitor (Invitrogen) to RNA samples, they were stored at -80 °C.  

For cDNA synthesis, 2 μg of total RNA was incubated with 0.5 μg/ml Oligo d(T) primer (Life 

technologies) at 70 °C for 5 min, followed by the addition of reverse transcriptase (RT) buffer, 

20 mM dNTP, 0.2 mM Moloney Murine Leukaemia Virus (M-MLV) reverse transcriptase, 0.4 

mM Recombinant RNase inhibitor and incubation at 42 °C for 45 min. The reaction was 

finished with 95 °C for 5 min to inactivate the reverse transcriptase. cDNA samples were stored 

at -20 °C. 

 Quantitative Polymerase chain Reaction (qPCR) 

Gene expression levels were measured by real time qPCR. Reactions were performed in 96-

wells plate, each well containing 5 μl of Luna qPCR master mix (NEB), 0.25 μM of each 

forward and reverse primer and 5-fold diluted (in H2O) cDNA sample. Samples were run in 

duplicates for each amplicon. For relative quantitation, a standard curve was generated, using 

5-fold serial dilutions of cDNA. Plates were run using an Applied Biosystems 7500 Step-One 

Plus Real-Time PCR system. Intron-spanning qPCR primers were designed using Primer3 

software and purchased from Sigma. Sequences are shown in Table 2.2 and primer pairs were 

tested to generate a single product. TBP expression was used as a control. 

Table 2.2: Primer sequences used in qPCR 

 

Human  Forward  Reverse  

TBP CAGGAGCCAAGAGTGAAGAACA AGCTGGAAAACCCAACTTCTGT 

HEB TCACACACTCCTCCCATCAA CAAAGCCTTTCCAAGTGCAT 

GFI1 GCTCCTACAAGTGCATCAAGTG AGTGGATAAGCAGGTGTGTGG 

GFI1B GAGCATCTGCGGCAAAAC TGGACGAGCGCTTGAAGGC 

TAL1 GTTCTTTGGGGAGCCGGATG TGAAGATACGCCFCACAACT 

LMO2 GAAGAGCCTGGACCCTTCAG TCGATGGCCTTCAGGAAGTA 
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 Immunoprecipitation 

For each immunoprecipitation, 60 μl of Dynabeads protein G (Invitrogen) was washed with 

PBS and incubated with 6 μg IgG or indicated antibody (Table 2) for 30 min on a rotating 

wheel at 4 °C. Then, 600 μg of protein extract was added and incubated for 2 h on a rotating 

wheel at 4 °C. After incubation, samples underwent three washes with 1.8:1 hypotonic: 

hypertonic buffer. Samples were eluted from the beads in loading buffer containing sample 

reducing agent. An input control of 100 μg of total protein extract was prepared and all samples 

were incubated at 95 °C for 10 min. Samples were loaded and analysed by western blotting. 

 Western blotting 

Protein extracts were prepared in Loading Buffer (B0007 Novex-Life Technologies) with the 

addition of sample reducing agent (B0009 Novex -Life Technologies) and incubated at 95 °C 

for 10 min. Samples were loaded alongside a protein molecular weight ladder (Thermo 

Scientific- PageRuler) on 4-12 % gradient Bis-Tris-Plus-Gels (Invitrogen) and run at 200 V for 

35 min in MES running buffer. Proteins were transferred to an iBlot nitrocellulose membrane 

(Invitrogen) using an iBlot Gel transfer machine (Invitrogen). Membranes were stained with 

Ponceau S to establish equal loading of proteins. After washing off the Ponceau S stain in PBS, 

membranes were blocked using 5 % milk in PBS for 1 h. Membranes were then washed with 

PBS and incubated with 1 μg/ml primary antibody in PBS (Table 2.3) on a roller at 4 °C 

overnight. Membranes subsequently underwent three washes with PBS for 10 mins each. 

Secondary antibodies were used at a concentration of 1:2000 in PBS (Table 2.4) and incubated 

for 30 min on a roller, followed by three washes with PBS. Blots were scanned using a 

ChemiDoc MP Imaging System.  
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Table 2.3: List of primary antibodies 

Primary antibodies  Applications Species  Source  

αHEB WB 

IP 

Immunostaining 

ChIP 

Mouse monoclonal R&D SYSTEM, MAB6928 

αGFI1  WB 

IP 

ChIP 

MS 

Rabbit polyclonal Abcam, Ab21061 

αGFI1 WB Mouse monoclonal Novus, NBP2-45833 

αGFI1 WB Goat polyclonal R&D, AF3540 

αLMO2 WB 

IP 

Immunostaining 

ChIP 

Goat polyclonal  R&D SYSTEM, AF27126 

αGFI-1B WB Mouse polyclonal Abcam, Ab167304 

aTAL1 WB 

ChIP 

Goat polyclonal SANTA CRUZ, sc-28356x 

αGATA2 WB 

ChIP 

Goat polyclonal R&D system AF2046 

αLDB1 WB 

ChIP 

Rabbit polyclonal Abcam ab96799 

αPHF6 WB 

ChIP 

Mouse monoclonal  Santa-Cruz sc-385237  

αPRMT5 WB 

ChIP 

Mouse monoclonal SANTA CRUZ, Sc-376937 

αLYL1 WB 

ChIP 

Mouse monoclonal SANTA CRUZ, sc-374164  

αRUNX1 WB Rabbit polyclonal  Abcam AB23980 

αMono-Methyl Lysine (mme-K) WB 

MS 

Rabbit monoclonal  Cell signalling, 14679 

5-Methylcytosine (5-mC) MeDIP Rabbit Cell signalling, 28692 

αTubulin  WB Mouse monoclonal Sigma, T6199 

αIgG2B WB Mouse monoclonal R&D SYSTEM MAB004 

IgG kappa WB Mouse monoclonal R&D SYSTEM MAB10050 

Normal rabbit IgG  WB Rabbit Santa Cruz sc-2027 

Normal mouse IgG  WB Mouse Santa Cruz sc-2025 
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Table 2.4: List of secondary antibodies 

Secondary antibodies  Source 
Alexa Fluor 790 -Monoclonal mouse Anti-Rabbit IgG Jackson ImmunoResearch, 211-652-171 

Alexa Fluor 790 - Monoclonal Mouse Anti-Goat IgG Jackson ImmunoResearch, 205-652-176 

Alexa Fluor 488 dye – Donkey Anti-Goat IgG Invitrogen, A11055 

Alexa Fluor 647 dye – Chicken Anti-Mouse IgG Invitrogen, A21463 

IRDye 800CW – Donkey Anti-Mouse IgG Li-Cor, 926-32212 

IRDye 800CW – Donkey Anti--Goat IgG Li-Cor, 926-32214 
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 Mass spectrometry  

Immunoprecipitation was performed by incubating 1 mg of protein extract with 100 μg of 

Dynabeads Protein G (Invitrogen) and 10 μg of IgG or indicated antibody. Input control and 

samples were loaded and separated on a 4-12 % blot-Tris-Mini gel (Invitrogen) followed by 

Coomassie blue staining. After de-staining with 10 % acetic acid overnight, lanes were sliced 

into 12 pieces each. Prior to in-gel digestion, the gel slices underwent three washing steps at 

room temperature: 500 μl of 50 % acetonitrile/ 50 mM Ammonium Bicarbonate for 45 min 

with agitation, 100 mM Iodoacetamide in 10 % Acetonitrile/ 50 mM Ammonium Bicarbonate 

for 30 min in the dark, 500 μl of 10 % Acetonitrile in 50 mM Ammonium bicarbonate for 30 

min with agitation. Gel slices were then dried using a vacuum micro-centrifuge overnight. 

Trypsin digestion was performed overnight by rehydrating the gel slices with 500 μl of 10 % 

Acetonitrile/ 50 mM Ammonium Bicarbonate containing 0.5 μg of Trypsin (Promega). To 

extract the peptides, gel slices were incubated in 100 μl of 1 % formic acid in 10 % Acetonitrile 

for one hour, followed by 100 μl of 2 % formic acid in 60 % acetonitrile. Supernatants were 

pooled and the peptide mixtures were dried in a vacuum micro-centrifugate and reconstituted 

in 20 μl of 1 % formic acid. Mass spectrometry was performed by Dr D. Ward, University of 

Birmingham, using a Bruker Impact ESI-TOF machine with running software Otof. MS/MS 

data was acquired in data dependent mode. Peptides were put on an exclusion list for 60 

seconds after being selected for MS/MS twice. LC-MS/MS data were then searched against the 

Swiss-Prot human protein sequence database, using the MASCOT software package 

(www.matrixscience.com). For peptide sequence analysis and MS/MS ion search, peptides 

were reported if p<0.05 and proteins with a MOWSE score (-10 log (P), where P (α value / 

number of database sequences)). Mass spectrometry data were analyzed using online software 

(Venny v2.1.0) http://bioinfogp.cnb.csic.es/tools/venny/, Protein-protein networks and 

biological functions were demonstrated using STRING v11 https://string-db.org (Szklarczyk 

http://bioinfogp.cnb.csic.es/tools/venny/
https://string-db.org/
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et al., 2018). Figure 2.1 shows a schematic illustration of pulldown and mass spectrometry 

procedure. 
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Figure 2.1: Illustration of Immunoprecipitation and Mass spectrometry protocol. 
 

(A) A schematic showing the pull down and mass spectrometry experiment strategy. Incubation of 
magnetic beads with antibodies of interest was followed by incubation with nuclear extracts of T-
ALL cells., samples were eluted and analysed by western blotting. (B) For mass spectrometry, 
procedure in part (A) followed by gel stained with Coomassie blue staining. Gel lanes were sliced 
into pieces and underwent washing steps and subjected to trypsin digestion then analysed by mass 
spectrometry analysis. Figure was created using Biorender.com. 

 

HPLC MS/MS 

(B) 

(A) 
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 HEB CRISPR-Cas9 plasmid preparation 

The HEB CRISPR-Cas9 KO plasmid mix (Santa Cruz; sc-402508) consisted of 3 plasmids. To 

determine the genomic target site of each plasmid by sequencing, plasmids were expanded 

through bacterial transformation. Transformation of 10 ng of DNA plasmid was added to 50 μl 

of Alpha-Select Gold Efficiency Chemically Competent cells (Bioline, BIO-85027) in a tube, 

placed into a 42 °C water bath for 30 sec, then quickly transferred to ice and incubated for 2 

min. Lysogeny Broth (LB) was added, and samples placed in a 37 °C shaker for 20 min. 

Bacteria were spread over LB plates containing 50 mg/ml ampicillin and incubated at 37 °C 

for 16 h . Subsequently, colonies were picked and placed in LB containing 50 μg/ml ampicillin 

and incubated on a shaker at 37 °C overnight. To isolate DNA from bacteria, the medium was 

spun for 2 min at 15,000 g, after which the supernatant was discarded. TENS buffer (10 mM 

Tris pH 8.0, 1 mM EDTA, 0.1 M NaOH, 10 % SDS) was added to the pellet and mixed by 

inverting the tube. Then, 3 M sodium acetate pH 5.2 was added and centrifuged for 2 min at 

15,000 g. Supernatant was transferred to a new tube, two volumes of 100 % ethanol was added 

and centrifuged for 5 min at 15,000 g. The pellet was then washed with 70 % Ethanol and 

airdried. The dry DNA pellet was dissolved in 0.1 x TE (10 mM Tris pH 8.0, 1 mM EDTA) 

buffer containing 20 μg/ml of RNase A at final concentration. Samples were sent for 

sequencing (Source Bioscience) and the sequence was used to determine the relative position. 

After identification of the positive clones, the transformed samples were added to a flask 

containing LB and Ampicillin at final concentration 50 mg/ml and incubated on 37 °C shaker 

for 16 h in order to produce a large quantity of bacteria with the HEB Cas9 plasmids. DNA 

purification was performed using a NucleoBond Xtra Maxi kit (Machery-Nagel). DNA 

concentrations were measured using a Nanodrop 2000 C (Thermo scientific). Figure 2.2 shows 

a schematic illustration of CRISPR/cas9 experiment. 
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 Transfection of ARR cells 

The ARR cell line was transfected with N-terminal HEB CRISPR-Cas9 plasmid and 

Homology-directed repair (HDR) plasmid or Cas9 control plasmid and Homology-directed 

repair (HDR) plasmid. Cells were centrifuged at 300 g for 5 min and resuspended at 107 

cells/ml in Opti-MEM medium. Electroporation was performed in 4 mm cuvettes, each 

containing 400 μl cell suspension with 25 μg/ml plasmid. Using a Gene Pulser Xcell (Bio-

Rad), the transfection was performed using programme conditions capacitance 1000 F at 320 

V. Transfected cells were transferred to 6-well plates containing 3 ml culture medium. After 

48 h, transfection efficiency was examined by fluorescence microscopy. Transfected cells were 

selected by the addition of 0.1 μg/ml puromycin. Fluorescence-activated cell sorting was used 

to select the transfected cells more stringently and single cell dilutions were prepared, plating 

0.25 cells/well in 96-well plates in order to achieve clonal populations using medium with 20 

% FBS. Cells were monitored and expanded for total protein extract followed by western blot 

analysis.   
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Figure 2.2: Illustration of CRISPR Cas9 HEB KO experiment. 

ARR cell line transfected with HDR and Cas9 control and/or HDR and Cas9 HEB KO plasmids. 
Transfected cells underwent puromycin selection, then sorted using FACs. Cells were platted 0.25 
cells/well in 96-well plates, monitored and expanded for protein extract. Figure was created using 
Biorender.com. 

OR 
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 Immunofluorescence staining 

Cells were pelleted by centrifugation at 300 g for 5 min and fixed by resuspended in 4 % 

formaldehyde and incubated at room temperature for 10 min. Cells were washed with PBS and 

incubated with 1 ml of permeabilization buffer (0.5 % Triton X-100 and 1 % FBS) for 1 h. 

Cells were then incubated overnight at 4 °C with 1 μg/ml primary antibody. After this, the cells 

were washed twice using PBS and incubated with the appropriate secondary antibody (1:1000) 

for 1 h. Cells were washed with PBS and loaded on slides using a Cytospin III centrifuge at 

500 g for 2 min. DAPI (Life Technologies) antifade reagent was added then coverslips were 

placed, mounted and imaged using Zeiss LSM 880 Meta laser confocal microscope. Images 

were visualised using Zen 2012 Zeiss microscopy software.  

 Cytogenetic chromosomal spreading  

Cells were treated with 20 ng/ml of KryoMax Colcemid solution (Gibco) at 37 °C for 2 h to 

arrest cell cycle at metaphase. Cells were then pelleted at 300 g for 8 min and resuspended and 

incubated with 75 mM potassium chloride (KCl) lysis buffer or 30 min at 37 °C. Cells were 

fixed with cold Carnoy’s solution (3:1 methanol/glacial acetic acid) at room temperature for 

30 min. Cells were washed and resuspended in cold Carnoy’s solution then dropped onto 

humidified, chilled glass slides. The quality of metaphase spread, mitotic index, presence of 

cytoplasm and overlap were evaluated under a phase contrast microscope. Then slides were 

air-dried in a humidified bed and stained with Giemsa-modified solution (Gibco). Chromosome 

were imaged and counted using light microscope.  

 Kwik-Diff Morphological staining  

Cellular morphology was visualized using Kwik-Diff (9990700-Thermo Fisher) staining. Per 

slide, 106 cells were washed with PBS, spun, and loaded onto microscopy slides using a 

Cytospin III centrifuge at 500 g for 5 min. Slides were air-dried at room temperature and then 

dipped in respectively fixative solution, eosinophilic stain (Eosin), and basophilic stain 
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(Methyle Blue), for 30 s each. The slides were washed in water, air-dried, and mounted. Slides 

were imaged using a light microscope.  

 Chromatin preparation  

T-ALL cells were crosslinked with 1% formaldehyde for 12 min at room temperature and 

quenched with 0.4 M Glycine. Cells were centrifuged at 300 g for 5 min at 4 °C and washed 

with PBS. Nuclei were isolated by incubation in buffer A (10 mM HEPES pH 8.0, 10 mM 

EDTA, 0.5 mM EGTA, 0.25 % Triton X-100, 1:1000 dilution of protease inhibitor cocktail 

(Roche), 0.1 mM PMSF) for 10 min at 4 °C on a rotating wheel, followed by centrifugation at 

500 g for 5 min at 4 °C. This was followed by incubation with buffer B (10 mM HEPES pH 

8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.01 % Triton X-100, PIC 1:1000 dilution) 

for 10 min at 4 °C on a rotating wheel. The nuclear pellets were resuspended in IP Buffer I (25 

mM Tris pH 8.0, 150 mM NaCl, 2 mM EDTA, 1 % Triton X-100, 0.25 % SDS, PIC 1:1000 

dilution) at 107 cells/ 300 μl for 20 cycles of 30 s on, 30 s off on ice using a Bioruptor sonicator 

(Diagenode). Following the sonication, samples were centrifuged at 15,000 g for 10 min at 4 

°C, supernatant was collected, and diluted with 2X IP buffer II (25 mM Tris pH 8.0, 150 mM 

NaCl, 2 mM EDTA, 1 % Triton X-100, 7.5 % Glycerol, PIC 1:1000 dilution). Chromatin 

samples were stored at -80 °C until used.  

 Chromatin Immunoprecipitation (ChIP) 

ChIP assays were performed using protein G Dynabeads. The beads were placed on a tube on 

a magnetic rack, washed twice with PBS and then resuspended in PBS and incubated with 

antibodies of interest (4 μg antibody, 40 μg beads) for 30 min on a rotating wheel at 4 °C. As 

input control, 10 % of the chromatin sample was incubated with 20 g of RNaseA at 37 °C for 

1 h, after which 1 mg/ml proteinase K was added along with 0.15 % SDS, and then the samples 

were incubated at 65 °C overnight to allow proteins to digest and crosslink to reverse. 

Chromatin samples were incubated with beads bound to antibody for 2 h at 4 °C on a rotating 
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wheel, then washed twice with ChIP buffer I (20 mM Tris 1 M, pH 8.0, 150 mM NaCl, 2 mM 

EDTA, pH 8.0, 1 % TritonX100, 0.1 % SDS), then twice with ChIP buffer II (20 mM Tris, pH 

8.0, 500 mM NaCl, 2 mM EDTA, pH 8.0, 1 % TritonX100, 0.1 % SDS), followed by a wash 

with TE/NaCl buffer (TE, pH 8.0, and 50 mM NaCl). Chromatin samples were eluted using 

elution buffer (100 mM NaHCO3, 1 % SDS, 0.2 M NaCl, 250 μg proteinase K) and crosslinks 

were reversed overnight at 65 °C. Following this, ChIP supernatants were separated from beads 

using a magnetic rack. DNA was purified by AMPure XP beads (Bechman Coulter), according 

to the manufacturer’s protocol.  

 ChIP sample validation. 

The effectiveness of the ChIP experiments was validated by qPCR using specific primers 

against both positive and negative control regions (Table 2.5). Samples were validated by 

qPCR in 10 μl reactions using 5 μl of Luna qPCR master mix, 0.25 μM of each forward and 

reverse primer and 2.5 μl of 10-fold diluted ChIP sample. A 5-fold serial dilution curve of 

genomic DNA was used as a standard curve for quantification. The fold-enrichment was 

calculated based on the quantities relative to the negative control regions. 

Table 2.5: ChIP qPCR primers sequences. 

 

 ChIP-seq library preparation.  

ChIP-seq libraries were prepared using the Illumina sample preparation protocol. For each 

sample, DNA fragments were first converted to blunt-ended DNA by incubation at 20 °C for 

30 min in ligase buffer with ATP (NEB B0202S), additionally containing 0.12U/μl Klenow 

DNA polymerase (Invitrogen 18012-021), 0.5 U/μl T4 polynucleotide kinase (PNK) (NEB 

M0201L), 0.1 U/μl T4 DNA polymerase (NEB M0203L) and 0.4 mM dNTPs (NEB B02202S), 

Human  Forward  Reverse  

Chr.18  ACTCCCCTTTCATGCTTCTGATATCCATT  AGGTCCCAGGACATATCCATT  

PU.1 TGTGCGGTGCCTGTGGTAAT AACAGGAAGCGCCAGTCA 

SDE2 GGGTTAGGTTTCGAGCTTCC CAGCTTCTCTCCCCACACTC 
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placed in PCR machine. Following each step, DNA was purified using a MinElute column 

purification kit (QIAGEN). To enable adapter ligation, a single A nucleotide was added to the 

3` ends of the blunt-ended DNA that contain 0.3 U/μl Klenow exo- (NEB M0212L), 0.2 mM 

dATP in NEB buffer 2 (NEB B7002S) placed in PCR machine at 37 °C for 30 min. Samples 

were then purified and eluted. Illumina adapters with unique tag sequences were ligated to 

DNA sample using Quick T4 DNA ligase (NEB E6056S) and 1:20 diluted adapters (Illumina) 

in Ligase buffer (NEB E6056S) and placed in PCR machine at 20 °C for 30 min. Purified DNA 

samples were amplified using Phusion hot-start polymerase (NEB M0535), 0.3 mM dNTPs, 

and primers in HF buffer (NEB F540S), followed by 18 cycles in a PCR machine. DNA 

samples were purified and were run on a 3 % agarose gel. DNA size was selected between 200-

300 bp (Figure 2.3) and isolated using QIAGEN MinElute column. Libraries were quantified 

using a KAPA library Quantification Kit (Illumina) and sequenced with an Illumina Nextseq 

500 sequencer.  

 

 

 

Figure 2.3: Representation of DNA samples of ChIP-seq libraries run on 3 % agarose gel. 

The following figure illustrates two images of DNA samples from ChIP-seq libraries that have been run 
on a 3% agarose gel.	As shown in the above image, the lane indicated by the blue arrow indicates the 
size of DNA fragments selected. On the right, DNA fragments are fragmented to a certain range of sizes 
in order to enable efficient sequencing. 
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 Methylated DNA immunoprecipitation (MeDIP) 

For genomic DNA extraction, cells were pelleted, washed with PBS, and then resuspended in 

lysis buffer (20 mM Tris pH8, 4 mM EDTA, 20 mM NaCl, 1 % SDS) and incubated overnight 

with 200 μg/ml Proteinase K at 55 °C. One volume of phenol was added to the samples and 

tubes were inverted 5-7 times then centrifuged at high speed for 20 mins. Phenol was removed 

and Phenol:Chloroform:Isoamyl alcohol (ratio 25:24:1; PCI) solution was added and mixed by 

inversion followed by centrifugation at 300 g for 20 mins. PCI solution was removed, and 

chloroform was added, mixed and centrifuged. The aqueous phase was collected and 

transferred into a new tube with the addition of 1/10 volume of 5 M NaCl and 1 volume 

isopropanol. Precipitated DNA was transferred to a new tube and resuspended in 1X TE buffer.  

Following this, samples were sonicated to fragment the DNA. This was monitored by running 

sonicated samples at intervals on an agarose gel to generate the ideal band size for precipitating 

the DNA (~300bp) (Figure 2.4). On a 1% agarose gel, 10μl of each sample was placed, along 

with 2μl of Orange G dye, and a DNA ladder, the gel was run at 25V for an hour before being 

imaged.  

The selected sample was divided and placed in five Biorupter microtubes. Each microtube 

contained 20 μl of DNA, and were sonicated for a period of 5 minutes, 10 minutes, 15 minutes, 

20 minutes, and 25 minutes, respectively. After this, a gel electrophoresis was performed in of 

further cycles required (Figure 2.5a). Another DNA sample of 40μl were sonicated for 20 

minutes and 25 minutes (Figure 2.5b). Finally, after loading 8μg of DNA at a concentration of 

500ng/l and sonicated for 30 minutes, the correct band size was achieved (Figure 2.5c).  
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Figure 2.4: DNA samples, diluted in TE buffer and loaded on 1% agarose gel. 

 

MeDIP was performed using the immunoprecipitation method described in section 2.6. Briefly, 

Dynabeads coated with Protein G were incubated with antibody recognising 5-Methylcytosine, 

followed by incubation with DNA samples and washing with IP buffer to remove unbound 

DNA. Samples were resuspended in digestion buffer (50 mM Tris pH8, 10 mM EDTA, 0.5 

% SDS). Pulled-down DNA was isolated using AMPure XP beads (Beckman Coulter). 

The MeDIP libraries were prepared according to the Illumina protocol and sequenced with an 

Illumina Nextseq 500 sequencer. 
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Figure 2.5: Representation of gel electrophoresis images for detecting the correct band 
size of DNA fragments. 

DNA samples were run on 1 % agarose gel and underwent different sonication periods. (a) DNA sample 
divided into five tubes (20 μl each) and sonicated for different time period. (b) all 5 samples (40 μl) 
loaded and sonicated for 20 min and 25 min. (c) the correct size was achieved when loaded 8 μg of 
DNA at a concentration of 500 ng/l and sonicated for 30 minutes. 
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 DNaseI hypersensitive site (DHS)  

For the identification of DNaseI Hypersensitive Sites (DHS), cells were washed using ψ buffer 

(11 mM KPO4 pH 7.4, 108 mM KCl, 22 mM NaCl, 5 mM MgCl2, 1 mM CaCl2, 1 mM DTT), 

then resuspended in ψ buffer containing 1 mM ATP. Afterward, DNaseI mix was prepared 

using 80 μl  of ψ buffer containing 1 mM ATP, 4 μl 10 % NP40 and 20 μl H2O, containing 

series of DNaseI concentration (including 0 DNase, 1, 2, 3, and 4), 104 μl of the mix were 

added to every 100 μl of the cell suspension and incubated at RT for exactly 6 min. Reactions 

were terminated by the addition of 200 μl lysis buffer (100 mM Tris pH 8.0, 40 mM EDTA, 2 

% SDS, 200 μg/ml proteinase K). The samples were incubated at 55 °C overnight to facilitate 

the digestion of proteins by proteinase K. The next day, 50 μg/ml of RNase A was added to 

samples, followed by incubation at 37 ° C for 1 h. After that, the sample was extracted twice 

using phenol/chloroform/isoamyl alcohol (PCI; 25:24:1) and once using chloroform. The DNA 

was precipitated by the addition of 0.5 M NaCl and 1 volume of isopropanol and washed with 

70 % ethanol. The DNA was dissolved in 0.1x TE. Samples were loaded onto a 0.8 % agarose 

gel to isolate DNA fragments (size) using a QIAGEN mini-elute gel extraction kit according 

to manufacturer’s protocol. Library preparation was carried out using the Illumina library 

preparation protocol as described in ChIP-seq library preparation section 2.17.  
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 Genome-wide Bioinformatics Analysis 

ChIP-seq, DHS and MeDIP data were analysed using the online European Galaxy resources 

https://usegalaxy.eu and https://usegalaxy.org. (Giardine et al., 2005, Blankenberg et al., 2010, 

Goecks et al., 2010). Briefly, reads were mapped to the human reference genome: 

GRch38/hg38 with HISAT2 2.0.9 (Trapnell et al., 2012). BAM tools were used to merge and 

sort the HISAT results, and MACS2 was used to identify the peaks (Zhang et al., 2008). The 

generated bed graph files were uploaded to the UCSC genome browser at 

https://genome.ucsc.edu/ and screenshots were taken (Kent et al., 2002). MEME-ChIP 

(https://meme-suite.org/meme/) was used to identify enriched de novo motifs. Heat maps were 

then generated with Easeq 1.5.0.0 software by plotting the BAM file data on a reference interval 

file. The Venn diagrams were produced using Venny version 2.1 application 

(http://bioinfogp.cnb.csic.es/tools/venny/). The Gene Ontology (GO) analysis was carried out 

using DAVID 6.8 (Huang et al., 2009). The first 10 categories were presented after filtering 

out redundant terms based on GO terms for biological processes with a p-value of 0.05. The 

Genomic Regions Enrichment of Annotations Tool (GREAT) was used to conduct gene 

association analysis (McLean et al., 2010b).  

  

https://meme-suite.org/meme/
http://bioinfogp.cnb.csic.es/tools/venny/
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Chapter 3 GFI1 as HEB interacting partner in human T-

cell Acute Lymphoblastic Leukaemia 
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3.1 Introduction 

T-cell acute lymphoblastic leukaemia (T-ALL) is a type of haematological 

cancer caused by the malignant transformation of thymocytes. It is an aggressive cancer that is 

characterised by changes in the expression of several tumour suppressors and oncogenes, 

resulting in disruption of the normal development of T-cell progenitors (Ferrando et al., 2002b, 

Pui et al., 2008, Pui et al., 2014). Molecular changes as well as cytogenetic anomalies 

contribute to T-ALL pathogenesis, resulting in the disruption of specific cellular processes, for 

example cell cycle, signalling, proliferation, chromatin alteration, differentiation of T cells, 

and self-renewal. 

 In addition, aberrant transcriptional regulation was noted in T-ALL cases, involving genes 

such as LMO2, TAL1, GATA3, and RUNX1, culminating in an alteration of gene expression 

profiles in the cell that further contributes to the disease’s development and progression (Van 

Vlierberghe et al., 2008, Zhang et al., 2012a).  

The LMO2 complex is known to regulate haematopoietic cell differentiation. LMO2 and TAL1 

are expressed in DN1 and DN2 immature thymocytes. Normal thymocyte maturation through 

the DN3, DN4 and DP stages requires suppression of TAL1 and LMO2. The aberrant expression 

of LMO2 or TAL1 results in the blockage of T-cell differentiation and the development of T-

ALL (Tremblay et al., 2010, Begley et al., 1989). The LMO2 multiprotein transcriptional 

complex consists of a heterodimer TAL1 or LYL1 with an E-protein such as E2A or HEB, 

which binds to LMO2. LMO2 also binds Zn-finger transcription factor GATA and 

transcriptional modulator LDB1. To study the oncogenic potential of the complex, it is 

necessary to specify which exact proteins are present in the complex and identify if there are 

several different complexes that have different functions in regulating normal and oncogenic 

gene expression. A mass spectrometry analysis of co-immunoprecipitation of TAL1 in four 
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human T-ALL cell lines that overexpress TAL1 confirmed the TAL1/HEB interaction (Omair, 

2019). Further HEB IP/mass spectrometry experiments identified a potentially new member of 

the complex, the transcription factor GFI1. 

E-proteins HEB and E2A are essential for maintaining the DP fate and preventing premature 

differentiation into the single positive stage (Zhang et al., 2012). This is at least partly due to 

the regulation of the transcriptional inhibitor Gfi1. In murine models where Tcf3 (E2A) and 

Tcf12 (HEB) were disrupted, E-proteins were demonstrated to activate the expression of Gfi1 

at the DP stage, which is then significantly downregulated at the single positive stage (Schwartz 

et al., 2006b). Furthermore, GFI1 suppresses the expression of the genes that are expressed in 

the single positive, on its own or in conjunction with E-proteins (Wang et al., 2007, Yücel et 

al., 2003). 

Aim  

It has recently been revealed that GFI1 can act as a transcriptional activator when it binds 

together with transcription factor IKAROS, or it can act as a transcriptional repressor by 

recruiting KDM1A (lysine-specific demethylase 1A, also known as LSD1) which is 

responsible for H3K4 demethylation. However, very little is known about the role of GFI1 in 

T-ALL, and this chapter aims to investigate this relationship. Understanding how GFI1 can 

influence the expression of genes associated with T-ALL can help to develop novel treatments 

for the disease.  

  



76 
 

3.2 Results  

 
As our interest is in the TAL1/LMO2 complex, we first performed qPCR experiments to 

determine the mRNA expression levels and western blot experiments to determine protein 

expression levels in these cell lines. The relative expression in qPCR experiments was 

calculated by normalising to the TATA box binding protein (TBP), a stable housekeeping gene, 

as a control. For TAL1, qPCR data showed that it was expressed at high levels in DU528 and, 

to a lesser extent, in ARR, HSB2 and CRRFCEM (Figure 3.1 A). The western blot of TAL1 

showed a difference in expression compared to qPCR data (Figure 3.1 B). Different bands in 

the western blot indicated the expression of different isoforms of TAL1, which has four major 

isoforms: 42, 39, 22 and 20 kDa (Jin et al., 2016, Calkhoven et al., 2003). The DU528 cell line 

expressed a high mRNA level of TAL1 that can be explained by the SIL-TAL deletion DU528 

carries. In contrast, full-length TAL1 protein levels in DU528 cells are low, whereas it 

expresses the short 22 kDa form of TAL1. This has been detected previously and could be due 

to different reasons, such as post-transcriptional mechanisms or protein degradation. The other 

three cell lines show dominant expressions of the two longest isoforms. 

For LMO2, DU528 showed the highest mRNA expression level between the T-ALL cell lines 

and the strong band in the western blot analysis, followed by CCRFCEM. The level of LMO2 

mRNA expression in T-ALL cell lines was correlated with the level of LMO2 protein 

expression. 
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Figure 3.1: Expression levels of TAL1 and LMO2 mRNA and protein in T-ALL cell lines. 

The figure shows (A) TAL1 and LMO2 relative mRNA expression levels measured by qPCR using TBP 
as a control (n=3). (B) TAL1 and LMO2 (17 kDa) protein level in T-ALL cell lines determined by 
western blotting (representative of three biological and technical repeats); Ponceau S was used to 
confirm equal loading.  
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Previous work done in the Hoogenkamp laboratory, performing HEB co-immunoprecipitation 

assays using T-ALL nuclear extracts followed by mass spectrometry, identified the presence 

of GFI1 in ARR and DU528 cell lines as a potential interacting partner of HEB. Additionally, 

the comparison of HEB ChIPseq data and methylated DNA immunoprecipitation in the T-ALL 

cell line ARR showed binding of HEB at regions containing CpG DNA methylation. 

Additionally, de novo motif analysis identified that HEB-bound regions are enriched for the 

GFI1 DNA binding motif. This indicated that GFI1 and HEB are binding to the same DNA 

elements and possibly directly interacting.  

To study the role of HEB in T-ALL and its possible interaction with GFI1, we first decided to 

confirm the presence of mRNA and protein in different developmental stages of human T-cell 

development and T-ALL cell lines. 

TCF12 is expressed in T-ALL cell lines. 

To investigate the expression of TCF12 in T-ALL cell lines, we performed quantitative PCR 

and western blot analyses. TCF12 mRNA expression was quantified and normalised to TATA 

box binding protein. The primers used were designed to detect both isoforms, HEBcan and 

HEBalt. The qPCR results for TCF12 revealed that it was expressed in all four cell lines (Figure 

3.2 A). The highest TCF12 expression was observed in the CCRFCEM, followed by ARR, 

HSB2 and DU528.  

Western blot analyses on nuclear extracts from T-ALL cells showed that all four T-ALL cell 

lines express HEB canonical (HEBcan) (100 kDa). The results were in line with the qPCR 

results, so CCRFCEM had the highest HEB protein level, ARR and DU528 have both isoforms, 

HEBcan and HEB alternative (HEBalt), while the HEBalt (55 kDa) was not present in HSB2 

or CCRFCEM (Figure 3.2 B). This could be because neither HSB2 nor CCRFCEM are most 

differentiated and HEBalt is expressed at a high level at early stages and then downregulated 

as T-cells develop (Wang et al., 2006a). 
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RNAseq data, previously obtained by the Hoogenkamp lab, from CD34+ cord blood cells in 

vitro differentiated to the specific T-cell developmental stages from CD34+, CD7+/CD5-, 

CD5+/CD1a-, CD1a+/CD3- and CD3+ and all four T-ALL cell lines, showed that TCF12 is 

expressed not only in T-ALL but also at all stages of normal T-cell development (Figure 3.2 

C). 

Additionally, we investigated the cellular localisation of HEB in T-ALL cell lines by 

immunofluorescence staining. T-ALL cell lines were fixed, permeabilised and stained with 

antibodies against HEB and LMO2 and confocal microscopy was used to visualise the cells. 

DAPI was used as a fluorescent stain for nuclear staining. The results showed that HEB co-

localised with LMO2 in the nucleus for all four T-ALL cell lines. Furthermore, we observed 

cytoplasmic staining in ARR, and this pattern was consistent for both LMO2 and HEB, 

providing strong confirmation of their co-localisation within the cell (Figure 3.3).   
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Figure 3.2: Expression profiles of TCF12 mRNA and HEB protein in T-ALL cell lines.   

(A) Bar graph showing the relative expression level of TCF12 mRNA determined by qPCR using TBP 
as a control (n=3). (B) HEB protein expression levels in T-ALL cell lines determined by western 
blotting; Ponceau S was used to confirm equal loading (representative of three biological and technical 
repeats). (C) RNA-seq data of TCF12 locus in normal T-cell development stages (CD34

+
, CD7

+
; CD5

-

, CD5
+
; CD1a

-
, CD1a

+
; CD3

-
) and T-ALL cell lines using UCSC genome browser.  

ARR DU528      HSB2 CCRFCEM 
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Figure 3.3: HEB and LMO2 co-localisation in T-ALL. 

T-ALL cell lines were fixed and stained with anti-HEB (magenta) and anti-LMO2 (green) antibodies. 
Slides were imaged using immunofluorescence confocal microscopy, DAPI (blue) staining was used 
to visualise nuclei. Scale bar 10 μm (n=3). 
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In T-cell development, GFI1 mRNA was upregulated gradually as the cells differentiated. In 

mice, it has been shown to be expressed in the first two stages, DN1 and DN2, with an 

upregulation at the DN3 stage when GFI1 is required for beta-selection (Möröy, 2005) (Möröy 

et al., 2015). 

GFI1 qPCR showed the lowest mRNA expression level in ARR and the highest expression in 

CCRFCEM, which is consistent with the RNAseq data. GFI1 western blot results correlated 

with the mRNA expression levels. The RNAseq from the T-cell differentiation stages showed 

that GFI1 mRNA was present throughout the development. It was the lowest in CD34+ 

haematopoietic progenitors and the highest at the CD7+/CD5- stage (Figure 3.4). 

We also measured the expression of the closely related transcription factor GFI1B. Quantitative 

PCR showed that it was highly expressed in DU528, followed by ARR and HSB2, with low to 

undetected expression in CCRFCEM (Figure 3.5). This aligns with the literature, which shows 

that GFI1B is highly expressed in early haematopoietic stem cells and downregulated gradually 

upon differentiation. The GFI1B western blot results were correlated with the qPCR results, 

and the RNA-seq results confirmed the T-ALL cell line results. 
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Figure 3.4: GFI1 mRNA and protein expression levels in T-ALL cell lines. 

The figure shows (A) GFI1 relative mRNA expression levels determined by qPCR using TBP as a 
control (n=3). (B) GFI1 protein expression levels in T-ALL cell lines determined by western blotting 
using GFI1 antibody (representative of three biological and technical repeats); Ponceau S was used to 
confirm equal loading. (C) RNA-seq data of GFI1 locus in normal T-cell development stages (CD34

+
, 

CD7
+
;CD5

-
, CD5

+
;CD1a

-
, CD1a

+
;CD3

-
) and T-ALL cell lines using UCSC genome browser. 

ARR   DU528            HSB2               CCRFCEM 
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Figure 3.5: GFI-1b mRNA and protein expression levels in T-ALL cell lines. 

(A) GFI-1b relative mRNA expression levels determined by qPCR using TBP as a control (n=3). (B) 
GFI-1B protein expression levels in T-ALL cell lines determined by western blotting; Ponceau S was 
used to confirm equal loading (representative of three biological and technical repeats). (C) RNA-seq 
data of GFI1B locus in normal T-cell development stages (CD34

+
, CD7

+
;CD5

-
, CD5

+
;CD1a

-
, 

CD1a
+
;CD3

-
) and T-ALL cell lines using UCSC genome browser. 
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As our data demonstrated that HEB and GFI1 are expressed in all four of our T-ALL cell line 

models, we proceeded to use them to investigate the possible HEB-GFI1 interaction by 

pulldown assays, followed by mass spectrometry. As immunofluorescent staining showed that 

HEB was present in the cytoplasm as well as in the nucleus, we decided to use total protein 

extracts. The protein extracts were incubated with magnetic beads coated with HEB or IgG 

antibodies. An acrylamide gel was used to separate the proteins from the pulldowns. Western 

blots probed with HEB, GFI1 or LMO2 antibodies were used to show the presence of the 

possible interactions (Figure 3.6). 
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Figure 3.6: Co-immunoprecipitation of HEB and GFI1 using an extract from T-ALL cell 
lines. 

The figure illustrate Co-immunoprecipitation followed by Western blotting to visualise the presence of 
HEB, GFI1 and LMO2. T-ALL protein lysates were immunoprecipitated with IgG protein-G incubated 
with beads coupled to IgG, αHEB or αGFI1. Protein extracts (100 ug) were used as a positive input 
control, mouse IgG antibody was used as a negative control for HEB, and rabbit IgG antibody was used 
as a negative control for GFI1 (representative of three biological and technical repeats). 
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In all four T-ALL cell lines, immunoprecipitation (IP) of HEB, followed by HEB Western 

blotting, confirmed the validity of the pulldown experiments by confirming that an aHEB 

antibody precipitates a HEB protein. The presence of two HEB isoforms, HEBcan (100 kDa) 

and HEBalt (55 kDa), was observed. ARR exhibited a more prominent band of HEBalt in 

comparison to HEBcan, while the CCRFCEM cell line showed a stronger band of the HEBcan 

isoform. An additional band at approximately 70 kDa was observed in the IgG control, as well 

as in the aHEB samples. The band of this size corresponds to the molecular weight of the IgGs, 

showing that our secondary antibody recognises both the HEB and aIgG antibodies used in the 

pulldown procedure.	 

The western blot analysis using the GFI1 antibody showed that the GFI1 protein (55 kDa) was 

detected in HEB but not in IgG IP samples in all four T-ALL cell lines These results verify the 

specificity of GFI1 enrichment and prove the interaction between HEB and GFI1.  

In addition to this, we performed an LMO2 pulldown experiment to test if the LMO2 protein 

interacts with HEB and GFI1. The results showed that LMO2 (17 kDa) was present in all the 

cell lines tested and was detected (IC lane) in HEB IP, which confirms that LMO2 interacts 

with HEB in T-ALL cell lines. Taking into consideration the findings presented here, it appears 

that HEB interacts with GFI1, as well as with LMO2. 

To establish if HEB, LMO2 and GFI1 are part of the same complex, we performed GFI1 IPs 

and used HEB, GFI1 or LMO2 antibodies to probe the western blots. Our results revealed that 

GFI1 successfully precipitates itself and HEBalt in all T-ALL cell lines, while much lower 

levels of HEBalt were detected in DU528 and CCRFCEM. Additionally, LMO2 was only 

observed in the pulldowns where ARR and DU528 cell extracts were used. At the same time, 

a negative control IgG IP showed only one band at 70kDa, confirming that the observed HEB-

GFI1 interactions were specific. 
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Failure to observe GFI1/LMO2 interaction in the HSB2 and CCRFCEM cells even though 

LMO2 was present in the input control may indicate that LMO2’s interaction with a GFI1-

containing complex is much weaker and therefore more difficult to detect, or that LMO2 is not 

a part of the HEB-GFI1 protein complex in these cells. 

Altogether, our results show that (1) HEB interacts with GFI1 and LMO2 in all four T-ALL 

cell lines, (2) GFI1 interacts mostly with HEBalt and (3) GFI1 interacts with LMO2 only in 

ARR and DU528 cells. These results suggest that HEBalt, GFI1 and LMO2 interact with each 

other only in ARR and DU528, the T-ALL cells that are blocked at the earlier stage of T-cell 

differentiation. 

According to the previous HEB mass spectrometry analysis performed in our lab that detected 

the presence of GFI1, it was found that GFI1 was monomethylated at lysine 256. As GFI1 is 

known to interact with lysine methyltransferases such as G9a, we wanted to investigate this 

further (Duan et al., 2005). First, we tested for the presence of proteins carrying lysine 

aminomethylation in total cell extracts isolated from T-ALL cell lines 24 h and 48 h after the 

media change (Figure 3.7 A). We found a strong signal at 15kDa in all the samples, which 

corresponds to the size of histone proteins. The second strongest was a band at 55 kDa, which 

happens to be the size of the GFI1 protein. To test if this 55 kDa protein was GFI1, we 

employed an IP experiment using an antibody specifically recognising monomethylated lysine 

(Kme1) (Figure 3.7 B). The input controls confirmed that GFI1and LMO2 were present in all 

cell extracts. The Kme1 pulldown revealed the presence of GFI1-Kme1 in all cell lines, 

confirming the HEB IP-mass spectrometry results indicating that GFI1 has monomethylated 

lysine. Additionally, we detected LMO2 in ARR and DU528 cells. Controlling the GFI1 

pulldown confirmed the GFI1 interaction with LMO2 in ARR and DU528.  
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Furthermore, we tested protein arginine methyltransferase 5 (PRMT5) and it was detected in 

both the GFI1 and Kme1 pulldowns of HSB2 and CCRFCEM cell. Protein arginine 

methylation is an important epigenetic regulation that is catalysed by protein arginine 

methyltransferases (PRMTs). Protein arginine methyltransferase 5 (PRMT5) is a type II PRMT 

that can symmetrically dimethylate histone and non-histone proteins, affecting chromatin 

regulation and gene transcription. It plays a critical role in T-cell development and has been 

shown to be expressed in different cancer types, such as lymphoma, glioblastoma and acute 

myeloid leukaemia. PRMT5 may repress transcription by the symmetrical dimethylation of the 

histone proteins H3 and H4, leading to chromatin remodelling (Hwang et al., 2021).  
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Figure 3.7: Co-Immunoprecipitation of GFI1 and aminomethylated lysine (Kme1) using 
extracts from T-ALL cell lines. 

In the figure (A) represent western blot analysis using aminomethylated lysine (Kme1) antibody in T-
ALL total cell extract 24h and 48h after the media change. The strong signal at 15 kDa correspond to 
the size of histone protein, the second strongest signal (55kDa) which is the size of GFI1 protein. (B) 
T-ALL protein lysates were immunoprecipitated with protein G incubated with beads coupled with IgG, 
αGFI1 or αKme1. Nuclear extracts were used as a positive input control and rabbit IgG antibody was 
used as negative. Co-immunoprecipitation was followed by Western blotting to visualise the presence 
of GFI1, LMO2, and PRMT5. 
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Therefore, in addition to observing HEBalt/GFI1/LMO2 in ARR and DU528 cells, we can 

further specify that GFI1 carries lysine monomethylation (GFI-Kme1). Complementary to this, 

PRMT5 protein was detected in pulldowns of GFI1 and Kme1 in HSB and CCRFCEM. So far, 

we have established that GFI-containing complex in ARR and DU528 cells consists of GFI1-

Kme1/HEBalt/LMO2, while in HSB2 and CCRFCEM we could only detect the GFI1/HEBalt 

interaction. To identify if the GFI1 complex has other binding partners we performed protein 

pull-down, followed by mass spectrometry analysis.  IPs were carried out for each of the four 

different T-ALL cell lines using antibodies directed against GFI1, Kme1 and IgG as a negative 

control. Following the pull-down, proteins were loaded on acrylamide gels and stained with 

Coomassie blue stain as shown in Figure 3.8. Sections were made and processed for mass 

spectrometry analysis. Our initial mass spectrometry experiments were conducted using both 

total and nuclear protein extracts (TE and NE) of the ARR cell line (Figure 3.9). The results 

were compiled after subtracting proteins detected in the IgG controls from the analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: Representative of Coomassie blue stained gel used for mass spectrometry. 

Coomassie blue gels showing pulldown of IgG, GFI1 and Monomethylated lysine (Kme1) using total 
protein extracts and nuclear protein extracts prepared from ARR. 
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In the experiment using total protein extracts, we identified 394 proteins from the pulldown for 

GFI1 and 336 proteins from the Kme1 co-IP, of which 217 were common to both experiments. 

In contrast to the results obtained using total protein lysates, IP involving nuclear protein 

extracts yielded different results. We detected 530 proteins interacting with GFI1 and 350 

proteins interacting with Kme1. These two IPs shared 256 proteins. The data are represented 

graphically using a Venn diagram to illustrate the commonalities between the two 

experiments.	As shown in Figure 3.9, each circle represents a set, and the overlapping 

region refers to the elements that belong to more than one set. We then compared the two 

different pulldowns of GFI1 from total protein extracts and nuclear protein extracts and found 

that 85 proteins were detected for both total and nuclear protein extracts. The second step 

consisted of conducting a STRING analysis of the mass spectrometry results to analyse the 

known interactions and relationship between the proteins based on published data. Among the 

proteins that are shared between the IPs of GFI1 and Kme1 using ARR total protein extracts, 

GFI1 exhibits only an interaction with protein Tyrosine Phosphate Receptor Type C. On the 

other hand, GFI1 was found to interact with RUNX1, RUNX2, RUNX3, HDAC1 and HAX1 

among the common nuclear protein extracts between Kme1 and GFI1. As we were able to 

identify more proteins from the experiments employing nuclear extracts, we decided to proceed 

with IP/mass spectrometric experiments using only nuclear extracts.  
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Figure 3.9: Venn diagrams of GFI1 and Mono-methylated Lysine (Kme1) mass 
spectrometry in ARR. 

(A) the diagram demonstrates the comparison between GFI1 pulldown and Kme1 pulldown using total 
protein extracts (TE) (share 217). (B) Comparison between GFI1 pulldown and Kme1 pulldown using 
nuclear protein extracts (NE) (share 256). (C) Comparison between GFI1pulldown excluding IgG in 
total and nuclear protein extract.  
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IP of the remaining three T-ALL cell lines, DU528, HSB2 and CCRFCEM, using antibodies 

against GFI1, Kme1 and IgG was followed by resolving the precipitated protein on the 

Coomassie blue stained gels (Figure 3.10). Protein peptides identified by mass spectrometry 

analysis of GFI1, Kme1 and IgG were sorted in descending order by highest Mascot score. The 

peptides that were common between GFI1 and IgG, as well as Kme1 and IgG were eliminated, 

and only proteins that were exclusively found in GFI1 mass spectrometry or Kme1 mass 

spectrometry were selected, as shown by the Venn diagrams in Figure 3.11. Around 48% of all 

identified proteins were common between the two pulldowns in ARR, 48.9% in DU528, 40% 

in HSB2 and 32% in CCRFCEM. These findings suggest that a significant number of GFI1-

interacting proteins also interact with proteins containing monomethylated lysine, which can 

be explained by the fact that a known GFI1 binding partner is lysine methyl transferase EHMT2 

(Duan et al., 2005). Although we did not find EHMT2 in GFI1 IP-mass spectrometry, the Kme1 

IP-mass spectrometry experiment with the CCRFCEM cell extract found EHMT2, and in ARR 

and HSB2 the closely related protein EHMT1 that has the same function in lysine methylation. 

Additionally, the lysine demethylase KDM1 (LSD1) was found in GFI1 and Kme1 IP with the 

CCRFCEM extract, confirming GFI1 involvement with lysine methylation. 
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Figure 3.10: Coomassie blue gels of Mass spectrometry of GFI1 and Kme1 on DU528, 
HSB2 and CCRFCEM cell lines. 
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Figure 3.11: Overlap of common proteins detected in GFI1 and Kme1 MS analysis. 

Venn diagrams illustrating the common shared proteins identified between GFI1 
and Kme1 mass spectrometry (MS) analyses of four T-ALL cell lines. 
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Aiming to elucidate protein association networks among proteins identified through mass 

spectrometry analysis, the STRING database was used to assess known protein interactions 

within the GFI1 mass spectrometry dataset. First, we established a network of proteins that are 

known to interact in ARR, DU528, HSB2 and CCRFCEM, as shown in Figure 3.12 A, B, C 

and D, respectively. Proteins are represented by nodes, while known interactions are 

represented by connecting lines. The GFI1 protein is indicated by a red arrow in the mass 

spectrometry network. 

In all four cell lines, a known interactor of GFI1, histone deacetylase 1 (HDAC1), was found. 

Additionally, in ARR, DU528 and CCRFCEM cells, GFI1 and HDAC1 interacting partners 

RCOR1 and NCOR1 were detected. Together, these proteins mediate histone deacetylation, 

chromatin compaction and epigenetic silencing of gene expression. These findings confirm that 

in T-ALL, GFI1 mediates suppression of gene expression through the known interactions with 

HDAC1 and N/RCOR complex. Further to this, GFI1 interactions with DNA-damage repair 

machinery through MRE11 and DNA phosphor kinase C PRKDS/DNPKc (all four T-ALL cell 

lines), p53 binding protein TP53B, RAD50 (ARR, HSB2 and CCRCEM), arginine methyl 

transferase PRMT1/ANM1 (HSB2, CCRFCEM), PARP1/2 (DU528, HSB2, CCRFCEM), 

Ku70,NBN (HSB2, CCRFCEM and Ku86 (ARR, DU528) were identified. Out of these 

MRE11, PRMT1/ANM1, PARP1/2, Ku70/86 and PRKDS were also found in the Kme1 IP. 

This multitude of interaction is in line with the previously reported finding that GFI1 facilitates 

efficient DNA repair through its interactions with PRMT1/ANM1, MRE11 and TP53B but also 

that the same mechanism is in action during the T-cell receptor VDJ rearrangements (Vadnais 

et al., 2018). 

Additionally, an interaction with RUNX transcription factors (RUNX1, RUNX2, RUNX3) was 

found in ARR cells, while RUNX-binding partner PEBP2B/CBFβ was detected in three cell 
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lines.  In CCRFCEM, we observed that GFI1 interacts with transcription factors TCF7, IKZF1, 

RUNX1, and LMO2 binding partner LDB1. Furthermore, the CCRFCEM mass spectrometry 

showed the presence of arginine methyl transferase PRMT5, which was detected in our 

previous IP-mass spectrometry data employing LMO2 antibodies and has since been 

experimentally confirmed.  
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Figure 3.12: Networks of protein-protein known interactions in GFI1 MS. 

Proteins detected by mass spectrometry analysis of GFI1 pulldowns were analysed for known 
interactions using STRING database. The top panel of each figure provides a detailed zoom-in view of 
the larger network depicted in the bottom panel. This close-up shows the interactions around GFI1 in 
(A) ARR, (B) DU528, (C) HSB2, and (D) CCRFCEM. Nodes demonstrate proteins, lines represent the 
known interactions, red arrow indicates GIF1 protein. 



103 
 

 
Afterward, we examined 218 proteins shared between at least three cell lines, (Figure 3.13). 

The analysis of protein interactions between the three cell lines identified the known 

interactions between GFI1 and HDAC1, as well as TP53BP1. Furthermore, we detected the 

presence of PEBP2B/CBFβ (the core-binding factor subunit beta).   

Following this, we performed a four-way comparison of GFI1 mass spectrometry conducted 

on the T-ALL cell lines. The results revealed 42 proteins shared by all four lines (Figure 3.14). 

These 42 proteins are listed in Table 3.1. Out of the common proteins between the four cell 

lines, HDAC1 is known to directly interact with GFI1. We completed a functional annotation 

analysis of biological processes, which revealed that there was statistically significant 

enrichment for proteins involved in RNA splicing, p53 regulation of signal transduction, 

termination of translation, and rRNA processing. The known interactions between the 42 

common proteins identified through the four-way comparison of T-ALL cell lines and 

biological processes are shown in Figures 3.15 and 3.16.  
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Figure 3.13: STRING analysis of common proteins between three T-ALL cell lines. 
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Figure 3.14: Four-way comparison of GFI1 MS on T-ALL cell line. 

The diagram illustrates the quantitative comparison of common proteins between DU528, HSB2, ARR, 
and CCRCEM cell lines identified in GFI1 mass spectrometry analysis. Numbers indicates the count of 
shared proteins. intersecting areas indicate the count of shared proteins, with corresponding 
percentages. 
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Table 3.1: The list of 42 proteins common between all four cell lines in GFI MS analysis. 

Protein Mapped gene 
symbol 

U5 small nuclear ribonucleoprotein component  U5S1 
Death-inducer obliterator 1  DIDO1 
Serine/arginine repetitive matrix protein 2 SRRM2 
U2-associated protein SR140  SR140 
Pre-mRNA cleavage complex 2 protein Pcf11 PCF11 
Pre-mRNA-splicing factor ATP-dependent RNA helicase PRP16 PRP1 
Putative ATP-dependent RNA helicase DHX30  DHX30 
40S ribosomal protein S24  RS24 
DNA-dependent protein kinase catalytic subunit  PRKDC 
Zinc finger CCCH domain-containing protein 4 ZC3H4 
Scaffold attachment factor B1  SAFB1 
60S ribosomal protein L10a RL10A 
Zinc finger protein 638  ZN638 
Double-strand break repair protein MRE11A MRE11 
Eukaryotic translation initiation factor 3 subunit D EIF3D 
Histone deacetylase 1  HDAC1 
Cell division protein kinase 12 CDK12 
60S ribosomal protein L13a  RL13A 
Pericentriolar material 1 protein PCM1 
Eukaryotic translation initiation factor 3 subunit B EIF3B 
Polyglutamine-binding protein 1 PQBP1 
WW domain-binding protein 11 WBP11 
Polyribonucleotide 5'-hydroxyl-kinase Clp1  CLP1 
60S ribosomal protein L17 RL17 
Nuclear mitotic apparatus protein 1  NUMA1 
Eukaryotic translation initiation factor 3 subunit G EIF3G 
Polyadenylate-binding protein 2 PABP2 
Activator of basal transcription 1 ABT1 
CDKN2A-interacting protein  CARF 
KH domain-containing, RNA-binding, signal transduction-associated protein 1  KHDR1 
Uncharacterized protein C17orf85 CQ085 
ATP-dependent DNA helicase 2 subunit 2 KU86 
40S ribosomal protein S5  RS5 
Protein unc-84 homolog B UN84B 
Dedicator of cytokinesis protein 8 DOCK8 
SWI/SNF-related matrix-associated actin-dependent regulator of chromatin  SNF5 
U3 small nucleolar RNA-associated protein 18 homologs  UTP18 
Serine/threonine-protein kinase SRPK1  SRPK1 
Putative ribosomal RNA methyltransferase NOP2 NOP2 
Uncharacterized protein C21orf70  CU070 
Histone H1x H1X 
60S ribosomal protein L15 RL15 
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Figure 3.15: STRING analysis of 42 common proteins in GFI1 MS of T-ALL. 

The figure demonstrates a visualization network generated by the STRING database of the 42 common 
proteins identified in the GFI1 mass spectrometry analysis of T-ALL cell lines. Nodes represent 
proteins, lines represent known protein-protein interactions. 
 

 
 

 

 

 

 

 

 

 

 

 

Figure 3.16: Enriched biological processes in GFI1 MS of T-ALL cell. 

Bar chart illustrating the top biological processes significantly enriched in GFI1 MS of T-ALL cell 
lines.   
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3.3 Discussion  

Proteins and their interactions control most biological processes in a cell, and they facilitate 

cells’ fates by establishing cell-type-specific gene expression programmes. Haematopoietic 

differentiation is characterised by the activation of developmental stage-specific transcription 

factors at certain stages to regulate the transcription of genes specific to each stage. In addition 

to the genes they regulate, transcription factors form dynamic networks, with different 

transcription factors activating sequentially to drive differentiation as the lineage 

progresses (Goode et al., 2016). Thus, it is critical to understand the relationship between 

proteins and how they interact to result in progressive treatment responses. The development 

of targeted therapies will be greatly aided by a deeper understanding of molecular mechanisms 

and protein complex interactions. In this study, we describe a novel interaction between HEB 

and GFI1 that has a potential transcriptional regulatory function. 

Our approach for confirming and understanding protein interactions started with measuring the 

expression level of the mRNA and protein level in T-ALL cell lines. A stable housekeeping 

gene, TBP (TATA box binding protein), was used as a control gene in qPCR experiments. 

Housekeeping genes like -actin, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or -

tubulin are the most widely used normalisation controls. There is, however, a variation in the 

RNA and protein expression level of these housekeeping genes across T-ALL cell types as well 

as changes during developmental stages. Considering that we used cell lines that were at 

different stages of differentiation, we decided to normalise our samples based on the 

quantification relative to BSA, which is then confirmed by a total protein stain with Ponceau 

S. Ponceau S is considered a reliable method for assessing total protein loading on western 

blots (Sander et al., 2019). 
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Our investigation began by determining the mRNA and protein expression levels of TAL1 and 

LMO2. The results were consistent with the RNA-seq data previously obtained by the 

Hoogenkamp group. There was high expression of TAL1 and LMO2 in the DU528 cell line, 

which is the cell line carrying the SIL-TAL rearrangement as the initiating oncogenic 

transformation. The results indicate that while LMO2 is expressed as a 17 kDa protein in the 

four T-ALL cell lines, TAL1 in DU528 cell is only present as short 22 and 19kDa isoform. 

Tal1 isoforms originate from different translation start sites; therefore, the two short isoforms 

do not contain the transactivation domain, but only the DNA-binding and heterodimerization 

domains (Sharma et al., 2023). Therefore, TAL1 in DU528 cells can interact with HEB and 

LMO2 and bind to E-box motif but it lacks the ability to interact with a full set for 

transcriptional regulators as 44 and 39kDa TAL1.  

Examination of the HEB levels revealed that TCF12 is expressed in T-ALL cell lines, and the 

protein HEB can isoform was found in all four cell lines. Meanwhile, HEBalt was only 

observed in ARR and DU528. However, our HEB IPs, using protein extract from all four T-

ALL cell lines showed that both HEBcan and HEBalt are present in all four T-ALL cell lines. 

The fact that HEBalt was not detected initially is most likely be due to lower HEBalt levels in 

HSB2 and CCRFCEM cells that could not be detected in western blot experiments where 100 

μg of nuclear extract used, while in HEB-IP experiments utilising 600 μg made the detection 

of HEBalt possible. 

When we looked at the GFI1 levels we saw from our results that the lowest mRNA and protein 

levels were found in the least differentiated ARR, cells and in the most differentiated 

CCRFCEM cell line. Therefore, we see a negative correlation between the HEBalt and GFI1 

levels so that in less differentiated cells (ARR) HEBalt and low level of GFI1 proteins are 
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present while higher GFI1 level and less HEBalt were noted in the more differentiate cells 

(CCRFCEM).   

There was a correlation between the protein level and the mRNA level, with the highest level 

being expressed by the CCRFCEM cell line, which is the most differentiated cell line used 

(Sandberg et al., 2007b), where TCF12 is essential at this stage and is involved in the 

development of CD4+ T-cells (Wojciechowski et al., 2007). Additionally, the results were also 

in agreement with those obtained by RNA-seq. 

To investigate the localisation of HEB within T-ALL cell lines, we conducted an 

immunocytochemistry assay. Our results proved in accordance with previous studies that HEB 

and LMO2 have nuclear localisation (Labreche et al., 2015a). Different studies have identified 

HEB as being expressed in the nucleus of mesenchymal stem cells in mice and pre-osteoblasts, 

as well as in human brain tumours, where it was found to have nuclear expression (Labreche 

et al., 2015b, Yi et al., 2017). As a result of the comprehensive analysis conducted by Natkunam 

et al. (2007), strong evidence was found for the nuclear localisation of LMO2 protein in normal 

B-cells, based on an analysis of more than 1,200 normal and neoplastic tissues and cell lines. 

Our own findings support this observation, which demonstrates that LMO2 is nuclear localised 

in acute lymphoblastic leukaemia cell lines (Natkunam et al., 2007). In addition to these, we 

have performed experiments to examine the GFI1 localisation and despite using several 

different antibodies we could not produce reliable results most likely due to the antibodies not 

being able to recognise GFI1 after the fixation with formaldehyde. 

A number of studies have previously explored the crucial role that GFI1 plays in T-cell 

development as well as its interactions with a variety of molecular partners. Research has 

demonstrated that GFI1 is indispensable for the maintenance of haematopoietic stem cells 

(Duan and Horwitz, 2005). It is also indispensable for promoting the transition from early T-
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cell precursors to committed T-cell progenitors. Additionally, GFI1 promotes the balance 

between self-renewal and differentiation in T-cell development, allowing functional T-cells to 

be produced. 

Several studies have proven the precision and sensitivity of co-IP and mass spectrometry 

methods in characterising protein complexes and their reactivity to various regulatory 

mechanisms (ten Have et al., 2011). As previous HEB IP-mass spectrometry experiments from 

Hoogenkamp lab had detected GFI1, this project was to explore if GFI1 was indeed a HEB 

interacting partner.  Our HEB and GFI1 IPs, using protein extract from all four T-ALL cell 

lines confirmed the interaction between HEB and GFI1 and additionally revealed that HEBalt 

is the isoform responsible for this interaction. Additionally, both HEB and GFI1 showed an 

interaction with LMO2 in ARR and DU528 cells while in more differentiated cell lines HSB2 

and CCRFCEM, only HEB interacted with LMO2. This could indicate that GFI1 and the 

HEBalt isoform are involved in a transcriptional complex distinct from the one involving 

LMO2 and HEBcan. Additionally, it is worth noticing that the HEBalt/GFI1/LMO2-containing 

complex was detected in less differentiated, ARR and DU528 cells, which have higher HEBalt 

levels while in more differentiated HSB2 and CCRCEM cells, where HEBalt was hard to 

detect, HEBcan/LMO2 complex is more prevalent. An obvious question is if these two 

complexes could be involved in the transcriptional regulation of different genes and if their 

presence would also be at the different stages of the normal T-cell development. Further 

investigation is needed to understand the precise role of this complex and its implications in T-

ALL and T-cell development. 

HEBalt and HEBcan are two HEB isoforms that have previously been identified as having 

distinct functions. Retroviral overexpression of HEBcan or HEBalt has provided insight into 

the role of each HEB factor in the specification of lineages and the determination of 
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developmental fate. For instance, within the thymus, HEBalt induces T-lineage gene 

expression and suppresses myelopoiesis while overexpression of HEBalt ectopically in LSK 

cells led to enhanced differentiation into T-cells and reduced production of myeloid cells 

(Wang et al., 2010, Wang et al., 2006b). Moreover, HEBalt overexpression suppresses B-cell 

potential during B-cell development (Braunstein et al., 2010). On the other hand, HEBcan 

plays a critical role in the initiation of CD4 gene expression (Sawada and Littman, 1993). It 

also appears to play a more prominent role in repressing natural killer cell differentiation. 

Therefore, considering that each isoform has a unique function, each isoform may interact with 

a different set of binding partners, resulting in binding to a different set of DNA elements and 

hence regulating different group of responsive genes. Even binding to the same DNA-response 

elements, two distinct complexes might be recruiting a different set of activators/ inhibitors 

which would further lead to activation or suppression of the target gene expression.  

In view of the previous HEB mass spectrometry in which GFI1 was found to 

be monomethylated, the results of our co-IP experiment show that GFI1 was detected after 

Kme1 pulldown followed by GFI1 western blot. We have therefore determined that the 

complex containing GFI1 in ARR and DU528 cells consists of GFI1-Kme1, HEBalt, and 

LMO2. However, in HSB2 and CCRF-CEM cells, we only observed an interaction between 

GFI1 and HEBalt. A possible explanation is that GFI1, once methylated, acts as a repressor, 

and interacts with HEBalt. Further studies are needed to verify this hypothesis using more 

sensitive assays. This result also requires further investigation since LMO2 in ARR and DU528 

showed an association with lysine mono-methylation pulldown.  

As part of this study, we sought to expand upon previous investigations and identify members 

of the GFI1 complex through mass spectrometry analysis that may interact with GFI1 in T-

ALL. It is unfortunate that we were unable to detect HEB in any of the GFI1-IP mass 
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spectrometry experiments. This might be due to the strong GFI1 interaction with the GFI1 

antibody and the possibility that the treatment with the reducing agent did not break the antigen-

antibody bonds, therefore reducing the level of detectable GFI1. Similar problem was detected 

in previous experiments in Hoogenkamp group, and the curated inspection of the mass-spec 

data revealed that the peptides of the immunoprecipitated proteins can be found. Moreover, 

post-translational modification such as methylation and phosphorylation alter the mass of the 

peptides, resulting in peptides not being identified and a reduction in the overall likelihood of 

the identification of modified protein (Parker et al., 2010). Additionally, since we have 

identified HEB presence in GFI co-IP experiments, which are more sensitive and a better 

approach to address the question of a specific protein-protein interaction we believe that the 

HEB-GFI1 interaction is genuine, and we used the results of the IP-mass spectrometry 

experiments as a guide to uncovering more distant interaction. 

In general, the mass spectrometry results of GFI1 and Kme1 indicate that approximately 50% 

of the proteins detected in the GFI1 pulldown interact with proteins that have monomethylated 

lysine. In Kme1 IP/mass spectrometry using CCRFCEM cell extract we identified the presence 

of EHMT2 (G9a). In ARR and HSB2 cells, we identified EHMT1 (GLP), which is also lysine 

methylase protein, 80% identical to EHMT2 in its catalytic domain. Previous studies have 

demonstrated that GFI1 and G9a are two proteins that regulate gene expression by adding 

methyl groups to histone H3, lysine 9 (H3K9) leads to chromatin compaction and suppression 

of gene expression (Duan et al., 2005). Due to the GFI1/G9a interaction, GFI1 acts as a 

transcriptional repressor. Furthermore, our results revealed the interaction with RCOR, 

HDAC1 and LSD1. RCOR is known transcriptional repressor that recruits HDAC and LSD 

which promote histone deacetylation and H3K4 demethylation, modifications that together 

with H3K9 methylation required for epigenetic silencing of gene expression. It has been 

demonstrated that in T-cells, GFI1 can interact with and recruit HDAC1, contributing to 
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epigenetic regulation of gene expression, which is essential for the development and function 

of T-cells (Duan et al., 2005). . However, LSD1 was only detected in CCRFCEM experiments, 

it will be important to further investigate if GFI1 recruits LSD1 in all the T-ALL and to address 

the function of GFI1 in suppression of gene expression by ChIP-seq and other genome-wide 

approaches. Also, as we have previously identified that GFI1 carries lysine methylation, it 

would be interesting to investigate whether this modification affects GFI1's interaction with 

other proteins and its function. 

In our analyses of the mass spectrometry data, we explored GFI1 direct interactions for each 

cell line separately, especially focusing on any transcription factors. One of the identified 

interactions was found in ARR cells, the Runt-domain transcription factors, RUNX1, RUNX2 

and RUNX3 were detected, and the STRING analysis recognised that RUNX proteins as 

directly interacting with GFI1. Moreover, the RUNX obligatory binding factor CBFβ (core 

binding factor b), was found in three of the T-ALL samples. Both, RUNX and CBFβ are known 

to be important in haematopoiesis and are known to facilitate the selection of T-cell fates during 

various stages of the lineage specification process (Taniuchi et al., 2002) (Egawa et al., 2007, 

Botezatu et al., 2016).  Literature describes that RUNX/CBFβ regulate the expression of GFI1 

but the direct interaction between these factors has not been demonstrated yet and this would 

be one of the findings that can be further explored in Co-IP experiments as well as through the 

genome-wide approaches, especially as we already have the RUNX1 ChIPseq data from the T-

ALL cell lines (Botezatu et al., 2016). Direct RUNX/GFI1 interaction might suggest that 

RUNX not only activates the GFI gene expression but by direct interaction with GFI, it recruits 

the suppressor of the gene expression to, at least, a subset of its own target genes, therefore 

through the interaction with GFI1, RUNX would also be able not only to activate but also to 

suppress the gene expression. 
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GFI1 was also found to have direct interaction with the majority of proteins that are part of the 

DNA-damage repair machinery such as MRE11 and DNA phosphor kinase C PRKDS/DNPKc, 

p53 binding protein TP53B, RAD50, arginine methyl transferase PRMT1/ANM1, PARP1/2, 

Ku70, Ku86 and NBN. This finding is in consistent with Vadnais et al. (2018), where GFI1 

was found to acts as a cofactor for PRMT1, facilitating the methylation of DNA repair proteins, 

such as TP53BP1 in T-cells thus establishing a critical link between GFI1 and TP53BP1 in the 

DNA damage response pathway as well as by its interaction with DNA-damage repair 

machinery through MRE11 and DNA phosphor kinase C PRKDS/DNPKc (Vadnais et al., 

2018). It is of particular interest since previous research conducted by our group showed 

that LMO2 through its interaction with PHF6 is responsible for the recruitment of the DNA 

repair machinery, through TP53BP to γH2AX, which marks sites where DNA integrity has 

been compromised (Stanulović et al., 2020). As our Co-IP experiments confirm the 

GFI1/LMO2 interaction, a question arises if the LMO2/HEB/GFI1 interaction is not only 

important for the regulation of gene expression but also for the surveillance of DNA integrity.  

Among the identified possible interacting partners of GFI, in CCRFCEM experiment, IKAROS 

and PRMT5 have been identified, both known GFI1 interacting partners, A study revealed that 

GFI1 forms a transcriptional partnership with IKAROS in T-ALL cells. Together, they occupy 

regulatory regions of genes essential for T-cell development. This partnership activates gene 

expression independent of GFI1 LSD1 binding but requires GFI1 SNAG domains (Sun et al., 

2022). It has been previously established that GFI1 forms a complex with a protein called 

AJUBA, facilitating PRMT5 recruitment to the transcriptional repressor Snail, and suggesting 

that the GFI1 protein may be involved in the process of arginine methylation (Möröy et al., 

2015). 
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Finally, the analysis identified 42 common proteins between the four GFI1-IP mass spec data 

sets. These proteins involve biological processes, including RNA or mRNA splicing, viral 

translation termination and viral transcription. The STRING analyses showed that 

GFI1/HDAC1 interaction is linked to PRKDC and MRE11 through a nuclear matrix-associated 

protein SAFB protein. Therefore, SAFB is identified as a link between the GFI1 function as a 

repressor of gene expression to the GFI function in DNA repair machinery. This is of particular 

interest as raises a possibility that the two functions of GFI1 are connected by localisation in 

the nuclear periphery (Altmeyer et al., 2013) (Norman et al., 2016)  
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Chapter 4 The dynamics of GFI1 genomic occupancy 
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4.1 Introduction  

After the interaction between HEB and GFI1 in T-ALL cell lines was established in the 

previous chapter, we examined the distribution of GFI1 across the genome using chromatin 

immunoprecipitation (ChIP). ChIP is a technique used to investigate protein association with 

the DNA. Briefly, cells are crosslinked to fix protein-DNA interactions, and then chromatin is 

fragmented. GFI1-specific antibodies are subsequently used to selectively pull-down 

fragments of chromatin bound to GFI1. These fragments are then purified. Quantitative 

polymerase chain reaction (qPCR) and sequencing techniques are used to analyse the ChIP 

experiment and identify the genomic regions to which GFI1 is bound. The analysis of GFI1 

ChIP can provide insight into the regulatory mechanisms underlying GFI1 and its role in a wide 

range of cellular processes. By identifying the genomic regions where GFI1 binds, we will be 

able to gain a deeper understanding of the genes and pathways that are directly regulated by 

GFI1. 
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4.2 Results  

An antibody that recognizes GFI1 was used to analyse the genomic distribution of GFI1 in 

chromatin samples that were isolated from T-ALL cell lines. We initially analysed the ChIP 

samples by qPCR. For this, we measured the pulled down DNA at a region near the SDE2 

gene, which has previously shown to be highly enriched for several haematopoietic 

transcription factors, and at a region of chromosome 18, which has shown to be 

heterochromatic in haematopoietic cells and without any genes nearby. In all four T-ALL cell 

lines, ChIP experiments followed by quantitative PCR (qPCR), demonstrated an enrichment of 

GFI1 at the SDE2 region compared to the chr. 18 negative control amplicon we used. The 

qPCR measurements of GFI1 ChIP were correct for the amount measured in input samples of 

chromatin. Bar charts shown in Figure 4.1 were used to illustrate the relative enrichment of 

GFI1 ChIP-seq samples over the chr. 18 negative control. 

Following the results of the qPCR, we generated genome-wide libraries for these ChIP 

samples. The samples were loaded onto agarose gels, as shown in Figure 4.2. The gel 

electrophoresis shows a visual representation of the size distribution of DNA fragments 

obtained. The DNA fragments were selected for size between 200 and 300 base pairs then were 

subsequently sequenced. The resulting ChIP-seq library reads were aligned and mapped to the 

reference genome human hg38 genome. Peaks were identified by using MACS software for 

identifying genomic regions with significantly more reads in the correct distribution. The GFI1 

ChIP-seq analysis for ARR, DU528, HSB2, and CCRFCEM, were 7531, 14908, 7845, and 

3376 peaks, respectively. Figure 4.3 illustrates a screenshot of the ChIP-seq data of GFI1 

showing distribution of reads in T-ALL cell line.  

Correlation analysis of ChIP-seq results of the transcription factor GFI1 between different T-

ALL cell lines can reveal the degree of similarities of the binding pattern observed in the 

different cell lines. Using the plot correlation software within the Galaxy portal, we analysed 
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the patterns within the GFI1 ChIP-seq data of the different T-ALL cell lines. In Figure 4.4 A, 

the results show the different comparisons with the strength of the correlation indicated by a 

colour scale, with the scale bar below. The diagonal line represents the perfect correlation, it is 

comparing samples with themselves (correlation coefficient = 1). The correlation analysis 

demonstrated that HSB2 and CCRFCEM cell lines have a strong correlation, followed by 

DU528, whereas ARR showed a weak correlation. This is in line with HSB2, CCRFCEM and 

DU528 harbouring the SIL-TAL deletion, while ARR does not. 

Next, we performed an intersection analysis to determine the overlap of GFI1 ChIP peaks 

between the four T-ALL cell lines. Using the intersection tool within Galaxy, intersections 

between the four data sets were determined and plotted as a table (Figure 4.4 B). The table 

clearly illustrates the peak distribution among the four cell lines, showing that DU528 had the 

highest peak count, followed by ARR, HSB2, then CCRFCEM. We observed a significant 

overlap in the binding patterns between the HSB2 and CCRFCEM cell lines of 1543 peaks, 

suggesting a strong similarity between these two cell lines. Additionally, 326 peaks have been 

identified as common between cell lines containing the SIL/TAL deletion (DU528, HSB2, and 

CCRFCEM) and 11 peaks have been found to be shared between the four cell lines. Taking 

these results into account, we decided for further analysis to separate ARR from the three 

SIL/TAL cell lines.  
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Figure 4.1: qPCR analyses of GFI1 ChIP in T-ALL cells. 

The figure demonstrates a qPCR experiment using the indicated primer sets. The ChIP qPCR results 
showed a relative enrichment of GFI1 at SDE2 region in T-ALL, relative to Ch18 negative control. 
(n=4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: ChIP samples run on agarose gel. 

An illustration of ChIP-seq libraries loaded onto 3% agarose gels. Fragments of 200-300 bp 
was selected, pooled and sent for sequencing. 
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Figure 4.3: GFI1 binding in T-ALL cell lines.  

Screenshot from UCSC browser illustrating binding profile of GFI1 in T-ALL cell lines. 
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Figure 4.4: Correlation pattern and number of overlap peaks of GFI1 ChIP-seq using T-
ALL cell lines. 

(A) Heat map showing correlation between T-ALL cell lines, scale bar (from 0-1) below indicates 
colours relationship. (B) Table showing the overlap between GFI1 ChIP-seq peaks in T-ALL cell lines. 
The first column lists the name of the cell line and the total number of GFI1 peaks. The other 
columns represent the overlaps and the frequency of their occurrence. 
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To gain a better understanding of transcription factor binding at GFI1 binding sites, we 

performed de novo motif analysis to identify DNA sequences statistically over-represented 

within GFI1 binding regions. For this, we analysed the top 500 highest peaks of GFI1 ChIP-

seq for the ARR cell line. Using the online tool MEME suite, the ChIP-seq FASTA format 

sequences of GFI1 peaks were analysed for enrichment of sequence motifs. We additionally 

analysed the methylocytosine DNA methylation database, which contains sequences of 

methylated DNA regions, to identify motifs commonly associated with methylated regions. 

The results are shown together in Table 4.1, with the methylation-specific data shown in red. 

There was a strong enrichment for a sequence that could bind MEF2A, SOX10/11and ZN384, 

as well as sequences recognised by ETV5 and ZNF257, MYBL2 and SP1/2/4 factors (Table 

4.1).  

Surprisingly, our search did not yield any GFI1 motifs. There is a possibility that GFI1 may be 

recruited by other proteins in the 500 highest-scoring peaks, rather than binding directly to 

DNA itself. To examine this further, we focused on a different set of sequences - the lowest-

scoring peaks, where GFI1 might directly bind. Indeed, we found a GFI1 sequence in the 500 

lowest-scoring peaks. Additionally, TFAP2C, KLF6 and SREBF2 binding sites were identified 

in this data set (Table 4.2). 

Using the Genomic Regions Enrichment of Annotations Tool (GREAT), analyses 

were conducted to determine the locations and distances of these peaks in comparison to the 

nearest transcription start sites (TSS). The tool associates input genomic regions, bound to a 

protein of interest, with putative target genes nearest to those genomic regions (McLean et al., 

2010a). The ChIP-seq BED files were analysed using the online tool. The GREAT analysis of 

the highest scoring 500 peaks in ARR revealed that approximately 5% of the peaks are located 

within 5 kb of a gene transcription start sites. About 20-30% of the bound regions were located 
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within 5-50 kb from the TSS, while 50-60% were within a distance of 50-500 kb. The 

percentage of sites located more than 500 kb from the TSS was approximately 15% (Figure 4.5 

A). In the analysis of the 500 peaks with the lowest scores in ARR, less than 5% are located 

within 5 kb of the transcription start sites. Nearly 20% of bound regions were within a distance 

of 5-50 kb from the TSS, and 50-60% were located between 50 and 500 kb. Approximately 

20% of the sites were located more than 500 kb from the TSS (Figure 4.5 B). 

  



126 
 

Table 4.1: Enriched motifs in the top 500 highest-scoring peaks from the GFI1 ChIP-seq 
data in ARR. Motifs associated with methylated regions are shown in red. 

Presented here is a table showing DNA sequences that are highly enriched in the highest scoring 500 
peaks. Each row represents a motif enriched in the GFI1 ChIP-seq data. Proteins predicted to interact 
with these motifs are listed under (known or similar motifs). Motifs associated with methylated regions 
are highlighted in red. E-value: Indicates the statistical significance of the motif enrichment. Sites: 
Indicates how many times the motif occurs among the top 500 highest scoring peaks. 
 
 

  
 

 

 

 

 

 

 

 

 

 

 
 
 
 
Table 4.2: Enriched motifs in the selected 500 lowest-scoring peaks from the GFI1 ChIP-
seq data in ARR. 
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Figure 4.5: GREAT Region-Gene Association graphs of genomic regions bound by GFI1 
peaks in ARR. 

Graphs showing the distance and orientation of GFI1 bound regions in ARR to transcription start sites- 
TSS (A) Highest scoring 500 peaks (B) Lowest scoring 500 peak. On the y-axis, the percentage of genes 
being counted is given, and above each bar in the graph is the absolute number of genes being counted. 
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The interaction results in Chapter 3 led us to believe that GFI1 and HEB alternative may be 

involved in a complex that is distinct from the TAL1/LMO2 complex. To address this, we 

integrated GFI1 ChIP-seq data from ARR cell line with previously obtained ChIP-seq data for 

LMO2, TAL1, LYL1, HEB, GATA2, LDB1, RUNX1, LMO4, PHF6 and MethylCpG in ARR 

(Figure 4.6). As a result of the correlation analysis of the data set, we discovered a high 

correlation between RUNX1, LDB1, GATA2, HEB and GFI1. Both LMO2 and TAL1 showed 

a significant correlation in ARR not associated with the previously mentioned complexes. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6: The correlation pattern of GFI1 ChIP-seq in ARR cell line. 

Heat map showing hierarchical clustering representing the correlation between GFI1, HEB, LMO2, 
TAL1, GATA2, PHF6, RUNX1, LMO4, LDB1, LYL and MethylCpG ChIP-seq data. Scale bar (from 
0-1) below indicates colours relationship.  
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Similar to the above analysis for ARR, we conducted the identification of motifs and 

correlations among the common peaks overlap between the SIL/TAL cell lines, DU528, HSB2 

and CCRFCEM. In the de novo motif analysis of SIL/TAL cell lines, sequences representing 

binding sites for TCF3, TCF7L2, SOX18, and SOX10 were enriched. Furthermore, sequences 

for IKZF1, SPI1, TEAD and ZFP14 were identified as well (Table 4.3)  

With the GREAT analysis, we identified the location and distance of common SIL/TAL peaks 

from transcription start sites. The results showed that approximately 10% of peaks were 

located within 0-5 kb and 10% were between 5-50 kb, approximately 33% were located within 

50-500 kb, and around 47% were within more than 500 kb from TSS (Figure 4.7).  

There is a difference between the distribution of ARR peaks and the distribution of SIL/TAL 

peaks in relation to the TSS. Peaks in the SIL/TAL are located farther from the TSS, with a 

greater percentage found more than 500 kb away, whereas ARR peaks are more frequently 

observed closer to the TSS, especially within 50-500 kb. 

Following this, we integrated our GFI1 ChIP-seq results from the three cell lines with 

previously performed ChIP-seq data from the Hoogenkamp group. Using hierarchical 

clustering, we observed that our GFI1 results grouped together between them with a relatively 

weak correlation to the results of other ChIP-seq experiments (Figure 4.8). Moreover, our 

results suggest that GFI1 binding sites are distinct to the other ChIP-seq data, implying that the 

overall binding profile of GFI1 is distinct to that of the LMO2 complex and associated 

factors. There is a strong correlation between RUNX1 in HSB2 and CCRFCEM and PHF6 in 

DU528 and HSB2, however RUNX1 in DU528 and PHF6 in CCRFCEM are not among these 

two groups. HEB, GATA2, LDB1 and LMO4 were in the same group and exhibited a strong 

correlation pattern. The binding patterns of TAL1 and LMO2 is a common feature across 

SIL/TAL cell lines and this binding was consistent across the different cell lines. Additionally, 



130 
 

the strong correlation pattern between HEB, GATA2, LDB1 and LMO4 indicates that they 

may be involved in a common complex, while the distinct functions of RUNX1, LDB1, and 

PHF6 in different cell lines suggests that they may also be involved in a different complex. The 

presence of a transcription factor in a subset of one TF complex as well as an additional TF 

complex would reduce the direct correlation between the two factors. This does however not 

mean that they do not interact with each other in one of these subsets of peaks. 
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Table 4.3: Enriched motifs analysis from common peaks in GFI1 ChIP-seq data in 
SIL/TAL cell lines. 

Table showing DNA sequences that are highly enriched found in common peaks of GFI1 in DU528, 
HSB2, CCRFCEM cell lines. Each row represents a motif enriched in the GFI1 ChIP-seq data. Proteins 
predicted to interact with these motifs are listed under (known or similar motifs). E-value: Indicates the 
statistical significance of the motif enrichment. Sites: Indicates how many times the motif occurs. 
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Figure 4.7: GREAT Region-Gene Association graphs of genomic regions bound by GFI1 
peaks common between DU528, HSB2, and CCRFCEM. 

Graphs illustrating the distance and orientation of GFI1 bound regions of peaks overlapped between 
SIL/TAL cell lines to transcription start sites- TSS. On the y-axis, the percentage of genes is given, and 
above each bar in the graph is the absolute number of genes being counted. 
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Figure 4.8: Correlation pattern of ChIP-seq data of SIL/TAL cell lines. 

Heat map showing hierarchical clustering of the correlation between GFI1, HEB, LMO2, TAL1, 
GATA2, PHF6, RUNX1, LMO4, LDB1, LYL and MethylCpG ChIP-seq data in DU528, HSB2, and 
CCRFCEM cell lines. Scale bar indicates correlation coefficient (0-1). 
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The analysis of the GFI1 and transcriptional complex containing HEB was extended using the 

same panel of genome-wide datasets previously generated by the Hoogenkamp lab. Utilizing 

the GFI1 peak intensity scores for each cell line, we generated a matrix for each cell line and 

sorted them in descending order of peak intensity to visualize the GFI1 co-localisation with the 

other members of the complex. EaSeq analysis software was used to generate heat maps by 

overlaying these matrices with Bam files of the other ChIPseq. The Bam files contained aligned 

sequences from ChIP-seq data for HEB, LDB1, PHF6, GATA2, RUNX1, LYL1, LMO4, 

TAL1, LMO2, and MethylCpG.  

In the heatmaps of ARR, the strongest peaks of GFI1 are mirrored by the strongest peaks of 

HEB, LDB1, PHF6, GATA2, RUNX1, LYL and LMO4, showing co-localisation of these 

proteins (Figure 4.9). This pattern was also observed in MethylCpG but was not found 

with TAL1 or LMO2. For the DU528 cell line, the co-localisation was not as prominent as 

observed for ARR. Only few of the strongest peaks showed co-localisation, whereas less 

intense GFI1 peaks showed only very weak co-localisation with the other proteins. For the 

HSB2 and CCRFCEM cell lines we observed a co-localisation pattern that was between ARR 

and DU528. Based on the heatmap results, we conclude that GFI1 does co-localise with HEB, 

in line with a direct interaction. This complex would also involve the other transcription factors 

mentioned above, except for LMO2 and TAL1. Although HEB correlates with GFI1, the 

TAL1/LMO2 complex does not show much overlap with GFI1. As a result, it is likely that 

HEB is a member of at least two distinct complexes: one involving GFI1 and the other 

involving the TAL1/LMO2 complex.  Interestingly, the co-localisation between GFI1 and HEB 

seems for a large part to correlate with the presence of MethylCpG signal as well. 

Following this, we observed the peak overlays on basis of the HEB signal intensity (Figure 

4.10). In contrast to the GFI1 matrix, in ARR almost all of the HEB associated regions were 
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bound by GFI1, LDB1, PHF6, GATA2, RUNX1, LMO4 and to a lesser extent, LYL1. With 

TAL1 and LMO2, there is a different pattern, but there is an overlap with HEB. Based on 

MethylCpG analysis, the main differences between ARR and SIL/TAL cells can be seen since 

there is a correlation with HEB in ARR but not with SIL/TAL cell lines. The three cell lines 

followed a similar pattern, exhibiting a lower correlation between GFI1 and HEB compared to 

the ARR results. All other transcription factors were strongly correlated and overlayed with 

HEB.  
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Figure 4.9: Heat maps plots showing GFI1 ChIP-seq results ranked according to intensity 
of binding. 

The heat maps show GFI1, HEB, LMO2, TAL1, GATA2, PHF6, RUNX1, LMO4, LDB1, LYL and 
methylCpG ChIP-seq results ranked according to intensity of GFI1 binding, overlayed on GFI1 ChIP-
seq matrix in T-ALL cell lines. Easeq software was used to generate heatmap plots, depicting windows 
from ± 5 kb around the centre of the GFI1 peaks. Greyscale intensity is indicated below the heat maps. 
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Figure 4.10: Heat map plots showing correlation between ChIP-seq results in T-ALL cell 
lines.   

The heat maps show GFI1, HEB, LMO2, TAL1, GATA2, PHF6, RUNX1, LMO4, LDB1, LYL and 
methylCpG ChIP-seq results ranked according to intensity of GFI1 binding, overlayed on HEB ChIP-
seq matrix in T-ALL cell lines. Easeq software was used to generate heatmap plots, depicting windows 
from ±5 kb around the centre. Greyscale intensity is indicated below the heat maps. 
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4.3 Discussion  

Growth factor independence-1 (GFI1) is a zinc finger transcription factor that plays an 

important role in myeloid and lymphoid haematopoiesis in normal and 

malignant haematopoietic cells  (Hock et al., 2004, Zeng et al., 2004). GFI1 is known to repress 

genes by recruiting LSD1-containing protein complexes, whereas in cooperation with 

IKAROS, GFI1 activates gene expression by acting as a transcriptional activator (Khandanpour 

and Möröy, 2013), (Sun et al., 2022). We were interested to examine the role of GFI1 in T-

ALL cells, and particularly how it interacts with HEB and members of the LMO2/TAL1 

complex. We investigated the binding of GFI1 throughout the genome by ChIP-seq 

experiments.  We found that the ChIPseq data from the three SIL/TAL cell lines, i.e. DU528, 

HSB2 and CCRFCEM, demonstrated clear correlations between each other, but that ARR was 

clearly distinct. Upon intersecting GFI1 peaks of all cell lines, we discovered 326 shared peaks 

of the three SIL/TAL cell lines, with only 11 shared peaks with ARR. We therefore focused 

our analysis on ARR separately and combined the three SIL-TAL cell lines together. 

We then selected 500 highest peaks in ARR and 500 lowest peaks in ARR. De novo motif 

analysis identified in the top 500 peaks of ARR include critical regulators of many 

developmental processes, as well as key transcription factors involved in differentiation, such 

as myocyte enhancer factor-2 (MEF2) (Subramanian and Nadal-Ginard, 1996), MYBL2, SRY-

box transcription factors (SOX10 and SOX11). This analysis also identified ETV5, which is a 

member of the ETS family that is involved in the regulation of γδ T-cell development (Jojic et 

al., 2013), and PAX5, which is involved in B cell development (Souabni et al., 2002). This is 

in line with ARR representing an ETP leukaemia, which is characterised by the expression of 

genes normally associated with other lineages, rather than only factors specific to T cells.  

In the lowest scoring 500 GFI1 peaks in ARR, our analysis identified the GFI1 motif. GFI1 

motif identified within lower-scoring peaks in GFI1 ChIP-seq data suggest different 



139 
 

explanations such as it is possibly recruited by the top 500 proteins, weaker or more transient 

binding affinity of GFI1 for these DNA regions. The nuanced binding pattern of GFI1 makes 

it interact with a different set of genes than GFI1 with a higher affinity. Additionally, GFI1's 

binding dynamics are context-dependent, influenced by various factors such as the presence of 

cofactors, epigenetic marks, and the current state of the cell. Other enriched motifs included 

potential binding sites for transcription factor AP-2 gamma (TFAP2C), and Sterol Regulatory 

Element Binding Transcription Factor 2 (SREBF2). These were found to be target genes 

regulated by IKZF1(Vastrad et al., 2020). Kruppel-like factor 6 (KLF6) was also detected, 

which is a zinc finger functions as a transcription activator and is a tumour suppressor (Laitman 

et al., 2016). 

In the motif analysis of SIL/TAL cell lines we detected IKZF1 (IKAROS) and TCF3. IKAROS 

plays a critical role in B and T cells development, and in T-ALL function as a tumour 

suppressor. GFI1 was found to acts as a transcriptional activator to activate gene expression 

when it cooperates with IKAROS. This is in agreement with a recent study in which BioID 

proximity labelling was used in human CCRFCEM T-ALL cells to detect GFI1-interacting 

proteins. The researchers identified 500 direct and indirect interacting proteins with 

GFI1 itself. These included previously identified GFI1-interacters, such as HMG20B, STAG1, 

LSD1, CoREST, and GSE1.  Using GFI1 and IKAROS ChIP-seq to investigate potential 

targets, approximately 80% of GFI1-bound peaks overlapped with IKAROS peaks. As a result 

of this study, it was suggested that GFI1 and IKAROS regulate similar genes and that genes 

co-occupied by GFI1 and IKAROS play an important role in T-cell development, including 

GFI1 itself, NOTCH3, CD3, TCF3, MYC, RUNX3, MYB and HES (Sun et al., 2022). 

Additionally, we identified enrichment of binding sites of proteins associated with CD8+ T cell 

progression such as TCF7L2 and LEF (Greenough et al., 2015). The potential binding site of 

the protein TEAD, which were identified as a stage-specific regulator of murine blood 
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differentiation in vitro and in vivo by a study, which identified TEAD4 binding sites share a 

significant number with LMO2 and TAL1 (Goode et al., 2016). SPI1 (PU.1) and SPIB binding 

sites were enriched in these cells, which genes are activated during early stages of T-

cell development. Silencing of these factors takes place during the β-selection. If these factors 

are not silenced it could result in the development of malignant T cells (Yui and Rothenberg, 

2014). According to a previous study in myeloid cells, GFI1 antagonizes PU.1 activity via 

protein-protein interactions and plays a critical role in repressing macrophage gene expression 

during granulocyte development (Dahl et al., 2007).  

The distance of genomic regions from transcription start sites is indicative of their potential 

functional roles within the genome. Proximal regions, typically within a few hundred to 

thousands of base pairs of the TSS, are commonly associated with promoter elements 

responsible for initiating transcription. Enhancer elements, on the other hand, tend to be located 

further away from the TSS, ranging from 50 to 500 kb, and can exert regulatory influence on 

gene expression over long distances. Distal regions, located more than 500 kb from the TSS, 

may serve structural functions or participate in long-range chromosomal interactions. 

In the context of the study, the distribution of peaks from ChIP-seq data at varying distances 

from the TSS provides insights into the regulatory landscape of the examined genomic regions. 

The GREAT analysis revealed that a significant proportion of GFI1 peaks in both the ARR and 

SIL/TAL datasets were located within 50-500 kb from the nearest TSS. This suggests a 

preference to binding at enhancer elements, which could modulate the expression of nearby or 

even distal target genes. 

Interestingly, the distribution patterns differed between the ARR and SIL/TAL datasets. Peaks 

within the ARR results were most frequently observed within the 50-500 kb range, indicating 

a potential role in binding to enhancers. Peaks associated with SIL/TAL were found to be 

located farther from the TSS, with a higher percentage located more than 500 kb away. This 
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may suggest a greater involvement of GFI1 with distal regulatory elements in the SIL/TAL 

dataset, possibly influencing gene expression through long-range chromosomal interactions. 

 

To determine how GFI1 correlated with previously generated ChIP-seq data of other proteins 

in ARR, we created a heat map that showed hierarchical clustering of GFI1 ChIP-seq data with 

ChIP-seq data from HEB, LMO2, LMO4, LYL1, TAL1, LDB1, PHF6, RUNX1, GATA2 and 

methylCpG. We then used EaSeq analysis software to overlay the matrices for each cell line 

with Bam files of these factors sorted in descending order to create heat maps to visualize the 

genome-wide association of GFI1 localization. In the hierarchical clustering, we found strong 

correlation between GFI1, HEB, RUNX1, GATA2, LDB1, PHF6 and MethylCpG, while 

TAL1 and LMO2 showed very weak correlations. Approximately half of the highest scoring 

peaks of GFI1 on the heatmap plots of ARR appeared to co-localise with and overlap with 

these factors, except not with TAL1 and LMO2. Previous research has demonstrated that GFI1 

is regulated by a number of key players that drive HSC development. These include the 

transcription factors RUNX1, TAL1, and GATA2 (Wilson et al., 2010). Considering the fact 

that ARR is an ETP cell line, it is not surprising that RUNX1 correlates strongly, since RUNX1 

is primarily responsible to generate myeloid and lymphoid cells from definitive HSCs (Link et 

al., 2010), (Kurokawa, 2006). Researchers have demonstrated that LDB1 can self-associate as 

trimers and is able to assemble large multi-transcriptional factor complexes (Cross et al., 2010). 

LDB1 binds to proteins containing the LIM domain, such as the LMO proteins (Ryan et al., 

2006). Through these interactions, LDB1 can bring together several enhancers and promoters, 

which was shown during erythroid β-globin regulation and included HEB and LMO4 (Song et 

al., 2010). Considering our results, it may be possible to conclude that the complex in ARR 

that contains LDB1 binds to LMO4 instead of LMO2. This complex includes HEB, RUNX1 

and GFI1 differs from the complex containing LMO2/TAL1.  
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Chapter 5 Exploring the impact of HEB deletion on T-cell 

acute lymphoblastic leukaemia: a CRISPR/Cas9 study 
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5.1 Introduction  

As a powerful gene editing technique, CRISPR-Cas9 can be used to disrupt, delete, or alter the 

normal activity of specific genes. It is a precise and efficient method of gene editing that can 

be used to study gene function, develop disease models, or even create novel genetic 

modifications. Gene knockout models using CRISPR-Cas9 provide researchers with a better 

understanding of gene function, the molecular pathways it regulates, and the role it plays in 

normal development and disease.  As a result of these studies, we are able to gain a better 

understanding of the mechanisms underlying gene regulation as well as identify potential 

targets for therapeutic intervention in relevant diseases. 

The transcription factor TCF12, also known as HEB, is a protein that regulates various cellular 

processes, such as embryonic development, neurogenesis, and mesoderm development. 

Through the use of gene editing techniques such as CRISPR/Cas9, human embryonic stem 

cells (hESCs) were transfected with plasmids that disrupted HEB expression. The results of 

this study revealed a profound defect in mesodermal development, failure of T cell 

development, and a decrease in the expression of two key regulators of hemogenic 

endothelium development (Li et al., 2017). In addition, the ablation of Tcf12 in HSCs led to a 

significant reduction in the expression of differentiation genes, suggesting that the expression 

of differentiation genes may be influenced by Tcf12 in its role in regulating the differentiation 

process (Liao and Wang, 2021). 

HEB has been demonstrated to play a role in T-cell differentiation and development in several 

studies. Dysregulation or aberrant expression of TCF12 may contribute to T-ALL progression 

and development (O'Neil et al., 2004). Tcf12 deletion affected the balance between the CD4 

and CD8 T-cell populations with significant numbers of peripheral CD8+ cells lacking surface 

TCR. These results suggest that TCF12 prevents cells from developing into single positive 
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cells until there is an efficient selection signal for TCR-positive cells (Jones and Zhuang, 

2007).   

The purpose of this study was to investigate the role of HEB, in T-cell acute 

lymphoblastic leukaemia. To accomplish this, we performed CRISPR/Cas9 experiment to 

delete HEB and analyse its effect on the proliferation, apoptosis, and differentiation stages of 

T-ALL cells.  These knockout experiments are expected to provide a better understanding of 

the molecular basis of T-cell acute lymphoblastic leukaemia, as well as provide insight into 

potential treatments for this type of cancer.  
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5.2 Results  

To perform TCF12 knock out experiments, we decided to purchase the required plasmids. We 

chose the Santa Cruz; sc-402508, HEB CRISPR-Cas9 KO plasmid mix. This contains two 

plasmid mixes; one containing up to three plasmids for guide RNA and one containing 

plasmids harbouring genomic regions surrounding the guide RNAs. We determined the 

genomic target site of each plasmid, expanded them through bacterial transformation, and then 

sequenced the samples to identify their relative genome positions (Figure 5.1A). In the 

Homology-directed repair (HDR) plasmid, the HDR guide plasmid was only provided for one 

of the 3 different guide positions in the gene, the N-terminal. The ARR cell line was transfected 

with N-terminal HEB CRISPR-Cas9 plasmid and HDR plasmid or Cas9 control plasmid and 

HDR plasmid. HDR plasmids contain red fluorescent protein (RFP) and cas9 plasmids contain 

green fluorescent protein (GFP) and a U6 promoter for regulating the expression of the gRNA 

(Figure 5.1B). In the twenty-four hours following transfection, puromycin was used to select 

cells, and then FACS was used to sort the GFP or RFP-positive cells (Figure 5.1C). Single cell 

colonies were generated by plating cells in 96-well plates, monitoring and expanding them to 

achieve clonal populations for protein extraction. 

Our objective was to delete HEB from other T-ALL cell lines as well, therefore we 

electroporated DU528, HSB2 and CCRFCEM cell lines. Our attempts to transfect HSB2 were 

unsuccessful because this cell line was very difficult to transfect. We tried various voltages, 

but at higher voltages the cells died immediately after electroporation and at lower voltages 

there were no transfected cells. The transfection of DU528 and CCRFCEM was successful up 

to the single cell colony stage. However, these cell lines were very difficult to grow in 

isolation. Consequently, we decided to focus on the ARR cell lines and continue our 

investigation into HEB deletion. 
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Figure 5.1: CRISPR Cas9 experiment to knockout HEB. 

ARR cell line transfected with HEB CRISPR/Cas9 KO plasmid, Cas9 control plasmid and Homology-
directed repair (HDR) plasmid. (A) The genomic target site of each plasmid, highlighted in red square 
and labelled as; N-terminal (num3), Middle (num7) and C-terminal (num4). (B) Transfected cells were 
examined by fluorescence microscopy to confirm transfection efficiency. (C) Cells sorted using FACs.  
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A total of six samples were generated from the control transfected cells, and eleven samples 

were generated from the HEB KO cells. All 18 samples including wild type ARR were 

extracted, and western blots were performed using an antibody against HEB (Figure 5.2A). In 

comparison with ARR WT, sample number 5 showed a clear loss of HEB at a size of 100 

kDa. The expression of HEB was reduced in several other samples in comparison with the 

normal cell line; these samples were likely to be heterozygotes. Following this, two controls 

(control 1 and control 5), two likely heterozygote samples (TCF12+/-2 and TCF12+/-3), and the 

knockout sample (TCF12-/-) were selected for determining the level of expression of multiple 

proteins of interest (Figure 5.2B). 

We observed that the knockout was for the canonical isoform of HEB, whereas the alternative 

isoform showed a decrease in expression compared to the control. There was a reduction 

in GFI1 expression in the TCF12-/- sample detected by all three antibodies from different 

companies. The expression of TAL1, LMO2, PHF6 and LYL1 was reduced when HEBcan 

was deleted, RUNX1, LDB1 and PRMT5 displayed no difference in protein level in all 

samples, while G9a exhibited an increase in expression level when HEBcan was 

deleted compared to the control sample.	Ponceau S was used to confirm equal protein loading. 
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Figure 5.2: Protein expression level measured using Western blot. 

(A) HEB Western blot to measure proteins expression level for 6 control samples and 11 KO HEB 
samples.  (B) control 1, control 5, two likely heterozygote samples (TCF12+/-2 and TCF12+/-3), and the 
knockout sample 5 (TCF12-/-) selected to measure the expression level of different proteins. Ponceau S 
staining was used to establish equal loading (representative of three technical repeats). 
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Following this, immunocytochemistry staining was performed on ARR, Cas9 

control sample, TCF12+/- and TCF12-/- samples to determine whether HEB knockout affects 

protein localization. The cells were fixed with formaldehyde then permeabilized and blocked 

with FBS. Incubation of the cells with anti-HEB antibody overnight at 4°C was followed by 

incubation with a secondary antibody to mouse IgG for 1 hour at room temperature. The cells 

were washed and loaded onto slides, then imaged using a laser confocal microscope. DAPI was 

used to stain nuclear DNA (in blue) (Figure 5.3A). We observed nuclear localization of HEB, 

in line with what we described in chapter three. Based on the results of ARR, it is clear that 

HEB (magenta colour) exhibits the same pattern as shown by DAPI localization in the nucleus. 

The TCF12+/- sample exhibited the same pattern as the ARR sample and the cas9 

sample. Compared to wild type ARR and cas9 control, HEB knockout by CRISPR cas9 

resulted in weak to absent nuclear staining pattern and intensity of colour, this also confirms 

the specificity of the antibody used. Immunostaining in Figure 5.3B was conducted without the 

use of HEB primary antibody in order to confirm that the results observed were not due to 

nonspecific binding of fluorescent secondary antibodies to the samples. 
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Figure 5.3: HEB Knockout affects cellular localisation in ARR. 

(A) ARR cell line, Cas9 control 1, control 5, two likely heterozygote samples (TCF12+/-2 and TCF12+/-

3), and the knockout sample (TCF12-/-) were fixed and stained with anti-HEB (magenta) antibody. 
Slides were imaged using immunofluorescence confocal microscopy, DAPI (blue) staining was used to 
visualise nuclei. Scale bar 10 μm. (B) immunostaining experiment without primary antibody to test for 
nonspecific binding of fluorescent secondary antibodies to the samples (n=3). 
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To exclude the possibility that the single cell clone had an aberrant karyotype and to investigate 

potential defects in chromosome stability, we performed chromosomal spread analyses to 

detect any abnormalities. Mitotic chromosome spreads were performed on ARR wild-type, 

cas9 control sample and TCF12-/- sample to evaluate chromosomal integrity and karyotype. A 

minimum of 20 metaphases were counted in each sample to determine the number of 

chromosomes. To arrest mitotic cells at metaphase, Colcemid was applied 24 hours following 

passaging. After pelleting the cells, they were swollen by hypotonic treatment with 

KCl. Following this, a cold Carnoys fixative solution was added. Cells were then fixed, and 

then twice washed in cold Carnoys fixative. They were then dropped onto a humidified, chilled 

glass slide. Phase contrast microscopy was used to assess mitotic index, quality of metaphase 

spread, and the presence of cytoplasm. The slides were placed overnight at 60° C on a heating 

block. Giemsa banding (G-banding) technique was used to stain chromosomes during 

metaphase spreading. The chromosomes were visually analysed and counted under a light 

microscope. The results of our analysis indicate that all samples including TCF12-/- exhibited 

a normal karyotype, suggesting that the selected clones had a normal karyotype, and that 

chromosome stability was not majorly affected by TCF12 knockout (Figure 5.4). 

Following this we examined the cells' morphology using Kwik-Diff staining. The cells were 

loaded into cytospin slide chambers and centrifuged. Following the drying of the slides, the 

slides were dipped in Fixative solution, and immediately transferred to the Eosin solution to 

stain the cytoplasm and then to the Methylene blue solution to stain the nucleus. Slides were 

rinsed in water to remove excess staining, air-dried, then slides were mounted, observed, and 

scanned under bright field microscopy. 

Our results showed that there were no significant morphological changes in TCF12-/- ARR 

cell line in comparison to wild type ARR and control (Figure 5.5). We assessed 10 slides for 
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each sample at 24 hours and 48 hours after passaging and found that there were no 

morphological changes between the samples.   
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Figure 5.4: Karyotype analysis of ARR wild-type, Cas9 Control, and TCF12-/- samples. 

To assess the chromosomal integrity and karyotype of ARR wild-type, cas9 control, and TCF12-/- 

samples, mitotic chromosome spreads were prepared. Each sample was examined for a minimum of 20 
metaphases in order to determine its chromosome count. Light microscopes were used to examine and 
enumerate chromosomes. 



156 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Morphological assessment and cell proliferation in ARR following TCF12 
knockout. 

For each sample, morphological assessment was conducted on ten slides 24 hours and 48 hours post-
total extraction, revealing a consistent pattern among all samples. The TCF12-/- ARR cell line showed 
no noticeable morphological differences from wild-type ARR and control samples.  
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DNase I hypersensitive sites (DHSs) are regions of chromatin that are more accessible than the 

rest of the chromatin and therefore are preferentially cleaved by DNase I when added into the 

cells.  This remodelled state is necessary for the binding of proteins, for example TF, which 

makes these accessible chromatin sites functionally associated with transcriptional regulation 

(Boyle et al., 2008). We wanted to know whether the absence of HEB impacted on the presence 

or characteristics of DHSs. The DNaseI hypersensitive site mapping in our project was carried 

out to investigate the accessibility of chromatin of two samples of cas9 control, two samples 

of likely heterozygote and TCF12-/- in ARR.  

In brief, DNaseI hypersensitive sites digestions were performed using different concentrations 

of DNase I to determine the optimal conditions for the assay. The cells were centrifuged, 

washed, then resuspended in DNase I resuspension buffer. Each sample was then incubated 

with a DNaseI mix containing different DNaseI concentrations. Cell lysis buffer was added to 

stop the digestion reaction. Proteinase K was used to digest proteins and RNase A for RNA 

degradation. DNA samples were isolated by organic extraction followed by precipitation using 

isopropanol. Agarose gel electrophoresis was performed. DNA fragments from 100-400 base 

pairs were isolated using a QIAGEN mini-elute gel extraction kit.  Finally, the Illumina 

protocol was used to prepare the library followed by sequencing. Reads from the DHS were 

mapped to the human genome hg38 and analysed (Figure 5.6).  
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Figure 5.6: DNase I hypersensitivity profiling of ARR Cas9 control and TCF12-/-. 

This figure illustrates genomic analysis of DNase I hypersensitive sites (DHS) of Cas9 control and 
TCF12-/-. UCSC Genome Browser tracks are shown, with vertical bars indicating regions of DNase I 
hypersensitivity. It can be observed that DHS sites are distributed differently in the control and TCF12-

/- deficient samples, suggesting that chromatin accessibility has been altered.  

 

DNaseI-seq experiments identified 18,896 peaks for cas9 control, 9,459 peaks for TCF12-/-, 

with 5,800 in common between the two. We were interested in determining whether deletion 

of TCF12 from ARR cells had any noticeable differences in motifs enrichment comparing to 

ARR WT cells. Thus, we used MEME to analyse the enriched DNA motifs. The unique peaks 

of Cas9 control and TCF12-/- were analysed. We identified potential binding sites of RUNX, 

STAT, NFYB, IKZF3, and Spi1 enriched motifs in the control DHS and TCF12-/- DHS (Table 

5.1). In addition to that, the control DHS showed enriched motifs for KLF1, ETS2, 

JDP2, NFE2, while the TCF12-/- DHS was enriched for Atf3, FOSL1 (Table 5.2). 

The next step was to analyse the association between DHS control and TCF12-/- accessible 

genomic regions, as well as their putative target genes. As a result of the analysis conducted 

using the GREAT online tool, more than 15% of the peaks were found at gene transcription 

start sites (TSSs) in both samples. Approximately 30% of the bound regions were located 

between 5 and 50 kb from the TSS, while 40 to 50% were located between 50 and 500 kb away 

from the TSSs.  Less than 10% of the sites were more than 500 kb distant. There was no 
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difference between the two DHS samples, control and TCF12-/-, in these 

percentages. Interestingly, the majority of genomic sites were between 50 and 500 kb away 

from the TSSs (Figure 5.7) 

. 
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Table 5.1: Enriched motif analysis of cas9 control DHSs. 
The table below illustrates the results of DNA motif analysis carried out on Cas9 control and TCF12-/- 

samples from the DNAse I Hypersensitivity Sites (DHS) region. Using the MEME suite, each sample 
was analysed independently, excluding common peaks. (Table 5.1) demonstrate enriched DNA motifs 
identified in control sample, (Table 5.2) demonstrate enriched DNA motifs identified in HEB knockout 
sample. Each row represents a motif enriched in the DHS ChIP-seq data. Proteins predicted to interact 
with these motifs are listed under (known or similar motifs). E-value: Indicates the statistical 
significance of the motif enrichment. Sites: Indicates how many times the motif occurs. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.2: Enriched motif analysis of TCF12-/- DHSs.  
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  Cas9 control      TCF12-/- 

 
 
 
 
 
 
 
 
 
 

Figure 5.7: Genomic distribution of DHS peaks. 

Bar chart illustrates the genomic distribution, distance and orientation of DHS peaks to transcription 
start sites- TSS, using GREAT online tool, in cas9 control (left) and TCF12 knockout (right). On the y-
axis, the percentage of genes is given, and above each bar in the graph is the absolute number of genes 
being counted. 
 
 

To determine the roles of these genes in biological processes, we further analysed the gene 

ontology of the peaks specific to the Cas9 control or TCF12-/-, using DAVID 6.8 (Huang da et 

al., 2009). For DHS cas9 control regions, gene ontology analysis revealed an enrichment of 

genes associated with proton transport regulation, transcription of mRNA catabolic process, 

apoptotic processes modulation by viral transcription by the host, and phagocytosis negative 

regulation (Figure 5.8A). On the other hand, the gene ontology for TCF12-/- DHSs revealed the 

enrichment of genes involved in myeloid leukocyte differentiation, regulatory T cell 

differentiation, and cytokine biosynthesis processes, lipid kinase activity, and histone 

acetylation (Figure 5.8B).  
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(A) 

(B)      

 
 
Figure 5.8: Gene ontology analysis of DHS peaks. 

Gene ontology was performed on DHS peaks in both (A) Cas9 control and (B) TCF12-/- samples, 
analysing unique peaks, excluding common regions. The chart represents the negative logarithm base 
10 of the binomial p-values, reflecting the statistical significance of biological processes enrichment 
among DHS peaks. Each bar corresponds to distinct biological process category. 
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According to previous results from our lab, many HEB ChIPseq peaks in T-ALL occurred and 

overlapped with regions of methylated DNA. Consequently, it was interesting investigate the 

methylation status of the genomic DNA in ARR after HEB knockout and how that influenced 

transcription factor binding. Methylated DNA Immunoprecipitation (MeDIP), using antibodies 

specific for 5-Methylcytosine (5mC), was used to determine genome-wide DNA methylation 

patterns in ARR. An initial step in the MeDIP experiment involved isolating genomic DNA 

from the control ARR cas9 and the mutant ARR TCF12-/-. Sonication was then used to 

fragment the DNA into smaller pieces. The fragments of DNA were then incubated with anti-

5-methylcytosine antibody, allowing it to bind to the methylated regions of DNA. The DNA-

antibody complexes were immunoprecipitated with protein G magnetic beads. 

Finally, methylated DNA was eluted from the beads and purified. The purified DNA was then 

used to prepare a MeDIP library, which was carried out in accordance with the Illumina 

protocol. 

Bioinformatic analysis of MeDIP-seq data identified 50,065 peaks in control cas9 ARR and 

28,407 peaks in TCF12-/-. A total of 11566 peaks were found to be common between the two 

MeDIP samples. To identify DNA sequences statistically overrepresented within MeDIP-seq 

data binding regions, we performed de novo motif analysis. In order to identify motifs specific 

to Cas9 control or TCF12-/- ARR, the common peaks were excluded from the 

analysis. Interestingly, in the cas9 control sample, there was a significant enrichment for 

sequences that could bind GFI1B, Ikzf3, and SOX9 (Table 5.3).  In contrast, GFI1 was enriched 

in TCF12-/- samples as well as TCF3 (E2A), prdm5, and Zbtb3 (Table 5.4).  

We then examined the association between MeDIP control and TCF12-/- mutually bound 

genomic regions. A GREAT online analysis revealed that less than 10% of the peaks were 

located at gene TSSs in both samples. Between 20% and 30% of the control sample bound 
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regions were located between 5 and 50 kb away, while over 30% of the TCF12-/- sample bound 

regions were located between 5 and 50 kb away from TSSs. In the control sample, 

approximately 60% were located between 50 and 500 kb from the TSSs, while approximately 

55% were found in the TCF12-/- sample. Finally, there were about 10% of sites more than 500 

kb apart in both samples (Figure 5.9). 
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Table 5.3: Enriched motifs in Cas9 control sample of MeDIP ChIP-seq data.       

The tables below show DNA motif analysis carried out on Cas9 control and TCF12-/- samples from the 
MeDIP region. Using the MEME suite, each sample was analysed independently, excluding common 
peaks. (Table 5.3) demonstrate enriched DNA motifs identified in control sample, (Table 5.4) 
demonstrate enriched DNA motifs identified in HEB knockout sample. DNA motifs identified in HEB 
knockout sample. Each row represents a motif enriched in the DHS ChIP-seq data. Proteins predicted 
to interact with these motifs are listed under (known or similar motifs). E-value: Indicates the statistical 
significance of the motif enrichment. Sites: Indicates how many times the motif occurs 
 

 

 

 

 
 
 

 
 
 
 
Table 5.4: Enriched motifs in TCF12-/- sample of MeDIP ChIP-seq data.  
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Figure 5.9: Genomic distribution of MeDIP peaks. 

The bar chart illustrates the genomic distribution of MeDIP peaks to transcritption start sites (TSS), 
using GREAT online tool, in cas9 control (left) and TCF12 knockout (right). 
  

Cas9 control     TCF12-/- 
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Following this, we conducted a ChIP experiment to determine the effect of deleting HEB on 

other transcription factors. ChIP was performed for LMO2, TAL1, PRMT5, PHF6, and LDB1. 

Quantification of the enrichment was conducted with qPCR, and the results were normalized 

based on the input control (Figure 5.10). The enrichment was determined using the 

PU.1 enhancer and the SDE2 element. The PU.1 enhancer is well-characterised and the PU.1 

transcription factor plays a crucial role in the development of the haematopoietic system. The 

SDE2 amplicon was selected based on previous experiments that demonstrated a 

strong binding of several transcription factors before (Stanulović et al., 2020). As a negative 

control, a heterochromatic region of chromosome 18 was used that is devoid of genes and does 

not support binding of transcription factors, as shown in previous ChIP and ChIP-seq 

experiments. 

qPCR is used in this case to assess the suitability of the sample prior to library preparation for 

sequencing. By doing so, it can help ensure that the starting material is of sufficient quality to 

produce reliable sequencing data, rather than to perform direct comparisons of the data between 

the cell lines.  Higher qPCR values in ChIP samples indicate higher enrichment or expression 

levels for these genes. The enrichment at SDE2 is higher than at PU.1 enh in ChIP of LMO2, 

TAL1, and PHF6. These ChIP experiments suggest that LMO2, TAL1, and PHF6 genes appear 

to bind to or be more strongly associated with SDE2 genomic regions than PU.1. PRMT5 and 

LDB1 preferentially bind to or are more strongly associated with the PU.1 genomic region than 

SDE2. Altogether, we clearly detected protein binding for all the performed ChIP experiments 

at one or more of the tested amplicons, indicating that our ChIP experiment was successful. 
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Figure 5.10: Enrichment of control and TCF12-/- samples at the PU.1 and SDE2 in ARR. 

ChIP was perfumed on ARR cas9 control and TCF12-/- samples using LMO2, TAL1, PRMT5, PHF6 
and LDB1 antibodies, then quantified using qPCR using the indicated primers. The fold enrichment 
relative to ch18.  
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After the ChIP experiments were validated by qPCR, ChIP libraries were prepared then 

samples were loaded onto agarose gels. The gel electrophoresis in Figure 5.11 shows the size 

distribution of DNA fragments obtained after immunoprecipitating chromatin with a specific 

protein of interest and subsequent library preparation. The DNA fragments selected to be 

isolated were between 200 and 300 base pairs in size. DNA fragments in this range are more 

likely to represent specific binding sites of the protein of interest than larger fragments that 

may contain multiple binding sites. In addition, they reduce the likelihood of nonspecific 

background signals in ChIP-seq data. The samples that did not show any results in panel A 

underwent a second attempt and are presented in panel B. GATA2 and LYL1 ChIP did not 

work therefore have been excluded from further sequencing analysis.  
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Figure 5.11: Agarose gel analysis of ChIP samples. 

Electrophoresis analysis of ChIP samples loaded on 3% agarose gel, the highlighted DNA fragments 
falling within the 200-300 base pair (bp) range were cut and sent for sequencing. 
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As a result of the ChIP-seq analysis performed on the ARR cell line following HEB knockout 

(TCF12-/-), transcription factor genomic binding patterns have been found. Among the factors 

analysed, LMO2 showed the highest number of peaks, with 76,551 identified binding sites, 

indicating that this factor has a significant role in this cell line. this was followed by TAL1, 

with a peak count of 36,393. In this cell line, PRMT5, PHF6, and LDB1 contribute to the 

complex regulatory landscape with respective peaks of 27,015, 23,110, and 17,495 

peaks. These findings indicate that these proteins are likely to exert their influence at specific 

genomic locations, providing a basis for understanding their roles in gene regulation as well as 

potential implications for cellular function when HEB is absent. 

To understand relationships between the different data sets, we used the data visualization 

method Upset.  A Venn Diagram, which is the most used visualization approach for overlaps 

between data sets, is not effective beyond four sets. The UpSet data analysis method, however, 

is well suited for the quantitative analysis of data that consists of multiple sets. Data from the 

Upset plot was plotted as a table (table 5.5). In the following table, the intersections of a set are 

plotted as a matrix, each row representing a set, with possible intersection; indicated by the 

letter X. The table illustrates the results of overlap and intersection analyses performed on 

ChIP-seq data obtained from ARR HEBKO cells involving transcriptional regulatory proteins 

LMO2, TAL1, PRMT5, PHF6, and LDB1. We have also incorporated ChIP-seq data 

previously generated in our laboratory for HEB using the ARR cell line with a peak count of 

8,615, as a reference. In this study, we examine the genomic binding regions between HEB and 

the aforementioned factors, with the objective of identifying potential co-binding events 

between HEB and these factors.  
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Table 5.5: illustrates the intersections of ChIP-seq data obtained in ARR following HEB 
knockout. 

Table showing the overlap between ChIP-seq peaks of different transcription factors in ARR following 
HEB knockout (TCF12-/-). The first column lists the name of the cell line and the total number of 
peaks. The other columns represent the overlaps and the frequency of their occurrence. 

 
 

 
 

Our next step was to create a plotCorrelation analysis using Galaxy software, which can be 

used to assess and identify patterns and relationships between ChIP-seq samples. A 

plotCorrelation image shows the correlation coefficients between samples. Dendrograms 

demonstrate graphically how data points are grouped or clustered based on their similarity or 

dissimilarity. 

The correlations between ChIP-seq data from different transcriptional regulator proteins and 

experimental conditions can be shown in Figure 5.12. Starting with the ChIP-seq results for 

HEB under wild-type ARR (TCF12) conditions and LDB1 under TCF12 knockout conditions 

(TCF12-/-_LDB1), there appears to be a moderate to strong positive correlation ranging 

between 0.6 to 0.8. This suggests that HEB and LDB1 may share common genomic binding 

regions or have a functional relationship within the context of the TCF12 knockout in the ARR 

cell line. ChIP-seq data for LDB1 and TCF12 in the control condition (Ctrl_LDB1) have lower 

TCF12 (8,615) X X 
   

X X X X 
  

X 
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correlation, around 0.4. This suggests that these two factors may not have a strong association 

or overlap in binding regions under normal (control) conditions. 

As shown in the ChIP-seq data for PRMT5 under the control condition, PRMT5 correlated 

moderately (0.5-0.6) with both TCF12 under the control condition (HEB) and LDB1 under the 

TCF12 knockout condition (TCF12-/-_LDB1). A correlation of approximately 0.3 exists 

between ChIP-seq data for TCF12 in the WT ARR condition and TCF12-/-_PRMT5 (PRMT5 

in the knockout ARR condition). Thus, the knockout of TCF12 in the ARR cell line has resulted 

in a reduced level of similarity between HEB binding patterns and PRMT5 binding patterns. 

Observing that results of ChIP-seq data for LMO2 in TCF12 knockout shows weaker 

correlations with HEB and all other transcriptional factors in both conditions (control and 

knockout) indicates a significant relationship between HEB and other transcriptional factors, 

including LMO2, in the regulation of gene expression. Accordingly, LMO2 regulatory activity 

depends heavily on the presence and functional activity of TCF12. 

In the absence of HEB, TAL1 exhibits a moderate correlation with HEB and LDB1, but the 

correlation is weaker in comparison to the control condition of TAL1. Based on these findings, 

it seems that HEB could enhance the binding pattern or functional interaction between TAL1 

and LDB1. In contrast, PHF6 and LMO2 show a similar correlation pattern to PRMT5 when 

correlated with HEB. The correlation is moderate under the control condition but weakens 

under the knockout condition. It is therefore concluded that the absence of HEB negatively 

impacts the alignment or similarity of the binding patterns between these proteins. 
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Figure 5.12: Correlation analysis of ChIP-seq data. 

The figure represents a plot-correlation analysis generated using Galaxy software, revealing 
relationships between various transcriptional proteins and experimental conditions. 
  

HEB 
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As a final analysis, we generated heatmaps using the EaSeq software. This analysis uses peak 

size as an indicator of occupancy, which adds a valuable element to ChIP-seq data 

comparison. The genomic coordinates of the ChIP-seq peaks are integrated with the read 

counts within a window of +/- 5kb on either side of each peak, creating a ranking matrix based 

on read counts. As a result, peaks with higher read counts are given greater prominence in the 

analysis, providing an opportunity to identify regions of heightened regulatory activity and 

stronger binding affinity. In designing the figure illustrating DHS peak intensity as a matrix, 

we divided the peaks into three sections (Figure 5.13). Only reads identified from the control 

results were included in the top section, resulting in a robust dataset of 13,096 reads. A total of 

5,800 reads was shared by control and knockout samples in the middle section. Additionally, 

the bottom section includes only data from the TCF12 knockout sample, consisting of 3,695 

reads. On the left side of the matrix, we overlay the DHS results, which were used as a 

foundational control, these results were sorted in descending order. In addition, ChIP-seq data 

for transcriptional regulators such as LDB1, PHF6, PRMT5, TAL1, and LMO2, as well as data 

obtained from MeDIP ChIP-seq experiments were included. 

The results show that PRMT5 displayed a lower intensity in TCF12-/- compared to the control 

condition. Other heatmaps representing transcriptional regulatory factors such as PHF6, TAL1, 

and LDB1 exhibit similar density pattern in the DHS control and TCF12-/-. In contrast, LMO2 

exhibits a contrasting pattern. Comparing LMO2 in the control and TCF12-/- conditions, the 

intensity is greater on the TCF12-/- side. Hence, LMO2's may become stronger in the absence 

of TCF12, resulting in greater DNA accessibility and binding. Upon overlaying MeDIP results 

on top of the DHS matrix heatmap, the data appear almost empty, indicating that signal or DNA 

methylation events are not evident in the regions of interest.  

According to the heat map depicting the common data found between the DHS control and 

DHS TCF12 knockout samples, several conclusions can be drawn. Both the common data 
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between the two samples exhibit the same pattern as the control only sample. The similarity 

indicates that a significant proportion of the regulatory elements and regions identified in the 

DHS control sample remain unchanged in the HEB knockout condition, which indicates that 

there is a substantial overlap between DNA accessibility and regulatory activity under these 

conditions. There is a strong, dark band at the top of each heat map that indicates a cluster of 

genomic regions or features with a high level of DNA accessibility. As a result of the dark 

intensity of this band, it may indicate a group of elements that are particularly active or 

accessible in both the DHS control and DHS of TCF12 knockout samples. This band may 

indicate that key regulatory elements, such as enhancers and promoters, are active in both 

conditions. 

In the analysis of the DHS results of TCF12 knockout reads (3659 reads) overlaid on the DHS 

matrix of TCF12 knockout only, a distinct dark band is observed at the top of the map. This 

prominent band indicates that there is a group of genomic regions or features that show highly 

intense DNA accessibility or regulatory activity in the TCF12 knockout condition. Data from 

ChIP-seq for PRMT5 overlaid on DHS of TCF12-/- demonstrate differences between the 

control and TCF12 knockout samples. There were more reads in the control sample than in the 

TCF12 knockout sample. The opposite pattern is shown by LMO2, where it is more significant 

in the knockout sample of TCF12.  Notably, there were no significant differences between the 

control and knockout conditions for LDB1, PHF6, and TAL1, which suggests that the binding 

of these factors was not strongly influenced by the presence of HEB. It can be seen from the 

MeDIP heatmaps again that both the control and knockout conditions are nearly empty. 
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Figure 5.13: Heatmaps analysis of ChIP-seq data using DHS as a matrix. 
The figure illustrates heatmaps generated using Easeq software to assess DNA binding strength. ChIP-
seq results are ranked according to intensity. Easeq software was used to generate heatmap plots, 
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depicting windows from ±5 kb around the centre. Greyscale intensity is indicated below the heat maps. 
The figure illustrates DHS peak intensity as a matrix divided into three sections. DHS ChIP-seq results 
were categorized into three groups: peaks exclusive to the control sample (13,096 peaks), peaks shared 
between control and knockout samples (5,800 peaks), and peaks unique to the TCF12 knockout sample 
(3,695 peaks). DHS results, sorted in descending order, were overlaid on the left side of the matrix. 
ChIP-seq data for transcriptional regulators (LDB1, PHF6, PRMT5, TAL1, and LMO2) and MeDIP 
ChIP-seq experiments were included. 
 
 
 
To investigate this further, we generated heatmaps using MeDIP data as the matrix. By 

overlaying MeDIP results for control and knockout samples, as well as integrating ChIP-seq 

data for LDB1, PHF6, PRMT5, TAL1, LMO2, and DHS ChIP-seq data, we can provide 

comprehensive insights into the epigenomic landscape, allowing us to explore how DNA 

methylation interacts with these factors. MeDIP ChIP-seq results were divided into three 

distinct groups. There were 38,517 peaks that corresponded exclusively to peaks identified in 

the control sample. There were also 11,566 peaks that were shared between the control and 

knockout samples. The TCF12 knockout sample contained 16,841 peaks associated with its 

unique peak set (Figure 5.14).   

Results were sorted in descending order based on peak scores, revealing intriguing patterns. In 

the first part, the heatmap representing MeDIP data for both the control and TCF12-/- 

conditions demonstrated a distribution of peaks throughout the heatmap. The distribution 

patterns of ChIP-seq data for transcriptional factors LDB1, PHF6, TAL1, and PRMT5 were 

observed to be similar in control and knockout. In contrast, LMO2 displayed a slightly weaker 

and less intense pattern in the knockout sample. A notable observation was a small line of data 

in the DHS data that was overlaid on top of the MeDIP-seq data in both control and knockout 

samples. This indicates a specific region or feature where DNA methylation and chromatin 

accessibility coincide, shown in red in Figure 5.14. 

In the analysis of common peaks, the overlapping data from ChIP experiments revealed an 

interesting colocalization pattern: the peaks with the highest scores corresponded exactly to the 

MeDIP regions in both control and knockout samples. ChIP results for transcription factors 
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LDB1, PHF6, LMO2, PRMT5, and TAL1 consistently showed higher peak intensities within 

the MeDIP-associated regions. ChIP experiments produced an intriguing observation based on 

overlapping data: the peaks with the highest scores were precisely colocalized with MeDIP 

regions both in control and knockout samples. this suggest that DNA methylation has a strong 

and consistent association with transcriptional factor binding.  

Interpretation of the peaks found exclusively in the knockout sample provides several 

important findings. Overlaid on the knockout matrix, the MeDIP of TCF12-/- showed a darker 

signal and higher peak intensity than the control sample. It appears that more genomic regions 

exhibit DNA methylation in the absence of TCF12. It is apparent from the darker signal in the 

TCF12-/- knockout sample that the amount of methylation was more comparing to the wild type 

cells.   
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Figure 5.14: Heatmaps analysis of ChIP-seq data using MeDIP as a matrix. 

The figure illustrates heatmaps generated using Easeq software to assess DNA binding strength using 
MeDIP as a matrix. ChIP-seq results ranked according to intensity. Easeq software was used to generate 
heatmap plots, depicting windows from ±5 kb around the centre. Greyscale intensity is indicated below 
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the heat maps. MeDIP ChIP-seq results were categorized into three groups: peaks exclusive to the 
control sample (38,517 peaks), peaks shared between control and knockout samples (11,566 peaks), 
and peaks unique to the TCF12 knockout sample (16,841 peaks). 
 
 
5.3 Discussion 

Many studies have explored the consequences of the deletion or disruption of HEB (TCF12) 

in different biological contexts. For example, studies have revealed its importance in the 

development of the craniofacial system, in plasmacytoid dendritic cell development and 

immune responses (Cisse et al., 2008 , Wedel et al., 2020) , and in neuronal specification during 

the development of the spinal cord (Davis et al., 2020). There have also been studies conducted 

on the impact of HEB (TCF12) deletion and disruption on T-cell development and T-cell acute 

lymphoblastic leukaemia (T-ALL). Researchers have found that HEB plays an important role 

in promoting T-cell development, orchestrating the differentiation of various T-cell subsets, 

and maintaining haematopoietic stem cells (Braunstein and Anderson, 2012, Jones and Zhuang, 

2007). There has been extensive research on the molecular mechanisms through which HEB 

influences T-cell development, as well as how its disruption can alter these processes, which 

offers opportunities for developing therapeutic targets for T-ALL and other related disorders 

(Miyazaki et al., 2017). Collectively, these studies provide valuable insights into the disease 

mechanisms and potential interventions of T-ALL, emphasizing the critical role of HEB in T-

cell biology. To date, no extensive research has been conducted on HEB's interactions with 

other transcription factors and how the loss of HEB in T-cell acute lymphoblastic leukaemia 

(T-ALL) may affect these interactions. 

 

Our initial objective was to delete HEB in T-ALL cell lines in order to examine the effects of 

HEB deletion in various cell contexts. We transfected the four T-ALL cell lines with Cas9 and 

gRNA expression constructs and successfully generated a targeted ARR cell line. Subsequent 
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experiments showed that this resulted in the absence of the HEB canonical isoform, while 

expression of the alternative isoform remained. For the other cell lines, we encountered 

significant challenges. Despite experimenting with the transfection settings, particularly using 

different voltages, the HSB2 cells did not demonstrate sufficient transfection efficiency and 

had a high post-transfection death rate, making further experimentation with this cell line 

impractical. On the other hand, we successfully transfected and isolated single-cell 

colonies of DU528 and CCRFCEM cells. The cell lines, however, presented challenges as they 

were not able to grow as single cell colonies after being FACS sorted. A cell line's susceptibility 

to transfection varies depending on its characteristics (Rose, 2003). Transfection efficiency 

may vary among cell lines due to membrane properties, cellular machinery, or other 

factors. Among these factors are factors such as genetic heterogeneity (Sakuma et al., 2018), 

or cas9 toxicity. Cas9 toxicity is where expression of cas9 protein in cells may be toxic, 

resulting in cell death (Ihry et al., 2018). It is necessary to conduct optimization experiments 

to identify the most effective transfection and delivery protocols for a specific cell line in order 

to overcome these challenges. The use of alternative genome editing delivery techniques, such 

as viral transduction and ribonucleoprotein delivery, may also prove helpful for achieving 

successful gene editing in difficult cell lines. 

After successfully transfecting the ARR cell line with CRISPR cas9, we conducted a western 

blot experiment to confirm that the knockout was successful. In this study, the knockout was 

specifically targeted at the canonical isoform of HEB. It was interesting to observe that the 

alternative isoform showed a decrease in expression in the targeted cells when compared to the 

control. This suggests that there may be a regulatory relationship between these isoforms, or 

that the generated genomic alteration impacts on HEBalt mRNA expression. It is most likely 

the first, as our findings are consistent with previous research suggesting that the HEBalt 

isoform is controlled by a mechanism that involves both the canonical isoform and the Delta-
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Notch pathway (Wang et al., 2006b). The researchers created retroviral constructs which 

expressed HEBalt or HEBcan and transduced adh.2C2 pro-T cells. After isolation, they 

performed qPCR analysis. The results of this analysis indicated that the levels of HEBalt 

mRNA increased in cells expressing the HEBalt construct, while the levels of HEBcan 

remained unchanged. As a result, cells that expressed HEBcan mRNA displayed increased 

levels of HEBalt and HEBcan mRNA, suggesting that HEBcan promotes HEBalt 

transcription.  

Our Western blot analysis revealed that the knockout of the HEBcan affected the expression of 

several other proteins as well. The HEB knockout sample was found to have a reduction in 

GFI1 expression. This reduction was validated using antibodies from three different companies. 

These findings align with previous research where disruption of E2A and HEB indicated a role 

for these E-proteins in regulating Gfi1 expression in murine models. Moreover, a microarray 

study revealed that Gfi1 is directly regulated by E2A. Taking this evidence into account, it is 

clear that HEB, E2A, and GFI1 form an intricate regulatory network that contributes to 

thymocyte differentiation and development (Yucel et al., 2003, Schwartz et al., 2006a). HEB 

knockout reduced the expression of TAL1, LMO2, PHF6, and LYL1. These reduced 

expressions suggest that HEB or its downstream effectors act as positive regulators of these 

genes. For TAL1, LMO2 and LYL1, which all can contribute to the same transcription factor 

complex as HEB, autoregulation of their genes by this complex is known. To which extend 

HEBcan and HEBalt each can contribute to this process has not been investigated before. 

 

Following HEB knockout in ARR cells, there were no significant changes in morphology and 

chromosome stability was preserved, suggesting that HEB deletion does not induce overt 

cellular abnormalities or chromosome instability. Our results were in line with a study of 

pluripotent embryonic stem cells (ESCs) in which researchers developed double E-
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protein knockouts of E2A and HEB and found that colony morphology, as seen by 

immunostaining, remained the same between knockout and parental cells (Rao et al., 2020). 

The analysis of DNaseI-seq experiments conducted in this study yielded valuable insights into 

the genomic characteristics and functional implications of DHS regions in ARR cells, both 

under control and TCF12-/- conditions. Using unique peaks in DHS control or TCF12-/-, DNA 

motif analysis identified similar enriched motifs corresponding to transcription factor binding 

sites, such as RUNX, STAT, NFYB, and others, suggesting that these transcription factors play 

a role in the regulation of DHS regions and not affected with the loss of HEB. Furthermore, 

the analysis of genomic locations revealed that a significant proportion of DHS peaks are 

located near transcription start sites (TSSs) in both conditions (control and knockout), 

including promotors. Interestingly, there is a substantial decrease in the absolute number of 

genes with DHS peaks near their TSS between Cas9 control compared to the knockout. 

Specifically, from 10,355 genes in the control down to 2,798 in the TCF12-/-. This finding 

suggests that the HEB plays a key role in maintaining open and accessible chromatin at many 

genomic locations, which is essential for transcription. The functional enrichment analysis 

revealed distinct biological processes associated with DHS control and TCF12-/- samples, 

indicating that a loss of HEB affects the regulatory landscape, and enrichment of genes 

particularly involved in myeloid differentiation, immune response and mRNA processing.  

We performed ChIP-seq analysis following knock out of TCF12 in the ARR cell line for several 

gene regulatory proteins, which provided valuable genome-wide insight into transcription 

factor binding patterns.  We overlapped the LMO2 peaks with the peaks from other data sets. 

The LMO2 data displays the largest set size, closely followed by TAL1, PRMT5, PHF6, LDB1, 

and TCF12. The largest overlap was between all five proteins, indicating that these factors 

together function as a complex. A plot-correlation analysis was conducted to assess the 

correlation between the ChIP-seq data sets. A notable finding was that HEB and LDB1 
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exhibited moderate to strong positive correlations under wild-type ARR conditions, indicating 

that the two genes share genomic binding regions. In contrast, knocking out TCF12 in the ARR 

cell line reduced the similarity between HEB and PRMT5 binding patterns, indicating that the 

knockout of TCF12 has an adverse effect on their interaction. This therefore shows that 

alterations to individual binding partners within the complex can have a direct impact on the 

recruitment of other proteins. 

Using the ChIP-seq and DHS data, we ranked the ChIP-seq peaks based on read counts within 

a window of +/- 5kb to identify regions with heightened regulatory activity. The PRMT5 

intensity was lower in TCF12-/- compared to control, which is consistent with reduced 

regulatory impact of PRMT5 in the absence of TCF12. However, LMO2 showed a distinct 

pattern, with higher intensity in TCF12-/-. We hypothesised that the loss of HEB may result in 

LMO2 exhibiting increased DNA binding affinity, resulting in greater chromatin accessibility. 

This could be due to LMO2 compensating for the loss of TCF12 by enhancing its interactions 

with DNA and other cofactors. The absence of HEB might also influence the binding dynamics 

of TAL1. In the normal scenario, TAL1 would form a complex with bHLH E proteins, 

including HEB, to promote gene expression. It may, however, be necessary for TAL1 to partner 

with alternative E proteins for DNA binding without HEB. 

Based on the integration of MeDIP-seq data with ChIP-seq results and epigenomic analysis 

performed in this study, it has been revealed that DNA methylation, transcription factors, and 

genomic regions interact dynamically within ARR cells. The study of the methylation state of 

ARR cells following HEB knockout, along with the examination of transcription factor-

mediated gene expression, has provided us with valuable insight. We identified a significant 

number of MeDIP-seq peaks in the control and TCF12-/- samples, with some of them shared 

between the two conditions. De novo motif analysis revealed enriched DNA sequence motifs 

associated with different transcription factors in each sample, which indicates distinct 
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transcriptional regulatory mechanisms. Notably, the control sample showed motifs 

corresponding to GFI1B, Ikzf3, and SOX9, while the TCF12-/- sample featured GFI1, TCF3 

(E2A), prdm5, and Zbtb3 motifs, suggesting a shift in transcription factor binding upon the 

deletion of HEB. A subsequent analysis of MeDIP-seq peaks revealed a diverse distribution, 

with many peaks located at different distances from gene transcription start sites. Using 

functional enrichment analysis, different biological processes were identified associated with 

MeDIP peaks in control and TCF12-/- samples, which shed light on DNA methylation's 

potential role in regulating gene expression in these contexts. Additional insights were obtained 

from the generation of heatmaps and the analysis of peak intensities, particularly in relation to 

the relationship between DNA methylation and transcription factor binding. There is an 

association between DNA methylation and transcriptional regulation, especially in regions 

with high ChIP-seq scores, in regions where MeDIP regions colocalize with transcription factor 

peaks. The heatmap results showed that the highest peak intensities binding sites of 

transcription factors LDB1, PHF6, LMO2, PRMT5, and TAL1 associated with DNA 

methylation. It is intriguing to note that we observed a higher intensity of DNA methylation 

events in the absence of TCF12, indicating that TCF12 might have a role to play in DNA 

methylation. Further, LMO2 was found to be involved in DNA methylation in the control 

sample, whereas this colocalization was less pronounced in the TCF12-/- sample, suggesting 

that TCF12 may affect LMO2's role in DNA methylation regulation. Or that other factors that 

recognize methylated DNA may recruit LMO2 to these regions. It is possible that certain 

proteins contain domains that bind specifically to methylated DNA, and as a result might recruit 

LMO2 as part of a larger protein complex. 
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Chapter 6 General discussion 
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When early haematopoietic progenitors reach the thymus to differentiate into functional T-

cells, they undergo many changes. During the initial differentiation steps, genes encoding 

transcription factors required for stem and progenitor cell identity need to be silenced, whereas 

genes encoding transcription factors required for T-cell identity and function need to be turned 

on (Yui and Rothenberg, 2014). Two transcription factors that work together in haematopoietic 

stem and progenitor cells are LMO2 and TAL1. They are expressed in immature DN1 and DN2 

thymocytes, but the suppression of their genes is essential for normal thymocyte maturation at 

the DN3, DN4, and DP stages (Tan et al., 2019). It has been demonstrated that an aberrant 

continuation of LMO2 and TAL1 expression blocks the differentiation of T cells, resulting in 

the development of T-cell acute lymphoblastic leukaemia (T-ALL; Tremblay et al., 2010; 

Begley et al., 1989). T-ALL is a type of blood cancer caused by the uncontrolled proliferation 

of thymocytes (Pui et al., 2014). Interestingly, ectopic expression of LMO2 leads to T-ALL 

with long latency, whereas continued expression of TAL1 does not lead to T-ALL. Expression 

of both together reduces latency significantly (Aifantis et al., 2008).  Both TAL1 and LMO2 

are expressed in the majority of T-ALL cases, and their expression typically overlaps (Ferrando 

et al., 2002a) (Sincennes et al., 2016). This shows that LMO2 and TAL1 together play crucial 

roles in the onset of T-ALL and highlights how transcription factors rely on each other to 

perform their functions. Likewise, the abnormal expression of TAL1 in T-ALL results in the 

formation of heterodimers with E-proteins, including E-2A, HEB, and E-2. It disrupts the 

transcriptional programme of the E-proteins, which normally regulates the differentiation of T-

cells.	As a result of this sequestration, E-proteins are prevented from binding to their target 

genes, resulting in a blockage of T-cell differentiation (O'Neil et al., 2004). 

Previous research conducted in our laboratory examined the role of TAL1 in T-ALL and its 

protein–protein interactions. TAL1 co-immunoprecipitation experiments identified the 

presence of HEB in T-ALL cell lines (ARR, DU528, HSB2, and CCRFCEM). The genomic 
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occupancy of the TAL1 and HEB overlapped significantly with that of the LMO2, LDB1, and 

GATA2. In the SIL/TAL T-ALL cell lines, the HEB peaks overlapped with TAL1, whereas in 

the ARR cell line, HEB binding did not overlap greatly with TAL1 and LMO2. In these cells, 

HEB binding correlated with regions of increased DNA methylation. Our research group has 

previously identified potential interactions between TAL1/HEB and regulators of T-cell 

development using mass spectrometry and motif analysis. In particular, GFI1 was identified in 

ChIP-seq experiments using ARR and DU528, with its motif being notably enriched in the 

HEB-only regions of DU528. Furthermore, they detected the known T-cell regulator IKAROS 

in HEB and TAL1 MS of the CCRFCEM cell line.  

The primary objective of this thesis was to increase our understanding of HEB’s function in T-

ALL. One particular goal was to investigate the potential interaction between GFI1 and HEB, 

which we observed in T-ALL cell lines and may lead to novel insight into the 

molecular mechanisms responsible for the pathogenesis of T-ALL. Furthermore, we aimed to 

investigate the link between HEB binding and DNA methylation patterns, thus providing 

information on the epigenetic regulation of genomic regions associated with HEB. 

As described in the introduction, GFI1 is known to play an important role in regulating the 

activity of the E-protein E2A, through ID1, in haematopoietic progenitors, highlighting an 

interplay between GFI1 levels and E2A (Fraszczak et al., 2016). Furthermore, a study using T-

cells demonstrated that Gfi1 regulates E2A (specifically the isoform E47) in a manner that 

enforces a crucial developmental and proliferative checkpoint in maturing T-cells (Schwartz et 

al., 2006). Conversely, in murine mouse models, E-proteins were demonstrated to be 

responsible for regulating Gfi1 expression, as the disruption of Tcf3 (E2A) resulted 

in significantly downregulated Gfi1 expression (Jones and Zhuang, 2007).  
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Considering that GFI1 plays dual roles as a suppressor and activator, and given its association 

with the E-protein E2A, it was important to further investigate the interaction between GFI1 

and HEB observed in the mass spectrometry experiment. To further put this in the context of 

other transcription factors associated with the LMO2/TAL1 complex, we can gain valuable 

insight into the mechanisms governing T-ALL and the broader network of transcription factors 

that contribute to the development and oncogenesis of T-cells. Using human T-ALL cell lines, 

we studied the expression of HEB and GFI1. A total of four human T-ALL cells were selected, 

each blocked at a different stage of differentiation, which belonged to the early T-cell 

progenitor (ETP) and TAL/LMO subgroups of T-ALL. In these cell lines, all proteins 

contained in the LMO2-containing complex are expressed. Additionally, using these cell lines 

provides the opportunity to cross-reference the findings with results from prior studies 

conducted in the Hoogenkamp lab. 

Using proteomic analysis, we substantiated the expression of HEB and GFI1 protein in T-ALL 

cell lines in Chapter 3. Using this approach, we were able to confirm the presence of these 

proteins, which play a significant role in T-ALL. Additionally, immunostaining analysis was 

used to identify specific proteins’ subcellular localisation.	It is noteworthy that LMO2 and 

HEB were observed to colocalise within the nucleus, providing insight into their potential 

interaction in cellular processes.	Co-immunoprecipitation (Co-IP) assays successfully 

identified an interaction between HEB and GFI1. This interaction was particularly observed 

for the HEBalt isoform rather than for HEBcan.	In the context of T-ALL, this observation is 

interesting, as it suggests a novel interaction that warrants further investigation to gain a greater 

understanding of how it impacts the disease process.  

Mass spectrometry analysis of GFI1 in the ARR cell line revealed significant insights into the 

interaction network of the protein. We identified several proteins already known to have direct 
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interactions with GFI1, including important proteins such as RUNX and tumour protein 53 

binding protein 1 (TP53BP1). The latter is consistent with previous studies emphasising the 

important role of GFI1 in cellular processes. GFI1 is involved in the regulation of DNA 

damage signalling and repair proteins in T cells (Vadnais et al., 2018). This study provides 

evidence that GFI1 regulates post-translational modifications of proteins involved in DNA 

repair through the interaction between GFI1 and the arginine methyltransferase PRMT1. An 

intriguing finding was the discovery that GFI1 serves as a cofactor for PRMT1, enhancing its 

activity (Vadnais et al., 2018). It is interesting to note that our findings are consistent with 

previous mass spectrometry analyses of HEB, which also identified PRMT1 (OMAIR, 

2019). In addition to reinforcing the importance of PRMT1 in T-cell biology, these parallel 

findings suggest that HEB, GFI1, and PRMT1 might be connected in a 

potential multiprotein network. The intersection of these pathways may provide a fertile 

ground for future research into targeted therapies and diagnostics for disorders relating to T-

cells. 

As a result of our GFI1 co-IP and mass spectrometry analyses of the CCRFCEM cell line, 

PRMT5 was identified. PRMT5 is another arginine methyltransferase, and its involvement 

suggests that GFI1 in a more complex manner. GFI1 has been shown to interact with the 

AJUBA protein functions, independent of its SNAG domain, in a manner important for 

recruiting PRMT5 to the snail SNAG domain (Möröy et al., 2015). Like LMO2, AJUBA is a 

protein that contains a LIM domain and can interact with LDB1 (Ayyanathan et al., 2007, 

Witzel et al., 2012). Together, this suggests that GFI1 could play an important role in 

methylation processes, influencing gene expression and cellular differentiation. As a result of 

this post-translational modification, the interaction of GFI1 with other proteins may change, 

altering in turn its role in various processes.	Both PRMT1 and PRMT5 are known for their 

roles in the arginine methylation of histones and other proteins; PRMT5 catalyses the 
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symmetric demethylation of arginine, whereas PRMT1 catalyses the asymmetric 

demethylation of arginine. This can affect gene expression, RNA processing, DNA repair, and 

signalling.	As a result of the interaction of GFI1 with these methyltransferases, GFI1 may play 

a role in recruiting these proteins to the DNA.	Consequently, GFI1 may regulate the activity of 

PRMT1 and PRMT5, or it may be a substrate of these enzymes. As a result, the cell landscape 

is altered. 

Chapter 4 of our study investigated the genomic distribution of GFI1 and its specific 

binding sites. We used chromatin immunoprecipitation (ChIP) to identify GFI1 binding sites. 

We observed distinct binding patterns for GFI1 in different cell lines, with a notable difference 

between the ARR and SIL/TAL cell lines (DU528, HSB2, CCRFCEM). In particular, many 

more common peaks were identified in the SIL/TAL cell lines than overlap across binding sites 

was observed in ARR. We therefore analysed the ARR cell line and the SIL/TAL cell lines 

separately. Our de novo motif analysis yielded several significant insights: the top 500 highest-

ranked peaks in ARR contained binding sites for key regulators of development processes and 

transcription factors involved in T-cell and B-cell development but lacked the GFI1 motif. This 

could mean that these top peaks recruited GFI1 particularly through protein–protein 

interactions, as was previously observed for TAL1 binding adjacent to GATA binding sites 

(Stanulović et al., 2017) When we subsequently investigated lower-scoring peaks, we did 

identify GFI1 binding motifs. This suggests that GFI1 is context dependent in its binding 

dynamics. Consequently, we further found that binding sites of IKZF1 were enriched in the 

lowest 500 peaks, along with Kruppel-like factor 6 (KLF6), a zinc finger protein that plays a 

role in tumour suppression. This could explain the presence of GFI1 motifs in the lowest 500 

peaks in which it interacts with IKZF1 in contrast to higher-affinity GFI1 binding sets.	A 

significant enrichment of genes related to CD8+ T-cell progression and the early stages of T-
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cell development was found in the SIL/TAL cell lines, with prominent binding sites observed 

for IKZF1, TCF3, TCF7L2, LEF, SPI1, and SPIB. 

ARR and SIL/TAL GFI1 ChIPseq peaks were distributed differently in relation to the 

transcription start site (TSS) in our GREAT analysis, with more SIL/TAL GFI1 peaks located 

farther away from the TSS. This could mean that in the SIL/TAL cell lines, GFI1 is more often 

associated with distal regulatory elements, such as enhancers. Our correlation analysis revealed 

a strong association between GFI1 and several transcription factors, including RUNX1, LDB1, 

GATA2, and HEB. However, different patterns were observed for LMO2 and 

TAL1 complexes. Additionally, heatmap analysis further indicated that GFI1 co-localised with 

transcription factors including HEB, LDB1, PHF6, and GATA2, but not with TAL1 or LMO2, 

indicating that these proteins may be involved in separate complexes. Finally, our 

findings support the hypothesis that LDB1, known for its role in forming multi-transcriptional 

factor complexes and binding to LIM domain proteins, might form a distinct complex in ARR 

involving HEB, RUNX1, GFI1, and possibly LMO4 instead of LMO2. This new understanding 

of GFI1’s genomic distribution illuminates its role in gene regulation. It could influence future 

research on cellular development and gene expression regulation. 

Chapter 5 investigates the role of HEB in T-cell development and its implications for T-

ALL. Our initial goal was to delete all HEB expression in four T-ALL cell lines by using 

CRISPR/Cas9. We were successful in knocking out the canonical isoform of HEB only in the 

ARR cell line. This was confirmed by western blot analysis, which also revealed changes in 

the expression of several proteins, including a reduction in GFI1. It is interesting to note that 

while the HEB knockout was not observed to significantly affect chromosome stability or cell 

morphology in the ARR cells, it did have a significant impact on the accessibility of chromatin 

and the regulatory landscape. Using DNaseI hypersensitive site mapping, we found differences 
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in biological processes between the control and TCF12-/- samples, suggesting that HEB plays 

a role in myeloid differentiation and immune response. Furthermore, we carried out a 

correlation analysis of ChIP-seq datasets, revealing that HEB and LDB1 exhibit a moderate-

to-strong correlation under wild-type conditions, whereas the correlation was reduced when 

TCF12 was knocked out. Therefore, the absence of HEB affected the interaction between these 

proteins. A significant decrease in PRMT5 intensity and a distinct pattern of LMO2 expression 

were also observed in the TCF12-/- sample, indicating that the loss of HEB contributed to 

increased DNA-binding affinity in LMO2. In this chapter, MeDIP-seq data and ChIP-seq 

results were integrated with epigenomic analysis to investigate the dynamic interaction 

between DNA methylation, transcription factors, and genomic regions in ARR cells. In the 

control and TCF12-/- samples, various DNA sequence motifs associated with different 

transcription factors were overrepresented, indicating changes in transcriptional regulation 

mechanisms following TCF12 deletion. Notably, DNA methylation increased in the absence 

of HEB. This suggests not that the observed binding of HEB at methylCpG-enriched areas is 

likely to cause DNA methylation but rather that HEB is recruited to sites with elevated DNA 

methylation. The findings of this chapter provide important insights into the molecular 

mechanisms involved in the interactions between HEB and other transcription factors and how 

the loss of HEB may affect these interactions in T-ALL. 

Limitations 

There were several limitations to the work conducted in this thesis. We used mass spectrometry 

because it provided an unbiased tool with which to confirm or identify new partners interacting 

with the pulled-down protein. The mass spectrometer we used for this was inexpensive to 

operate but not very sensitive. This meant that we could get many interesting results but also 

that the absence of specific proteins in the results did not necessarily imply the absence of 

interaction. For example, based on prior research in the Hoogenkamp group, we know that 
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LMO2 is normally not detectable, even if western blot confirms that it is in the sample. 

Likewise, we did not detect GFI1. 

A considerable difficulty was encountered in our attempt to target the deletion of the HEB 

using CRISPR-Cas9 and homology-directed repair (HDR). We designed multiple primers to 

be able to sequence the introduced genomic changes. Unfortunately, we did not succeed in this 

and consequently were not able to determine whether particular cellular clones were 

heterozygous for the CRISPR-Cas9-induced changes. A significant limitation of our study was 

that only a single HEB knockout (KO) clone was generated among all the T-ALL cell lines. 

This limitation makes it more difficult to draw robust conclusions from our data. To account for 

variations between clonally generated cell lines, multiple samples would have been more 

suitable. We cannot exclude the possibility that off-target effects or clonal anomalies might 

have impacted our results. Additionally, we were unable to perform GFI1 ChIP assays of the 

HEB knockout sample to determine whether the interaction would persist following the 

deletion of canonical HEB. 

Additionally, in our TCF12-/- clone, only full-length HEBcan was deleted, whereas HEBalt 

continued to be expressed. Although this provided an interesting opportunity to determine the 

effect of HEBcan in isolation, we would likely have had more striking results if we had been 

able to knock out both forms. It is likely that the presence of HEBalt compensated partially for 

the loss of the canonical form, thereby reducing the impact of the deletion on the cellular 

processes. This is an important issue, particularly in the context of diseases such as T-ALL, in 

which the expression of different isoforms of a gene might have varying impacts on disease 

progression and cellular behaviour.  

Our laboratory work was significantly impacted by the extreme challenges posed by the 

COVID-19 pandemic. Since the global health crisis started, we have had difficulty obtaining a 
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number of consumables for the lab. In particular, we were planning to perform proximity 

ligation assays (PLAs) to further confirm the interaction between HEB and GFI. The kit has 

been on continuous back order. Moreover, our access to the laboratory was further restricted 

by intermittent lockdowns. In particular, ongoing experiments in which we were attempting to 

generate further TCF12 KO cell lines had to be prematurely terminated during a period of self-

isolation following exposure to the virus. This resulted in the loss of valuable time and 

resources.  

 

Future work  
There are a number of experiments that should be performed to further develop this work. To 

further confirm the interaction between HEB and GFI1, we plan to use PLA techniques. With 

PLA, we will be able to obtain a more robust and visual indication of the physical proximity 

and interaction between these two proteins at the molecular level. 

To gain a better understanding of the transcriptional impact of HEB KO and identify direct 

target genes, we would like to conduct RNA-seq experiments on HEB KO samples. In addition 

to providing insights into gene expression changes and potential downstream effects of HEB 

loss, these experiments will also enable us to integrate expression data with transcription factor 

binding and epigenetic implications, such as chromatin accessibility and DNA methylation 

status. Additionally, it would be interesting to determine whether the interaction between 

HEBcan and GFI1 persists or changes when the HEBalt is deleted by selectively targeting 

HEBalt, thereby shedding light on the isoform-specific functions of HEB in the context of 

protein–protein interactions. Furthermore, due to the difficulty in deleting HEB from SIL/TAL 

cell lines using CRISPR/cas9 technology, using different knockout approaches instead, such 

as viral transduction and ribonucleoprotein delivery, would allow us to gain a deeper 

understanding of the role of HEB across different cellular contexts at different stages of T-ALL. 
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Together, these approaches will contribute to a more comprehensive understanding of HEB–

GFI1 interactions and their biological significance, which could ultimately lead to more 

targeted and effective therapeutic interventions in the future. 

 

In conclusion, this study sheds light on the intricate interaction between HEB and GFI1 in 

human T-ALL cell lines and highlighting the significance of the HEB alternative isoform. Our 

proteomic and genome-wide studies revealed distinct binding complexes of HEB and GFI1 in 

different cell lines, suggesting context-specific regulatory mechanisms. CRISPR-Cas9 gene 

editing targeting TCF12 revealed a regulatory interaction between HEB isoforms, impacting 

GFI1 expression without causing significant cellular abnormalities. In addition, the increase in 

LMO2 association with DNA suggests a compensatory mechanism that enhances chromatin 

accessibility in response to HEB loss. These findings deepen our understanding of T-ALL at a 

molecular level, which may lead to the identification of future therapeutic targets. 
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CKAP5_HUMAN ATX2L_HUMAN LAP2B_HUMAN  EIF3A_HUMAN RS9_HUMAN MRE11_HUMAN 
H12_HUMAN RS17_HUMAN FXR2_HUMAN  RL17_HUMAN RFC1_HUMAN RL18A_HUMAN 
RS17_HUMAN UBP10_HUMAN EIF3L_HUMAN  MRE11_HUMAN H2A1H_HUMAN H2A1H_HUMAN 
EIF3F_HUMAN DHX30_HUMAN RPB1_HUMAN  RL18A_HUMAN DNLI3_HUMAN MYO1G_HUMAN 
G3BP2_HUMAN NONO_HUMAN RS15A_HUMAN  H2A1H_HUMAN HS90A_HUMAN RL13A_HUMAN 
DDX23_HUMAN SFRS1_HUMAN HSP71_HUMAN  MYO1G_HUMAN RL18A_HUMAN UBP10_HUMAN 
RL32_HUMAN FXR2_HUMAN RBBP7_HUMAN  RL13A_HUMAN EF1G_HUMAN RENT1_HUMAN 
LAP2B_HUMAN RBBP4_HUMAN RBM10_HUMAN  UBP10_HUMAN KU86_HUMAN SF3B1_HUMAN 
CNOT1_HUMAN SR140_HUMAN IF2B3_HUMAN  HELC1_HUMAN H14_HUMAN LYAR_HUMAN 
FXR2_HUMAN RL13A_HUMAN ATX2_HUMAN  RENT1_HUMAN RL10A_HUMAN SR140_HUMAN 
EIF3L_HUMAN PRP8_HUMAN ZFR_HUMAN  SF3B1_HUMAN H2B1N_HUMAN NAT10_HUMAN 
RPB1_HUMAN PSPC1_HUMAN FLNB_HUMAN  LYAR_HUMAN FUS_HUMAN DDX1_HUMAN 
RS15A_HUMAN RL10_HUMAN SAFB1_HUMAN  SR140_HUMAN SR140_HUMAN RU2A_HUMAN 
HSP71_HUMAN U5S1_HUMAN ELAV2_HUMAN  NAT10_HUMAN IF4G1_HUMAN PARP1_HUMAN 
RBBP7_HUMAN HCFC1_HUMAN HNRL1_HUMAN  RL38_HUMAN FLII_HUMAN PRP19_HUMAN 
RBM10_HUMAN TRAM1_HUMAN ACINU_HUMAN  DDX1_HUMAN CDC5L_HUMAN LAP2B_HUMAN 
IF2B3_HUMAN RS10_HUMAN NOP58_HUMAN  RU2A_HUMAN RL17_HUMAN PCM1_HUMAN 
ATX2_HUMAN KIF22_HUMAN RUNX1_HUMAN  PARP1_HUMAN SNUT1_HUMAN NOP2_HUMAN 
ACTBL_HUMAN RUVB1_HUMAN SMCA4_HUMAN  EIF3L_HUMAN CHERP_HUMAN RL15_HUMAN 
ZFR_HUMAN H2B1J_HUMAN DDX3X_HUMAN  PRP19_HUMAN CNOT1_HUMAN SMCA4_HUMAN 
IF2B2_HUMAN KI20B_HUMAN THOC2_HUMAN  LAP2B_HUMAN TR150_HUMAN RL19_HUMAN 
ZC3H4_HUMAN BAZ1A_HUMAN PININ_HUMAN  PCM1_HUMAN RS5_HUMAN DHX30_HUMAN 
BAT2_HUMAN EF1G_HUMAN RUVB1_HUMAN  NOP2_HUMAN CHD4_HUMAN KU86_HUMAN 
FLNB_HUMAN PCM1_HUMAN RL23_HUMAN  WBP11_HUMAN MSH6_HUMAN DOCK8_HUMAN 
SAFB1_HUMAN CBX3_HUMAN MYH9_HUMAN  RL15_HUMAN RL24_HUMAN ATD3A_HUMAN 
UBP10_HUMAN RUVB2_HUMAN ZN638_HUMAN  SMCA4_HUMAN HNRPQ_HUMAN RL21_HUMAN 
DDX50_HUMAN SPTA2_HUMAN PRP19_HUMAN  DDX3Y_HUMAN ILF3_HUMAN RUVB1_HUMAN 
RL30_HUMAN DECR_HUMAN MRE11_HUMAN  SMCA2_HUMAN UBP10_HUMAN H2AV_HUMAN 
SNW1_HUMAN TBA1A_HUMAN UAP56_HUMAN  RL19_HUMAN RL13A_HUMAN PAIRB_HUMAN 
ELAV2_HUMAN RL17_HUMAN RBM5_HUMAN  DHX30_HUMAN SF3B2_HUMAN MSH6_HUMAN 
HNRL1_HUMAN DDX3X_HUMAN ZCCHV_HUMAN  KU86_HUMAN TCPG_HUMAN FXR2_HUMAN 
ACINU_HUMAN EP400_HUMAN MBB1A_HUMAN  MACF4_HUMAN BCLF1_HUMAN UN84B_HUMAN 
NOP58_HUMAN HORN_HUMAN PDIP3_HUMAN  DOCK8_HUMAN DDX1_HUMAN ILF3_HUMAN 
SF3B2_HUMAN CHD3_HUMAN DHX36_HUMAN  ATD3A_HUMAN TADBP_HUMAN NOP58_HUMAN 
RUNX1_HUMAN ARI1A_HUMAN YLPM1_HUMAN  MYCB2_HUMAN EF2_HUMAN SF3B2_HUMAN 
SFRS1_HUMAN LYRIC_HUMAN SAFB2_HUMAN  ROA3_HUMAN RFA1_HUMAN H1X_HUMAN 
SMCA4_HUMAN DESP_HUMAN IF16_HUMAN  RL21_HUMAN XRN2_HUMAN NHP2_HUMAN 
DDX3X_HUMAN RL32_HUMAN PERQ2_HUMAN  RUVB1_HUMAN GCP3_HUMAN TRAP1_HUMAN 
TP53B_HUMAN NAT10_HUMAN DECR_HUMAN  H2AV_HUMAN NOLC1_HUMAN RN213_HUMAN 
SCRIB_HUMAN ZCCHV_HUMAN RL10_HUMAN  RS28_HUMAN RU2A_HUMAN SNUT1_HUMAN 
THOC2_HUMAN RS15A_HUMAN LC7L2_HUMAN  PAIRB_HUMAN H2AV_HUMAN PFD2_HUMAN 
PININ_HUMAN RBM25_HUMAN SK2L2_HUMAN  MSH6_HUMAN IKZF1_HUMAN NCBP1_HUMAN 
RUVB1_HUMAN ATX2_HUMAN HDAC1_HUMAN  FXR2_HUMAN RL9_HUMAN HS90B_HUMAN 
RL23_HUMAN EIF3C_HUMAN RL13A_HUMAN  UN84B_HUMAN LYAR_HUMAN IF16_HUMAN 
MYH9_HUMAN KU86_HUMAN NAT10_HUMAN  ILF3_HUMAN EF1B_HUMAN SRP72_HUMAN 
AIFM1_HUMAN RUNX1_HUMAN PCM1_HUMAN  NOP58_HUMAN ACL6A_HUMAN HNRPF_HUMAN 
RL10A_HUMAN EF1B_HUMAN MINT_HUMAN  SF3B2_HUMAN COPA_HUMAN CHERP_HUMAN 
ZN638_HUMAN ZFR_HUMAN TRAM1_HUMAN  H1X_HUMAN HNRPF_HUMAN RALYL_HUMAN 
PRP19_HUMAN KIF4A_HUMAN F120A_HUMAN  NHP2_HUMAN RL19_HUMAN ARI1A_HUMAN 
MRE11_HUMAN NOP58_HUMAN RFA1_HUMAN  TRAP1_HUMAN RL15_HUMAN EIF3C_HUMAN 
UAP56_HUMAN SMCA4_HUMAN RUVB2_HUMAN  RN213_HUMAN NOP2_HUMAN CHD4_HUMAN 
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RBM5_HUMAN SK2L2_HUMAN PA2G4_HUMAN  ADT2_HUMAN TRAP1_HUMAN PIHD1_HUMAN 
ZCCHV_HUMAN SAFB1_HUMAN MED14_HUMAN  PQBP1_HUMAN LAP2B_HUMAN EIF3B_HUMAN 
MBB1A_HUMAN RS24_HUMAN EIF3B_HUMAN  SNUT1_HUMAN H2AY_HUMAN AGO1_HUMAN 
PDIP3_HUMAN DDX42_HUMAN ARI1A_HUMAN  PFD2_HUMAN DDX50_HUMAN ARPC4_HUMAN 
DHX36_HUMAN SRPK1_HUMAN RNPS1_HUMAN  NCBP1_HUMAN AP2A1_HUMAN RL31_HUMAN 
YLPM1_HUMAN HNRH1_HUMAN CV028_HUMAN  HS90B_HUMAN NUFP2_HUMAN RS24_HUMAN 
RS10_HUMAN RBM10_HUMAN KIF23_HUMAN  IF16_HUMAN UBP2L_HUMAN RS7_HUMAN 
HNRH2_HUMAN ADNP_HUMAN THOC1_HUMAN  SRP72_HUMAN PCM1_HUMAN PERI_HUMAN 
EIF3E_HUMAN BLM_HUMAN ZC11A_HUMAN  ERH_HUMAN RBM10_HUMAN TADBP_HUMAN 
SAFB2_HUMAN PERQ2_HUMAN RL35_HUMAN  HNRH2_HUMAN DHX15_HUMAN IF4A3_HUMAN 
IF16_HUMAN IF2B3_HUMAN RL17_HUMAN  HNRPF_HUMAN RBM5_HUMAN RS23_HUMAN 
PERQ2_HUMAN ARPC3_HUMAN SET1A_HUMAN  CHERP_HUMAN FXR2_HUMAN HDAC1_HUMAN 
EIF3D_HUMAN BA2L2_HUMAN RBBP6_HUMAN  EBP2_HUMAN ZCHC3_HUMAN CDC5L_HUMAN 
MOV10_HUMAN SUZ12_HUMAN EP400_HUMAN  CDK9_HUMAN SMRC1_HUMAN ACL6A_HUMAN 
DECR_HUMAN HNRL1_HUMAN RCC2_HUMAN  RALYL_HUMAN IF4A3_HUMAN RBP2_HUMAN 
HNRPL_HUMAN MRE11_HUMAN KIF22_HUMAN  DOCK2_HUMAN RL21_HUMAN PRP4_HUMAN 
RL10_HUMAN DDX23_HUMAN KI20B_HUMAN  NCOR1_HUMAN PRP19_HUMAN LAR4B_HUMAN 
LC7L2_HUMAN MBB1A_HUMAN KI67_HUMAN  ARI1A_HUMAN PR40A_HUMAN RFA1_HUMAN 
SK2L2_HUMAN MTA1_HUMAN FNBP4_HUMAN  RS27_HUMAN PDIA6_HUMAN SAFB1_HUMAN 
HDAC1_HUMAN SFRS5_HUMAN LYRIC_HUMAN  EIF3C_HUMAN ATX2L_HUMAN SNUT2_HUMAN 
CDK12_HUMAN ACINU_HUMAN SMRC2_HUMAN  CHD4_HUMAN RBM25_HUMAN XRN2_HUMAN 
RL13A_HUMAN P66A_HUMAN CTRO_HUMAN  PHF5A_HUMAN ATD3A_HUMAN CNOT1_HUMAN 
ACL6A_HUMAN PEBB_HUMAN WDR33_HUMAN  PIHD1_HUMAN GTF2I_HUMAN RBM10_HUMAN 
RAD50_HUMAN CV028_HUMAN RLA1_HUMAN  EIF3B_HUMAN RPN1_HUMAN ZFR_HUMAN 
NAT10_HUMAN ZN592_HUMAN MTA1_HUMAN  AGO1_HUMAN SMHD1_HUMAN MED12_HUMAN 
RU17_HUMAN ACL6A_HUMAN SFRS5_HUMAN  EIF3G_HUMAN RS7_HUMAN RL9_HUMAN 
RBM25_HUMAN GNAI2_HUMAN ARPC3_HUMAN  ARPC4_HUMAN ARPC4_HUMAN MATR3_HUMAN 
SNUT2_HUMAN NO66_HUMAN BLM_HUMAN  CPSF2_HUMAN HDAC1_HUMAN SHKB1_HUMAN 
PCM1_HUMAN RL15_HUMAN PSPC1_HUMAN  RL31_HUMAN MATR3_HUMAN MBB1A_HUMAN 
MINT_HUMAN PCF11_HUMAN PHF8_HUMAN  RS24_HUMAN RALYL_HUMAN MPCP_HUMAN 
TRAM1_HUMAN RL23_HUMAN RUNX3_HUMAN  NOG1_HUMAN RUVB1_HUMAN UBP2L_HUMAN 
IKZF1_HUMAN KIF2C_HUMAN TCOF_HUMAN  RS7_HUMAN H1X_HUMAN UBF1_HUMAN 
F120A_HUMAN MYH10_HUMAN SMRC1_HUMAN  KIF2C_HUMAN PERI_HUMAN UTP18_HUMAN 
RFA1_HUMAN RL35_HUMAN TF3C3_HUMAN  PERI_HUMAN SK2L2_HUMAN SF3B4_HUMAN 
RUVB2_HUMAN PLAK_HUMAN TRA2A_HUMAN  PCF11_HUMAN MTA1_HUMAN H2AY_HUMAN 
PA2G4_HUMAN TF3C3_HUMAN RL31_HUMAN  TADBP_HUMAN SF3B4_HUMAN TR150_HUMAN 
MED14_HUMAN EF1D_HUMAN FUBP3_HUMAN  HNRPL_HUMAN NOP58_HUMAN SRP14_HUMAN 
EIF3B_HUMAN VDAC2_HUMAN ANKH1_HUMAN  IF4A3_HUMAN PEBB_HUMAN RBM4_HUMAN 
ARI1A_HUMAN RLA1_HUMAN NUMA1_HUMAN  RS23_HUMAN UBF1_HUMAN CG050_HUMAN 
SF3A3_HUMAN UBN2_HUMAN SMCA2_HUMAN  HDAC1_HUMAN SMCA4_HUMAN SRRM2_HUMAN 
RNPS1_HUMAN MED14_HUMAN TRIPC_HUMAN  ZC3H4_HUMAN ARHG8_HUMAN BCLF1_HUMAN 
CV028_HUMAN RS5_HUMAN LUC7L_HUMAN  CDC5L_HUMAN LSP1_HUMAN NUMA1_HUMAN 
PQBP1_HUMAN 1433Z_HUMAN BA2L2_HUMAN  ACL6A_HUMAN MPCP_HUMAN PR40A_HUMAN 
WBP11_HUMAN UBAP2_HUMAN NEUA_HUMAN  SF3A3_HUMAN THOC2_HUMAN PDIA6_HUMAN 
PRP4_HUMAN TPX2_HUMAN FLOT1_HUMAN  RBP2_HUMAN RS23_HUMAN MED1_HUMAN 
KIF23_HUMAN IKZF1_HUMAN CPSF3_HUMAN  CQ085_HUMAN RRBP1_HUMAN SFRS2_HUMAN 
CLP1_HUMAN SMCA2_HUMAN SMCA5_HUMAN  RBBP6_HUMAN AZI1_HUMAN NADAP_HUMAN 
THOC1_HUMAN YLPM1_HUMAN VDAC2_HUMAN  PRP4_HUMAN SERPH_HUMAN RPN1_HUMAN 
ZC11A_HUMAN TCOF_HUMAN ANR17_HUMAN  THOC1_HUMAN PRDX1_HUMAN RRBP1_HUMAN 
RL35_HUMAN ENOA_HUMAN RS15_HUMAN  LAR4B_HUMAN IF16_HUMAN PRKRA_HUMAN 
RL17_HUMAN SMRC2_HUMAN NO66_HUMAN  RFA1_HUMAN SHKB1_HUMAN RCC2_HUMAN 
SET1A_HUMAN PRDX1_HUMAN XYLT1_HUMAN  DYHC1_HUMAN TPX2_HUMAN CALM_HUMAN 
RBBP6_HUMAN P66B_HUMAN TIF1B_HUMAN  SAFB1_HUMAN RS24_HUMAN CV028_HUMAN 
EP400_HUMAN SET1A_HUMAN P80C_HUMAN  SNUT2_HUMAN EIF3A_HUMAN DPM1_HUMAN 
RCC2_HUMAN RFA1_HUMAN NCOR1_HUMAN  XRN2_HUMAN EMD_HUMAN FA98A_HUMAN 
KIF22_HUMAN THOC2_HUMAN CHD8_HUMAN  KHDR1_HUMAN DHX36_HUMAN LC7L2_HUMAN 
KI20B_HUMAN G3BP2_HUMAN PABP2_HUMAN  PRP16_HUMAN RL10L_HUMAN E2AK2_HUMAN 
KI67_HUMAN EHMT1_HUMAN CDK9_HUMAN  CNOT1_HUMAN PAIRB_HUMAN PB1_HUMAN 
FNBP4_HUMAN LUC7L_HUMAN SMC3_HUMAN  RBM10_HUMAN PFD2_HUMAN KIF14_HUMAN 
LYRIC_HUMAN CHD8_HUMAN DKC1_HUMAN  ZFR_HUMAN G3BP2_HUMAN ABLM3_HUMAN 
SMRC2_HUMAN ZC3H1_HUMAN ZC3H1_HUMAN  MED12_HUMAN BAZ1A_HUMAN ARHG8_HUMAN 
CTRO_HUMAN NEUA_HUMAN HAX1_HUMAN  RL9_HUMAN MYH4_HUMAN RLA1_HUMAN 
NIPS1_HUMAN SLAI2_HUMAN TPX2_HUMAN  MATR3_HUMAN UBAP2_HUMAN FLII_HUMAN 
WDR33_HUMAN BC11B_HUMAN EIF3H_HUMAN  CENPF_HUMAN PPIA_HUMAN DHX36_HUMAN 
RSMN_HUMAN KIF14_HUMAN EF1G_HUMAN  RS27L_HUMAN RN213_HUMAN CO6A1_HUMAN 
RLA1_HUMAN ANR17_HUMAN CHD3_HUMAN  CDC73_HUMAN PA2G4_HUMAN RNPS1_HUMAN 
MTA1_HUMAN H2A1H_HUMAN RS27_HUMAN  SHKB1_HUMAN UN84B_HUMAN SMRC1_HUMAN 
SFRS5_HUMAN DREB_HUMAN EBP2_HUMAN  YLPM1_HUMAN MOV10_HUMAN NOLC1_HUMAN 
ARPC3_HUMAN PNMA5_HUMAN ZN592_HUMAN  ZN638_HUMAN ENOA_HUMAN RBM5_HUMAN 
BLM_HUMAN EIF3B_HUMAN OGT1_HUMAN  MBB1A_HUMAN RL31_HUMAN TMM33_HUMAN 
SPF45_HUMAN RL31_HUMAN C1QBP_HUMAN  KAP2_HUMAN LR16C_HUMAN FUBP2_HUMAN 
PSPC1_HUMAN PRDX4_HUMAN GNAI2_HUMAN  MPCP_HUMAN NHP2_HUMAN MOV10_HUMAN 
SMC1A_HUMAN CNOT3_HUMAN STAU1_HUMAN  RL29_HUMAN UTP18_HUMAN TFR1_HUMAN 
PHF8_HUMAN C1QBP_HUMAN CDC2_HUMAN  UBP2L_HUMAN MACF1_HUMAN MRM1_HUMAN 
H2A1J_HUMAN PA2G4_HUMAN PEBB_HUMAN  UBF1_HUMAN EIF3B_HUMAN GLYR1_HUMAN 
RRP1B_HUMAN SF3B4_HUMAN HP1B3_HUMAN  R39L5_HUMAN RPOM_HUMAN ASCC2_HUMAN 
RUNX3_HUMAN PDIP3_HUMAN SPTA2_HUMAN  UTP18_HUMAN MED1_HUMAN RAC2_HUMAN 
TCOF_HUMAN NSUN2_HUMAN MED12_HUMAN  EIF3E_HUMAN RNPS1_HUMAN MYH4_HUMAN 
SMRC1_HUMAN CUX1_HUMAN RS12_HUMAN  SF3B4_HUMAN DOCK8_HUMAN UBAP2_HUMAN 
SFR14_HUMAN MSH6_HUMAN CD2AP_HUMAN  H2AY_HUMAN MRM1_HUMAN TCOF_HUMAN 
TF3C3_HUMAN POGZ_HUMAN RL34_HUMAN  KV101_HUMAN TCOF_HUMAN RL10L_HUMAN 
TRA2A_HUMAN ATPO_HUMAN CUX1_HUMAN  TR150_HUMAN SNUT2_HUMAN ZCHC3_HUMAN 
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RL31_HUMAN NOP2_HUMAN SMC6_HUMAN  PRP17_HUMAN RLA1_HUMAN KV305_HUMAN 
FUBP3_HUMAN TIM50_HUMAN ZN207_HUMAN  SRP14_HUMAN ARP5L_HUMAN HNRL2_HUMAN 
ANKH1_HUMAN DPM1_HUMAN CN37_HUMAN  RS4Y2_HUMAN CBX3_HUMAN LAMB4_HUMAN 
NUMA1_HUMAN KI67_HUMAN MSH6_HUMAN  RBM4_HUMAN RRP1B_HUMAN B3GT6_HUMAN 
SMCA2_HUMAN DOCK8_HUMAN KHDR1_HUMAN  CG050_HUMAN GAR1_HUMAN DDX42_HUMAN 
SNRPA_HUMAN ELAV2_HUMAN SF3B4_HUMAN  SRRM2_HUMAN TCPA_HUMAN TCPG_HUMAN 
TRIPC_HUMAN RL35A_HUMAN TS101_HUMAN  BCLF1_HUMAN NUMA1_HUMAN  
LUC7L_HUMAN NACA2_HUMAN FLOT2_HUMAN  CATW_HUMAN NADAP_HUMAN  
BA2L2_HUMAN H33_HUMAN SF13A_HUMAN  DYL2_HUMAN COPB_HUMAN  
NEUA_HUMAN SMRC1_HUMAN LEO1_HUMAN  EIF3K_HUMAN SAFB1_HUMAN  
CPSF2_HUMAN EIF3L_HUMAN KU86_HUMAN  XRN1_HUMAN CALM_HUMAN  
IF2P_HUMAN RL29_HUMAN MYO1C_HUMAN  BIRC6_HUMAN BYST_HUMAN  
YTHD2_HUMAN PCID2_HUMAN HNRL2_HUMAN  CD2AP_HUMAN TXND5_HUMAN  
CAF1B_HUMAN PHF8_HUMAN CHD1L_HUMAN  NUMA1_HUMAN SON_HUMAN  
NEB2_HUMAN AIFM1_HUMAN UBAP2_HUMAN  PR40A_HUMAN SRBD1_HUMAN  
FLOT1_HUMAN KIF2A_HUMAN RS5_HUMAN  KV102_HUMAN RBM4_HUMAN  
CPSF3_HUMAN HNRL2_HUMAN NCBP2_HUMAN  PDIA6_HUMAN LMO7_HUMAN  
EIF3G_HUMAN HMMR_HUMAN H33_HUMAN  MINT_HUMAN ASCC2_HUMAN  
SMCA5_HUMAN SRRM1_HUMAN NUSAP_HUMAN  IMA7_HUMAN PIHD1_HUMAN  
NACA_HUMAN COPB_HUMAN CC124_HUMAN  SYF1_HUMAN HLTF_HUMAN  
THOC4_HUMAN RBBP6_HUMAN GPTC4_HUMAN  NDUA4_HUMAN DHX8_HUMAN  
VDAC2_HUMAN SSRG_HUMAN EST1A_HUMAN  FL2D_HUMAN C1TC_HUMAN  
ANR17_HUMAN PRP19_HUMAN CPSF7_HUMAN  NDUS7_HUMAN KIF2A_HUMAN  
RS15_HUMAN DDX1_HUMAN LGAT1_HUMAN  MTMR5_HUMAN PB1_HUMAN  
EIF3K_HUMAN ZN638_HUMAN DEK_HUMAN  RUXF_HUMAN BZW2_HUMAN  
NO66_HUMAN ROA0_HUMAN FAS_HUMAN  SC61B_HUMAN OLA1_HUMAN  
TR150_HUMAN FLOT1_HUMAN SSRG_HUMAN  CDK12_HUMAN ARI1A_HUMAN  
XYLT1_HUMAN CC124_HUMAN PDC6I_HUMAN  CLP1_HUMAN ABLM3_HUMAN  
TIF1B_HUMAN STAU1_HUMAN TIM50_HUMAN  ABC3F_HUMAN PUR6_HUMAN  
P80C_HUMAN KHDR1_HUMAN DOCK8_HUMAN  MED1_HUMAN SAFB2_HUMAN  
NCOR1_HUMAN DNJB6_HUMAN RL29_HUMAN  DDX27_HUMAN SUZ12_HUMAN  
RU2A_HUMAN TRIPC_HUMAN PFD2_HUMAN  SFRS2_HUMAN KIF2B_HUMAN  
RRP5_HUMAN EIF3F_HUMAN NSUN2_HUMAN  NADAP_HUMAN ADNP_HUMAN  
CHD8_HUMAN TRRAP_HUMAN SNX18_HUMAN  RPN1_HUMAN NCBP1_HUMAN  
PABP2_HUMAN NUSAP_HUMAN TCPG_HUMAN  RRBP1_HUMAN CDK5_HUMAN  
ABT1_HUMAN CHD1L_HUMAN SPTB2_HUMAN  CTRO_HUMAN 6PGD_HUMAN  
RS21_HUMAN RS27_HUMAN SIN3A_HUMAN  PRKRA_HUMAN ARHG2_HUMAN  
CDK9_HUMAN CABIN_HUMAN CNOT2_HUMAN  RCC2_HUMAN FUBP2_HUMAN  
CA077_HUMAN GPTC4_HUMAN SNF5_HUMAN  EDF1_HUMAN IKZF2_HUMAN  
SMC3_HUMAN TCPQ_HUMAN C170L_HUMAN  RBM8A_HUMAN IF6_HUMAN  
ESF1_HUMAN MYO1C_HUMAN KIF2A_HUMAN  TEX10_HUMAN CTND1_HUMAN  
DKC1_HUMAN TCPG_HUMAN SRP14_HUMAN  RAD21_HUMAN GRWD1_HUMAN  
PLK1_HUMAN SNUT2_HUMAN SC61B_HUMAN  MCM3_HUMAN RUVB2_HUMAN  
ZC3H1_HUMAN EST1A_HUMAN ATPO_HUMAN  CALM_HUMAN DDX42_HUMAN  
ZC3HE_HUMAN SAFB2_HUMAN NMNA1_HUMAN  CV028_HUMAN PRP4_HUMAN  
HAX1_HUMAN RCC2_HUMAN DNJB6_HUMAN  PROF1_HUMAN PLEC1_HUMAN  
RBM26_HUMAN CAPZB_HUMAN PR38A_HUMAN  SLIRP_HUMAN HELZ_HUMAN  
PPIL1_HUMAN AT1A3_HUMAN MED20_HUMAN  STAU1_HUMAN PININ_HUMAN  
RA1L3_HUMAN RPB1_HUMAN PDLI2_HUMAN  SPF27_HUMAN GOGA2_HUMAN  
EIF3I_HUMAN IF2P_HUMAN LARP4_HUMAN  RBMX2_HUMAN EFTU_HUMAN  
TDIF1_HUMAN RSMB_HUMAN UTP18_HUMAN  ARPC3_HUMAN AP2B1_HUMAN  
TPX2_HUMAN LARP4_HUMAN NHP2_HUMAN  DPM1_HUMAN DKC1_HUMAN  
EIF3H_HUMAN NIPBL_HUMAN BAG2_HUMAN  FA98A_HUMAN DPM1_HUMAN  
EF1G_HUMAN ALDOA_HUMAN AZI1_HUMAN  BAT2_HUMAN WIZ_HUMAN  
RBM27_HUMAN BAG2_HUMAN TCPQ_HUMAN  EIF3H_HUMAN HIRA_HUMAN  
CHD3_HUMAN CDC2_HUMAN NPM3_HUMAN  PPHLN_HUMAN PRDX4_HUMAN  
RS27_HUMAN SP16H_HUMAN SRP54_HUMAN  2ABA_HUMAN MBB1A_HUMAN  
EBP2_HUMAN PSIP1_HUMAN AGO1_HUMAN  RS29_HUMAN SF3A1_HUMAN  
ZN592_HUMAN RNPS1_HUMAN RM19_HUMAN  LC7L2_HUMAN SRRM2_HUMAN  
GNAT1_HUMAN SRP14_HUMAN TB182_HUMAN  PLK1_HUMAN SRP72_HUMAN  
OGT1_HUMAN LC7L2_HUMAN IGLL1_HUMAN  KRIT1_HUMAN EIF3D_HUMAN  
C1QBP_HUMAN CNOT2_HUMAN PSIP1_HUMAN  NELFB_HUMAN B3GT6_HUMAN  
RALYL_HUMAN SON_HUMAN PPIB_HUMAN  UXT_HUMAN KIF14_HUMAN  
GNAI2_HUMAN HAX1_HUMAN SRPK1_HUMAN  CGBP1_HUMAN TMM33_HUMAN  
CARF_HUMAN RFC4_HUMAN NIPBL_HUMAN  TRIPC_HUMAN UBA1_HUMAN  
STAU1_HUMAN SMC6_HUMAN TRRAP_HUMAN  CU070_HUMAN TFR1_HUMAN  
CDC2_HUMAN SMC3_HUMAN MD12L_HUMAN  MBNL2_HUMAN SC16A_HUMAN  
PEBB_HUMAN BOD1L_HUMAN SMC2_HUMAN  SFPQ_HUMAN TOP3A_HUMAN  
HP1B3_HUMAN RL18A_HUMAN NOP2_HUMAN  E2AK2_HUMAN HVCN1_HUMAN  
RBM15_HUMAN GUF1_HUMAN RL1D1_HUMAN  PB1_HUMAN RAC2_HUMAN  
DSRAD_HUMAN AZI1_HUMAN DYH10_HUMAN  KIF14_HUMAN UH1BL_HUMAN  
SPTA2_HUMAN RFC2_HUMAN WIZ_HUMAN  ABLM3_HUMAN HCFC1_HUMAN  
MED12_HUMAN PDLI2_HUMAN GNL3_HUMAN  ARHG8_HUMAN SRP14_HUMAN  
RS12_HUMAN PTPM1_HUMAN RL18A_HUMAN  RLA1_HUMAN RL1D1_HUMAN  
CD2AP_HUMAN KIF23_HUMAN COPB_HUMAN  LMNA_HUMAN MED12_HUMAN  
COR1C_HUMAN MED20_HUMAN TRI27_HUMAN  FLII_HUMAN RRMJ3_HUMAN  
RL34_HUMAN C170L_HUMAN INT1_HUMAN  ALKB5_HUMAN SPF45_HUMAN  
CD2B2_HUMAN PPIB_HUMAN TCRG1_HUMAN  ABT1_HUMAN FA98A_HUMAN  
CUX1_HUMAN OGT1_HUMAN SERA_HUMAN  LSM6_HUMAN MCM4_HUMAN  
SMC6_HUMAN CTRO_HUMAN MYH10_HUMAN  DHX36_HUMAN DEOC_HUMAN  
SRRT_HUMAN SRPK2_HUMAN MYPT1_HUMAN  EXOS9_HUMAN RBP2_HUMAN  
SMC4_HUMAN NMNA1_HUMAN RBM28_HUMAN  CO6A1_HUMAN NAL13_HUMAN  
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ZN207_HUMAN LEO1_HUMAN ALDOA_HUMAN  DDX31_HUMAN SFRS2_HUMAN  
CN37_HUMAN MINT_HUMAN RL15_HUMAN  HBB_HUMAN CV028_HUMAN  
MSH6_HUMAN P80C_HUMAN RAB7A_HUMAN  TBC21_HUMAN AURKB_HUMAN  
KHDR1_HUMAN SF13A_HUMAN SP16H_HUMAN  PCY1A_HUMAN CG050_HUMAN  
SF3B4_HUMAN AGO1_HUMAN SSX7_HUMAN  SRPK1_HUMAN CHD2_HUMAN  
ZN326_HUMAN G3P_HUMAN SFRS8_HUMAN  GMFG_HUMAN EIF3C_HUMAN  
TS101_HUMAN DHX36_HUMAN PNMA5_HUMAN  RNPS1_HUMAN AGO1_HUMAN  
FLOT2_HUMAN FUBP3_HUMAN CALU_HUMAN  SMRC1_HUMAN HERC2_HUMAN  
CQ085_HUMAN DCD_HUMAN CSTF2_HUMAN  NOLC1_HUMAN LAMB4_HUMAN  
SLBP_HUMAN KATL2_HUMAN CATG_HUMAN  RBM5_HUMAN PRKRA_HUMAN  
CDC73_HUMAN RFC3_HUMAN TFAM_HUMAN  TMM33_HUMAN CQ049_HUMAN  
SF13A_HUMAN FLOT2_HUMAN DNJA1_HUMAN  ZC3HE_HUMAN RBM34_HUMAN  
THOC5_HUMAN LAR4B_HUMAN UCHL5_HUMAN  PRPF3_HUMAN UBS3A_HUMAN  
LEO1_HUMAN DOCK9_HUMAN DNLI3_HUMAN  EDC4_HUMAN ZC11A_HUMAN  
KU86_HUMAN TLN1_HUMAN RFC3_HUMAN  TOE1_HUMAN GLYR1_HUMAN  
MYO1C_HUMAN DYH10_HUMAN ZN644_HUMAN  FUBP2_HUMAN E2AK2_HUMAN  
HNRL2_HUMAN IGLL1_HUMAN ROA0_HUMAN  MED21_HUMAN ANKS3_HUMAN  
CHD1L_HUMAN RL1D1_HUMAN SRPK2_HUMAN  ZCHC8_HUMAN LAR4B_HUMAN  
UBAP2_HUMAN HDAC1_HUMAN   CHRC1_HUMAN RING2_HUMAN  
RS5_HUMAN UTP18_HUMAN   MOV10_HUMAN KCTD5_HUMAN  
NCBP2_HUMAN RBM28_HUMAN   TFR1_HUMAN BLM_HUMAN  
PM14_HUMAN FNBP4_HUMAN   RRP15_HUMAN ATPA_HUMAN  
H33_HUMAN SNF5_HUMAN   TRI26_HUMAN HNRL2_HUMAN  
DHX8_HUMAN TIF1B_HUMAN   MRM1_HUMAN KV305_HUMAN  
NUSAP_HUMAN TCRG1_HUMAN   COX2_HUMAN SYTC_HUMAN  
CC124_HUMAN ELYS_HUMAN   KV110_HUMAN MRE11_HUMAN  
PCNT_HUMAN TFAM_HUMAN   DIDO1_HUMAN TSR1_HUMAN  
GPTC4_HUMAN NDUC1_HUMAN   BRX1_HUMAN DNJC9_HUMAN  
PP1RA_HUMAN TOPB1_HUMAN   GLYR1_HUMAN PDIA1_HUMAN  
EST1A_HUMAN ANKH1_HUMAN   ASCC2_HUMAN ZFR_HUMAN  
CPSF7_HUMAN XYLT1_HUMAN   RAD50_HUMAN TRY2_HUMAN  
LGAT1_HUMAN THOC1_HUMAN   FUBP3_HUMAN RCC2_HUMAN  
DEK_HUMAN DEK_HUMAN   RAC2_HUMAN ATS14_HUMAN  
ARHG2_HUMAN ZN207_HUMAN   MYH4_HUMAN RP1_HUMAN  
ECHA_HUMAN GDIR1_HUMAN   SF3B5_HUMAN MED10_HUMAN  
SON_HUMAN PDC6I_HUMAN   UBAP2_HUMAN A2ML1_HUMAN  
LSP1_HUMAN SPTB2_HUMAN   TCOF_HUMAN PHB2_HUMAN  
ARFG2_HUMAN TRI27_HUMAN   NUP50_HUMAN BCAM_HUMAN  
UN84B_HUMAN DIDO1_HUMAN   SFR11_HUMAN POGZ_HUMAN  
FAS_HUMAN CATG_HUMAN   RL10L_HUMAN PPCEL_HUMAN  
SSRG_HUMAN RS29_HUMAN   RO52_HUMAN YB035_HUMAN  
PDC6I_HUMAN SRP54_HUMAN   SCC4_HUMAN RAVR1_HUMAN  
TIM50_HUMAN RAN_HUMAN   TUT4_HUMAN TYDP1_HUMAN  
PCY1A_HUMAN RL34_HUMAN   UBS3B_HUMAN SMAL1_HUMAN  
UBS3A_HUMAN RAB10_HUMAN   ACINU_HUMAN LC7L2_HUMAN  
DOCK8_HUMAN DDX31_HUMAN   LRC59_HUMAN CO6A1_HUMAN  
RL29_HUMAN TB182_HUMAN   ZCHC3_HUMAN RL36A_HUMAN  
REQU_HUMAN KV305_HUMAN   SFRS9_HUMAN   
RIF1_HUMAN SC61B_HUMAN   KV305_HUMAN   
SFR12_HUMAN RM19_HUMAN   RS26L_HUMAN   
PFD2_HUMAN INT1_HUMAN   HNRL2_HUMAN   
COPD_HUMAN IF6_HUMAN   CL073_HUMAN   
LSM12_HUMAN PININ_HUMAN   MED20_HUMAN   
NSUN2_HUMAN AKAP8_HUMAN   VPS41_HUMAN   
NIPS2_HUMAN RS15_HUMAN   DIP2A_HUMAN   
U2AF2_HUMAN SNW1_HUMAN   SYNE2_HUMAN   
SNX18_HUMAN ZC11A_HUMAN   LAMB4_HUMAN   
CSTF3_HUMAN CPSF7_HUMAN   GSCR2_HUMAN   
EPN4_HUMAN Z3H7A_HUMAN   PR38B_HUMAN   
RL35A_HUMAN NCOR1_HUMAN   ECHA_HUMAN   
IF4G3_HUMAN DNJA1_HUMAN   DHX35_HUMAN   
TCPG_HUMAN UAP56_HUMAN   MDC1_HUMAN   
IMMT_HUMAN MD12L_HUMAN   NOL7_HUMAN   
SPTB2_HUMAN RCC1_HUMAN   NSUN2_HUMAN   
SIN3A_HUMAN TS101_HUMAN   NDUB4_HUMAN   
RUNX2_HUMAN WDR33_HUMAN   CN166_HUMAN   
MED17_HUMAN CD046_HUMAN   MCTP2_HUMAN   
ZN318_HUMAN TRA2A_HUMAN   B3GT6_HUMAN   
VRK2_HUMAN CSTF2_HUMAN   NIPBL_HUMAN   
CNOT2_HUMAN SERA_HUMAN   NOC4L_HUMAN   
EXOS9_HUMAN UCHL5_HUMAN   ZN790_HUMAN   
ECHB_HUMAN NHP2_HUMAN   MED17_HUMAN   
RBM8A_HUMAN QCR2_HUMAN   LSM7_HUMAN   
MDC1_HUMAN XRCC1_HUMAN   PYR1_HUMAN   
SNF5_HUMAN M10L1_HUMAN   DDX42_HUMAN   
RU2B_HUMAN SAPS1_HUMAN   K0020_HUMAN   
CD3E_HUMAN RAB7A_HUMAN   TCPG_HUMAN   
CSK21_HUMAN P5CR1_HUMAN   FGGY_HUMAN   
PP1B_HUMAN    PPIL1_HUMAN   
C170L_HUMAN    SMRD2_HUMAN   
KIF2A_HUMAN    ATF5_HUMAN   
NCOA5_HUMAN    DJC15_HUMAN   
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SRP14_HUMAN    NP1L1_HUMAN   
SC61B_HUMAN    ANR17_HUMAN   
FADS2_HUMAN    DAXX_HUMAN   
1433T_HUMAN    TADA1_HUMAN   
ATPO_HUMAN    RAD54_HUMAN   
ARPC4_HUMAN    ZC3HD_HUMAN   
NMNA1_HUMAN    RBBP5_HUMAN   
SMRD2_HUMAN    ZN207_HUMAN   
PR38B_HUMAN    AP2A2_HUMAN   
MD13L_HUMAN    WDR82_HUMAN   
SLTM_HUMAN       
PRP4B_HUMAN       
OPA1_HUMAN       
DNJB6_HUMAN       
PR38A_HUMAN       
MED20_HUMAN       
ISY1_HUMAN       
PDLI2_HUMAN       
RSBNL_HUMAN       
LARP4_HUMAN       
WAPL_HUMAN       
YTHD1_HUMAN       
CLAP2_HUMAN       
PRPF3_HUMAN       
UTP18_HUMAN       
NHP2_HUMAN       
ITM2A_HUMAN       
SDC10_HUMAN       
STAU2_HUMAN       
BIRC6_HUMAN       
PHF5A_HUMAN       
UIF_HUMAN       
RPN2_HUMAN       
LC7L3_HUMAN       
BAG2_HUMAN       
AZI1_HUMAN       
TCPQ_HUMAN       
NPM3_HUMAN       
STAT1_HUMAN       
ABCF2_HUMAN       
GAPR1_HUMAN       
NMT1_HUMAN       
SRBD1_HUMAN       
DNJA2_HUMAN       
SP130_HUMAN       
MAGB5_HUMAN       
SRP54_HUMAN       
KIF4A_HUMAN       
AGO1_HUMAN       
TAF6L_HUMAN       
RM19_HUMAN       
ANR27_HUMAN       
TB182_HUMAN       
CTF18_HUMAN       
SHKB1_HUMAN       
DIMT1_HUMAN       
MMTA2_HUMAN       
RFC5_HUMAN       
RPOM_HUMAN       
IGLL1_HUMAN       
PSIP1_HUMAN       
PPIB_HUMAN       
MED1_HUMAN       
RL28_HUMAN       
SRPK1_HUMAN       
IMP3_HUMAN       
NIPBL_HUMAN       
IMB1_HUMAN       
RCOR1_HUMAN       
NOP14_HUMAN       
TRRAP_HUMAN       
R3HD1_HUMAN       
TFCP2_HUMAN       
MD12L_HUMAN       
COPG_HUMAN       
SMC2_HUMAN       
IF4E_HUMAN       
NOP2_HUMAN       
RL1D1_HUMAN       
DDX55_HUMAN       
DYH10_HUMAN       
TFP11_HUMAN       
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LYAR_HUMAN       
AQR_HUMAN       
WIZ_HUMAN       
TF3C5_HUMAN       
PDS5A_HUMAN       
GNL3_HUMAN       
RAC2_HUMAN       
SMN_HUMAN       
RSRC1_HUMAN       
RL18A_HUMAN       
SSRA_HUMAN       
URP2_HUMAN       
NELFB_HUMAN       
ABCE1_HUMAN       
SRBS1_HUMAN       
COPB_HUMAN       
TRI27_HUMAN       
E2AK2_HUMAN       
CU070_HUMAN       
STRAP_HUMAN       
INT1_HUMAN       
PRP31_HUMAN       
RBM33_HUMAN       
ANLN_HUMAN       
AHSP_HUMAN       
SRP19_HUMAN       
DHX35_HUMAN       
KRR1_HUMAN       
TCRG1_HUMAN       
GRWD1_HUMAN       
WDR5_HUMAN       
G3P_HUMAN       
AP3B1_HUMAN       
H1X_HUMAN       
DNJC7_HUMAN       
GCFC_HUMAN       
SMHD1_HUMAN       
DDX54_HUMAN       
SRP09_HUMAN       
DRG1_HUMAN       
TSR1_HUMAN       
PCBP2_HUMAN       
ORC1_HUMAN       
SERA_HUMAN       
GOGA2_HUMAN       
RMTL1_HUMAN       
MYH10_HUMAN       
ASH2L_HUMAN       
MYPT1_HUMAN       
RBM28_HUMAN       
SYF1_HUMAN       
RT07_HUMAN       
DGC6L_HUMAN       
PKCB1_HUMAN       
NOL6_HUMAN       
ALDOA_HUMAN       
RL15_HUMAN       
TCPZ_HUMAN       
POP1_HUMAN       
LSM3_HUMAN       
DNJA3_HUMAN       
SSBP_HUMAN       
TBL2_HUMAN       
RAB7A_HUMAN       
SP16H_HUMAN       
KC1D_HUMAN       
SSX7_HUMAN       
OSBL8_HUMAN       
NOM1_HUMAN       
SFRS8_HUMAN       
ARHG8_HUMAN       
BA2L1_HUMAN       
LENG8_HUMAN       
PNMA5_HUMAN       
COPB2_HUMAN       
STAT2_HUMAN       
RUXF_HUMAN       
DDX20_HUMAN       
ICLN_HUMAN       
PURA_HUMAN       
ALKB5_HUMAN       
CT043_HUMAN       
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CALU_HUMAN       
THOC6_HUMAN       
PUM1_HUMAN       
GDE_HUMAN       
MSI2H_HUMAN       
CRNL1_HUMAN       
CSTF2_HUMAN       
CCYL2_HUMAN       
CC072_HUMAN       
NCLN_HUMAN       
PHF3_HUMAN       
CATG_HUMAN       
SNTB2_HUMAN       
MED10_HUMAN       
DP13B_HUMAN       
       

 
  



223 
 

 
HSB2 

   
CCRFCEM 

 

GFI1 Mass 
spectrometry  

Kme1 Mass 
spectrometry  

Common 
between GFI1 

and Kme1   
GFI1 Mass 

spectrometry  
Kme1 Mass 

spectrometry  

Common 
between GFI1 

and Kme1  
KI67_HUMAN AHNK_HUMAN KI67_HUMAN  MYH9_HUMAN ACACA_HUMAN MYH9_HUMAN 
PABP1_HUMAN ACACA_HUMAN PABP1_HUMAN  KI67_HUMAN CHD4_HUMAN KI67_HUMAN 
TBA1C_HUMAN DYHC1_HUMAN TBA1C_HUMAN  MYH10_HUMAN MYH9_HUMAN MYH10_HUMAN 
PABP4_HUMAN PRKDC_HUMAN PABP4_HUMAN  TOP2A_HUMAN SMCA5_HUMAN TOP2A_HUMAN 
PRKDC_HUMAN DDX21_HUMAN PRKDC_HUMAN  U520_HUMAN AHNK_HUMAN U520_HUMAN 
RS8_HUMAN HS90B_HUMAN RS8_HUMAN  TOP2B_HUMAN TOP2A_HUMAN TOP2B_HUMAN 
DDX17_HUMAN HSP71_HUMAN DDX17_HUMAN  PRP8_HUMAN KU70_HUMAN PRP8_HUMAN 
AHNK_HUMAN TBA1C_HUMAN AHNK_HUMAN  DHX9_HUMAN U520_HUMAN DHX9_HUMAN 
RL7_HUMAN TBA1A_HUMAN RL7_HUMAN  DDX21_HUMAN MTA2_HUMAN DDX21_HUMAN 
HNRPC_HUMAN KU70_HUMAN HNRPC_HUMAN  DDX17_HUMAN HS90A_HUMAN DDX17_HUMAN 
HNRCL_HUMAN HS90A_HUMAN MYO1G_HUMAN  PABP1_HUMAN HSP71_HUMAN PABP1_HUMAN 
MYO1G_HUMAN MYO1G_HUMAN PLEC1_HUMAN  MDC1_HUMAN DDX17_HUMAN U5S1_HUMAN 
PLEC1_HUMAN PABP1_HUMAN RS13_HUMAN  U5S1_HUMAN TBB5_HUMAN NAT10_HUMAN 
RS13_HUMAN TBB3_HUMAN RS3_HUMAN  SPTB2_HUMAN TOP2B_HUMAN CHD4_HUMAN 
RS3_HUMAN KU86_HUMAN RLA0_HUMAN  NAT10_HUMAN DDX21_HUMAN HNRPR_HUMAN 
RLA0_HUMAN TOP2B_HUMAN ILF2_HUMAN  SPTA2_HUMAN BAZ1A_HUMAN TOP1_HUMAN 
ILF2_HUMAN TOP2A_HUMAN RL7A_HUMAN  CHD4_HUMAN KU86_HUMAN TBB5_HUMAN 
RL7A_HUMAN PABP4_HUMAN RBM14_HUMAN  HNRPR_HUMAN SP16H_HUMAN MYO1G_HUMAN 
RBM14_HUMAN SMCA5_HUMAN U520_HUMAN  TOP1_HUMAN RBBP4_HUMAN LAP2A_HUMAN 
ZN638_HUMAN DDX17_HUMAN H15_HUMAN  TBB5_HUMAN SMCA4_HUMAN KU70_HUMAN 
U520_HUMAN TCPG_HUMAN HSP71_HUMAN  MYO1G_HUMAN TBA1B_HUMAN HNRPK_HUMAN 
H15_HUMAN RL7_HUMAN RS16_HUMAN  LAP2A_HUMAN HNRPK_HUMAN SF3B1_HUMAN 
H12_HUMAN RFC1_HUMAN NUCL_HUMAN  KU70_HUMAN BC11B_HUMAN IF4G1_HUMAN 
NBN_HUMAN ECHA_HUMAN RS3A_HUMAN  ACTG_HUMAN SSRP1_HUMAN DDX5_HUMAN 
HSP71_HUMAN RL18_HUMAN RL18_HUMAN  DDX3X_HUMAN MTA1_HUMAN SR140_HUMAN 
RS16_HUMAN RS8_HUMAN DDX21_HUMAN  HNRPK_HUMAN LAP2A_HUMAN LAP2B_HUMAN 
MAP1A_HUMAN GRP78_HUMAN RS18_HUMAN  SF3B1_HUMAN U5S1_HUMAN ILF2_HUMAN 
NUCL_HUMAN RS13_HUMAN RL6_HUMAN  IF4G1_HUMAN DDX5_HUMAN SF3B3_HUMAN 
RS3A_HUMAN COPA_HUMAN RS4X_HUMAN  DDX5_HUMAN KIF4A_HUMAN CDC5L_HUMAN 
RL18_HUMAN RL7A_HUMAN RALY_HUMAN  SR140_HUMAN SF3B3_HUMAN TBA1B_HUMAN 
DDX21_HUMAN DHX9_HUMAN RS2_HUMAN  LAP2B_HUMAN RBBP7_HUMAN ILF3_HUMAN 
RS18_HUMAN EF1G_HUMAN RL15_HUMAN  PABP4_HUMAN PABP1_HUMAN HNRPM_HUMAN 
MRE11_HUMAN SYLC_HUMAN RL13A_HUMAN  ILF2_HUMAN PRP8_HUMAN PRP6_HUMAN 
RL6_HUMAN TOP1_HUMAN RL27A_HUMAN  SF3B3_HUMAN EF1G_HUMAN SNUT1_HUMAN 
H2B1H_HUMAN ENPL_HUMAN DHX9_HUMAN  CDC5L_HUMAN LAP2B_HUMAN PRP19_HUMAN 
RS4X_HUMAN RLA0_HUMAN HNRPK_HUMAN  TBA1B_HUMAN TOP1_HUMAN MATR3_HUMAN 
RALY_HUMAN TCPQ_HUMAN PRP8_HUMAN  ILF3_HUMAN CNOT1_HUMAN RL4_HUMAN 
RS2_HUMAN RL14_HUMAN RL14_HUMAN  HNRPM_HUMAN EFTU_HUMAN PTBP1_HUMAN 
EIF3A_HUMAN IKZF1_HUMAN HNRPU_HUMAN  PRP6_HUMAN K2C3_HUMAN RSSA_HUMAN 
RLA2_HUMAN EF2_HUMAN TOP2A_HUMAN  SNUT1_HUMAN SATB1_HUMAN SMCA4_HUMAN 
RL15_HUMAN RS3_HUMAN YBOX1_HUMAN  FLNA_HUMAN RSSA_HUMAN DDX50_HUMAN 
RL13A_HUMAN UBA1_HUMAN HNRPM_HUMAN  PRP19_HUMAN DHX15_HUMAN DHX30_HUMAN 
RL27A_HUMAN DNJC9_HUMAN KU70_HUMAN  HNRPQ_HUMAN POGZ_HUMAN EIF3A_HUMAN 
DHX9_HUMAN PARP1_HUMAN DNJC9_HUMAN  MATR3_HUMAN UHRF1_HUMAN GBLP_HUMAN 
PRP16_HUMAN RS18_HUMAN ADT2_HUMAN  RL4_HUMAN ILF2_HUMAN RS3_HUMAN 
BIRC6_HUMAN YBOX1_HUMAN GRP78_HUMAN  PTBP1_HUMAN K2C6C_HUMAN SF3B2_HUMAN 
HNRPK_HUMAN RS3A_HUMAN TOP2B_HUMAN  RSSA_HUMAN IKZF1_HUMAN DHX15_HUMAN 
PRP8_HUMAN CDC2_HUMAN CAPR1_HUMAN  SMCA4_HUMAN RS8_HUMAN RBM14_HUMAN 
RL14_HUMAN RL13A_HUMAN TOP1_HUMAN  DDX50_HUMAN SNUT1_HUMAN RL7_HUMAN 
DDX3X_HUMAN HM20A_HUMAN RS14_HUMAN  EIF3L_HUMAN SR140_HUMAN NOP56_HUMAN 
HNRPU_HUMAN KI67_HUMAN RL8_HUMAN  DHX30_HUMAN BUB3_HUMAN UN84B_HUMAN 
TFG_HUMAN RS2_HUMAN CDC2_HUMAN  EIF3A_HUMAN RBM14_HUMAN RL7A_HUMAN 
TOP2A_HUMAN NSF_HUMAN PHB2_HUMAN  GBLP_HUMAN SF3B1_HUMAN HNRH1_HUMAN 
YBOX1_HUMAN LDHA_HUMAN RS19_HUMAN  DDX18_HUMAN HNRH1_HUMAN MBB1A_HUMAN 
HNRPM_HUMAN RL4_HUMAN HS90B_HUMAN  G3BP1_HUMAN RS3_HUMAN RL3_HUMAN 
KU70_HUMAN HNRPU_HUMAN LDHA_HUMAN  RS3_HUMAN PUR6_HUMAN IF4A3_HUMAN 
RS15A_HUMAN CH60_HUMAN RL11_HUMAN  SF3B2_HUMAN K1C16_HUMAN RS8_HUMAN 
DNJC9_HUMAN RL11_HUMAN RS20_HUMAN  DHX15_HUMAN EF2_HUMAN RBM39_HUMAN 
ADT2_HUMAN EF1D_HUMAN HNRPD_HUMAN  RBM14_HUMAN TPX2_HUMAN CRNL1_HUMAN 
GRP78_HUMAN RS4X_HUMAN RL24_HUMAN  SRRM2_HUMAN PRDX4_HUMAN MTA2_HUMAN 
TOP2B_HUMAN AP3M1_HUMAN RL5_HUMAN  RL7_HUMAN H15_HUMAN HNRPU_HUMAN 
ADT1_HUMAN RL6_HUMAN RL22_HUMAN  NOP56_HUMAN HCFC1_HUMAN RL10A_HUMAN 
CAPR1_HUMAN PUR6_HUMAN C1QBP_HUMAN  RL5_HUMAN HNRPM_HUMAN CHERP_HUMAN 
TOP1_HUMAN EF1B_HUMAN 1433Z_HUMAN  UN84B_HUMAN PRP6_HUMAN RIF1_HUMAN 
RS14_HUMAN CAZA1_HUMAN RL26L_HUMAN  RL7A_HUMAN RUVB2_HUMAN RL17_HUMAN 
RL8_HUMAN HNRPG_HUMAN KU86_HUMAN  HNRH1_HUMAN RFIP1_HUMAN NOP2_HUMAN 
CDC2_HUMAN HNRPD_HUMAN TFR1_HUMAN  NUFP2_HUMAN HDAC1_HUMAN EDC4_HUMAN 
PHB2_HUMAN PGK1_HUMAN ATPG_HUMAN  MBB1A_HUMAN H2A1J_HUMAN SFRS1_HUMAN 
RS19_HUMAN ALDOA_HUMAN HEM6_HUMAN  RL3_HUMAN PARP1_HUMAN MTA1_HUMAN 
UN84B_HUMAN H33_HUMAN PGAM5_HUMAN  IF4A3_HUMAN KIF22_HUMAN RU2A_HUMAN 
HS90B_HUMAN HNRPC_HUMAN H33_HUMAN  RS8_HUMAN HNRPC_HUMAN RL6_HUMAN 
PP1A_HUMAN DOCK8_HUMAN ILF3_HUMAN  RBM39_HUMAN WIZ_HUMAN RS16_HUMAN 
LDHA_HUMAN RFA1_HUMAN LAP2A_HUMAN  CRNL1_HUMAN UBA1_HUMAN MRE11_HUMAN 
RL11_HUMAN SYIC_HUMAN PCBP1_HUMAN  MTA2_HUMAN RALY_HUMAN NOP58_HUMAN 
RS20_HUMAN H15_HUMAN RL19_HUMAN  MAP1A_HUMAN K22O_HUMAN ARHG2_HUMAN 



224 
 

HNRPD_HUMAN CYFP2_HUMAN MYL6_HUMAN  HNRPU_HUMAN IF4A3_HUMAN YBOX1_HUMAN 
RL24_HUMAN RL17_HUMAN RL17_HUMAN  RL10A_HUMAN RUNX1_HUMAN UBP2L_HUMAN 
RL5_HUMAN RL15_HUMAN RL10A_HUMAN  CHERP_HUMAN ARI1A_HUMAN DDX6_HUMAN 
PCF11_HUMAN WIZ_HUMAN RL23A_HUMAN  RENT1_HUMAN HNRPG_HUMAN FIP1_HUMAN 
PQBP1_HUMAN RL38_HUMAN PRDX1_HUMAN  RIF1_HUMAN KIF2C_HUMAN CHD3_HUMAN 
RL22_HUMAN H2AY_HUMAN HNRPR_HUMAN  RL17_HUMAN CBX3_HUMAN H15_HUMAN 
C1QBP_HUMAN ILF2_HUMAN RL4_HUMAN  NOP2_HUMAN DDX3Y_HUMAN RS18_HUMAN 
KV101_HUMAN BUB3_HUMAN CAZA1_HUMAN  EDC4_HUMAN CHD3_HUMAN FUS_HUMAN 
1433Z_HUMAN HDAC1_HUMAN DYHC1_HUMAN  SFRS1_HUMAN EF1D_HUMAN XRN2_HUMAN 
RL26L_HUMAN RS16_HUMAN PEBB_HUMAN  MTA1_HUMAN RL13_HUMAN ZCCHV_HUMAN 
WDR82_HUMAN HNRPK_HUMAN ROA1_HUMAN  G3BP2_HUMAN MYH10_HUMAN FXR1_HUMAN 
KU86_HUMAN TCPD_HUMAN RSMB_HUMAN  RU2A_HUMAN P66B_HUMAN RL30_HUMAN 
TFR1_HUMAN SAHH_HUMAN DHX30_HUMAN  RL6_HUMAN ADT2_HUMAN RL18_HUMAN 
STAT1_HUMAN RL21_HUMAN 2ABA_HUMAN  RS16_HUMAN HDAC2_HUMAN RL13_HUMAN 
ATPG_HUMAN HEM6_HUMAN MPCP_HUMAN  MRE11_HUMAN EHMT2_HUMAN FBRL_HUMAN 
HEM6_HUMAN C1QBP_HUMAN RL38_HUMAN  MOV10_HUMAN ANXA2_HUMAN KIF2C_HUMAN 
PGAM5_HUMAN KIF4A_HUMAN AIFM1_HUMAN  NOP58_HUMAN IKZF2_HUMAN PR40A_HUMAN 
FUS_HUMAN RL23A_HUMAN SSBP2_HUMAN  ARHG2_HUMAN ZN644_HUMAN KU86_HUMAN 
H33_HUMAN COPB_HUMAN CNN2_HUMAN  YBOX1_HUMAN PTBP1_HUMAN ACINU_HUMAN 
1B08_HUMAN HNRPR_HUMAN SHKB1_HUMAN  UBP2L_HUMAN H2AV_HUMAN CAPR1_HUMAN 
ILF3_HUMAN RL26L_HUMAN AT1A3_HUMAN  DDX6_HUMAN EF1B_HUMAN CPSF1_HUMAN 
LAP2A_HUMAN HNRPF_HUMAN PCM1_HUMAN  FIP1_HUMAN RBM39_HUMAN PP1A_HUMAN 
EST1A_HUMAN PEBB_HUMAN HS90A_HUMAN  PRP16_HUMAN RL6_HUMAN RUVB1_HUMAN 
SR140_HUMAN TADBP_HUMAN EIF3D_HUMAN  CHD3_HUMAN HNRPU_HUMAN KIF22_HUMAN 
PP1G_HUMAN TFR1_HUMAN CAN1_HUMAN  H15_HUMAN RIF1_HUMAN RS9_HUMAN 
EIF3G_HUMAN RL24_HUMAN COPA_HUMAN  CCAR1_HUMAN P66A_HUMAN UBF1_HUMAN 
DDX18_HUMAN RO52_HUMAN ANM1_HUMAN  RS18_HUMAN RL4_HUMAN TR150_HUMAN 
HNRDL_HUMAN RL19_HUMAN R39L5_HUMAN  TP53B_HUMAN ACINU_HUMAN RL22_HUMAN 
PCBP1_HUMAN HNRPM_HUMAN SET_HUMAN  FUS_HUMAN RL18_HUMAN HP1B3_HUMAN 
RL19_HUMAN RN213_HUMAN NSUN2_HUMAN  XRN2_HUMAN FUS_HUMAN ELAV1_HUMAN 
EXOC3_HUMAN PCM1_HUMAN RL21_HUMAN  DIDO1_HUMAN KI20B_HUMAN RBM10_HUMAN 
RM15_HUMAN RL27A_HUMAN HDAC1_HUMAN  RS17_HUMAN EHMT1_HUMAN TPX2_HUMAN 
MYL6_HUMAN PGAM5_HUMAN PDLI2_HUMAN  ZCCHV_HUMAN COPB_HUMAN SSRP1_HUMAN 
RL17_HUMAN PRDX1_HUMAN PCNA_HUMAN  FXR1_HUMAN HNRPF_HUMAN RS15A_HUMAN 
RL10A_HUMAN RBM14_HUMAN RS28_HUMAN  RL30_HUMAN KI67_HUMAN NUMA1_HUMAN 
RL35A_HUMAN PCNA_HUMAN COX2_HUMAN  RL18_HUMAN 6PGD_HUMAN H2A1J_HUMAN 
H2A1H_HUMAN TCPA_HUMAN ROA2_HUMAN  RL13_HUMAN RL7_HUMAN PININ_HUMAN 
CDK9_HUMAN CAPR1_HUMAN DDX42_HUMAN  RRP5_HUMAN ENOA_HUMAN PCBP1_HUMAN 
ABT1_HUMAN RSSA_HUMAN SYFA_HUMAN  TRIPC_HUMAN HLTF_HUMAN HNRPG_HUMAN 
UBP2L_HUMAN IKZF2_HUMAN RS11_HUMAN  FBRL_HUMAN SMRC2_HUMAN HNRPC_HUMAN 
PERI_HUMAN CHD4_HUMAN NDUA4_HUMAN  KIF2C_HUMAN GBLP_HUMAN SF3A3_HUMAN 
RL23A_HUMAN SP16H_HUMAN RL3_HUMAN  PR40A_HUMAN H2AY_HUMAN SMCA5_HUMAN 
MCM7_HUMAN 1433Z_HUMAN DOCK8_HUMAN  KU86_HUMAN SK2L2_HUMAN HNRPF_HUMAN 
MMTA2_HUMAN ILF3_HUMAN CHD4_HUMAN  EIF3D_HUMAN ACL6A_HUMAN PDIP3_HUMAN 
RS5_HUMAN RL8_HUMAN RN213_HUMAN  NOG1_HUMAN CDC5L_HUMAN THOC1_HUMAN 
RM48_HUMAN BC11B_HUMAN SF3B1_HUMAN  COPA_HUMAN SMRC1_HUMAN CBX3_HUMAN 
EIF3I_HUMAN U520_HUMAN BUB3_HUMAN  RL1D1_HUMAN DDX50_HUMAN SF3A1_HUMAN 
PRDX1_HUMAN TCPH_HUMAN NXF3_HUMAN  ACINU_HUMAN 1433T_HUMAN BC11B_HUMAN 
HNRPR_HUMAN MPCP_HUMAN   CAPR1_HUMAN GCP3_HUMAN RL27_HUMAN 
WBP11_HUMAN CNOT1_HUMAN   CPSF1_HUMAN NOP56_HUMAN RALY_HUMAN 
RL35_HUMAN MTA2_HUMAN   EIF3F_HUMAN ATD3A_HUMAN HDAC2_HUMAN 
RL4_HUMAN URP2_HUMAN   PP1A_HUMAN ENPL_HUMAN EWS_HUMAN 
CAZA1_HUMAN TIM44_HUMAN   RL13A_HUMAN RS20_HUMAN HDAC1_HUMAN 
DYHC1_HUMAN LDHB_HUMAN   RUVB1_HUMAN H2A1A_HUMAN TFR1_HUMAN 
DIDO1_HUMAN GCP3_HUMAN   KIF22_HUMAN HNRPR_HUMAN PCM1_HUMAN 
CLP1_HUMAN RBM39_HUMAN   RS9_HUMAN RL15_HUMAN ZN638_HUMAN 
OSBL5_HUMAN RL5_HUMAN   P80C_HUMAN K1C13_HUMAN SK2L2_HUMAN 
KRIT1_HUMAN SSRP1_HUMAN   UBF1_HUMAN SNW1_HUMAN ATPA_HUMAN 
PEBB_HUMAN TCPZ_HUMAN   CG050_HUMAN PROF1_HUMAN CSTF3_HUMAN 
ELAV1_HUMAN SYQ_HUMAN   TPR_HUMAN PININ_HUMAN DDX23_HUMAN 
RM46_HUMAN EDC4_HUMAN   DDX47_HUMAN DDX23_HUMAN RL10_HUMAN 
SVIL_HUMAN CNO6L_HUMAN   TR150_HUMAN CARF_HUMAN ATD3A_HUMAN 
NFM_HUMAN EIF3F_HUMAN   ROA3_HUMAN RFC2_HUMAN ML12B_HUMAN 
MTMR5_HUMAN NUCL_HUMAN   RL22_HUMAN REQU_HUMAN RUNX1_HUMAN 
EIF3B_HUMAN NDUA4_HUMAN   GLYR1_HUMAN SAFB1_HUMAN ZC11A_HUMAN 
CQ085_HUMAN LAP2A_HUMAN   RS2_HUMAN PEBB_HUMAN RBBP4_HUMAN 
ROA1_HUMAN EIF3D_HUMAN   ACTC_HUMAN RL14_HUMAN RL15_HUMAN 
SAFB1_HUMAN NSUN2_HUMAN   PP1B_HUMAN HIRA_HUMAN C1QBP_HUMAN 
ATPA_HUMAN CNOT2_HUMAN   PRKDC_HUMAN CSTF3_HUMAN UHRF1_HUMAN 
RSMB_HUMAN 2ABA_HUMAN   STAU1_HUMAN RL7A_HUMAN H1X_HUMAN 
RS26_HUMAN SHKB1_HUMAN   HP1B3_HUMAN RS18_HUMAN SAFB1_HUMAN 
UIF_HUMAN TCPB_HUMAN   EIF3C_HUMAN MRE11_HUMAN KHDR1_HUMAN 
CHD1_HUMAN AP1M1_HUMAN   LYAR_HUMAN TADBP_HUMAN RS20_HUMAN 
1433T_HUMAN RL3_HUMAN   ELAV1_HUMAN MATR3_HUMAN BUB3_HUMAN 
RS17_HUMAN RS14_HUMAN   RBM10_HUMAN PCM1_HUMAN RU17_HUMAN 
DHX30_HUMAN RL10_HUMAN   TPX2_HUMAN THOC1_HUMAN RLA1_HUMAN 
NIPS1_HUMAN ACLY_HUMAN   HNRPL_HUMAN UBIQ_HUMAN PARP1_HUMAN 
NIPS2_HUMAN ADT2_HUMAN   SNUT2_HUMAN ZN828_HUMAN SFRS6_HUMAN 
CU070_HUMAN SMC4_HUMAN   SSRP1_HUMAN ZC11A_HUMAN RS12_HUMAN 
RL31_HUMAN COF1_HUMAN   RS15A_HUMAN ML12B_HUMAN RL14_HUMAN 
EWS_HUMAN ATPO_HUMAN   IF16_HUMAN TFR1_HUMAN RFA1_HUMAN 
SAFB2_HUMAN RCN1_HUMAN   NUMA1_HUMAN RL11_HUMAN RL24_HUMAN 
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2ABA_HUMAN PHB2_HUMAN   SRPK1_HUMAN RBM25_HUMAN ADT2_HUMAN 
MPCP_HUMAN SF3B1_HUMAN   RL32_HUMAN CAPR1_HUMAN THOC2_HUMAN 
DIMT1_HUMAN RGPA2_HUMAN   H2A1J_HUMAN YBOX1_HUMAN SNW1_HUMAN 
U5S1_HUMAN RCD1_HUMAN   PININ_HUMAN K2C4_HUMAN NOLC1_HUMAN 
CDK12_HUMAN ANM1_HUMAN   PCBP1_HUMAN DOCK2_HUMAN RS6_HUMAN 
RL30_HUMAN PDLI2_HUMAN   HNRPG_HUMAN RL17_HUMAN PCBP2_HUMAN 
RM50_HUMAN PSMD3_HUMAN   HNRPC_HUMAN RU2A_HUMAN RL23A_HUMAN 
RL38_HUMAN SERPH_HUMAN   H2B1N_HUMAN PR40A_HUMAN RFC4_HUMAN 
RL23_HUMAN RALY_HUMAN   SF3A3_HUMAN ARHG2_HUMAN HCFC1_HUMAN 
AIFM1_HUMAN PCBP1_HUMAN   PCF11_HUMAN H33_HUMAN RL21_HUMAN 
EPN4_HUMAN GNAT1_HUMAN   SMCA5_HUMAN SF3A3_HUMAN CARF_HUMAN 
PRKRA_HUMAN ROA2_HUMAN   DDX1_HUMAN NUMA1_HUMAN H2A1A_HUMAN 
SNF5_HUMAN RS11_HUMAN   HNRPF_HUMAN ADNP_HUMAN RL36_HUMAN 
SSBP2_HUMAN IF4A1_HUMAN   PDIP3_HUMAN DNJC9_HUMAN ARI1A_HUMAN 
CNN2_HUMAN EHMT2_HUMAN   THOC1_HUMAN NKX25_HUMAN DSRAD_HUMAN 
STAU2_HUMAN IDHP_HUMAN   CBX3_HUMAN ELAV1_HUMAN RL27A_HUMAN 
CALU_HUMAN HSP74_HUMAN   SF3A1_HUMAN TFCP2_HUMAN RL19_HUMAN 
ZC3H4_HUMAN 6PGD_HUMAN   RL23_HUMAN MPCP_HUMAN IKZF1_HUMAN 
GTSE1_HUMAN NP1L1_HUMAN   PP1G_HUMAN CDC73_HUMAN KIF2A_HUMAN 
TITIN_HUMAN ATPG_HUMAN   ESF1_HUMAN YMEL1_HUMAN NCBP1_HUMAN 
K6PL_HUMAN P66B_HUMAN   BC11B_HUMAN CRNN_HUMAN SMRD2_HUMAN 
GBLP_HUMAN UBR4_HUMAN   EIF3B_HUMAN RL10A_HUMAN DNJC9_HUMAN 
SHKB1_HUMAN CAND1_HUMAN   RL27_HUMAN RUVB1_HUMAN PM14_HUMAN 
ZC3HD_HUMAN RA1L3_HUMAN   CD2AP_HUMAN RL19_HUMAN SMRD1_HUMAN 
ZCHC8_HUMAN UAP56_HUMAN   RA1L3_HUMAN PHB2_HUMAN CHD1_HUMAN 
H1X_HUMAN COX2_HUMAN   RALY_HUMAN RL36_HUMAN SFRS9_HUMAN 
PCY1A_HUMAN KDM3B_HUMAN   CN166_HUMAN TRA2B_HUMAN SMD2_HUMAN 
MRT4_HUMAN PHF14_HUMAN   HDAC2_HUMAN RSMB_HUMAN SAFB2_HUMAN 
TRA2A_HUMAN CAN1_HUMAN   DDX42_HUMAN UBF1_HUMAN NKX25_HUMAN 
PABP2_HUMAN MCM4_HUMAN   EWS_HUMAN FIP1_HUMAN SPF27_HUMAN 
RT29_HUMAN PURA_HUMAN   HDAC1_HUMAN PRP19_HUMAN HSP71_HUMAN 
AT1A3_HUMAN PRP8_HUMAN   LAR4B_HUMAN CRNL1_HUMAN P66B_HUMAN 
PCM1_HUMAN SYSC_HUMAN   ZFR_HUMAN ISY1_HUMAN SFRS7_HUMAN 
HS90A_HUMAN CISY_HUMAN   TFR1_HUMAN ZMYM4_HUMAN ZC3HE_HUMAN 
SRP09_HUMAN SYEP_HUMAN   PCM1_HUMAN RFC4_HUMAN IF4A1_HUMAN 
EIF3D_HUMAN MYOM3_HUMAN   ZN638_HUMAN HP1B3_HUMAN PGAM5_HUMAN 
SK2L2_HUMAN HIRA_HUMAN   SK2L2_HUMAN AINX_HUMAN PUF60_HUMAN 
CAN1_HUMAN COPZ1_HUMAN   YLPM1_HUMAN RUXG_HUMAN SF13A_HUMAN 
MCM6_HUMAN RENT1_HUMAN   NCOA5_HUMAN SF3B4_HUMAN H2AV_HUMAN 
COPA_HUMAN SAMD9_HUMAN   ATPA_HUMAN RL27A_HUMAN RL8_HUMAN 
PCBP2_HUMAN RL22_HUMAN   CSTF3_HUMAN FBRL_HUMAN SMRC2_HUMAN 
PSDE_HUMAN FPPS_HUMAN   DDX23_HUMAN RFC3_HUMAN RED_HUMAN 
ANM1_HUMAN NDUC1_HUMAN   RL10_HUMAN KCRB_HUMAN ACL6A_HUMAN 
RM19_HUMAN ADT3_HUMAN   ATD3A_HUMAN RS16_HUMAN TADBP_HUMAN 
R39L5_HUMAN SYYC_HUMAN   ML12B_HUMAN RS9_HUMAN EXOSX_HUMAN 
KCMF1_HUMAN ARPC4_HUMAN   RUNX1_HUMAN KIF2A_HUMAN SMRC1_HUMAN 
ERH_HUMAN GCN1L_HUMAN   HNRL1_HUMAN CAZA1_HUMAN KIF14_HUMAN 
SRPK1_HUMAN SUZ12_HUMAN   PHF3_HUMAN CALL5_HUMAN RBM25_HUMAN 
KIF14_HUMAN CF174_HUMAN   ZC11A_HUMAN LSM2_HUMAN TRA2B_HUMAN 
RS24_HUMAN MEP50_HUMAN   GNAI2_HUMAN EWS_HUMAN SMD1_HUMAN 
RRAGC_HUMAN RS28_HUMAN   SRP68_HUMAN IF4A1_HUMAN RAD50_HUMAN 
SET_HUMAN SYRC_HUMAN   RBBP4_HUMAN SAFB2_HUMAN THOC6_HUMAN 
HNRH3_HUMAN RAN_HUMAN   RL15_HUMAN UN84B_HUMAN LC7L2_HUMAN 
MED4_HUMAN RS19_HUMAN   PRP4B_HUMAN TR150_HUMAN NH2L1_HUMAN 
CRNL1_HUMAN WDR1_HUMAN   IF4G3_HUMAN MBB1A_HUMAN RUVB2_HUMAN 
FRG1_HUMAN FAS_HUMAN   C1QBP_HUMAN XRN2_HUMAN CAZA1_HUMAN 
NSUN2_HUMAN SLAI2_HUMAN   NU133_HUMAN PGK1_HUMAN BAZ1A_HUMAN 
HNRL1_HUMAN GFOD1_HUMAN   UHRF1_HUMAN SAHH_HUMAN TRA2A_HUMAN 
RL21_HUMAN RSMB_HUMAN   H1X_HUMAN ILF3_HUMAN SFRS3_HUMAN 
HP1B3_HUMAN PDIP3_HUMAN   SAFB1_HUMAN PP1A_HUMAN HNRL2_HUMAN 
NUMA1_HUMAN AT1A3_HUMAN   LCK_HUMAN DPM1_HUMAN PEBB_HUMAN 
ABLM3_HUMAN STAT4_HUMAN   CPSF3_HUMAN PRDX1_HUMAN RPN1_HUMAN 
ARHG2_HUMAN GSTP1_HUMAN   RS7_HUMAN KDM1_HUMAN RL11_HUMAN 
RFC3_HUMAN NAT10_HUMAN   PAIRB_HUMAN FXR1_HUMAN IMA2_HUMAN 
MCM2_HUMAN GMDS_HUMAN   KHDR1_HUMAN RL8_HUMAN MGN_HUMAN 
K1522_HUMAN OSR1_HUMAN   RS20_HUMAN CHRC1_HUMAN ABCD3_HUMAN 
ABLM1_HUMAN BAZ1A_HUMAN   BUB3_HUMAN SF3A1_HUMAN DPM1_HUMAN 
UTP18_HUMAN TRP13_HUMAN   RU17_HUMAN SMC1A_HUMAN SMHD1_HUMAN 
RL36_HUMAN GCP6_HUMAN   RLA1_HUMAN WDR5_HUMAN MPCP_HUMAN 
CYFP1_HUMAN RL29_HUMAN   PARP1_HUMAN RCOR1_HUMAN TFCP2_HUMAN 
TRY2_HUMAN RPB2_HUMAN   SFRS6_HUMAN SMD2_HUMAN CNOT1_HUMAN 
HDAC1_HUMAN ACOD_HUMAN   RS12_HUMAN SFRS9_HUMAN NONO_HUMAN 
PDLI2_HUMAN SMD3_HUMAN   HNRH2_HUMAN RAD50_HUMAN UBIQ_HUMAN 
RHG25_HUMAN KCTD5_HUMAN   RL14_HUMAN RFA1_HUMAN CTF18_HUMAN 
COR1B_HUMAN BACH_HUMAN   RFA1_HUMAN PM14_HUMAN H33_HUMAN 
VIR_HUMAN SYTC_HUMAN   RL24_HUMAN CDK13_HUMAN ZCH18_HUMAN 
DCAF7_HUMAN EIF3L_HUMAN   WBP11_HUMAN SUZ12_HUMAN RFC2_HUMAN 
PCNA_HUMAN SYFA_HUMAN   STAU2_HUMAN HDGR2_HUMAN RL35A_HUMAN 
RS28_HUMAN NOX5_HUMAN   ATX2L_HUMAN RFC5_HUMAN EXOS5_HUMAN 
RT22_HUMAN GMEB1_HUMAN   SNR40_HUMAN RAN_HUMAN DOCK2_HUMAN 
TP53B_HUMAN KIF22_HUMAN   ADT2_HUMAN UAP56_HUMAN ZN828_HUMAN 
UBS3B_HUMAN PLEC1_HUMAN   RBP56_HUMAN H1X_HUMAN PB1_HUMAN 
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COX2_HUMAN COPD_HUMAN   VIR_HUMAN PLST_HUMAN POGZ_HUMAN 
SN12L_HUMAN AIFM1_HUMAN   THOC2_HUMAN LSM8_HUMAN PHB2_HUMAN 
SMD1_HUMAN SPNS1_HUMAN   HELC1_HUMAN NOP58_HUMAN SATB1_HUMAN 
ROA2_HUMAN PPIA_HUMAN   ELYS_HUMAN RL29_HUMAN EXOS6_HUMAN 
YTDC1_HUMAN CHRC1_HUMAN   SNW1_HUMAN PGAM5_HUMAN CDC73_HUMAN 
DDX42_HUMAN SET_HUMAN   TRAP1_HUMAN PHF14_HUMAN P66A_HUMAN 
SYFA_HUMAN SSBP2_HUMAN   NOLC1_HUMAN TPIS_HUMAN HLTF_HUMAN 
RS11_HUMAN AEBP2_HUMAN   RSMN_HUMAN RL3_HUMAN ABCF1_HUMAN 
IMA3_HUMAN CNN2_HUMAN   RS6_HUMAN ZMYM2_HUMAN SNF5_HUMAN 
THIO_HUMAN ROA1_HUMAN   NUP54_HUMAN TIM44_HUMAN SF3B4_HUMAN 
XRN2_HUMAN PR40A_HUMAN   PCBP2_HUMAN NONO_HUMAN HNRDL_HUMAN 
SRRM2_HUMAN FCGRN_HUMAN   U2AF2_HUMAN LC7L2_HUMAN PSIP1_HUMAN 
SFRS7_HUMAN PLXB3_HUMAN   RL23A_HUMAN DPY30_HUMAN SMC1A_HUMAN 
KHDR1_HUMAN MYL6_HUMAN   LYRIC_HUMAN RL22_HUMAN MSH6_HUMAN 
FXL18_HUMAN MYL10_HUMAN   RRP1B_HUMAN NAT10_HUMAN RFC3_HUMAN 
NDUA4_HUMAN C170L_HUMAN   RFC4_HUMAN LEG9_HUMAN CD2B2_HUMAN 
NOP2_HUMAN PA2G4_HUMAN   NU153_HUMAN CHD1_HUMAN TSR1_HUMAN 
BIG2_HUMAN R39L5_HUMAN   HCFC1_HUMAN RL23A_HUMAN XRN1_HUMAN 
CAPZB_HUMAN RS20_HUMAN   TOE1_HUMAN IMB1_HUMAN VPS35_HUMAN 
QN1_HUMAN HELC1_HUMAN   RS24_HUMAN EIF3A_HUMAN EXOS9_HUMAN 
EP400_HUMAN RL10A_HUMAN   HSP76_HUMAN SMHD1_HUMAN PELP1_HUMAN 
RL3_HUMAN DHX30_HUMAN   ZC3H4_HUMAN EIF3H_HUMAN RFC5_HUMAN 
MED1_HUMAN PTHB1_HUMAN   UBP10_HUMAN SF3B2_HUMAN 1433T_HUMAN 
TRA2B_HUMAN IPO7_HUMAN   SRP72_HUMAN EXOS9_HUMAN EIF3H_HUMAN 
CARF_HUMAN DDX42_HUMAN   RL21_HUMAN TCF20_HUMAN AINX_HUMAN 
ZO1_HUMAN AIMP2_HUMAN   CARF_HUMAN ALDOA_HUMAN COPB_HUMAN 
ESF1_HUMAN MAGI2_HUMAN   H2A1A_HUMAN ZCCHV_HUMAN PRDX1_HUMAN 
ROA0_HUMAN FTSJ1_HUMAN   ARFG3_HUMAN TCPG_HUMAN SEC13_HUMAN 
RT33_HUMAN ZN274_HUMAN   SPF45_HUMAN TBL1R_HUMAN MBD3_HUMAN 
DOCK8_HUMAN NXF3_HUMAN   RL36_HUMAN TMM33_HUMAN TCF7_HUMAN 
CHD4_HUMAN    DECR_HUMAN SMAL1_HUMAN ZN207_HUMAN 
TRIPB_HUMAN    ADT3_HUMAN EXOSX_HUMAN SP16H_HUMAN 
OTOF_HUMAN    ARI1A_HUMAN AP2A1_HUMAN H2AY_HUMAN 
CL073_HUMAN    DSRAD_HUMAN HNRDL_HUMAN DNJA3_HUMAN 
CPT1A_HUMAN    PRP4_HUMAN RCN2_HUMAN PHF14_HUMAN 
MTMRC_HUMAN    CPSF5_HUMAN MSH6_HUMAN TMM33_HUMAN 
CDC5L_HUMAN    CHD7_HUMAN THOC6_HUMAN TIM44_HUMAN 
SHPRH_HUMAN    RBP2_HUMAN SC22B_HUMAN RL29_HUMAN 
NO66_HUMAN    RL27A_HUMAN CD2B2_HUMAN CPT1A_HUMAN 
RH10L_HUMAN    RL19_HUMAN NOLC1_HUMAN UAP56_HUMAN 
PPME1_HUMAN    IF6_HUMAN SFRS6_HUMAN TCOF_HUMAN 
MINT_HUMAN    FL2D_HUMAN R13AX_HUMAN SSBP2_HUMAN 
UH1BL_HUMAN    NU214_HUMAN GNAT1_HUMAN RCOR1_HUMAN 
RBM27_HUMAN    ROA0_HUMAN UBP2L_HUMAN KI20B_HUMAN 
NDUB4_HUMAN    THOC4_HUMAN EDC4_HUMAN EFTU_HUMAN 
SOS1_HUMAN    E2AK2_HUMAN PDLI2_HUMAN WDR5_HUMAN 
MTMR1_HUMAN    RBM5_HUMAN SMRD2_HUMAN MED1_HUMAN 
MOV10_HUMAN    IKZF1_HUMAN SEC13_HUMAN LEO1_HUMAN 
AP1G1_HUMAN    KIF2A_HUMAN CD11A_HUMAN SLIRP_HUMAN 
ECT2L_HUMAN    TOX4_HUMAN ATPA_HUMAN LAS1L_HUMAN 
RN213_HUMAN    NCBP1_HUMAN SFRS3_HUMAN LS14B_HUMAN 
PHLA1_HUMAN    DIMT1_HUMAN BACH_HUMAN SC61B_HUMAN 
KI21B_HUMAN    DDX52_HUMAN SNF5_HUMAN GRWD1_HUMAN 
MED12_HUMAN    SMRD2_HUMAN RL27_HUMAN YMEL1_HUMAN 
OPA1L_HUMAN    DNJC9_HUMAN TOIP1_HUMAN LEG9_HUMAN 
ATP5I_HUMAN    ZCHC3_HUMAN HNRL2_HUMAN PHF5A_HUMAN 
ATF6B_HUMAN    PM14_HUMAN SPB3_HUMAN SMCE1_HUMAN 
SF3B1_HUMAN    SMRD1_HUMAN PSIP1_HUMAN SLBP_HUMAN 
MA13P_HUMAN    CHD1_HUMAN CABIN_HUMAN RAN_HUMAN 
DJC15_HUMAN    SFRS9_HUMAN RL24_HUMAN REQU_HUMAN 
BUB3_HUMAN    SMD2_HUMAN LEO1_HUMAN R39L5_HUMAN 
ATRN_HUMAN    PRPF3_HUMAN DHX30_HUMAN RUXG_HUMAN 
FGGY_HUMAN    SAFB2_HUMAN AZI1_HUMAN IKZF2_HUMAN 
FBSP1_HUMAN    NHP2_HUMAN SC61B_HUMAN AQR_HUMAN 
INADL_HUMAN    ARPC4_HUMAN KIF14_HUMAN SIN3A_HUMAN 
PYR1_HUMAN    NKX25_HUMAN R39L5_HUMAN LSM2_HUMAN 
COR2A_HUMAN    SPF27_HUMAN CLPX_HUMAN ADNP_HUMAN 
NXF3_HUMAN    HSP71_HUMAN EXTL2_HUMAN KDM1_HUMAN 
ACOC_HUMAN    P66B_HUMAN THOC2_HUMAN CHRC1_HUMAN 
    SFRS7_HUMAN EXOS5_HUMAN ZMYM2_HUMAN 
    BAT2_HUMAN PCBP1_HUMAN LSM3_HUMAN 
    GAR1_HUMAN DSRAD_HUMAN RAE1L_HUMAN 
    CQ085_HUMAN RS6_HUMAN IMB1_HUMAN 
    NUSAP_HUMAN SMCE1_HUMAN MBD2_HUMAN 
    ZC3HE_HUMAN NCBP1_HUMAN GCP2_HUMAN 
    IF4A1_HUMAN PDIP3_HUMAN PROF1_HUMAN 
    HCD2_HUMAN ANM1_HUMAN HM20A_HUMAN 
    PGAM5_HUMAN CLUS_HUMAN COX2_HUMAN 
    PAF1_HUMAN RBM10_HUMAN TOIP1_HUMAN 
    PUF60_HUMAN KHDR1_HUMAN LR16C_HUMAN 
    SF13A_HUMAN DHX9_HUMAN EF2_HUMAN 
    DHX8_HUMAN GSTO1_HUMAN RCN2_HUMAN 



227 
 

    H2AV_HUMAN TCOF_HUMAN  
    MMTA2_HUMAN UBN1_HUMAN  
    RL8_HUMAN GCP2_HUMAN  
    SMRC2_HUMAN LSM3_HUMAN  
    RCC2_HUMAN MGN_HUMAN  
    RED_HUMAN GSTP1_HUMAN  
    RS27_HUMAN ZCH18_HUMAN  
    ACL6A_HUMAN RNZ2_HUMAN  
    FRG1_HUMAN PB1_HUMAN  
    TADBP_HUMAN SSBP2_HUMAN  
    SRP14_HUMAN IF4G1_HUMAN  
    FXR2_HUMAN RED_HUMAN  
    EXOSX_HUMAN NH2L1_HUMAN  
    EIF3I_HUMAN ZN592_HUMAN  
    PRP31_HUMAN SIN3A_HUMAN  
    MTMR5_HUMAN CNOT3_HUMAN  
    SYF1_HUMAN ABCD3_HUMAN  
    SMRC1_HUMAN DNJA3_HUMAN  
    KIF14_HUMAN CPT1A_HUMAN  
    GPTC4_HUMAN PCBP2_HUMAN  
    RBM25_HUMAN GCP6_HUMAN  
    BLM_HUMAN SF13A_HUMAN  
    TRA2B_HUMAN RL35A_HUMAN  
    RL18A_HUMAN KV305_HUMAN  
    RS5_HUMAN TCPD_HUMAN  
    SMD1_HUMAN C1QBP_HUMAN  
    RAD50_HUMAN RLA1_HUMAN  
    NUP50_HUMAN BOLA2_HUMAN  
    THOC6_HUMAN BAZ1B_HUMAN  
    LC7L2_HUMAN ZN207_HUMAN  
    NH2L1_HUMAN TSR1_HUMAN  
    RL35_HUMAN XPC_HUMAN  
    SFRS4_HUMAN SLIRP_HUMAN  
    RUVB2_HUMAN TCF7_HUMAN  
    IMA1_HUMAN PHF5A_HUMAN  
    UTP18_HUMAN TRA2A_HUMAN  
    PDS5A_HUMAN CNO6L_HUMAN  
    CHD6_HUMAN F128A_HUMAN  
    CAZA1_HUMAN MA7D3_HUMAN  
    SMU1_HUMAN LR16C_HUMAN  
    RL26L_HUMAN RCN1_HUMAN  
    CAPZB_HUMAN RPN1_HUMAN  
    RPB1_HUMAN ZN638_HUMAN  
    BUD13_HUMAN RAE1L_HUMAN  
    BAZ1A_HUMAN SMRD1_HUMAN  
    TRA2A_HUMAN COF1_HUMAN  
    CTR9_HUMAN VPS35_HUMAN  
    RGAP1_HUMAN CNOT2_HUMAN  
    SFRS3_HUMAN ZC3HE_HUMAN  
    ARPC3_HUMAN PI4KA_HUMAN  
    HNRL2_HUMAN TCPQ_HUMAN  
    PEBB_HUMAN IMA2_HUMAN  
    MED10_HUMAN RL21_HUMAN  
    RPN1_HUMAN TF3C3_HUMAN  
    CL043_HUMAN CTF18_HUMAN  
    DCP1A_HUMAN MBD3_HUMAN  
    RL22L_HUMAN MYO1G_HUMAN  
    DHX36_HUMAN SFRS7_HUMAN  
    LARP4_HUMAN LG3BP_HUMAN  
    NO66_HUMAN IYD1_HUMAN  
    TPM4_HUMAN DESP_HUMAN  
    LBR_HUMAN PELP1_HUMAN  
    RL11_HUMAN STRAP_HUMAN  
    IMA2_HUMAN MBD2_HUMAN  
    TEX10_HUMAN HM20A_HUMAN  
    MED4_HUMAN NOP2_HUMAN  
    PQBP1_HUMAN RS12_HUMAN  
    SYFA_HUMAN RU17_HUMAN  
    MGN_HUMAN SMD1_HUMAN  
    DKC1_HUMAN AQR_HUMAN  
    ABCD3_HUMAN DDX6_HUMAN  
    DOCK8_HUMAN MTF2_HUMAN  
    DPM1_HUMAN TCPA_HUMAN  
    SMHD1_HUMAN DPOE3_HUMAN  
    ARP3_HUMAN FPPS_HUMAN  
    RRBP1_HUMAN ESYT1_HUMAN  
    NUP53_HUMAN COX2_HUMAN  
    CENPF_HUMAN LS14B_HUMAN  
    TAF10_HUMAN GRWD1_HUMAN  
    MTA3_HUMAN CPSF1_HUMAN  
    FNBP4_HUMAN SPF27_HUMAN  
    MPCP_HUMAN SFRS1_HUMAN  



228 
 

    FMR1_HUMAN SCML2_HUMAN  
    TFCP2_HUMAN ABCF1_HUMAN  
    ABT1_HUMAN XRN1_HUMAN  
    CNOT1_HUMAN MED1_HUMAN  
    NONO_HUMAN HMMR_HUMAN  
    SFRS2_HUMAN RL30_HUMAN  
    SAMD9_HUMAN SLBP_HUMAN  
    IMA3_HUMAN RS15A_HUMAN  
    UBIQ_HUMAN RL10_HUMAN  
    RB15B_HUMAN PUF60_HUMAN  
    IF2B3_HUMAN EXOS6_HUMAN  
    NOL6_HUMAN CHERP_HUMAN  
    SRRM1_HUMAN TCPZ_HUMAN  
    RM11_HUMAN LAS1L_HUMAN  
    NUP62_HUMAN FHR5_HUMAN  
    CTF18_HUMAN UCHL1_HUMAN  
    GNL3_HUMAN   
    RM12_HUMAN   
    RNPS1_HUMAN   
    RPR1B_HUMAN   
    ZC3HD_HUMAN   
    H33_HUMAN   
    CALM_HUMAN   
    LARP1_HUMAN   
    TAF9_HUMAN   
    ZCH18_HUMAN   
    CDC2_HUMAN   
    PR38B_HUMAN   
    RFC2_HUMAN   
    RL35A_HUMAN   
    EXOS5_HUMAN   
    RBM15_HUMAN   
    PO210_HUMAN   
    RS27L_HUMAN   
    PWP2_HUMAN   
    CDK12_HUMAN   
    SRRT_HUMAN   
    DOCK2_HUMAN   
    ZN828_HUMAN   
    PURA_HUMAN   
    EXOS2_HUMAN   
    KIF23_HUMAN   
    KRR1_HUMAN   
    RBM4_HUMAN   
    RBM27_HUMAN   
    PB1_HUMAN   
    POGZ_HUMAN   
    RSBNL_HUMAN   
    PHB2_HUMAN   
    SATB1_HUMAN   
    STRBP_HUMAN   
    AR6P4_HUMAN   
    EXOS6_HUMAN   
    CDC73_HUMAN   
    FA98A_HUMAN   
    SRP09_HUMAN   
    ARPC5_HUMAN   
    IF2P_HUMAN   
    NU155_HUMAN   
    PERI_HUMAN   
    NDUS3_HUMAN   
    EIF3G_HUMAN   
    GNAI3_HUMAN   
    P66A_HUMAN   
    CP088_HUMAN   
    EMD_HUMAN   
    SC23B_HUMAN   
    AATF_HUMAN   
    WDR33_HUMAN   
    HLTF_HUMAN   
    ABCF1_HUMAN   
    DDX41_HUMAN   
    SNF5_HUMAN   
    ABCF2_HUMAN   
    SF3B4_HUMAN   
    HNRDL_HUMAN   
    UBP7_HUMAN   
    CA077_HUMAN   
    CEP55_HUMAN   
    MRT4_HUMAN   
    NU107_HUMAN   
    B3GT6_HUMAN   



229 
 

    IF4E_HUMAN   
    CP080_HUMAN   
    HNRH3_HUMAN   
    PIHD1_HUMAN   
    SH21A_HUMAN   
    STAG2_HUMAN   
    PSIP1_HUMAN   
    RAD18_HUMAN   
    CSTFT_HUMAN   
    SMC1A_HUMAN   
    PCNA_HUMAN   
    RBM8A_HUMAN   
    MSH6_HUMAN   
    NPA1P_HUMAN   
    WDR82_HUMAN   
    CS043_HUMAN   
    SDC10_HUMAN   
    AP2B1_HUMAN   
    RFC3_HUMAN   
    EIF3K_HUMAN   
    SON_HUMAN   
    ZN281_HUMAN   
    ALKB5_HUMAN   
    MYPT1_HUMAN   
    PRC1_HUMAN   
    PFD2_HUMAN   
    DREB_HUMAN   
    PARP2_HUMAN   
    ARP5L_HUMAN   
    CD2B2_HUMAN   
    SFRS5_HUMAN   
    DRG1_HUMAN   
    EIF3M_HUMAN   
    PLK1_HUMAN   
    MED17_HUMAN   
    RRMJ3_HUMAN   
    DDX55_HUMAN   
    TSR1_HUMAN   
    YTHD2_HUMAN   
    XRN1_HUMAN   
    VPS35_HUMAN   
    CV028_HUMAN   
    ZC3H1_HUMAN   
    EXOS9_HUMAN   
    DJC13_HUMAN   
    PABP2_HUMAN   
    CPSF2_HUMAN   
    EIF3E_HUMAN   
    PELP1_HUMAN   
    CCNK_HUMAN   
    NUP93_HUMAN   
    ITM2A_HUMAN   
    SPF30_HUMAN   
    SENP3_HUMAN   
    CH033_HUMAN   
    PAPD1_HUMAN   
    PP1RA_HUMAN   
    RUXF_HUMAN   
    TIF1B_HUMAN   
    BRD7_HUMAN   
    ARC1B_HUMAN   
    ARFG2_HUMAN   
    CDCA2_HUMAN   
    TOP3A_HUMAN   
    CBX5_HUMAN   
    TAF6_HUMAN   
    OGT1_HUMAN   
    RCD1_HUMAN   
    RFC5_HUMAN   
    1433T_HUMAN   
    EIF3H_HUMAN   
    BAG2_HUMAN   
    TFB1M_HUMAN   
    AINX_HUMAN   
    CPSF6_HUMAN   
    ASH2L_HUMAN   
    TBL2_HUMAN   
    COPB_HUMAN   
    RAGP1_HUMAN   
    DICER_HUMAN   
    ANM5_HUMAN   
    CE170_HUMAN   



230 
 

    NCOR1_HUMAN   
    KRI1_HUMAN   
    CEBPZ_HUMAN   
    ZN326_HUMAN   
    PRDX1_HUMAN   
    MA7D1_HUMAN   
    GLD2_HUMAN   
    ANR17_HUMAN   
    SEC13_HUMAN   
    SF01_HUMAN   
    HELZ_HUMAN   
    MBD3_HUMAN   
    ROD1_HUMAN   
    MED30_HUMAN   
    TCF7_HUMAN   
    EXOS7_HUMAN   
    COPB2_HUMAN   
    ZN207_HUMAN   
    RBM6_HUMAN   
    CN021_HUMAN   
    NCBP2_HUMAN   
    COPD_HUMAN   
    SP16H_HUMAN   
    KI18A_HUMAN   
    ARL4C_HUMAN   
    TFAM_HUMAN   
    RRP8_HUMAN   
    ARPC2_HUMAN   
    H2AY_HUMAN   
    FUBP3_HUMAN   
    DNJA3_HUMAN   
    PHF14_HUMAN   
    AIM1_HUMAN   
    TM209_HUMAN   
    CS029_HUMAN   
    VAV_HUMAN   
    BCLF1_HUMAN   
    HAX1_HUMAN   
    MSH2_HUMAN   
    TRI26_HUMAN   
    DHX16_HUMAN   
    LSM12_HUMAN   
    PFD6_HUMAN   
    RENT2_HUMAN   
    TMM33_HUMAN   
    TIM44_HUMAN   
    ATAD5_HUMAN   
    RL29_HUMAN   
    MK67I_HUMAN   
    LRC59_HUMAN   
    NGDN_HUMAN   
    PPIL3_HUMAN   
    UXT_HUMAN   
    AIFM1_HUMAN   
    GLE1_HUMAN   
    PDIA6_HUMAN   
    CPT1A_HUMAN   
    PHTNS_HUMAN   
    SPC24_HUMAN   
    DDX24_HUMAN   
    LRRC1_HUMAN   
    NIPS2_HUMAN   
    TTF1_HUMAN   
    SC24B_HUMAN   
    SFR11_HUMAN   
    MED12_HUMAN   
    KDM3B_HUMAN   
    UBAP2_HUMAN   
    UAP56_HUMAN   
    TERF2_HUMAN   
    TCOF_HUMAN   
    SSBP2_HUMAN   
    MCM7_HUMAN   
    SRPK2_HUMAN   
    NSMA3_HUMAN   
    RPB4_HUMAN   
    3MG_HUMAN   
    CC124_HUMAN   
    PRAF2_HUMAN   
    RCOR1_HUMAN   
    GMFG_HUMAN   
    KI20B_HUMAN   



231 
 

    TDIF1_HUMAN   
    EXOS4_HUMAN   
    HAUS1_HUMAN   
    PR38A_HUMAN   
    PIAS1_HUMAN   
    SF04_HUMAN   
    CD043_HUMAN   
    THIO_HUMAN   
    COR1A_HUMAN   
    EFTU_HUMAN   
    EAF6_HUMAN   
    CPSF4_HUMAN   
    NOP16_HUMAN   
    WDR5_HUMAN   
    RBBP5_HUMAN   
    MED1_HUMAN   
    MOES_HUMAN   
    XRCC1_HUMAN   
    NIPBL_HUMAN   
    COR1B_HUMAN   
    APC7_HUMAN   
    LEO1_HUMAN   
    SLIRP_HUMAN   
    EDC3_HUMAN   
    MSL1_HUMAN   
    LAS1L_HUMAN   
    RPB2_HUMAN   
    LS14B_HUMAN   
    CAF1B_HUMAN   
    LYRM7_HUMAN   
    FUBP2_HUMAN   
    NELFB_HUMAN   
    CU070_HUMAN   
    SAMD1_HUMAN   
    SPA5L_HUMAN   
    RMI1_HUMAN   
    ETV6_HUMAN   
    NIPS1_HUMAN   
    SIN3B_HUMAN   
    RBM34_HUMAN   
    UT14A_HUMAN   
    SFRS8_HUMAN   
    SC61B_HUMAN   
    THA11_HUMAN   
    NUP98_HUMAN   
    GRWD1_HUMAN   
    YTHD1_HUMAN   
    REN3B_HUMAN   
    THOC3_HUMAN   
    RU2B_HUMAN   
    YMEL1_HUMAN   
    HMGA1_HUMAN   
    RPB9_HUMAN   
    IF4B_HUMAN   
    CQ049_HUMAN   
    CHK1_HUMAN   
    MED27_HUMAN   
    TF3C1_HUMAN   
    TTK_HUMAN   
    OAS3_HUMAN   
    RPAB3_HUMAN   
    STK3_HUMAN   
    CN043_HUMAN   
    PPIG_HUMAN   
    DNJA1_HUMAN   
    PPIL2_HUMAN   
    KTN1_HUMAN   
    RBMS1_HUMAN   
    LEG9_HUMAN   
    RPA34_HUMAN   
    CT117_HUMAN   
    SFRIP_HUMAN   
    LMO7_HUMAN   
    RM53_HUMAN   
    PYR1_HUMAN   
    PLRG1_HUMAN   
    CCD61_HUMAN   
    PATZ1_HUMAN   
    CWC22_HUMAN   
    RM46_HUMAN   
    GCFC_HUMAN   
    SFR12_HUMAN   



232 
 

    EXOS1_HUMAN   
    PKCB1_HUMAN   
    T4AF1_HUMAN   
    DHX40_HUMAN   
    GPKOW_HUMAN   
    NU205_HUMAN   
    PRP17_HUMAN   
    PAWR_HUMAN   
    MPP8_HUMAN   
    PHF5A_HUMAN   
    PAPOG_HUMAN   
    MED20_HUMAN   
    AP2A2_HUMAN   
    NDEL1_HUMAN   
    SMCE1_HUMAN   
    NOC4L_HUMAN   
    TIM13_HUMAN   
    RT16_HUMAN   
    2ABA_HUMAN   
    SLBP_HUMAN   
    NACA_HUMAN   
    RAN_HUMAN   
    CKAP5_HUMAN   
    REQU_HUMAN   
    CS066_HUMAN   
    EDF1_HUMAN   
    EST1A_HUMAN   
    PCID2_HUMAN   
    TAF5_HUMAN   
    HBS1L_HUMAN   
    CENPQ_HUMAN   
    CK059_HUMAN   
    RT28_HUMAN   
    SI1L1_HUMAN   
    BRMS1_HUMAN   
    WRN_HUMAN   
    R39L5_HUMAN   
    RPRD2_HUMAN   
    CT004_HUMAN   
    LMBL3_HUMAN   
    WDR6_HUMAN   
    NDUA4_HUMAN   
    RS29_HUMAN   
    LDB1_HUMAN   
    COPG2_HUMAN   
    SPAS2_HUMAN   
    CX056_HUMAN   
    MED11_HUMAN   
    RL34_HUMAN   
    PEO1_HUMAN   
    SFR14_HUMAN   
    RUXG_HUMAN   
    CND3_HUMAN   
    F120A_HUMAN   
    IKZF2_HUMAN   
    CSK21_HUMAN   
    CYFP2_HUMAN   
    SEH1_HUMAN   
    PPIL1_HUMAN   
    GBB2_HUMAN   
    BRX1_HUMAN   
    K0020_HUMAN   
    RAD21_HUMAN   
    MRM1_HUMAN   
    TITIN_HUMAN   
    AQR_HUMAN   
    TR112_HUMAN   
    SRBD1_HUMAN   
    SLTM_HUMAN   
    SIN3A_HUMAN   
    SSRD_HUMAN   
    TFAP4_HUMAN   
    RM19_HUMAN   
    LSM2_HUMAN   
    PCAT1_HUMAN   
    Z3H7A_HUMAN   
    PRKRA_HUMAN   
    ADNP_HUMAN   
    GTSF1_HUMAN   
    PMF1_HUMAN   
    DDX46_HUMAN   
    KDM1_HUMAN   



233 
 

    RL40_HUMAN   
    LRCH4_HUMAN   
    CHRC1_HUMAN   
    INO80_HUMAN   
    MEP50_HUMAN   
    IWS1_HUMAN   
    CGBP1_HUMAN   
    WDR36_HUMAN   
    RFIP2_HUMAN   
    MYST2_HUMAN   
    ABLM3_HUMAN   
    ELMO1_HUMAN   
    U640_HUMAN   
    NP1L1_HUMAN   
    NSD3_HUMAN   
    TADA1_HUMAN   
    RM03_HUMAN   
    RM40_HUMAN   
    CT043_HUMAN   
    ZGPAT_HUMAN   
    ZMYM2_HUMAN   
    CCD12_HUMAN   
    CNOT7_HUMAN   
    GNL3L_HUMAN   
    RBMX2_HUMAN   
    VAPA_HUMAN   
    PPIH_HUMAN   
    PERQ2_HUMAN   
    THOC7_HUMAN   
    NU160_HUMAN   
    NU188_HUMAN   
    TFPT_HUMAN   
    CSTF1_HUMAN   
    SCC4_HUMAN   
    ECHA_HUMAN   
    RM38_HUMAN   
    LSM3_HUMAN   
    CLP1_HUMAN   
    POP7_HUMAN   
    WDR61_HUMAN   
    NDUAD_HUMAN   
    SF3A2_HUMAN   
    RB12B_HUMAN   
    CTBL1_HUMAN   
    RAE1L_HUMAN   
    MED22_HUMAN   
    MARK2_HUMAN   
    TBL3_HUMAN   
    RPOM_HUMAN   
    NOL7_HUMAN   
    CC019_HUMAN   
    RBM16_HUMAN   
    RM48_HUMAN   
    INT3_HUMAN   
    PLPL6_HUMAN   
    MSI2H_HUMAN   
    CSK_HUMAN   
    EBP2_HUMAN   
    CI114_HUMAN   
    LSM7_HUMAN   
    GPTC1_HUMAN   
    RRP7A_HUMAN   
    UCHL5_HUMAN   
    AAAS_HUMAN   
    CAF1A_HUMAN   
    RM18_HUMAN   
    EMSY_HUMAN   
    RAC2_HUMAN   
    DHX35_HUMAN   
    VDAC2_HUMAN   
    TRPT1_HUMAN   
    PPIA_HUMAN   
    THOC5_HUMAN   
    PUM2_HUMAN   
    BOREA_HUMAN   
    KRIT1_HUMAN   
    NOM1_HUMAN   
    RPAB1_HUMAN   
    GTPB1_HUMAN   
    EIF3J_HUMAN   
    RT27_HUMAN   
    ACTZ_HUMAN   



234 
 

    CO6A1_HUMAN   
    CCNL2_HUMAN   
    CDC23_HUMAN   
    KDM5A_HUMAN   
    RFA3_HUMAN   
    NOL11_HUMAN   
    RT29_HUMAN   
    IMP3_HUMAN   
    PDRG1_HUMAN   
    TE2IP_HUMAN   
    VRK3_HUMAN   
    TIAR_HUMAN   
    4F2_HUMAN   
    RRP15_HUMAN   
    IMB1_HUMAN   
    RPP30_HUMAN   
    PP4C_HUMAN   
    TF2H4_HUMAN   
    SAS10_HUMAN   
    BUD31_HUMAN   
    SMC2_HUMAN   
    DNLI4_HUMAN   
    ENY2_HUMAN   
    MBD2_HUMAN   
    GCP2_HUMAN   
    ABCE1_HUMAN   
    TAF6L_HUMAN   
    NUPL2_HUMAN   
    CD3E_HUMAN   
    DDX28_HUMAN   
    DNJC2_HUMAN   
    PROF1_HUMAN   
    DCAF7_HUMAN   
    HM20A_HUMAN   
    NSUN2_HUMAN   
    TCB_HUMAN   
    MPH6_HUMAN   
    HAKAI_HUMAN   
    KV303_HUMAN   
    TIM14_HUMAN   
    IMA4_HUMAN   
    APC5_HUMAN   
    PFD4_HUMAN   
    SSRG_HUMAN   
    ZCRB1_HUMAN   
    COX2_HUMAN   
    CCNG1_HUMAN   
    TOIP1_HUMAN   
    NIP7_HUMAN   
    TLN2_HUMAN   
    K1267_HUMAN   
    STK6_HUMAN   
    GATD1_HUMAN   
    RT17_HUMAN   
    EP400_HUMAN   
    LR16C_HUMAN   
    TAF13_HUMAN   
    TMOD3_HUMAN   
    NOC3L_HUMAN   
    EF2_HUMAN   
    RP1_HUMAN   
    RT22_HUMAN   
    SAM13_HUMAN   
    OTOAN_HUMAN   
    FGGY_HUMAN   
    DOCK7_HUMAN   
    Z512B_HUMAN   
    RT09_HUMAN   
    MED28_HUMAN   
    MCM6_HUMAN   
    SSRA_HUMAN   
    DNJC1_HUMAN   
    FMNL2_HUMAN   
    AP2M1_HUMAN   
    RCN2_HUMAN   
    VAMP8_HUMAN   
    AKAP8_HUMAN   
    DERL1_HUMAN   
    NOL9_HUMAN   
    GHSR_HUMAN   
    IF4G2_HUMAN   
    CNT3B_HUMAN   



235 
 

    DLRB2_HUMAN   
    RAVR1_HUMAN   
    TRI75_HUMAN   
    RM47_HUMAN   
    F120C_HUMAN   
    RING1_HUMAN   
    FRM4A_HUMAN   
    DAXX_HUMAN   
    MED8_HUMAN   
    RCL1_HUMAN   
    ZN598_HUMAN   
    PURB_HUMAN   
    CO044_HUMAN   
    PTHB1_HUMAN   

 
 


