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Many malignancies of mature B lymphocytes are characterized by 

chromosomal translocations involving the immunoglobulin heavy chain (IGH) 

locus on chromosome 14q32.2, resulting in the deregulation of the translocated 

proto-oncogene. Although t(2;14)(p13;q32.3) is a rare event in B cell 

malignancies, gains and amplifications of chromosome 2p13 have been reported 

in 20% of extranodal B cell non-Hodgkin’s lymphoma (B-NHL) and in 

Hodgkin’s disease (HD). In previous studies, we have identified a novel Krüppel 

zinc finger gene BCL11A and showed it to be disrupted and deregulated in four 

cases of B cell malignancies with t(2;14)(p13;q32.3). Three major alternatively 

spliced isoforms of BCL11A have been detected: BCL11Axl (~120 kD), 

BCL11Al (~100 kD) and BCL11As (~30 kD). All three mRNAs were 

upregulated as a consequence of the t(2;14)(p13;q32). Here we confirm that at the 
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protein level, BCL11A isoforms are overexpressed in malignant cells in which the 

2p13 locus is genetically disrupted. We also demonstrate that within normal 

immune tissues, BCL11A accumulates preferentially in germinal centers. In 

addition, all three isoforms can physically interact with each other. Both 

BCL11Axl and BCL11Al can colocalize and physically interact with another 

human B cell proto-oncogene BCL6. BCL11A isoforms potentiate transcriptional 

repression activity, which is trichostatin A and BCL6 independent. BCL11Axl 

and BCL11Al but not BCL11As can induce apoptosis in both lymphoid and non-

lymphoid cell lines. The apoptotic effect is independent of BCL6, but can be 

moderately enhanced by p53, and completely blocked by the overexpression of 

Bcl-2 or a caspase-9 inhibitor. Potential target genes for BCL11Axl were 

identified by screening Lymphochip microarrays. 28 out of 39 target genes were 

down-regulated by BCL11Axl. A number of genes functioning in signal 

transduction, cell cycle control and apoptosis were identified, including Akt2, 

ATR, Trio, NFκB, and MDM2. Based on the data cited above, we propose that 

BCL11A induces apoptosis through blockage of the PI3K-Akt cell survival 

pathway. Although the mechanism by which deregulated BCL11A causes B cell 

malignancies remains elusive, we suggest that the inhibition of cell cycle 

checkpoint pathways and Rac-Rho signaling pathways via down regulation of 

ATR and Trio might play critical roles in BCL11A tumorigenesis. 
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CHAPTER 1: GENERAL INTRODUCTION 

Chromosomal translocation and cancer 

Tumorigenesis is characterized by dominant and recessive gene mutations 

that result in the alteration of normal differentiation and proliferation pathways. 

Some mutations are inherited and are therefore present in all cells, while other 

mutations are acquired by one single somatic cell during the lifetime of the 

organism and are transmitted in clonal pattern to the progeny of the cells 

(Chakraborty et al., 2001).  

Among the genetic abnormalities, chromosome translocations are the 

hallmarks of certain lymphoproliferative disorders. The recurrent involvements of 

the immunoglobulin (Ig) and T-cell receptor (TCR) loci at the breakpoints of 

oncogenic chromosomal translocation have led to speculation that the lymphocyte 

specific V(D)J rearrangement, which is necessary for the generation of functional 

Ig and TCR antigen receptors on B and T lymphocytes, mediate translocation 

(Davilla et al., 2001). Previous studies proposed that translocations might be 

caused by the erroneous recognition of sequences resembling the recombination 

signal sequence (RSS) on other gene loci, or by false class switch recombinations 

(Rabbitts et al., 1991). Recent studies have revealed that V(D)J recombinase 

possesses latent transposase activity that could be responsible for the apparent 

illegitimate V(D)J recombination seen in those patients with lymphomas and 

leukemias (Davila et al., 2001). In addition, mouse studies have shown that 

defects in DNA repair genes will increase the likehood of a translocation 

(Vanasse et al., 1999). However, some studies have shown that Ig translocations 

  1



 

are not sufficient to cause transformaion. Oncogenes expressed under the control 

of the Ig locus in transgenic mice can recapitulate Ig translocations but cannot 

cause cell transformation. These data emphasize the importance of secondary 

genetic events in the development of the neoplastic phenotypes, although the 

mechanism by which specific translocations associate with specific subtypes of 

disease is unclear (Dyer et al., 2000).  

Most Ig translocations in mature B cells arise from early or primary events 

in the course of the disease. For example, follicular and Burkitt’s lymphoma are 

classified as malignant germinal center (GC) or post GC B cells. The germinal 

center is the site of affinity maturation where B cells undergo V(D)J 

hypermutation and class switching. Because a high frequency of malignant events 

carry ‘GC markers’ (genomic plasticity, mutation, and translocation breakpoints 

near switch sites), the germinal center is suggested to play an important role in 

lymphoid malignancies (Davila et al., 2001).  

Chromosomal translocations can cause malignant cell transformation by 

two major mechanisms. If a chromosome break occurs within a gene and the open 

reading frame is still preserved, a chimeric fusion gene will be generated, 

resulting in either inactivation of the original gene or alteration of its expression 

pattern. Conversely, if the break occurs near a cellular proto-oncogene, 

translocation will convert it into a functional oncogene, resulting in cell 

tranformation or malignant growth. As a general rule, for this type of 

translocation, the coding region of the deregulated gene is not disrupted. 

However, the upstream regulatory regions are replaced by those of the IG or TCR 
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genes, leading to activation or quiescence of gene expression (Burmeister and 

Thiel, 2001).  

Previous studies have revealed several ways in which a translocation can 

affect a specific gene. Chromosomal translocations that result in abnormal protein 

expression can be inferred indirectly via messenger RNA (mRNA) transcription 

analysis. However, the expression levels of protein and mRNA do not always 

correlate. For example, germinal center B cells appear to contain Bcl-2 message 

but little protein (Chleq-Deschamps et al., 1993; Konda et al., 1992). The same is 

true for TAL-1 in erythoid cells (Murrell et al., 1995). In contrast, mature 

lymphocytes contain abundant Bcl-2 protein but little message (Tsujimoto et al., 

1986; pezzella et al., 1990). This also occurs with elastase in mature myeloid cells 

(Fouret et al., 1989). These findings emphasize the importance of using 

immunocytochemical detection to identify the abnormalities of the translocated 

genes at both protein expression levels and subcellular distribution and 

localization (Falini and Mason, 2002).  

A second category of translocations that has been extensively studied is 

follicular lymphoma, in which the Bcl-2 gene on chromosome 18 is involved in 

chromosomal translocation to the Ig loci on chromosome 14 (Yang et al., 1996). 

Because the breakpoints often occur in the 3’ untranslated region, full-length Bcl-

2 protein is expressed under the control of immunoglobulin heavy-chain 

promoter. This results in the overexpression of this anti-apoptotic factor in the B 

cells that reside in the germinal center follicles, where its protein product is 

normally absent, despite its mRNA accumulation (Fujii et al., 1994; Krajewski et 
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al., 1994; Wang et al., 1995). High levels of Bcl-2 protein expression were also 

found in Hodgkin’s disease (Bhagat et al., 1993; Doussis et al., 1993; Gupta et al., 

1994), chronic lymphocytic leukemia (Robertson et al., 1996; Gottardi et al., 

1997) and acute lymphoblastic leukemia (Uckun et al., 1997; Salomons et al., 

1999). It has been suggested that the enhanced levels of Bcl-2 protein promote the 

neoplastic cell survival (Cory et al., 1995) and drug resistance (Reed et al., 1997).  

Increasing evidence has shown that chromosomal translocation not only 

results in disruption or dysregulated expression of a gene, but also results in 

alteration of its subcellular localization (Mason and Falini, 2002). In acute 

promyelocytic leukemia (APL), the (15;17) chromosomal translocation fuses 

retinoic acid receptor (RARα) gene (Grignani et al., 1994) to a growth suppressor 

gene, PML (Pearson et al., 2000). Interestingly, translocation not only disrupts the 

PML gene but also relocates it to a new subcellular domain. Wild type PML is 

localized to discrete nuclear dots (Flenghi et al., 1995; Gambacorta et al., 1996), 

whose size is about 0.5 to 1 µM and averages 10 per nucleus (Weis et al., 1994). 

These dots correspond to a nuclear domain called the PML oncogenic domain 

(POD) (Dyck et al., 1994), or the nuclear body (NB) (Brasch et al., 1992), or 

nuclear domain 10 (ND10) (Ascoli et al., 1991). In contrast, in APL cells, the 

speckled pattern of PML is disrupted and replaced by a microspeckled pattern 

consisting of many tiny dots in which PML- RARα and PML colocalize (Koken 

et al., 1994; Daniel et al., 1993). The wild type PML speckle pattern can be 

restored by therapeutic treatment of APL cells with all trans-retinoic-acid (ATRA) 

(Koken et al., 1994; Muller et al., 1998).  
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More than 30 proteins colocalize with PML in the NB either transiently or 

constitutively, including p53, pRb, CBP, elF4E, Sp100, NDP52, PIC1/SUMO-1 

and Int6 (Jensen et al., 2001). Studies have indicated that PML plays a critical 

role in the formation and stability of the nuclear body, indicating it may regulate 

the PML-NB-dependent functions of multiple PML-NB proteins that reside in this 

complex (Zhong et al., 2000). In addition, PML has been identified to play a role 

in the induction of apoptosis, growth arrest, and cellular senescence upon 

oncogenic transformation. These functions, at least partially, are dependent on the 

PML-NB structure (Salomoni and Pandolfi, 2002).  

 

B cell malignancies  

CHRONIC LYMPHOCYTIC LEUKEMIA 

Chronic lymphocytic leukemia (CLL) is a hematologic disorder 

characterized by morphologically mature but immunologically less mature 

lymphocytes. This disease is manifested by the progressive accumulation of these 

aberrant lymphocytes in the blood, bone marrow, and lymphatic tissues (Han et 

al., 1984). The accumulation of the malignant lymphocytes, which is 

characterized by slow growth and extended life span, results in the diminished 

production of normal bone marrow and blood cells. 

CLL is the most common form of leukemia in the Western Hemisphere. It 

accounts for approximately 25 to 30 percent of all leukemias. CLL occurs 

primarily in middle-aged and elderly individuals (Catovsky et al., 1989), but is 

increasingly seen in younger patients with more aggressive symptoms (Harris, 
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1991). CLL is diagnosed by an absolute increase in lymphocytosis and/or bone 

marrow infiltration, severe anemia, and low platelet counts that can put patients at 

risk of life-threatening bleeding. Patients with CLL may also develop serious 

infections because of reduced numbers of infection-fighting neutrophils. The 

clinical course of this disease usually progresses from an indolent lymphocytosis, 

without other evidence of disease, to generalized lymphatic enlargement with 

concomitant pancytopenia.  

Ninety-five percent of CLL are B cell tumors with coexpression of the B 

cell markers CD19, CD20, CD21, and CD23 along with the T-cell antigen CD5 

(DiGiuseppe et al., 1998). Compared with the normal peripheral blood B cells, 

CLL B cells express relatively low levels of surface-membrane immunoglobulin 

with a single light chain (kappa or lambda) (Rozman et al., 1995). Most of CLL 

cells are in G0 phase and are unresponsive to mitogenic stimuli (Andreef et al., 

1980). 

In contrast to the novel expression of certain surface markers, the lack of 

expression of important glycoproteins on the surface of CLL B cells correlates 

more closely to clinical immune dysfunction. Specifically, a quantitative or 

qualitative decrease in major histocompatibility complex (MHC) molecules 

(Dazzi et al., 1995) or critical activation ligands such as CD80 (Ranheim et al., 

1993; Dazzi et al., 1995), directly impairs CLL B cells to function as antigen-

presenting cells (PRC). This is due to the inability of CLL B cells to provide 

essential costimulatory signals required for T cell activation, leading to a deficient 

humoral and cellular immune responses.  
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In a multicenter study by the IWCCLL (International Working Party on 

Chromosome in CLL) of 662 cases of B cell CLL, Trisomy 12 was identified in 

19% and represented the most common abnormality. Structural aberrations of 

chromosome 13 (10%) were the second most frequent, followed by structural 

aberrations of chromosome 14 (8%), 11 (8%), 6 (6%), and 17 (4%) (Jiliusson et 

al., 1992).  

The origin of CLL B cell remains elusive. Because CD5 positive B cells 

are found in the fetal spleen (Antin et al., 1986) and surface IgD is a feature of 

cells that have not yet met antigen in the germinal center (Nicholson et al., 1995), 

it has been suggested that CLL is a tumor of naïve B cells possibly arising in the 

B mantle zone of secondary follicles (Caligaris-Cappio, 1996). However, 

consistent differences between the normal CD5 positive cells and the CLL 

malignant B cells have been reported. For examples, low amounts of surface Ig is 

constantly expressed by CLL B cells but is absent from normal CD5 B cells 

(Dighiero et al., 1976). Unlike normal CD5 positive B cells, CLL B cells cannot 

be infected by the Epstein-Barr virus (EBV), despite of expression of the CD21 

molecule (Borche et al., 1990). Furthermore, CLL B cells are unable to 

adequately respond when stimulated through the B cell antigen receptor pathway 

(Michel et al., 1993). In addition, CLL B cells overexpress Bcl-2 protein (Schena 

et al., 1992) and have unusual adhesive properties that could affect their 

cytoskeleton organization (Caligaris-Cappio, 1986). These differences could 

potentially be a consequence of the translocation.  
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Further analysis of the differentiation stage of CLL B lymphocytes is 

provided by examining the Ig variable domain genes. Although the selection and 

recombination of VH, D, and JH genes and the insertion of nontemplated 

nucleotides at the VH-D and D- JH junctions are early events occurring in the bone 

marrow, the process of somatic mutation, which generates amino acid changes in 

the first and second complementarity determining regions, occurs in the germinal 

center environment (Berek et al., 1987). Recent sequence analysis studies of the 

Ig gene has found two groups of CLL patients of roughly equal numbers with 

mutated and unmutated VH genes (Fais et al., 1998). Half of the patients have 

rearranged Ig gene with extensive somatic mutations, whereas the other half have 

Ig gene in germ-line sequence (Fais et al., 1998). The unmutated VH genes were 

significantly associated with atypical morphology; isolated trisomy 12, advanced 

stage and progressive disease. These data suggest that CLL may be comprised of 

different diseases with different clinical courses. One subtype (Ig-mutated) may 

be derived from germinal center or post-germinal center B cells, it has a benign 

course. The other subtype (Ig-unmutated) may be derived from naïve pre-

germinal certer B cells, and is more malignant (Hamblin et al., 1999).  

The accumulation of neoplastic cells can occur through enhanced 

proliferation or diminished cell turnover, or a combination of both processes 

(Kaufmann and Gores, 2000). Since CLL cells are predominantly in a 

nonproliferative state, CLL represents a quintessential example of human 

malignancies that are caused by apoptosis deficiency. Molecular biologcal 

investigation of CLL may provide information for gaining a better understanding 
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of the apoptotic pathway as well as for the mechanism of drug- and radiation- 

resistance (Reed, 1998).  

 

HODGKIN’S DISEASE AND NON-HODGKIN’S LYMPHOMA 

Hodgkin’s disease (HD), one of the most common malignant lymphomas 

in the western world, was first described by Thomas Hodgkin in 1832. The crude 

incidence of HD is about three per 100,000 population (Correa et al., 1971, 

Correa et al., 1973). A strong association between Epstein-Barr virus (EBV) and 

HD has been demonstrated. About 50% HD patients contain EBV-infected 

Hodgkin/Reed-Sternberg cells. However, the significance of EBV in the 

pathogenesis of Hodgkin disease still remains unclear (Weiss et al., 1991).  

Hodgkin’s disease is characterized by the clonal proliferation of B cells. 

WHO (World Health Organization) has classified it as a Hodgkin’s lymphoma 

(Jaffe et al., 1999). The characteristic morphological feature of Hodgkin’s 

lymphoma is the identification of Hodgkin’s (Reed-Sternberg (RS) or its variants) 

cells within an appropriate cellular milieu. Background infiltrates consists of a 

mixture of cell types including small lymphocytes found predominately in 

combination with scattered eosinophils, neutrophils, fibtroblasts, and plasma cells.  

Based on tumor cell morphology, immunophenotype and the composition 

of the cellular background, two distinct entities have been recognized in the 

Revised European-American Lymphoma (REAL) classification: lymphocyte 

predominant Hodgkin’s lymphoma (LPHD) and classical Hodgkin’s lymphoma 

(cHD) (Harris et al., 1994). In LPHD, a particular variant of RS cells, the 
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“popcorn” or lymphocytic and histocytic (L&H) cells are found. Compare with 

RS cells, ‘popcorn’ cells lack the expression of CD30 and CD15, but express 

CD45 and CD20. The expression of these markers and the presence of nodular 

structures suggest that ‘popcorn’ or RS cells represent neoplastic germinal center 

B cells (Pinkus et al., 1988, Wachi et al., 1989, Mason et al., 1994).  

Comparative genomic hybridization (CGH) studies of Hodgkin’s 

lymphoma revealed a high number of genomic imbalances, involving all 

chromosomes except 19, 22, and Y, indicating a high complexity of this disease. 

The majority of detected aberrations were recurrent, including gain of 

chromosome 1, 2, 3, 4q, 5q, 6, 8q, 11q, 12q, X and even the loss of chromosome 

17 (Franke et al., 2001).  

The non-Hodgkin's lymphomas (NHL) are diverse groups of lymphoid 

neoplasms including malignant growth of B or T cells in the lymph system.  NHL 

collectively ranks fifth in cancer incidence and mortality. In the United States, 

there are some 55,400 NHL cases each year, which far outweighs Hodgkin 

lymphoma’s 7,100 cases each year (Armitage, 1993).  

Most NHL arises within a lymph node, but a significant and increasing 

number arise in areas other than nodes, such as the jaw or brain, especially among 

children and AIDS patients. Based on the lymphoma cell type and rate of growth, 

NHL can be classified into 29 subtypes (Offit et al., 1991). NHL often exhibits 

complex cytogenetic abnormalities, reflecting the necessity for concurrent 

activation of dominant oncogenes and inactivation of tumor suppressor genes. 

The biological behavior of the NHL is less likely to be reflected by a single 
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genetic abnormality, but rather by the sum of genetic damage within the 

neoplastic clone (Dyer et al., 2000). Cytogenetic studies in NHL have been 

hampered not only by difficulties in obtaining fresh tumor cells, but also by the 

histological diversity and cytogenetic complexity. Fluorescence in situ 

hybridization (FISH) and multicolor spectral karyotyping (SKY) analysis of the 

molecular abnormalities of NHL has identified genes frequently involved in 

chromosomal translocation as MYC by t(8;14), BCL2 by t(14;18), BCL6 by 

t(3;14), BCL1/Cyclin by t(11;14), MDM2 by t(12;14) and REL by t(2;14) 

(Mauvieus et al., 1996; Cigudosa et al., 1999).  

In addition to their differences in tumor cell morphology and cell surface 

markers, NHL is distinguished from HL in several other aspects. NHL is 

characterized by many different cell types, which may arise in many different 

locations, whereas HL consists of just four subtypes and in many cases is more 

confined to specific locations. Moreover, NHL is more frequently diagnosed in 

older people, whereas HL most often arises during the second and third decades 

of life. Although many of the same drugs are used for both NHL and HL, 

treatments that are successful for NHL are less so for HL and vice versa.  

NHL differs from leukemia mainly in the origin of the tumors. Most NHL 

arises within a lymph node or solid organ and does not release large numbers of 

easily detectable cancerous cells into the bloodstream. Leukemias arise in the 

bone marrow and circulate readily in the bloodstream.  

In spite of these differences, the lymphoblastic and small lymphocytic 

NHLs are very similar to acute lymphoblastic leukemia (ALL) and chronic 
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lymphocytic leukemia (CLL). Diagnostic efforts are sometimes unable to 

differentiate these illnesses, and the patient is described as having NHL/ALL or 

NHL/CLL. In fact, the new REAL classification system of lymphomas includes 

some leukemias such as CLL, lymphoblastic leukemia, and plasma-cell multiple 

myeloma (MM) as neoplasms related to NHL (Johnston, 2002). 

 

Zinc finger proteins  

The zinc finger domain was first described in 1985 as a repeated zinc-

binding motif, containing conserved cysteine and histidine residues. The first zinc 

finger-containing protein identified was the Xenopus transcription factor IIIA 

(TFIIIA), a protein required for the correct initiation of transcription of 5S RNA 

gene (Miller et al., 1985). It is now clear that zinc finger proteins are one of the 

most abundant proteins in eukaryotic genomes (Jacobs, 1992; Hoovers et al., 

1992; Laity et al., 2001). The first and most rapidly expanding member of this 

family is Cys2His2 or Krüppel zinc finger, which was first identified in the 

Drosophila developmental regulator Krüppel gene (Lee et al., 1989).  

The C2H2 motif is defined by the consensus sequence C-X2-4-C-X12-H-X3-

5-H (Krizek et al., 1993). C2H2 zinc finger proteins can bind a wide variety of 

DNA sequences, but typical binding sites are GC rich. Crystallographic studies of 

Zif268 established that the C2H2 zinc finger can form a ββα framework, whereby 

the zinc molecule serves to tetrahedrally coordinate the conserved cysteine and 

histidine residues, and the α helix binds within the major groove of DNA 
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(Pavletich et al., 1991). Specificity is determined by sidechain-base interactions 

involving a discrete set of residues located at the fingertip or on the surface of the 

helix. Additional interactions with the phosphate backbone and between adjacent 

zinc fingers contribute to binding affinity (Wolfe et al., 2000).  Approximately 

half of the C2H2 zinc finger proteins contain a highly conserved linker sequence 

TGEKPY that connects adjacent fingers (Wolfe et al., 2000, Laity et al., 2000). 

X-ray and NMR structures of the C2H2 zinc finger in complex with DNA revealed 

that the linker sequence modulates DNA-binding affinity by capping the C 

terminal of the preceding helix (Pavletich et al., 1991, Wuttke et al., 1997). The 

linker is dynamically disordered as a free protein, but adopts an ordered structure 

with restricted backbone flexibility upon DNA binding (Laity et al., 2001). A 

model of zinc finger motif-DNA binding was proposed in which the flexibility of 

the linker sequence will facilitate diffusion along the DNA to search the binding 

site. Once the correct DNA sequence is encountered, the linker is induced to 

undergo a structural change in order to hold the motif in the proper orientation for 

optimal interaction with the major groove of DNA (Laity et al., 2000).   

The functions of C2H2 zinc finger proteins are extremely diverse and 

include DNA recognition (Lee et al., 1989), RNA packaging (Qian et al., 1993, 

Cramer et al., 2000), protein-protein interaction (Sun et al., 1996), nulclear 

localization (Grondin et al., 1996), transcriptional activation (De Guzman et al., 

2000), lipid binding (Misra et al., 1999, Ostermeier et al., 1999), and apoptosis 

regulation (Hinds et al., 1999). 
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One of the best-studied zinc finger proteins involved in protein-protein 

interaction is Ikaros. Ikaros plays a critical role in lymphoid differentiation. It can 

not only form a homodimer through the association of the two C-terminal C2H2 

zinc finger motifs (Sun et al, 1996), but also form a heterodimer with an Ikaros-

related protein Aiolos through a two zinc finger domain (Morgan et al., 1997).   

Zinc finger proteins can also function in transcriptional activation. The 

GATA-1 transcription activator contains two zinc fingers. The friend of GATA 

(FOG) protein family includes the erythroid FOG-1 and the widely expressed 

FOG-2, as well as the Drosophila U-shaped protein, all of which contain eight to 

nine zinc fingers. All the members of the FOG family can interact with GATA-1 

through zinc finger motifs (Tsang et al., 1997, Fox et al., 1999). GATA-1 

Residues involved in DNA binding and FOG interaction are located on different 

faces of the N-terminal zinc fingers, suggesting the simultaneous binding of 

GATA-1 to its promoter site and to its FOG cofactor (Kowalski et al., 1999).  

 

Apoptosis 

DEFINITION OF APOPTOSIS  

Apoptosis, or programmed cell death, is a form of cellular suicide in 

which cells systematically inactivate, disassemble, and degrade their own 

structural and functional components. Apoptosis can be triggered by either a 

genetically defined program or via extracellular stimuli, including virus, hormone, 

cytokine, toxic insult, radiation, oxidative stress, and hypoxia (Earnshaw et al., 

1999). The ability of cell to undergo apoptosis is determined by its proliferation 
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status, cell cycle stage, and gene expression regulation. Stringent regulation of 

these apoptotic factors must be maintained to ensure that apoptosis occurs in the 

proper physiological context (Zhang, 2001). 

Apoptosis can be divided into three distinct stages: commitment, in which 

the cell becomes irreversibly committed to death; execution, in which major 

structural changes occur; and clearance, in which cellular remnants are removed 

by phagocytosis (Zhang, 2001). During the execution stage, dying cells exhibit a 

number of morphological changes, including cytoplasmic shrinkage, active 

membrane blebbing, and chromatin condensation at the periphery of the nucleus, 

followed by fragmentation into membrane-enclosed vesicles (Wyllie et al., 1980). 

These morphological alterations are accompanied by a number of biochemical 

changes. At the cell surface, phagocytosis is promoted by externalization of 

phosphatidylserine (Homburg et al., 1995; Pradhan et al., 1997). Inside the cell, 

chromosomal DNA is cleaved to generate nucleosomal ladder of fragments 

(Wyllie, 1980). In addition, a specific subset of cellular polypeptides is cleaved by 

caspases (Ucker et al., 1992; lazebnik et al., 1993).  

 

CASPASE ACTIVATION PATHWAYS 

Caspases (cystinoaspartic acid specific proteases) are a specialized family 

of aspartate-directed cysteine proteases that selectively cleave over 100 substrates 

as mammalian cells undergo apoptosis (Strasser et al., 2000; Hengartner et al., 

2000). It now appears that apoptosis, as a biochemical event of cell response, can 

be better defined by the caspase activation (Earnshaw et al., 1999).  
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According to their function, mammalian caspases can be divided into two 

groups. Caspase-1, -4, -5, -11, -12 and -14 have been shown to be involved in 

cytokine maturation (Earnshaw et al., 1999; strasser et al., 2000). In contrast, 

caspases-2, -3, -6, -7, -8, -9 and -10 are implicated in apoptosis. Caspase-8, -9 and 

-10 are called initiator caspases. They contain long prodomains with recognizable 

homotypic protein-protein interaction motifs, including the death effector domain 

(DED) and the caspase activation and recruitment domain (CARD) that 

contributes to the transduction of various signals into proteolytic activity 

(Kaufmann and Hengartner, 2001). Caspase-3, -6 and -7 are called effector 

caspases due to their short prodomains and lack of intrinsic enzymatic activity. 

The effectors cleave most of the apoptotic substrates once they are activated by 

initiator-mediated cleavages (Han et al., 1997; Strasser et al., 2000).  

Two caspase activation pathways have been identified: The death receptor 

pathway and the mitochondrial pathway. The death receptor pathway is initiated 

by the engagement of cell surface receptors with their specific ligands. The cell 

surface death receptor (DR) is a specialized transmembrane protein that belongs 

to the tumor necrosis factor (TNF)/nerve growth factor (NGF) receptor 

superfamily. Mammalian death receptors include Fas/APO-1/CD95, TNFR1, 

DR3/Apo-3/WSL-1/TRAMP, DR4/TRAIL-R1 and DR5/TRAIL-R2/TRICK2 

/KILLER (Ashkenazi and Dixit 1999). 
 

All the death receptors contain a cytoplasmic motif termed the death 

domain (DD), which is capable of binding to homologous domains on 
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cytoplasmic adaptor molecules. For example, ligation of Fas and Fas ligand 

(FasL) induces trimerization of Fas, which in turn recruits a DD-containing 

adaptor molecule designated FADD (Fas–associated protein with death domain) 

through DD-DD interactions (Strasser et al., 2000; Hangartner et al., 2000). 

Consequently, the death-effector domain (DED) at the N-terminal of FADD 

interacts with the DED of procaspase-8/FLICE, resulting in the formation of the 

death inducing signaling complex (DISC) and autocatalytic activation of caspase-

8 (Salvesen et al., 1999). Depending on the cellular context, the consequence of 

caspase-8 activation diverges. In type I cells, which are typified by a number of 

lymphoid cell lines, the large amount and vigorously activated caspase-8 directly 

cleaves and activates procaspase-3. In Type II cells, the DISC is hardly formed. 

Caspase-8 activation is generally sedate and insufficient to activate caspase-3. 

Instead, caspase-8 activates the mitochondrial pathway by cleavage of the Bcl-2 

family member Bid. Truncated Bid then ‘activates’ the mitochondrial pathway (Li 

et al., 1998; Luo et al., 1998; Budihardjo et al., 1999). Both forms of apoptosis 

induced by Fas can be inhibited by FLIP (FLICE-inhibitory protein), which was 

first discovered as a viral product that interferered with the death-receptor-

mediated elimination of infected cells (Thome et al., 1997). FLIP can inhibit Fas-

induced apoptosis by blocking the activation of caspase-8 (Irmler et al., 1997; 

Tschopp et al., 1998). 

Mitochondrial pathway is initiated by the release of cytochrome c 

(Kroemer et al., 1995) and Smac/Diblo (Du et al., 2000; Verhagen et al., 2000) 

from mitochondria to cytoplasm, where cytochrome c binds to Apaf-1 (apoptotic 
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protease-activating factor-1) and caspase-9, resulting in apoptosome formation 

and caspase-9 activation (Rodriguez et al., 1999). Activated caspase-9, in turn, 

proteolytically activates further downstream caspases (caspase-3, -6 and –7), 

leading to degradation of a variety of substrates. At the same time, Smac 

modulates apoptotic events by binding to and inactivating a caspase inhibitor IAP 

(inhibitor of apoptosis proteins) (Deveraux et al., 1999; Miller, 1999; Verhagen et 

al., 2000) 

Bcl-2 family members play a key role in the mitochondrial pathway by 

controlling cytochrome c release. After receiving a death signal, the pro-apoptotic 

Bcl-2 family members Bax and Bak, which ordinarily reside in the cytoplasm, 

translocate to the mitochondria. There they oligomerize and insert into the outer 

membrane of the mitochondria to facilitate cytochrome c release (Nomura et al., 

1999; Suzuki et al., 2000; Antonsson et al., 2001). Truncated Bid has been shown 

to promote this translocaiton (Eskes et al., 2000; Wei et al., 2000). Conversely, 

anti-apoptotic Bcl-2 family members Bcl-2 and Bcl-XL inhibit the insertion of 

Bax into the mitochondrial outer membrane by selectively binding to its active 

form (Antonsson et al., 2001; Perez and White, 2000).  

 

APOPTOSIS IN GERMINAL CENTERS 

Germinal centers in secondary lymphoid tissues are the sites of intense B 

cell proliferation, selection, maturation, and apoptotic death during antibody 

responses (Janeway et al., 2001). For example, spleen has two large histologically 

defined regions: The red and white pulps, which define the erythroid and 
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lymphoid areas, respectively. In the white pulp, three additional areas are readily 

discernible: the marginal zone (MZ), which is the site of lymphoid entry into the 

spleen from the blood and the home of macrophages and IgM+ and IgD+ B cells; 

the periarteriolar lymphoid sheath (PALS), which is the T cell area and is also 

rich in interdigitating dendritic cells (iDCs); and the follicle, which is the area of 

B cell and follicular dendritic cells (FDCs) (Tarlinton et al., 1998).  

The first encounter with antigen takes place in the PALS. T cells that have 

been primed by antigen presented on iDCs migrate to the follicle border where 

they meet and activate B cells that have been stimulated by antigen and have 

migrated there. Activated B cells either differentiate into low-affinity plasma cells 

or enter the adjacent follicle to initiate the GC reactions. The ability of B cells to 

respond to antigen in this manner depends on the activation of many genes, most 

of which have been defined by gene knockout mice, including transcription factor 

OCA-B/BOB-1/OBF-1 (Kim et al., 1996; Schubart et al., 1996), SPI-B (Su et al., 

1997), CD21/CD35 (Ahearn et al., 1996; Molina et al., 1996), BCL6 (Fukuda et 

al., 1997), and OX40 (Stüber et al., 1996).  

Based on the two distinct B cell populations, two GC compartments have 

been defined at the peak of its development: The dark zone, which contains 

centroblasts, and the light zone, which is the home of non-dividing centrocytes. 

Centroblasts, which usually express low levels of B cell receptor (BCR), will 

undergo frequent proliferation and diversification of their antibody repertoire by 

somatic hypermutations of their Ig V-region genes. The centroblasts with 

increased diversity of BCR affinity move to the light zone, and become the 
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centrocytes (van Eijk et al., 2001). Centrocytes with high affinity to the antigen on 

the FDCs will be positively selected and re-enter the dark zone for successive 

rounds of mutation and selection, resulting in the improvement of the average 

affinity of the GC B cell population for the presented antigens (Tarlinton, 1998).  

Apoptosis in GC is a fundamental process regulating lymphocyte 

maturation, receptor repertoire selection and homeostasis. At least three 

checkpoints have been identified in the processes of germinal center reactions. 

The first occurs when antigen-specific T cells migrate to the follicular border, 

where they interact with and activate B cells that have specifically bound antigen. 

The second checkpoint takes place when antigen and FDCs select B cells bearing 

high-affinity BCR and provide these cells with survival signals, whereas the B 

cells with low affinity undergo apoptosis. The last checkpoint occurs after isotype 

switching and plasma cell and memory cell formation, the self-reactive B cells are 

eliminated by apoptotic cell death (van Eijk et al., 2001).  

Human GC B cells show a typical pro-apoptotic phenotype by expressing 

low levels of anti-apoptotic factor Bcl-2 and high levels of pro-apoptotic factors 

Fas and Bax (Martine-Valdez et al., 1996). Transgenic mice model demonstrated 

that overexpression of Bcl-2 or Bcl-XL results in the inhibition of GC B cell 

apoptosis and production of low-affinity memory B cells and plasma cells 

(Takahashi et al., 1999; Smith et al., 2000).  
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Discovery of BCL11A  

TWO CASES OF CHILDHOOD CLL 

In 1982 and 1985, two unusual cases of childhood CLL were reported to 

the Southwestern medical center. The first was a 10-year-old girl, LH, the second 

was a 15-year-old boy, AS. The patients were unrelated, and both suffered from 

hepatosplenomegaly, generalized lymphadenopathy, lymphocytosis, anemia, 

hypogammaglobulinemia, and thromobocytopenia. All of these symptoms are 

characteristics of a severe hematologic disorder (Yoffe et al., 1990).  

Further confirmation of the childhood CLL diagnosis was obtained from 

analysis of the tumor cells. The tumor cells of both patients were small, well 

differentiated B lymphocytes expressing low levels of IgM and IgD, and were 

positive for the CD5 marker. Ig light chain expression was shown to be derived 

from the κ gene in patient LH and the λ gene in patient AS.  

In contrast to adult CLL, both childhood CLL cases followed a more 

aggressive path. Adult patients with CLL may live with the disease for 10-20 

years. Many adult patients are said to die with CLL, not of CLL. The disease of 

patient LH was indolent at the time of diagnosis and no treatment was required. 

However, over the next 2 years, the disease progressed and chemotherapy was 

instituted. The patient achieved a prolonged remission, remaining well for 4 years, 

until the disease relapsed and became resistant to chemotherapy. Patient LH 

underwent allogeneic bone marrow transplantation from her HLA-compatible 

brother. Evidence of engraftment without residual CLL was documented 28 days 

after bone marrow transplantation. Unfortunately, patient LH died from 
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cytomegalovirus and Pneumocysis carinii pneumonia while in apparent clinical 

remission 114 days after transplantation.  

Patient AS presented a more advanced case. Chemotherapy was begun 

immediately and resulted in an incomplete response lasting 18 months. The 

disease progressed in spite of chemotherapy. Bone marrow transplantation was 

performed from his HLA-compatible sister but failed within 43 days. A second 

transplant was attempted but the patient died of multiple organ failure 12 days 

after the transplantation (Yoffe et al., 1990). 

Cytogenetic analysis of the tumor cells showed that both patients harbored 

a previously undescribed chromosomal translocation, t(2;14);(p13;q32). 14q32 

contains the immunoglobulin heavy chain genes and has been shown to be 

involved in numerous translocations associated with various B cell neoplasms. 

2p13 contains the Igκ genes (Emanuel et al., 1984), raising the possibility that the 

κ gene was involved in t(2;14). In other translocations involving the IgH locus, 

the partner loci had frequently been shown to be a proto-oncogene. By analogy to 

these translocations, the t(2;14) in the childhood CLL cases may have involved an 

oncogene on 2p13. Molecular studies were undertaken in the laboratory of Dr. 

Philip Tucker to further characterize this CLL-associated translocation.  

INITIAL STUDIES OF THE T(2;14) TRANSLOCATION 

To determine which rearrangements were caused by the translocation and 

which were the result of normal Ig gene recombination, mouse:human 

heterohybrid cell lines were constructed by fusing tumor cells derived from 

patient LH with mouse plasmacytoma cell line SP2/0 (Fell 1985, Fell et al., 
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1986), which allowed the various alleles of the translocation to be isolated on a 

mouse background. This simplified analysis since each allele could then be 

probed separately, rather than trying to distinguish between normal 

rearrangements of either IgH allele from the translocation.  

Fusion of mouse and human cells generated heterohybrid cells that 

preferentially lost the larger human chromosomes. By screening multiple different 

heterohybrids, cell lines that retained the human chromosome of interest could be 

identified. Using different markers whose chromosomal assignments were known, 

three heterohybrid cell lines were found that retained one of the four 

chromosomes of interest segregated away from the other three. Heterohybrid 8-

D5.IB5 retained the LH 2p- chromosome, 12-B3 retained 14q+ and 4-D2 retained 

the presumably normal, untranslocated chromosome 14. A heterohybrid retaining 

the normal chromosome 2 was not found; perhaps it was preferentially lost due to 

the large size and acrocentricity.  

By screening the heterohybrid DNA, the breakpoint on LH chromosome 

14q32 was determined to be in the switch region 5’ to the γ2 constant region, and 

the 2p13 breakpoint was likewise determined to be distal to the κ locus. 

Furthermore, it was found that the normal untranslocated chromosome 14 had 

undergone a switch to γ1 that deleted the µ and δ genes. Since the tumor cells 

produced IgM and IgD, the translocations involved the productively rearranged, 

µ-retaining IgH allele.  
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CHARACTERIZATION OF THE T(2;14) TRANSLOCATION 

To better understand how the t(2;14) occurred and to examine the 

possibility that an oncogene contributed to the pathogenesis of these CLL cases, a 

lambda genomic library AsλCH40, was constructed from the AS tumor genomic 

DNA. 14q+ breakpoint was isolated by “chromosomal walk” using probes from 

the hinge region of the γ2 gene. The breakpoint was confirmed by sequencing and 

Southern comparisons of tumor DNA and normal control as well as patient skin 

fibroblasts. Similar Southern blots were performed on the LH heterohybrids, 

which indicated that the breakpoints were probably quite close to each other.   

The normal untranslocated chromosome 2 region was cloned by 

rescreening the AsλCH40 library with probes from the chromosome 2 side of the 

14q+ breakpoint. The 2p- breakpoint were isolated from AS and LH tumor DNA 

by PCR. Comparison of AS and LH breakpoints demonstrated that the 2p- 

breakpoints in the two patients were only 38bp apart. Furthermore, sequence and 

restriction mapping analysis showed the breakpoints resided within a strong non-

methylated CpG island. Probes from the surrounding area were demonstrated to 

hybridize across species. These data strongly suggested that a gene was located in 

this region.  

There were two attractive proto-oncogenes located in the 2p13 region, c-

rel (Brownell et al., 1988) and TGF α (Tricoli et al., 1985). Although it was 

expressed in the heterohybrids, Northern analysis revealed that c-rel was not 

expressed in tumor RNA. Mapping studies showed that TGF α locates at least 

1500 kb from the breakpoint, a distance perhaps too great to be affected by the 
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translocation. Furthermore, northern analysis detected no expression of TGF α in 

the heterohybrids (Richardson, 1990). 

 

CLONING OF BCL11A ISOFORMS 

In addition to the two cases of childhood CLL, we also studied two adult 

cases with t(2;14)(p13;q32.3) abnormalities (Satterwhite et al., 2001). In both 

cases, the IgH breaks fell within the IgSγ2 region. One case (patient 3), leukemic 

transformation of immunocytoma, exhibited t(18;22)(p11;q21) in addition to 

t(2;14)(p13;q32.3). BAC clones containing the breakpoint were mapped to 

chromosome 2p13 on metaphase spreads from healthy individuals and from 

patients with t(2;14)(p13;q32.3) by FISH. Results for a single BAC clone are 

shown in Figure 1.1A. In metaphase and interphase preparations from the same 

patient, BAC clones were shown to span the translocation breakpoint (Figure 

1.1B). The other case (patient 4), an adult with rapidly progressive and 

chemotherapy-resistant CLL, showed t(2;14)(p13;q32.3) as the primary 

cytogenetic abnormality. This case also showed split of the FISH probe for the 

BCL11A locus (Figure 1.1C), indicating that the 2p13 breakpoint also fell within 

the same cluster region.  

Using a combination of cDNA library screening, DNA database searching, 

northern blotting, and RT-PCR, a 5942 bp transcript was identified on 

chromosome 2p13 within 2 kb of the breakpoints (Satterwhite et al., 2001). 

Because of the direct involvement of this gene in four cases of B-cell malignancy 

with t(2;14)(p13;q32.2), we termed this gene BCL11A (B cell 
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lymphoma/leukemia 11A). BCL11A contains an open reading frame of 835 

amino acids, with a predicated molecular weight of 91.3 kD (Figure 1.2B). 

Comparison of the cDNA and genomic sequence of BCL11A showed the 

presence of 5 exons. The structure of the translocation was a “head-to-head” 

arrangement, with the breakpoints falling centromeric to the first exon (Figure 

1.2A). Northern blotting showed overexpression of this gene in comparison with 

other normal and malignant lymphoid tissues (Figure 1.3B and data not shown).  

In both fetal brain and malignant B cells with t(2;14)(p13;q32.3), three 

major BCL11A transcripts were observed: BCL11Axl (5.8 kb), BCL11Al (3.8 

kb), and BCL11As (1.5 kb).  All of them were deregulated as a consequence of 

t(2;14)(p13;q32). Normal B cell populations expressed the 5.8 kb BCL11Axl 

isoform preferentially, whereas the BCL11As isoform was expressed 

preferentially in derived malignant B cell lines (Figure 1.3, 1.6). Comparison of 

the genomic and the derived cDNA sequence showed that the three common 

BCL11A RNA isoforms were derived from the five exons (Figure 1.2A). All 

three isoforms contained the first three exons. The longest isoform contained 

sequence from exons 1 to 4 only. Alternative splicing within exon 4 to exon 5 

resulted in two other common transcripts (Figure 1.2A).  

BCL11Axl contains six Krüppel zinc fingers as well as a proline-rich 

domain between zinc fingers 1 and 2 and an acidic domain between 3 and 4. 

BCL11Al contains the first three zinc fingers and the acidic domain. BCL11As 

only contains the first zinc finger (Figure 1.4). The zinc fingers showed homology 

to each other. Zinc fingers 1 and 6 were different from 2, 3, 4 and 5 in that they 
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had 4 amino acids separating the 2 zinc-binding histidines, whereas zinc fingers 2, 

3, 4, and 5 had 3 amino acids. The internal zinc fingers 2, 3, 4, and 5 were 

arranged in pairs, each pair being separated by a canonical “linker” sequence; 

these pairs were nearly duplicated, with 37 or 49 amino acids being identical. 

(Figure 1.4) (Satterwhite et al., 2001). 

The mouse BCL11A homologue Evi9 also has been isolated in a search 

for dominant transforming oncogenes using retroviral insertional mutagenesis. 

This gene was found to be deregulated in 2 of 205 myleoid leukemias induced in 

the BXH2 mouse strain following proviral integration within the first intron of 

Evi9 (Li et al., 1999, Nakamura et al. 2000). Evi9 is 94% identical at the 

nucleotide level and 98% identical at the protein level to BCL11A. The same 

mouse gene has been isolated as an interacting partner (CTIP-1) of the orphan 

nuclear receptor COUP-TF2. Like BCL11A, three common isoforms of Evi9 

were identified. However, the mouse and human isoforms did not correspond 

exactly. The intermediate splice form reported for Evi9 has not been seen in 

human (Figure 1.4). 
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Figure 1.1 FISH analysis demonstrating recurrent involvement of BCL11A in 
cases with t(2;14)(p13;q32.3).  

(A) mBACRP11-440P05 (AC009970) (red signal) hybridized to 

metaphases derived from a healthy individual maps to chromosome region 2p13. 

A centromeric probe for chromosome 2 (green) is also shown. (B) FISH with 

RP11-440P05 (red) on a t(2;14)(p13;q32.3) positive metaphase from patient 4. 

Apart from the intact chromosome 2, signals for the BAC were detected on both 

derivative chromosomes, indicating that it spanned the breakpoint. Inset: FISH 

with cosIgCα 1(green) hybridizing to the IGH-locus and RP-440P05 (red signal) 

on interphase cell from patient 4. (C) FISH with pooled BCL11A-specific clones 

RP11-440P05 and RP11-158121 (green AC007831) and 2 pooled REL-specific 

YAC clones 747H5 and 927G9 (red) on interphase nuclei of patient 3 with 

t(2;14)(p13;q32.3). On an intact chromosome 2 the REL-and BCL11A-specific 

signals colocalized. Translocation led to the disruption of the green BCL11A-

specific signal with a minor part remaining colocalized with the REL-signal on 

the der(2) and the major part on the der(14) separated from the REL-specific 

signal. 
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Figure 1.2 Ideogram of the genomic organization of the BCL11A gene, the 
structure of the t(2;14)(p13;q32.3) translocation, and the predicated 
primary amino acid sequence of BCL11A. 

(A) Ideogram of t(2;14)(p13;q32.3). All 4 IGH breaks occurred within Sγ 

regions, whereas the 2p13 breaks clustered centrometric of a CpG island. 

Sequence comparison of genomic and expressed sequences from chromosome 

2p13 showed the presence of 5 exons with the alternative splices indicated. 

Shaded arrows denote sites of breakpoints in cloned cases. Comparison of the 

derived cDNA sequences with the genomic sequence NT_005399.3 showed the 

presence of 3 common exons to all common BCL11A RNA isoforms: exon 1 

represented nucleotides 370479-370761; exon 2, 37767-378005; and exon 3, 

455146-455254. The longest isoform comprised of exons 1-4 (exon 4, nucleotides 

461558-466783), whereas the 2 common shorter isoforms exhibited alternative 

splicing from within exon 4 to an additional exon (exon 5, 471315-472815). (B) 

Predicted amino acid sequence of the longest detected BCL11A RNA isoform 

showing the presence of 6 C2H2 motifs (shown in blue), a sequence of 21 

consecutive acidic amino acids shown in red, and a proline-rich region between 

the first and second zinc fingers, shown in green (accession no. AJ404611).  
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Figure 1.3 BCL11A RNA is expressed in fetal, adult, and malignant tissues. 

(A) Low-level expression of BCL11A RNA in a range of normal adult 

lymphoid tissues and fetal liver (Clontech Immune System MTN blot; 2 µg 

poly[A+] mRNA per lane; exposure time, 10 days). A low-level BCL11A 

transcript of 5.8 kb was seen, with highest levels present in normal lymph node. 

(B) High-level BCL11A expression was seen only in fetal brain (CNS d117) and 

in patient AS with t(2;14)(p13;q32.3). BCL11A transcripts of 5.8kb, 3.5kb, and 

1.5kb were predominantly seen in cases with t(2;14) (p13;q32.2) and in fetal 

brain. Low-level expression of BCL11A was seen in malignant B cell lines NAB2 

and Granta 452. A loading control, denoted by reprobing of same filters with 

glyceraldehydes phosphate dehydrogenase (GAPDH) probe, is shown below.  
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BCL11A XL 1 M S R  R K Q G K P Q H L S K R E F S P E P L E A I L T D D E P D H G P L G A P E G D H D L L T C G Q C Q M N F P L G D I
L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

XL 61 L I F I E H K R K Q C N G S L C L E K A V D K P P S P S P I E M K K A S N P V E V G I Q V T P E D D D C L S T S S R R I
L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

XL 121 C P K Q E H I A D K L L H W R G L S S P R S A H G A L I P T P G M S A E Y A P Q G I C K D E P S S Y T C T T C K Q P F T
L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

XL 181 S A W F L L Q H A Q N T H G L R I Y L E S E H G S P L T P R V G I P S G H G A E C P S Q P P L H G I H I A D N N P F N L
L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L H T P P F G V V P R E L K M C G S F R M E A R E P L S S

XL 241 L R I P G S V S R E A S G L A E G R F P P T P P L F S P P P R H H L D P H R I E R L G A E E M A L A T H H P S A F D R V
L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S E K I *

XL 301 L R L N P M A M E P P A M D F S R R L R E L A G N T S S P P L S P G R P S P M Q R L L Q P F Q P G S K P P F L A T P P L
L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

XL 361 P P L Q S A P P P S Q P P V K S K S C E F C G K T F K F Q S N L V V H R R S H T G E K P Y K C N L C D H A C T Q A S K L
L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

XL 421 K R H M K T H M H K S S P M T V K S D D G L S T A S S P E P G T S D L V G S A S S A L K S V V A K F K S E N D P N L I P
L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

XL 481 E N G D E E E E E D D E E E E E E E E E E E E E L T E S E R V D Y G F G L S L E A A R H H E N S S R G A V V G V G D E S
L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

XL 541 R A L P D V M Q G M V L S S M Q H F S E A F H Q V L G E K H K R G H L A E A E G H R D T C D E D S V A G E S D R I D D G
L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

XL 601 T V N G R G C S P G E S A S G G L S K K L L L G S P S S L S P F S K R I K L E K E F D L P P A T M P N T E N V Y S Q W L
L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

XL 661 A G Y A A S R Q L K D P F L S F G D S R Q S P F A S S S E H S S E N G S L R F S T P P G E L D G G I S G R S G T G S G G
L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

XL 721 S T P H I S G P G T G R P S S K E G R R S D T C E Y C G K V F K N C S N L T V H R R S H T G E R P Y K C E L C N Y A C A
L - - - - - - - - - - - - - - - - - - - - - - - - S S H T P I R R S T Q R A Q D V W Q F S D G S S R A L K F *

 
XL 781 Q S S K L T R H M K T H G Q V G K D V Y K C E I C K M P F S V Y S T L E K H M K K W H S D R V L N N D I K T E *

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Sequence comparisons of BCL11A, Evi9 and BCL11B.  

(A) Comparison of BCL11A, mouse Evi9 isoforms, and BCL11B. C2H2 

zinc fingers are denoted by shaded boxes, the acidic region is denoted by a 

hatched box. The positions of the first and last amino acids of C2H2 zinc fingers 

are shown underneath. Note lack of last 3 zinc fingers in the longest mouse Evi9 

isoform and close similarities in the overall structure of BCL11Axl and BCL11B. 

(B) BCL11A isoforms. BCL11Axl: 835 amino acids, accession no. AJ404611, 

BCL11Al: 773 amino acids, accession no. AJ404612, and BCL11As: 243 amino 

acids, accession no. AJ404613. Dots represent identical amino acid residues. 
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Apart from being evolutionarily conserved, database analysis showed a 

human homologue of BCL11A mapping to chromosome 14q32.1, which was 

termed BCL11B.  

BCL11B showed 67% identity at the nucleotide level, and 61% identity at 

the protein level to BCL11A (Figure 1.5). BCL11B was expressed preferentially 

in malignant T cell lines derived from patients with adult T cell 

leukemia/lymphoma (Satterwhite et al., 2001). The possible pathologic 

significance of this observation is not clear. BCL11B was not expressed at 

detectable levels by Northern blot in any malignant B cell lines examined 

(Satterwhite et al., 2001). 

Both BCL11A and BCL11B map to regions of recurrent cytogenetic 

abnormality in lymphoid malignancies. Amplifications and gains of 2p13 have 

been detected in 20% of aggressive extra-nodal and mediastinal B-NHL, and 50% 

of primary HD (Houldsworth et al., 1996; Barth et al., 1998; Joos et al., 2000; 

Goff et al., 2000). Among the HD cell lines examined by Northern blots, L428 

and KM-H2 exhibited overexpression of BCL11A (Satterwhite et al., 2001). All 

three isoforms were expressed co-ordinately in KM-H2, whereas L428 only 

showed high-level expression of BCL11Al (Figure 1.6) (Satterwhite et al., 2001).   
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Figure 1.5 Sequence comparisons of BCL11Axl and BCL11B.  

Boxed regions indicate C2H2 zinc finger domains. Identical amino acids 

are shown in black boxes, conserved in gray. Introduced gaps to maximize the 

alignment are shown as dots. BCL11B accession no. AJ404614.  
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Figure 1.6 Northern blot analysis of malignant lymphoma cell lines.  

Burkitt lymphoma cells lines Wien133, Raji, and HD cell line L540, 

showed low-level BCL11A expression. HD cell lines L428 and KM-H2 showed 

overexpression of BCL11A. In L428, this was predominantly of BCL11Al, 

whereas in KM-H2 all three isoforms were expressed at similar levels.  
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Goals and rationale 

We have previously identified a gene, BCL11A, which is located on 

chromosome 2p13 and is implicated in four cases of B cell malignancy with 

t(2;14)(p13;q32.3). This dissertation focuses on the functions of BCL11A in 

normal cells as well as on the mechanism by which deregulated BCL11A 

expression contributes to B cell malignancy. In an effort to characterize the 

biological functions of a novel gene, some basic questions need to be addressed. 

For example, in which tissues is this gene expressed? Where is it localized inside 

the cell, and with which proteins does it interact? My efforts to answer these 

questions are presented in Chapter 2. BCL11A contains six C2H2 zinc fingers, 

indicating it might play a role in either RNA biogenesis or transcriptional 

regulation or both. In Chapter 3, I demonstrate that BCL11A functions as a 

transcriptional repressor, through a mechanism that differs from its interaction 

partner, BCL6. Having established that BCL11A functions as a transcriptional 

repressor, the biological consequence of its transrepression is of obvious interest. 

In Chapter 4, I demonstrate that BCL11A induces apoptosis in both lymphoid and 

non-lymphoid cells. Its apoptotic effect is independent of BCL6, but can be 

moderately enhanced by p53 and completely blocked by the overexpression of 

anti-apoptotic factor Bcl-2 or a caspase-9 inhibitor. In Chapter 5, I present my 

initial efforts to identify the potential BCL11A target genes by screening 

Lymphochip microarrays. Based on these results, I propose a mechanism by 

which BCL11A overexpression causes apoptosis. Finally, in Chapter 6, I propose 
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hypothesis to explain the possible roles of BCL11A in B cell malignancy and 

further prospects for BCL11A functional studies.  
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CHAPTER 2: BCL11A PHYSICALLY INTERACTS WITH 
BCL6 AND IS OVEREXPRESSED IN MALIGNANT B CELLS 

Introduction     

To characterize the biological functions of a novel gene, an informative 

approach is to identify its expression pattern, its subcellular localization, and its 

interaction partner(s). This allows one to gain initial clues as to the role(s) this 

protein might play, where it might exert its action, and most importantly, the 

experiments needed to be accomplished to further elucidate the functionalities of 

this gene.         

The mouse homologue of BCL11A, Evi9, has been demonstrated to 

physically interact with human B cell proto-oncogene BCL6 (B cell lymphoma 6) 

(Nakamura et al., 2000). BCL6 is located on chromosome 3q27. It is frequently 

altered in diffuse large B-cell lymphomas, a subtype of B cell non-Hodgkin’s 

lymphoma (Offit et al., 1994). BCL6 encodes a sequence-specific DNA binding 

transcriptional repressor, which contains a BTB/POZ domain in its NH2-terminal 

and six Krüppel zinc fingers in its COOH-terminal. BCL6 is highly conserved 

showing 97% identity within its zinc finger domains from frog to man (Chang et 

al., 1996; Seyfert et al., 1996). Although BCL6 mRNA can be detected in many 

tissues (Allam et al., 1996), its protein is mainly expressed in B lymphocytes 

(Cattoretti et al., 1995; Allman et al., 1996), with highest levels in germinal center 

B cells. 

While its precise function remains unknown, BCL6 has been shown to be 

a multifunctional regulator of lymphocyte differentiation and immune responses 
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(Staudt et al., 1999). BCL6 mutant mice demonstrate two prominent phenotypes: 

A failure to form germinal centers during T cell-dependent immune responses and 

an inflammatory disease distinguished by the presence of type 2 helper T (TH2) 

cells (Dent et al., 1997; Fukuda et al., 1997; Shaffer, et al., 2000). The 

translocations of the BCL6 gene are unusual in two regards. Firstly, apart from its 

translocation into the IgH locus, BCL6 is translocated to at least 20 other non-Ig 

sites, including TTF, BOB1 and histone H4. As with BCL11A, the 5’ end of 

BCL6 is decapitalized, allowing the promoters of these genes to drive its 

constitutive expression (Akasaka et al., 2000). Secondly, in both normal and 

malignant B-cell populations, BCL6 frequently exhibits mutations, insertions and 

deletions in its 5’UTR, the region that translocations generally occur (Shen et al., 

1998). However, the mechanism by which deregulated expression of BCL6 

contributes to the pathogenesis of B-NHL remains unknown (Staudt et al., 1999).   

In this chapter, I provide my initial characterization of BCL11A 

expression and protein-protein interactions. I demonstrate that in normal human 

peripheral lymphoid tissues, BCL11A mRNA accumulates at high levels in 

germinal centers. I then generated an anti-BCL11A specific antibody and 

confirmed that at the protein level, at least two of the BCL11A isoforms are 

overexpressed in malignant cells in which the 2p13 locus is genetically disrupted. 

In addition, I show that all three BCL11A isoforms can interact with each other 

and both BCL11Axl and BCL11Al can colocalize and physically interact with 

BCL6. I also present additional experiments indicating that these interactions 

might cause dynamic nuclear re-localization of both proteins.  
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Results 

BCL11A MRNA ACCUMULATES IN GERMINAL CENTERS  

BCL11A is represented by the Unigene cluster Hs.130881 

(Http://www.ncbi.nlm.nih.gov/UniGene/index.html). Among the 114 EST clones 

represented by this cluster, 32% were derived from germinal center B-cell or CLL 

cDNA libraries, 16% from fetal brain, and 16% from fetal and adult lung. EST 

clones corresponding to the 3’UTR of the gene were also included on the 

lymphochip (Alizadeh et al., 2000). Analysis of these data has shown that 

BCL11A RNA is expressed in germinal center B cells and is down-regulated in 

response to anti-Ig stimulation (Http://lmpp.nih.gov/lymophoma). To confirm the 

expression of BCL11A within the germinal center, in situ hybridization was 

performed using antisense RNA probes that detect all three isoforms (Figure 2.1). 

Staining with BCL11A antisense probe was detected only within the germinal 

center but not in the adjacent mantle zone. These data indicate that BCL11A is 

highly expressed in normal germinal center. This along with its lack of significant 

accumulation in peripheral blood lymphocytes (PBL) and other adult 

hematopoietic compartments (Satterwhite et al., 2001) suggests that BCL11A 

expression is tightly regulated during B-cell development in the normal adult.  
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Figure 2.1 BCL11A mRNA accumulates in germinal center (GC) but not 
follicular mantle (FM) B cells. 

Antisense (A) and sense (B) 35S-labeled riboprobes were hybridized to 

frozen sections of human tonsils, or a serial section (C) was weakly stained with 

Giemsa to visualize the boundary of the high cellularity FM area. GC cells but not 

mantle cells exhibited BCL11A expression.  
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PROTEASOME INHIBITORS INCREASE BCL11A EXPRESSION 

To perform functional studies on BCL11A, expression constructs of three 

BCL11A isoforms were generated using pCR3.1 vector (Invitrogen). pCR3.1 was 

chosen because it contains both T7 and CMV promoters, which are ideal for both 

in vitro and in vivo expression of the downstream genes. To simplify expression 

identification, pCR3.1 vector was modified by inserting a HA epitope at its 5’- 

end of the PCR product insertion site. All three pCR3.1-HA-BCL11A constructs 

can produce the encoded HA-tagged BCL11A isoforms in vitro (Figure 2.2A). 

BCL11Axl migrates at ~120 kD, BCL11Al migrates at ~100 kD, and BCL11As 

migrates at ~ 30 kD.  

The pCR3.1-BCL11A constructs produced significant amount of 

undegraded BCL11A proteins in the in vitro translation experiments. However, 

when they are transiently transfected into HEK293 or COS7 cells, the expression 

of transfected BCL11A was hardly detectable via Western blot analysis using an 

anti-HA antibody (Figure 2.2B, Lane 1 and data not shown). In contrast, the CMV 

promoter-based N-terminal GFP-BCL11A isoform fusion constructs, pEGFP-

BCL11A isoforms, showed strong expression of GFP-BCL11A isoform fusion 

proteins as assessed by fluorescence microscopy following transfection into the 

same cell lines (Figure 2.5). We suggested that BCL11A isoforms were unstable 

under the cellular conditions if they were expressed alone, whereas in GFP- 

BCL11A fusion protein, BCL11A isoform is stabilized, perhaps by subtle 

structural alterations. To further assess the stability of BCL11A, a lysosome 

inhibitor E64 and different kinds of proteasome inhibitors: PSI, LLnL, LLM and 
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MG115 were added into HEK293 cell cultures at increasing concentration 24 hrs 

after transfection. Western blot performed 48 hrs posttransfection showed that 

E64 has no significant effect on HA-BCL11Axl expression, while all the 

proteasome inhibitors tested dramatically increased the expression levels of HA-

BCL11Axl (Figure 2.2B). In addition, HEK293 cells transfected with pCR3.1-

HA-BCL11A isoforms and treated with 50 µM LLM showed strong expression of 

all the three isoforms with the same molecular weight as that in the in vitro 

translation experiments (Figure 2.2C). These data suggest that ubiquitin-mediated 

protein degradation might be involved in the regulation of BCL11A.  
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GENERATION AND CHARACTERIZATION OF A BCL11A POLYCLONAL ANTIBODY 

To detect the endogenous expression of BCL11A, an anti-BCL11A 

polyclonal antibody was generated using bacterially expressed GST-BCL11A456, 

a fusion protein of GST with a BCL11A fragment (amino acid 637-835, 

containing zinc finger 4, 5 and 6) as an immunogen. This region is completely 

contained by BCL11Axl and partially shared by BCL11Al but excluded by 

alteration splicing of BCL11As. The optimum conditions of expression and 

purification of immunogen were identified (Figure 2.3A). Purified immunogen 

was injected into rabbits. Anti-sera were screened after each boost (data not 

shown). The anti-serum with the highest titer was purified by a protein A affinity 

purification column. A Western blot was performed by immnoblotting the nuclear 

extract of HEK293 cells transfected with pCR3.1-HA-BCL11A isoforms with the 

purified anti-serum. Figure 2.3B shows that this anti-BCL11A polyclonal 

antibody could recognize both BCL11Axl and BCL11Al, but not BCL11As. 
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Figure 2.3 Generation and characterization of a BCL11A polyclonal antibody. 

(A) Identification of the optimum conditions for expression and 
purification of GST-BCL11A456. GST-BCL11A456 construct was transformed 
into different E.coli strains, the expression was induced and the products were 
eluted as indicated below. Elution products were separated on SDS-PAGE and 
stained with Coomassie Blue. Conditions in lane 6 were selected to perform the 
large-scale preparation of immunogene. (1) High molecular weight marker; (2) 1st 
elution product of GST transformed into BL21 (protease lon-deficient E.coli 
strain) induced by IPTG for 2 hrs; (3) 1st elution product of GST- BCL11A456 
transformed into BL21, induced by IPTG for 2 hrs; (4) 1st elution product of GST- 
BCL11A456 transformed into BL21, induced by IPTG for 3 hrs; (5) 1st elution 
product of GST- BCL11A456 transformed into DH5α, induced by IPTG for 2 hrs; 
(6) 1st elution product of GST- BCL11A456 transformed into DH5α, induced by 
IPTG for 3 hrs; (7) 1st elution product of GST- BCL11A456 transformed into 
TOP10F’, induced by IPTG for 2 hrs; (8) 2nd elution product of GST- 
BCL11A456 transformed into BL21, induced by IPTG for 3 hrs; (9) 2nd elution 
product of GST- BCL11A456 transformed into BL21, induced by IPTG for 3 hrs; 
(10) 2nd elution product of GST- BCL11A456 transformed into DH5α, induced by 
IPTG for 3 hrs. (B) Anti-BCL11A polyclonal antibody recognizes both 
BCL11Axl and BCL11Al but not BCL11As. Nuclear extracts of HEK293 cells 
transfected with pCR3.1-HA-BCL11A isoforms were immunoblotted with the 
anti-BCL11A antibody. 
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BCL11A IS HIGHLY EXPRESSED IN CLL AND HD CELL LINES 

Previous Northern blots have demonstrated that all three BCL11A 

isoforms were overexpressed in the two pediatric CLL patients studied. In 

addition, HD cell lines L428 and KM-H2 with gains of chromosome 2p, also 

showed overexpression of BCL11A to varying degrees. All three isoforms were 

expressed coordinately in KM-H2, whereas L428 showed high-level expression of 

only BCL11Al (Satterwhite et al., 2001). 

To identify the expression pattern of BCL11A proteins in these malignant 

B cells, Western blots were performed on whole cell lysates using the anti-

BCL11A antibody. Compared to Granta and Nab2 (two human B cell lines 

bearing normal 2p13), both BCL11Axl and BCL11Al accumulated to significant 

levels in the tumor cells of both CLL patients (Figure 2.5A) and in KM-H2 

(Figure 2.5B). In L428, higher expression of BCL11Al was predominantly 

observed (Figure 2.5B). These data correlate with the Northern results and 

suggest that BCL11A is overexpressed at both RNA and protein levels in these 

malignant B cells bearing 2p13 abnormalities.  

Curiously, the molecular weight of BCL11Axl in CLL tumor cells was 

~150 kD, which was greater than that expressed (~120 kD) in HD cell lines and B 

cell lines bearing normal 2p13. Although the significance of this size difference 

remains unclear, its uniqueness to the CLL malignant cells suggests that it might 

play a role in B cell pathogenesis.  

  46



 

 

A                                                           B 

           

                                                      

  

K
M

-H
2 

L4
28

 
N

aB
2 

G
ra

nt
a 

   A
S 

  LH
 

      
 
         150 kD   
 
         100 kD  

      120 kD 
 
      100 kD 

 

 

Figure 2.4 BCL11A is expressed in CLL and HD B cells. 

Western blots were performed on the whole cell lysates using affinity-

purified rabbit anti-BCL11A polyclonal antibody that can recognize both 

BCL11Axl and BCL11Al, but not BCL11As. (A) BCL11A overexpression in 

CLL tumor cells. Both BCL11Axl and BCL11Al accumulated to high levels in 

the tumor cells of two pediatric CLL patients, AS and LH. (B) BCL11A 

overexpression in HD cell lines KM-H2 and L428. Both BCL11Axl and 

BCL11Al were expressed at high levels in KM-H2, whereas in L428, the 

overxepression of BCL11A was predominantly of BCL11Al. Cell lines lacking 

2p13 abnormalities, Nab2 and Granta, showed low level expression of BCL11A.  
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IDENTIFICATION OF THE SUBCELLULAR LOCALIZATION OF BCL11A ISOFORMS 

The subcellular localization of a protein frequently correlates with its 

biological function. To assess the localization of endogenous BCL11A isoforms, I 

performed immunostaining with the anti-BCL11A antibody on HD cell lines. 

Unfortunately, the result was ambiguous due to a strong cross-reaction. I then 

took an alternative approach to fuse a green fluorescent protein (GFP) with each 

of the BCL11A isoforms. GFP- BCL11A isoform fusion constructs were 

transiently transfected into NIH 3T3, COS7, Hela and HEK293 cell lines. These 

cell lines were chosen instead of lymphocytes because of high transfection 

efficiency and distinct nuclei. In all cell lines tested (Figure 2.5 and data not 

shown), both BCL11Axl and BCL11Al localized within nucleus. Moreover, in 

about 80% of the transfected cells, BCL11Axl formed a large number of nuclear 

dots (Figure 2.5A), BCL11Al exhibited a smaller number of dots with a more 

diffuse nucleoplasmic localization (Figure 2.5C). In 20% of the transfected cells, 

both BCL11Axl and BCL11Al concentrated into fewer but bigger dots (Figure 

2.5B, D). In contrast, approximately 70% of the cells transfected with BCL11As 

showed predominant cytoplasmic localization with a trace amount of nuclear 

staining (Figure 2.5E, F). This pattern was pronounced in the cells undergoing 

division (Figure 2.5E). In the rest of the cells, BCL11As distributed evenly 

throughout the entire cells, with the exclusion from the nucleoli (Figure 2.5F).  
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Figure 2.5 Identification of the subellular localization of BCL11A isoforms. 

pEGFP-BCL11A isoform constructs were transiently transfected into 
COS7 cells and observed by fluorescent microscopy 24 hrs after transfection. (A) 
and (B), GFP-BCL11Axl, (C) and (D), GFP-BCL11Al, (E) and (F), GFP-
BCL11As. DAPI staining of corresponding nuclei is shown to the right of each 
green fluorescence panel.  
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IDENTIFICATION OF BCL11A NUCLEAR LOCALIZATION SIGNAL  

Both BCL11Axl and BCL11Al localized exclusively within nucleus, 

whereas BCL11As resided predominantly in cytoplasm. Based on this result, I 

reasoned that a BCL11A nuclear localization signal (NLS) resides within 

sequence shared by BCL11Axl and BCL11Al but absent in BCL11As. Three 

putative nuclear localization signals were identified in the BCL11A sequence by 

searching the database: NLS1, HKRK at amino acid 66-69, NLS2, KHKR at 

amino acid 569-572 and NLS3, PFSKRIK at amino acid 631-637. Since NLS1 

and NLS2 are very similar, and NLS1 is common to all three isoforms, I reasoned 

that NLS3, which is contained only in BCL11Axl and BCL11Al, must be 

essential for BCL11A nuclear localization.  

To confirm this hypothesis, site-directed mutagenesis was performed on 

three amino acids within NLS3 on GFP-BCL11Axl as follows: 634K/T, 635R/L, 

and 637K/T. When transiently transfected into cells, GFP-BCL11Axl 634K/T or 

637K/T mutants predominantly localized to the cytoplasm (Figure 2.6A, B), 

whereas GFP-BCL11Axl 635R/L still maintained a nuclear dot pattern, although 

a portion of the fusion protein was released into cytoplasm (Figure 2.6C). These 

data suggest that PFSKRIK at amino acid 631-637 functions as the NLS of 

BCL11A, 634K and 637K are equally critical for this function, whereas 635R 

plays a less important role. 
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Figure 2.6 Identification of BCL11A nuclear localization signal. 

Site-directed mutagenesis was performed on three amino acids within 
PFSKRIK in pEGFP-BCL11Axl: 634K/T (A), 637K/T (B), and 635R/L (C). The 
mutants were transiently transfected into COS7 cells and observed via fluorescent 
microscopy 24 hrs after transfection. DAPI staining of corresponding nuclei is 
shown to the right of each green fluorescence panel. 
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BCL11A COLOCALIZES AND PHYSICALLY INTERACTS WITH BCL6 

Both BCL11A and BCL6 are highly expressed in germinal centers. In 

addition, BCL6 and the two longer isoforms of BCL11A showed similar nuclear 

dot patterns. Given the similarities between these two proteins, I sought to 

determine whether they could colocalize each other. A FLAG-tagged full-length 

BCL6 construct (pCMV-FLAG-BCL6) and pEGFP- BCL11A isoform fusion 

constructs were transiently cotransfected into COS7 cells. Both BCL11Axl and 

BCL11Al colocalized with BCL6 in nuclear dots (Figure 2.7), whereas no 

colocalization was observed between BCL11As and BCL6. Interestingly, 

overexpressed BCL11As could cause BCL6 to lose its nuclear dot pattern, leading 

to diffuse staining in both nucleus and cytoplasm (Figure 2.7).  

The colocalization of BCL11Axl or BCL11Al with BCL6 suggested that 

they might physically associate, whereas BCL11As might not. To confirm this, I 

performed co-immunoprecipitation assays both in vitro and in vivo. In the in vitro 

assays, cell lysates of HEK293 cells transiently transfected with pCMV-FLAG-

BCL6 were used as a BCL6 protein source. HA-BCL11A isoform proteins were 

generated in reticulocyte lysates by in vitro translaton. In the in vivo assays, cell 

lysates of HEK293 cells cotransfected with pCMV-FLAG-BCL6 and pCR3.1-

HA-BCL11A isoform constructs provided a source for both proteins. BCL11Axl 

and BCL11Al strongly interacted with BCL6 both in vitro (Figure 2.8A) and in 

vivo (Figure 2.8B), whereas no interaction between BCL11As and BCL6 was 

detected in either assay. These data suggest that both BCL11Axl and BCL11Al 
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can physically interact with BCL6, whereas BCL11As can not. Therefore, the 

nuclear relocalization of BCL6 upon cytoplasmic overexpressed BCL11As is 

probably indirect, involving interactions of BCL11As with other isoforms or 

unrelated proteins.   
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Figure 2.7 Colocalization of BCL11A isoforms with BCL6.  

COS7 cells were transiently transfected with pEGFP-BCL11A isoform 
fusion constructs and with a pCMV-FLAG-BCL6 constuct. Immunostaining was 
performed 24 hrs posttransfection using an anti-FLAG monoclonal antibody and 
observed via confocal microscopy. Colocalization was determined by merging 
sequentially scanned images from the two channels. Nuclei were counterstained 
with TOPRO-3.  
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BCL11A ISOFORMS CAN INTERACT WITH EACH OTHER 

All three BCL11A isoforms contain at least one C2H2 zinc finger domain. 

In addition to DNA binding activity, zinc finger domains also play an important 

role in protein-protein interaction (Laity et al. 2001). To identify if BCL11A 

isoforms can interact with each other, immunoprecipitation assays were 

performed using in vitro translated unlabeled Gal4-DNA-binding domain 

(Gal4DBD)-BCL11A isoform fusion proteins, 35S-labeled HA-BCL11A isoforms, 

and an anti-Gal4-DNA binding domain antibody (anti-Gal4DBD). Surprisingly, 

all three isoforms can interact with each other, whereas the control reactions 

performed without the anti-Gal4DBD or with Gal4DBD alone did not detect 

interaction with the BCL11A isoforms (Figure 2.9). 

To further confirm the interactions between BCL11A isoforms and to 

explore the biological consequences of these interactions, I performed several 

cotransfections in COS7 cells. Both Gal4DBD-BCL11Axl and Gal4DBD-

BCL11Al relocalized GFP-BCL11As from cytoplasm to nucleus, where it formed 

nuclear dot patterns similar to that of GFP-BCL11Axl or GFP-BCL11Al (Figure 

2.10B, C). In contrast, Gal4DBD-BCL11As could not pull either GFP-BCL11Axl 

or GFP-BCL11Al out of the nucleus (Figure 2.10D, E). The control reaction 

performed by cotransfection of Gal4DBD and GFP-BCL11As did not cause any 

alternation of GFP-BCL11As localization (Figure 2.10A). These indicate that 

recolization of GFP-BCL11As was resulted from the specific interactions 

between BCL11As and two longer isoforms.  

  56



 

 

 

 

 

  

                      

 

Gal4DBD-BCL11AXL     +      +    +    +    +    + 
Gal4DBD-BCL11AL                                           +    +    +     +    +    +                
Gal4DBD-BCL11AS                                                                                +     +    +    +    +    + 
S35- BCL11AXL                   +    +                                              +    +                           +       +                             + 
S35- BCL11AL                             +    +                             +     +                           +    +                        +         
S35- BCL11AS                                          +    +                             +    +                            +    +                 + 
Gal4DBD                                                                                                                                       +     +    +   
Anti-Gal4DBD                     +           +          +          +           +          +         +          +           +    +    +    + 
 

 

F

u

i

i

(

P

 

 

 

 

          
         120 kD   
         100 kD   
 
     
            
 
 
           30 kD   
 

igure 2.9 BCL11A isofroms can interact with each other in vitro. 

Immunoprecipitation assays were performed using in vitro translated 

nlabeled Gal4-DNA-binding domain (Gal4DBD) alone or Gal4DBD-BCL11A 

soform fusion proteins, and in vitro translated 35S-labeled HA-BCL11A isoforms, 

n the presence or the absence of an anti-Gal4-DNA-binding domain antibody 

anti-Gal4DBD). The immunoprecipitated products were separated on SDS-

AGE and visualized by fluorography. 
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Discussion  

In this chapter, I demonstrate that in normal human peripheral lymphoid 

tissues, BCL11A mRNA accumulates to high levels in germinal centers. This 

suggests that BCL11A may function in B cell developmental processes. It has 

been reported that human Evi9/BCL11A is expressed in the CD34+ myeloid 

precursor population, and it is down regulated in retinoid acid-induced 

differentiated HL-60 cells. This indicates that constitutively expressed BCL11A 

may also play a role in blocking myeloid differentiation (Saiki et al., 2000).  

The expression levels of transfected BCL11A isoforms can be 

dramatically enhanced by proteasome inhibitors but not a lysosome inhibitor, 

indicating that BCL11A might be regulated by the ubiquitin-mediated protein 

degradation pathway. Eukaryotic cells potentiate two major proteolytic pathways: 

Lysosomal and non-lysosomal. The lysosomal pathway mainly degrades 

extracellular proteins that have entered the cell via receptor-mediated endocytosis 

or pinocytosis, while the non-lysosomal pathway degrades intracellular proteins 

via an ATP and ubiquitin-dependent mechanism (Pahl et al., 1996). In many 

cases, identification of a protein for ubiquitination involves a prior modification 

such as phosphorylation (Laney et al., 1999). In order to detect the 

phosphorylation status of BCL11A, I treated the nuclear lysates of BCL11Axl 

transfected cells with calf intestine alkaline phosphotase. However, no significant 
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difference was observed for BCL11Axl migration on SDS-PAGE as compared 

with the untreated controls, indicating that BCL11Axl was not phosphorylated 

under the testing conditions (data not shown). 

BCL6 mRNA can be detected in many tissues (Allam et al., 1996). 

However, its protein is mainly expressed in B lymphocytes (Cattoretti et al., 1995; 

Allman et al., 1996), with highest levels in germinal center B cells. This indicates 

that the expression level of mRNA does not always reflect that of protein. To 

characterize the endogenous BCL11A proteins, I generated an anti-BCL11A 

polyclonal antibody in rabbit using a BCL11A fragment containing zinc fingers 4, 

5 and 6. Knowing that most of the sequence in this fragment is unique to 

BCL11Axl, I was surprised to find that this antibody could recognize BCL11Al as 

well. I suggest that this is probably due to a 106 amino acid stretch at the N 

terminal region of the immunogen is also shared by BCL11Al, equivalent 

epitopes might have been provided within this region, or the anti-serum cross-

reacted due to the high homology between zinc fingers 2-3 pair and 4-5 pair. 

Western blots conducted on malignant B cells showed that at least two BCL11A 

isoforms were overexpressed in the CLL tumor cells and HD cell lines containing 

2p13 abnormalities. These results were fairly consistent with our previous 

observation on Northern blots (Satterwhite et al., 2001). Curiously, the molecular 

weight of BCL11Axl in CLL tumor cells was 150 kD, which was larger than that 

expressed (120 kD) in HD cells or other B cells bearing normal 2p13. In order to 

discover the cause, several assays were carried out. In vitro treatment with calf 

intestine alkaline phosphatase did not show any reduction of this larger molecular 
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weight, indicating that phosphorylation might not be the reason. To test if it was a 

result of BCL11A ubiquitination, Western blot using an anti-ubiquitin antibody 

was performed following immunoprecipitation using the anti-BCL11A antibody. 

Unfortunately, the result was ambiguous because of strong cross-reactions. Due to 

the rarity of the CLL tumor samples, further experiments addressing this issue 

need to be more accurate, sensitive, and less material consuming, mass-

spectrometry might be a good approach. Although the significance of this size 

difference remains unclear, its uniqueness to the CLL malignant cells suggests it 

may play a role in tumorigenesis 

In transfected COS7 cells, both GFP-BCL11Axl and GFP-BCL11Al 

localized in the nucleus, showing different dot patterns. GFP-BCL11As 

predominantly resided in the cytoplasm, with a small portion distributed in the 

nucleus. In addition, nuclear patterns with different dot sizes and numbers were 

observed for BCL11Axl and BCL11Al. This suggests that BCL11A is recruited or 

excluded from transcription complexes at different cell cycle stages or as a 

consequence of some other biological regulatory processes. To determine whether 

the endogenous proteins localized similarly, I performed immunostaining with the 

anti-BCL11A antibody on various B cell lines. Unfortunately, the anti-serum 

(even following affinity purification) strongly cross-reacted. It has been identified 

that endogenous Evi9a and Evi9b localize in the nucleus, showing nuclear dot 

patterns similar to what observed in the transfected COS7 cells (Nakamura, et al., 

2000). Since the nuclear localization patterns I observed in GFP-BCL11Axl or 

GFP-BCL11Al transfected cells are also similar to that of endogenous Evi9a or 
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Evi9b, I suggest that they represent the endogenous BCL11A nuclear localization 

patterns.  

In this chapter, I also demonstrate that BCL11Axl and BCL11Al 

colocalize and physically interact with BCL6. Since both BCL11A and BCL6 are 

expressed in germinal centers, these interactions might implicate them together in 

mediating B cell selection, maturation, or proliferation. In addition, Evi9 has also 

been identified to interact with BCL6. The POZ domain on BCL6 and zinc fingers 

2 and 3 on Evi9 are responsible for this interaction (Nakamura, et al., 2000). This 

finding is consistent with my results that BCL11As does not interact with BCL6. 

Interestingly, when overexpressed, BCL11As could disrupt BCL6 subcellular 

localization pattern. Since BCL11As is the only isoform whose mRNA expressed 

preferentially in a number of malignant B cell lines (Figure 1.3, 1.6), this unique 

feature may have implications for BCL11A in pathogenesis.  

Finally, I demonstrate that all three BCL11A isoforms could physically 

interact with each other. As a consequence of these interactions, both BCL11Axl 

and BCL11Al could relocalize BCL11As into the nucleus, where it accumulated 

in a nuclear dot pattern similar to that of the longer isoforms. Since the first zinc 

finger is the only functional domain found in BCL11As, this indicates that it may 

play an important role in the interactions among BCL11A isoforms. Moreover, 

this also suggests that the zinc finger domains provide different/additional 

interactions for heteromeric (interactions between BCL11A and BCL6) and 

homomeric (among BCL11A isoforms) interactions.  
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CHAPTER 3: BCL11A FUNCTIONS AS A 
TRANSCRIPTIONAL REPRESSOR 

Introduction 

BCL11A contains six C2H2 zinc fingers. The functions of zinc finger 

domains range widely from DNA or RNA recognition to protein-protein 

interaction (Laity et al., 2001). My studies suggested that the first zinc finger of 

BCL11A might be responsible for the interactions between its isoforms. 

Mutagenesis assays also demonstrated that the second and the third zinc fingers of 

Evi9 are the domains that interact with BCL6 (Nakamura et al., 2000). Due to 

their sequence similarity, I suggest that these two zinc fingers are also responsible 

for the interactions between BCL11A and BCL6. In addition to these protein-

protein interactions, the BCL11A zinc fingers may also contribute to other 

cellular functions, particularly, to nucleic acid binding.  

It is well established that BCL6 functions as a sequence specific 

transcriptional repressor (Laherty, et al., 1997). Two common mechanisms by 

which transcription factors mediate repression have been reported. One is to 

organize the chromosomal loci into a transcriptional inactive state (Chen et al., 

1999; Choi et al., 1999; Brantjes et al., 2001). BCL6 executes its repression 

activity through this mechanism. It locally induces a repressive (hypoacetylated) 

chromatin structure via the interaction with SMRT (silencing mediator of retinoid 

and thyroid receptor) and recruitment of histone deacetylase complex 1 (HDAC1) 

(Zhang et al., 2001; Nagy et al., 1997). The other mechanism to induce 

transcription repression is called promoter quenching (Gray et al., 1996b). The 
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repressors, or the corepressors they recruit, interact with activators bound to the 

nearby sites, resulting in obstruction of the interactions between the activators and 

the transcription machinery (Courey et al., 2001).   

In this Chapter, I report my current efforts toward understanding the role 

of BCL11A in nucleic acid binding. Experiments were carried out to determine 

whether it functions in the DNA or the RNA world. I demonstrate that BCL11A 

localization is altered by modulating DNA or RNA synthesis, potentially placing 

BCL11A in a transcriptional regulation pathway. Next I performed transactivation 

assays and demonstrate that BCL11A isoforms are transcriptional repressors and 

function in a trichostatin A and BCL6 independent manner. Finally, a potential 

BCL11A DNA binding consensus sequence was identified and confirmed by gel 

mobility shift assays.  

 

Results 

BCL11AXL RESIDES WITHIN A SUBNUCLEAR DOMAIN ADJACENT TO SPECKLES  

A number of studies have defined the mammalian cell nucleus as a highly 

organized and compartmentalized structure in which DNA replication, 

transcription, pre-mRNA processing, ribosome biogenesis and RNA transport 

take place (Spector, 1993; Lamond et al., 1998). Each nuclear compartment 

contains a distinct set of proteins that represent the functions of the nuclear 

domain where they reside. Therefore, studying the subcellular localization has 

become a common way to identify the possible functions of a novel protein. 
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Based on previous result that Evi9 does not colocalize with either PML or 

Sp100 subnulcear domains (Nakamura et al., 2000), I attempted to identify if 

BCL11A localizes within nuclear speckles. Nuclear speckles are defined 

operationally by the nuclear staining of a conserved splicing factor SC35. 

Speckles contain not only snRNPs, non-snRNA pre-mRNA splicing factors 

(Spector, 1999; Spector et al., 1991), poly(A) RNAs (Carter et al., 1993), but also 

transcriptional factors (Larsson et al., 1995), 3’-processing factors (Krause et al., 

1994; Schul et al., 1998), ribosomal proteins (Mintz et al., 1999), and a 

hyperphosphorylated form of the large subunit of RNA polymerase II (Mortillaro 

et al., 1996). Speckles are highly dynamic. They appear to be temporary storage 

or recycling centers for the multiple factors required for mRNA biogenesis. 

Studies have shown that pre-mRNAs are also associated with speckles (Smith et 

al., 1997). Transcriptional synthesis sites are found both along the periphery and 

inside speckles (Wei et al., 1999). These data indicate that speckles coordinately 

act in both the transcriptional and splicing processes.  

To determine if BCL11A resides in speckles, a monoclonal antibody 

against SC35 was used to perform the immunostaining of COS7 cells transiently 

transfected with the pEGFP-BCL11Axl construct. GFP-BCL11Axl and speckles 

showed a similar, but not identical, nuclear localization pattern. Although in close 

proximity, the majority of the GFP-BCL11Axl dots do not overlap with speckles. 

Instead, they appear to surround them, suggesting a molecular cross-talk between 

these two compartments (Figure 3.1). 
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Figure 3.1 BCL11Axl resides at a subnuclear domain adjacent to speckles.  

COS7 cells were transiently transfected with the pEGFP-BCL11Axl 
construct. At 24 hrs after transfection, cells were immunostained with an anti-SC-
35-PE antibody, and observed via fluorescent microscopy. Colocalization was 
determined by merging sequentially scanned images from the two channels.   
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BCL11A LOCALIZATION IS ALTERED DURING TRANSCRIPTION INHIBITION  

The para-speckle subnuclear localization of BCL11A suggests that it may 

be involved in some topological aspect of transcription. To address this question, 

inhibitors of transcriptional initiation (DRB) or elongation (actinomycin D) were 

added into the cell cultures following transient transfection with pEGFP-BCL11A 

isoform constructs. The transcription inhibitor 5,6-dichloro-1-β-D-

ribofuranosylbenzimida-zole (DRB) is an adenosine analog that can cause 

premature transcriptional inhibition (Clement et al., 2000). DRB can selectively 

inhibit polymerase II by blocking protein kinases from phosphorylating the CTD 

(Dubois et al., 1994). This phosphorylation event is a critical step in transition 

from transcription initiation to elongation (Mancebo et al., 1997; Zhu et al., 

1997). In contrast, actinomycin D is able to inhibit all three RNA polymerases by 

binding to GC-rich double stranded DNA (Perry, 1963).  

Upon treatment with either inhibitor, GFP-BCL11Axl or GFP-BCL11Al 

formed bigger, but fewer and rounder dots (Figure 3.2B, E, C, F). A portion of 

GFP-BCL11As was also relocalized from a diffuse cytoplasmic distribution to 

cytoplasmic dots (Figure 3.2H, I). These results suggest that BCL11A resides in a 

dynamic compartment, whose morphology changes upon transcription inhibition. 

In addition to protein aggregation, a number of the nuclear dots (including 

speckles) also contain hnRNA, nuclear matrix and other net-work-like structures 

(Misteli 2001). To identify this, COS7 cells transiently transfected with pEGFP-

BCL11Axl were treated with RNase or DNase, or the combination of these two 
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enzymes along with the transcription inhibitors. Treatment of the cells with 

RNase alone (Figure 3.3C), RNase combined with Actinomycin D (Figure 3.3E) 

or RNase combined with DRB (Figure 3.3G) showed no significant effect on the 

subcellular localization of GFP-BCL11Axl, compared with the untreated controls 

(Figure 3.3A, B). However, the treatment with DNase alone (Figure 3.3D) 

changed the localization pattern of GFP-BCL11Axl from the distinct nuclear dots 

to more diffuse para-nuclear-concentrated pattern. More dramatic changes were 

observed when DNase was combined with either Actinomycin D (Figure 3.3F), or 

DRB (Figure 3.3H). The nuclear localization pattern of GFP-BCL11Axl was 

completely disrupted after these two treatments. Its green fluorescence was 

diffused throughout the cell. These data strongly suggest that BCL11Axl resides 

in a subcellular domain whose structure is dependent on DNA structural integrity, 

such as provided by nuclear matrix-MAR interactions.    
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Figure 3.2 Transcription inhibitors alter BCL11A nuclear localization. 

COS7 cells were transiently transfected with pEGFP-BCL11A isoform 
constructs. At 24 hrs after transfection, Actinomycin D was added into the cells 
transfected with pEGFP-BCL11Axl (B), pEGFP-BCL11Al (E), or pEGFP-
BCL11As (H). DRB was added into the cells transfected with pEGFP-BCL11Axl 
(C), pEGFP-BCL11Al (F), and pEGFP-BCL11As (I). Cells were observed via 
fluorescent microscopy 6 hrs after treatments. Untreated COS7 cells transfected 
with each pEGFP-BCL11A isoform are shown as controls. DAPI staining of 
corresponding nuclei is shown to the right of each green fluorescence panel.  
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Figure 3.3 DNase but not RNase treatment alters BCL11A nuclear localization. 

COS7 cells were transiently transfected with pEGFP-BCL11Axl. 24 hrs 
posttransfection, cells were treated with RNase (C), RNase and Actinomycin D 
(E), RNase and DRB (G), DNase (D), DNase and Actinomycin D (F), or DNase 
and DRB (H). Cells were observed via fluorescent microscopy 6 hrs after 
treatments. Untreated COS7 cells transfected with pEGFP-BCL11Axl are shown 
at controls (A) and (B). DAPI staining of corresponding nuclei is shown to the 
right of each green fluorescence panel. 
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BCL11A IS A TSA-INSENSITIVE TRANSCRIPTIONAL REPRESSOR 

The results of previous experiments indicate that BCL11A is involved 

with transcription. To further test this and to identify the mechanism by which 

BCL11A functions, I performed transactivation assays. BCL11A isoforms were 

fused with GAL4-DNA-binding domain (Gal4DBD). A firefly lucifirease gene 

bearing four GAL4-DNA-binding sites was used as a reporter gene. After 

cotransfection into HEK293 cells, Gal4DBD-BCL11A isoform fusion proteins 

significantly repressed the transcription of the reporter gene (Figure 3.4A). To 

determine if BCL11A represses transcription in B cells, where it is primarily 

expressed, the same transactivation assays were repeated in two B cell lines, 

BCL1 and M12.4. Repression by BCL11A isoforms was also observed (Figure 

3.4B).  

Unexpectedly, the predominantly cytoplasmically localized BCL11As 

isoform consistently showed higher levels of transrepression activity than the 

other two isoforms. I suppose that most of BCL11As was driven into the nucleus 

by the NLS present on Gal4-DNA-binding domain. These data also suggest that 

as the only functional domain found in BCL11As, the first zinc finger may play 

an important role in BCL11A transrepression activity.  

To explore the mechanism underlying BCL11A transrepression activity, 

transactivation assays were performed in the presence of the histone deacetylase 

inhibitor, trichostatin A (TSA). Consistent with previous findings, the repression 

activity of BCL6 was released up to 7 fold as a result of TSA treatment (Figure 
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3.5). However, no significant alteration on BCL11A repression activity was 

observed (Figure 3.5). These data suggest that BCL11A executes its 

transrepression activity by a mechanism other than recruitment of histone 

deacetylase. 
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Figure 3.4 BCL11A mediates transcriptional repression activity. 

(A) HEK293 cells were transiently cotransfected with pG5luc luciferase 
reporter construct, which encodes firefly luciferase gene downstream of four 
GAL4-DNA-Binding sites along with Gal4-DNA-Binding domain (Gal4DBD)-
BCL11A isoform fusion constructs. The luciferase activity was measured 48 hrs 
posttransfection. Values are expressed as percent of those obtained using the 
reporter construct and Gal4DBD alone after normalization of transfection 
efficiency for the activity of Renilla luciferase that is encoded by the Gal4DBD 
vector. The values represent the average of three independent experiments. (B) 
The same transactivation assay was performed in B cell lines BCL1 and M12.4. 
The values represent three independent experiments.  
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Figure 3.5 BCL11A executes transcriptional repression activity in a TSA 
insensitive manner.  

pG5luc luciferase reporter construct and Gal4DBD-BCL11A isoform 

fusion constructs or pCMV-FLAG-BCL6 along with firefly luciferase reporter 

vector containing 5 BCL6 binding sites, and Renilla luciferase control vector were 

transiently cotransfected into HEK293 cells. Indicated amounts of TSA were 

added into the cultures 24 hrs after transfection. Luciferase activity was measured 

48 hrs posttransfection. The values represent the average of three independent 

experiments.  

  73



 

 

BCL6 HAS NO SIGNIFICANT EFFECT ON BCL11A TRANSREPRESSION ACTIVITY  

BCL11A and BCL6 are both expressed in germinal centers. They interact 

with each other and both function as transcription repressors. I nest wanted to 

determine whether BCL6 has any effect on BCL11A transrepression activity. 

Transactivation assays were performed by cotransfection of pCMV-FLAG-BCL6, 

Gal4DBD-BCL11A isoform fusion constructs, along with the firefly luciferase 

reporter construct. 

I have previously observed that Gal4DBD-BCL11Axl was expressed at 

reduced levels when cotransfected with pCMV-FLAG-BCL6 in HEK293 cells 

(Figure 3.6A), whereas no change was observed on BCL6 expression (Figure 

3.6B). Because Gal4DBD-BCL11A and pCMV-FLAG-BCL6 are both driven by 

CMV promoters, this reduction may be the result of promoter quenching. It has 

been found that if a cell is cotransfected with more than one construct driven by 

the same promoter, these constructs will compete for transcription factors. Due to 

the strength of CMV promoter, preferential expression of one construct usually 

occurs, leaving others expressed at reduced levels. To ensure that equal amounts 

of Gal4DBD-BCL11A and BCL6 were expressed in the transactivation assay 

system, cotransfections were performed under the conditions that facilitate the 

alternative usage of the promoter employed by Gal4DBD-BCL11A constructs. In 

addition to the CMV promoter, the Gal4DBD vector also contains a T7 promoter 

that can be used to initiate the downstream gene expression in the presence of 

bacteriophage T7 RNA polymerase. While T7 polymerase is normally absent in 
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mammalian cells, it can be provided by infection of the cells with vTF7-3, a 

recombinant vaccina virus that has been engineered with the T7 polymerase gene 

(Tabor et al., 1985). Once infected, vTF7-3 will produce T7 polymerase in the 

cytoplasm of the target cells. I employed this method in my transactication assays 

to avoid artificial influences of BCL6 on Gal4DBD-BCL11A isoform expression. 

In the presence of vaccina virus vTF7-3, Gal4DBD-BCL11A isoforms showed 

equal amounts of protein expression as FLAG-BCL6 (Figure 3.6C), but no effect 

on the expression levels of FLAG-BCL6 (Figure 3.6D). However, under these 

conditions, BCL6 showed no significant effect on the transrepression activity of 

BCL11A (Figure 3.7A). Similar results were observed for the B cell line M12.4 

when the same assays were performed (Figure 3.7B). These data indicate that the 

transrepression activity of BCL11A is independent of its interacting partner 

BCL6. 
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Figure 3.6 T7 polymerase increases Gal4DBD-BCL11A expression.   

HEK293 cells were transiently transfected with Gal4DBD-BCL11A 
isoforms, pCMV-FLAG-BCL6, or cotransfected with both constructs as 
indicated, in the absence (A and B) or the prence (C and D) of T7 polymerase 
provided by Vaccina virus vTF7-3. 24 hrs posttransfection, cell lysates were 
prepared and Western blots were performed with anti-Gal4DBD antibody to 
detect Gal4DBD-BCL11A isoforms and anti-FLAG antibody to detect FLAG-
BCL6. (A) Expression level of Gal4DBD-BCL11Axl is dramatically reduced 
when cotranfected with FLAG-BCL6. (B) Cotransfection with Gal4DBD-
BCL11Axl does not alter the expression level of FLAG-BCL6. (C) T7 
polymerase increases the expression levels of Gal4DBD-BCL11A isoforms that 
cotransfected with FLAG-BCL6. (D) Presence of T7 polymerase does not change 
the expression level of FLAG-BCL6.  
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Figure 3.7 BCL6 has no effect on the repression activity of BCL11A. 

HEK293 cells (A) or M12.4 cells (B) were infected with vaccina virus 
vTF7-3 and transiently cotransfected with pG5luc luciferase reporter construct 
and Gal4DBD or Gal4DBD-BCL11A isoform fusion constructs along with 
pCMV-FLAG-BCL6 or irrelevant vector DNA, pCEP4. The Luciferase activity 
was measured 48 hrs posttransfection. Values are expressed as percent of those 
obtained using the reporter construct and Gal4DBD alone after normalization of 
transfection efficiency for the Renilla luciferase activity. The values represent 
three independent experiments.  
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IDENTIFICATION OF A DNA BINDING CONSENSUS SEQUENCE FOR BCL11AXL 

Having established that BCL11A functions as a transcriptional repressor, I 

then performed CASTing (Cyclic Amplification and Selection of Targets) 

experiments (Pollock et at., 1990) to isolate the DNA binding consensus sequence 

for BCL11Axl. A random 76 nt oligonucleotides pool, HA-tagged BCL11Axl 

protein made by in vitro translation, protein A beads, and anti-HA monoclonal 

antibody were incubated for binding and immunoprecipitation. PCR reactions 

were performed to amplify the bound DNA oligonucleotides. After repeating the 

process five rounds, the putative consensus binding sequences were generated by 

alimenting all the cloned and sequenced candidates (Figure 3.8). The duplex site 

CCC/TA/GC shares some features with those of other Krüppel -type zinc fingers, 

but not appreciably with that of BCL6 (Kawamata et al., 1994).  

A database search showed that among 43 potential BCL11Axl target genes 

identified by screening Lymphochip microarrays (analysis presented in Chapter 4, 

Figure 4.9), 11 genes whose promoter sequences are available contain this 

putative BCL11Axl DNA binding consensus sequence (Figure 3.9). Among them, 

CCCAG appears in the promoters of 10 genes.  

This putative BCL11Axl DNA binding consensus site was confirmed by 

EMSA performed with the nuclear extracts of HEK293 cells transiently 

transfected with either pCR3.1-HA-BCL11Axl or pCMV-FLAG-BCL6 (Figure 

3.10). A synthesized oligonucleotide containing 4 putative BCL11Axl DNA 

binding consensus sequence was used as a probe. Binding was observed from the 

nuclear extracts of the cells transfected with pCR3.1-HA-BCL11Axl but not those 
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transfected with pCMV-FLAG-BCL6 nor those untransfected. These results 

indicate that the binding is specific to BCL11Axl, and BCL6 has no affinity for 

the BCL11Axl binding site. The specificity of BCL11Axl binding activity was 

further confirmed by supershift experiments using an anti-HA monoclonal 

antibody or an irrelevant anti-His monoclonal antibody as control. A supershift 

was observed only in the presence of anti-HA antibody (Figure 3.10).  
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Figure 3.8 putative BCL11Axl DNA binding consensus sequence generated by a 
CASTing experiment. 

In vitro translated N-terminal HA-tagged BCL11Axl was subjected to 5 
rounds of binding/PCR with a random 17 mer bridged by vector/cloning sites, as 
achieved by immobilization and immunoprecipitation with an anti-HA 
monoclonal antibody and protein A beads. Cloned and sequenced candidates are 
alimented to show the most frequently contained sequences. Lower case letters 
denote the sequences on the vector; * denotes the sequences that contain more 
than one putative consensus.  

  80



 

 

 

BAT3                 cggggtgctcggctccctCCCACctaggccggccccggcccgactcgcc 

CD22                   ctaagtttacccctggaaCCCACataaatgtggaaggagagcgttccac 

GFI1                   cgatcccgagcccgcgcCCCACggaggtggaggggggcggcgggaga 

GBP1                   taccctacatttgaaacaCCCACaagaaatggcaccattatcaatctct 

HIG enhancer     tgcatggggtctccggcaCCCACagcggtggcaggaagcaggtcaccgc 

NFκB2               actgcacacggagacgtgCCCACcggtgcacggtgcctgccccacaccc 

PLC                    gagggtctgaggtgcctgCCCACaccgcagggcctcttcccgagaagac 

RAG1                                 gaattccacCCCACcttcactaagtagtggctgtgtgaccat 

TdT                       atctaaaagtcataccatCCCACtgaagaagacctattttagggtttat 

Thymopoietin    tgcgcgagccaggctcccCCCACcccaccccacgcactagcttgtgtat 

SP1                          atgctttgcatacttctgCCTGCtggggagcctggggactttccacacc 

 

Figure 3.9 promoter sequence of potential BCL11Axl target gene contain the 
putative BCL11Axl DNA binding consensus sequence. 

Alignment of 11 of 39 potential BCL11Axl target gene promoter 

sequences. BAT3: Human HLA-B associated transcript 3, GFI1: Growth factor 

independent 1, GBP1: Guanylate binding protein 1, HIG enhancer: Human Ig 

heavy chain gene enhancer region, TdT: Human terminal 

deoxynucleotidyltransferase, Thymopoietin: Thymopoietin gene.  
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Figure 3.10 BCL11Axl binds to the putative bcl11axl DNA binding consensus 
sequence.  

Indicated amounts (µg) of HEK293 cell nuclear extracts (NE) prepared 
from indicated transfections were used in EMSA. A synthesized oligonucleotide 
containing 4 putative BCL11Axl DNA binding consensus sites was used as probe. 
BCL6, transfected with pCMV-FLAG-BCL6; BCL11Axl, transfected with 
pCR3.1-HA-BCL11Axl; 293 NE, nuclear extract of HEK293 cells without 
transfection. Supershifts were performed by adding 1µl of anti-HA monoclonal 
antibody or 1 µl of irrelevant anti-His monoclonal antibody, respectively.  
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WILD TYPE BCL11AXL ISOFORM IS THE STRONGEST REPRESSOR  

BCL11As predominantly resides in the cytoplasm. However, it showed 

the strongest transrepression activity among all three BCL11A isoforms. This 

may have occurred because the nuclear localization signal on the Gal4-DNA-

binding domain artificially drove BCL11As into the nucleus. Therefore, it was 

informative to identify the transrepression activity of the BCL11A isoforms, 

especially BCL11As, under normal subcellular localization conditions.  

It was accidentally found that BCL11A isoforms could reduce the 

luciferase activity encoded on pGL-3 control vector (Promega), which is driven 

by a SV40 promoter. The reason was later identified: The SV40 promoter 

contains the BCL11A putative DNA binding consensus sequence CCC/TA/GC 

(Figure 3.8). This provided us an easy way to identify the repression activity of 

BCL11A isoforms without using the Gal4-fusion proteins. 

pCR3.1-HA-BCL11A isoform constructs, pGL-3 control reporter vector, 

which contains firefly luciferase reporter gene driven by a SV40 promoter and 

enhancer, and pRL Renilla luciferase control vector, which contains renilla 

luciferase driven by a TK promoter were cotransfected into HEK293 cells. Both 

BCL11Axl and BCL11Al showed the similar repression patterns as in the Gal4-

fusion proteins, except the repression activities they demonstrated in this system 

were lower (Figure 3.11). This might have occurred because the binding ability of 

BCL11A to its consensus sequence in SV40 promoter was weaker than the ability 

of Gal4-DNA-binding domain to bind to the four Gal4 DNA binding consensus 
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sequences on the firefly luciferase reporter construct. Interestingly, without being 

artificially driven into the nucleus, BCL11As showed the lowest repression 

activity, approximately one half of that of BCL11Axl (Figure 3.11).  

These data indicate that under the normal cellular conditions, BCL11Axl 

potentiates the highest transrepression activity, about 3 fold, whereas BCL11As 

potentiates the lowest transrepression activity, less than 1 fold.  
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Figure 3.11 BCL11A isoforms repress transcription differentially.  

HEK293 cells were transiently cotransfected with pCR3.1 or pCR3.1-HA-

BCL11A isoform constructs, pGL-3 control firefly luciferase reporter vector, 

which contains firefly luciferase driven by a SV40 promoter and enhancer, and 

pRL Renilla luciferase control vector, which contains renilla luciferase driven by 

a TK promoter. Luciferase activity was measured 48 hrs posttransfection. Values 

are expressed as a percent of those obtained using the reporter construct and 

pCR3.1 vector alone after normalization of transfection efficiency for the activity 

of Renilla luciferase. The values represent the average of three independent 

experiments.  
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Discussion 

BCL11A AND BCL6 REPRESS BY DIFFERENT MECHANISMS 

Repressors execute their functions by multiple mechanisms, including 

chromatin interactions, such as modification of histone acetylation state by 

recruitment of histone deacetylatases (Struhl 1998), and transcriptional machinery 

interaction, such as quenching the promoter by interaction with transcriptional 

activators nearby (Gray et al., 1996). The mechanism used is tailored to the goal 

of repression. If the goal is to transiently repress transcription in response to a 

temporary change in the environment, repression via transcription machinery 

interactions is the best fit, since it is rapidly reversible. In contrast, if the goal is to 

generate a repressed epigenetic state, repression via covalent changes in histone 

structure might be the preferred option, since the semiconservative redistribution 

of histones during S phase might allow such changes to be maintained from one 

cell generation to the next (Courey et al., 2001).   

BCL6 executes its repression activity by locally inducing a repressive 

(hypoacetylated) chromatin structure through interaction with SMRT and 

recruitment of histone deacetylase complex 1(HDAC 1) (Zhang et al., 2001; 

Laherty, et al., 1997; Nagy et al., 1997). BCL11A also functions as a 

transcriptional repressor, but its repression activity is not sensitive to histone 

deacetylase inhibitor TSA. This suggests that BCL11A and BCL6 execute 

repression activity by different mechanisms according to their different biological 

functions in the germinal center, where they are both highly expressed. BCL6 
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represses genes that function in lymphocyte differentiation, inflammation, and 

cell cycle control (Shaffer et al., 2000). BCL11A causes apoptosis by inhibition of 

cell survive pathways (discussed in Chapter 4). To execute the cellular function, 

BCL6 needs to maintain the repression activity of the target genes for several 

generations by the recruitment of HDAC 1, while BCL11A only needs to 

temporarily repress the cell survival pathway and the cell will die shortly as the 

consequence of this repression.  

 

BCL11A AND BCL6 RESIDE IN A DYNAMIC CLASS OF NUCLEAR DOTS  

The nucleus is divided into several functional units and storage 

compartments for nuclear proteins (Lamond et al., 1998; Spector, 1993; Matera, 

1999; Strouboulis et al., 1996). Among the known subnuclear domains, neither 

BCL11Axl nor BCL6 colocalize with proteins that define PML nuclear dots 

(NDs) (Sp100, PML) (Nakamura, et al., 2000), LANDS (Bright, LSYp100B) 

(data not shown) or speckles (SC35). Nor do the size, number, and distribution of 

their dots correspond to other nuclear subdomains (coiled bodies, paranuclear 

granuoles) that lack reliable colocalization markers (data not shown). These 

suggest that BCL11A and BCL6 form a novel subnuclear compartment. It has 

been shown that transcriptional activity often occurs in the vicinity of speckles, 

which allows splicing factors to be recruited into the transcriptosomal machinery 

(Misteli et al., 1997). My results demonstrate that BCL11Axl subnuclear dots 

reside in close proximity to speckles, suggesting that these structures might be 

functionally linked and possibly exchange factors between each other (Nayler et 
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al., 2000). The morphology of BCL11A subnuclear dots is sensitive to 

transcription inhibition and DNase treatment; they appear to undergo reduction in 

numbers, increment in size, and redistribution when transcription is blocked by 

either DRB or actinomycin D. Moreover, they appear to completely lose their 

nuclear dot patterns when cells treated with the combination of DNase and 

transcription inhibitors. These results suggest that the BCL11A subnuclear dot 

pattern is directly dependent on the activity of RNA polymerases and integrity of 

DNA structure. One such structure that links these two features is the nuclear 

matrix. However, the consensus binding sequence of BCL11Axl does not have 

the A/T rich features of MARs (van Drunen et al., 1999). Further experiments will 

be required to determine the requisite DNA structural requirement for BCL11A 

dot formation.  

 

THE INTERACTIONS AMONG BCL11A ISOFORMS OR BETWEEN BCL11A AND 
BCL6 MAY PLAY A CRITICAL ROLE IN THEIR BIOLOGICAL FUNCTIONS 

Protein - protein interactions play an important role in the regulation of 

DNA binding, subcellular localization, target gene selection, and transcriptional 

activity of the interacting proteins (Li et al., 2000). These interactions coordinate 

cellular processes in response to diverse signals, including cytokines, growth 

factors, antigens and cellular stresses. Transcriptional factors can have different 

DNA binding affinities as well as different transcriptional activities when they 

exit as monomers, homo-oligomers, or hetero-oligomers. Therefore, control of 

these processes can regulate transcriptional activities (Wang, 2000).  
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We have previously shown that BCL11As is expressed preferentially in 

cancerous B cells (Satterwhite et al., 2001). This might suggest an important role 

of BCL11As in oncogenesis. My results demonstrate that the majority of 

BCL11As is localized in the cytoplasm. It possesses the lowest transrepression 

activity under the normal cellular conditions. However, when BCL11As was 

driven into the nucleus by the nuclear localization signal encoded on the GAL4-

DNA-binding domain, it showed the highest repression activity. Similarly, 

through protein-protein interactions, both BCL11Axl and BCL11Al are able to 

relocalize BCL11As into the nucleus where it accumulated within the subnuclear 

dot pattern similar to that of the longer isoforms. These data indicate that the 

interactions between BCL11A isoforms might be critical in regulating the 

functionalities of each BCL11A isoform. Furthermore, both BCL11Axl and 

BCL11Al not only colocalize but also physically interact with BCL6. Although 

no direct interaction between BCL11As and BCL6 has been detected, BCL11As 

overexpression can convert the BCL6 nuclear dots to a diffuse pattern in both the 

nucleus and the cytoplasm. Taken together, these data suggest that the interactions 

and probably the ratios among BCL11A isoforms and between BCL11A and 

BCL6 may play an important role in controlling their functions.  
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CHAPTER 4: OVEREXPRESSION OF BCL11A INDUCES 
APOPTOSIS  

Introduction 

I have demonstrated that BCL11A functions as a transcription repressor. 

However, the biological consequences of its transrepression effect remain 

unknown. A common strategy to identify the biological function of a novel gene 

is to study the cellular changes caused by overexpression of the interested gene. 

Effect observed on cellular events such as cell cycle, differentiation or apoptosis, 

often coincide with its physiological functions in vivo.  

A number of zinc finger transcription factors have been implicated in the 

regulation of apoptosis. For example, extensive apoptosis has been reported in 

cells lacking GATA-1 function (Weiss et al., 1997), or overexpressing PAG608 

(Israeli et al., 1997), Sp1 (McClure et al., 1999), ZK1 (Katoh et al., 1998), 

Requiem (Gabig et al., 1994) and WT1 (English et al., 1999). Although several 

zinc finger proteins have been functionally linked to apoptosis, their precise 

regulatory roles in the apoptotic pathways are still unclear (Mohgan et al., 2000).  

Paradoxically, over-expression of BCL6 under some conditions can have 

opposite effects on apoptosis (Albagli et al., 1999; Yamochi et al., 1999). BCL6 

can repress a protein called programmed cell death-2 (PDCD2), which is a human 

homolog of Rp8, a rat gene associated with apoptosis in thymocytes. Deregulation 

of BCL6 may lead to persistent down-regulation of PDCD2 and reduced 

apoptosis, resulting in the accumulation of BCL6-containing lymphoma cells 

(Baron et al., 2002). In contrast, the anti-apoptotic protein Bcl- XL contains a 
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potential binding site for BCL6 in its promoter. This is consistent with the finding 

that BCL6 can promote apoptosis by suppressing Bcl-XL expression (Tang et al. 

2002). A 17 amino acid stretch in the middle portion of BCL6 constitutes a 

functional transrepression domain, as it is essential for the inducibility of 

apoptosis in NIH3T3 cells (Zhang et al., 2001). In addition to apoptosis 

regulation, BCL6 can also override the senescence response downstream of p53 

through a process that requires cyclin D1 expression. This suggests that BCL6 

contributes to oncogenesis by rendering cells unresponsive to anti-proliferative 

signals from the p19ARF–p53 pathway (Avi et al., 2002).  

As a preliminary step toward understanding its physiological functions, I 

attempted to overexpress BCL11A isoforms in different cell lines, in the hope of 

inducing interesting phenotypes specific to BCL11A expression. A great 

reduction of viable cells was observed in cells transfected with GFP-BCL11Axl 

or GFP-BCL11Al. However, cell growth was unaffected on transfection with 

GFP-BCL11As or with GFP-BCL11Axl lacking a functional NLS. I further 

demonstrate in this chapter that the cells died from apoptosis rather than from 

necrosis. In addition, BCL11A-induced apoptosis is independent of its interacting 

partner, BCL6, but can be moderately enhanced by tumor suppressor gene p53 

and completely blocked by the overexpression of Bcl-2 or a caspase-9 inhibitor. 

These data indicate that BCL11A can induce apoptotic cell death mainly through 

the mitochondrial pathway.  
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Results 

OVEREXPRESSION OF BCL11A IS TOXIC TO CELLS  

In the effort to characterize BCL11A subcellular localization, I frequently 

observed that the total numbers of green fluorescent cells decreased dramatically 

in cells transfected with GFP-BCL11Axl or GFP-BCL11Al. There were several 

plausible explanations for this phenotype: The GFP-BCL11A fusion proteins 

were degradated due to their instability, the green fluorescent cells were ‘diluted’ 

due to outgrowth of untransfected cells or cell death due to cellular toxicity. The 

reduction of total viable cells and nuclear morphological changes provided 

evidence in the favor of the toxicity effect. More direct evidence came from B cell 

transduction experiments. In the effort to identify the potential BCL11Axl target 

genes, various B cell lines were retrovirally transduced with either BCL11Axl or 

a control vector. Three out of seven tested cell lines showed rapid cell death in 

BCL11Axl transduced cells, whereas no significant cell death was observed in the 

same cell lines transduced with the control vector (discussed in Chapter 5). These 

findings provided insights that BCL11A might induce a death effect.  

I started the characterization of BCL11A-induced death effect by 

monitoring its growth curves. GFP or GFP-BCL11A isoform fusion constructs, or 

GFP-BCL11Axl(NLS-) (GFP-BCL11Axl lacking an functional NLS) were 

transiently cotransfected with either FLAG-BCL6 or an irrelevant DNA construct 

(pCEP4) into NIH 3T3 cells. The percentages of green fluorescent cells were 

determined by flow cytometry at different time intervals. Figure 4.1 shows that 

from 24 hrs to 72 hrs posttransfection, the number of green fluorescent cells 

  92



 

decreased approximately 5 fold in GFP-BCL11Axl transfected cells, and 2 fold in 

GFP-BCL11Al transfected cells. However, no significant changes were observed 

in the cells transfected with GFP-BCL11As or GFP-BCL11Axl(NLS-). It 

appeared that the nuclear localization of BCL11A is crucial for its death effect, 

because in GFP-BCL11As and GFP-BCL11Axl(NLS-) transfected cells, BCL11A 

was mainly localized in the cytoplasm (Figure 2.5E, Figure 2.6B). Furthermore, 

GFP transfection did not induce significant growth reduction of the green 

fluorescent cells, which ruled out the possibility that the toxicity was caused by 

GFP itself.  

For each set of cotransfections (cotransfected with either FLAG-BCL6 or 

pCEP4), the change on number of green fluorescent cells followed similar trends 

in the presence or the absence of BCL6, except that the BCL6 transfected cells 

showed modestly lower percentages of green fluorescent cells at 24 hrs 

posttransfection. These data indicate that BCL6 has no significant influence on 

the toxic effect of BCL11A, although it may reduce its transfection efficiency. 
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Figure 4.1 Growth curves of GFP-BCL11A isoforms. 

NIH 3T3 cells were transiently cotransfected with pEGFP or pEGFP-

BCL11A isoform fusion constructs, or with pEGFP-BCL11Axl(NLS-) (NLS 

eliminated by mutation 637K/T on 631PFSKRIK), along with pCMV-FLAG-BCL6 

or an irrelevant DNA construct, pCEP4. The percentages of green fluorescence 

positive cells were analyzed by FACS at indicated time points posttransfection.  
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BCL11A CAUSES APOPTOTIC CELL DEATH 

Having established that BCL11A causes cell death, the next question I 

wanted to address was by which mechanism BCL11A executes its death effect. 

Two common pathways of cell death have been identified, apoptosis or necrosis. 

Cells undergoing apoptosis often exhibit distinctive morphological changes, 

including a pronounced decrease in cell volume, modification of the cytoskeleton 

resulting in pronounced membrane blebbing, a condensation of the chromatin, and 

degredation of the DNA into oligonucleosomal fragments. At late stages of 

apoptosis, the apoptotic cells shed tiny membrane-bound apoptotic bodies 

containing intact organelles, which will be quickly phagocytosed by 

macrophages, thereby ensuring that the intracellular contents are not released into 

the surrounding tissues. Conversely, necrosis often occurs with cell death arising 

from injury. The injured cells swell and burst, releasing its intracellular contents, 

resulting in an inflammatory response (Kuby, 1997).  

I conducted several experiments to address this issue. The first and most 

obvious way was to observe the morphological changes of BCL11A transfected 

cells. Hela cells transfected with GFP or GFP-BCL11A isoform fusion constructs 

were observed via fluorescent microscopy 48 hrs posttransfection. About 25% of 

GFP-BCL11Axl transfected cells, 15% of GFP-BCL11Al transfected cells, and 

5% of GFP-BCL11As or GFP transfected cells showed condensed nuclear 

staining, rounded cell shape, reduced cell volume, and rounding-up with loss of 
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contact with adjacent cells, thereby representing the typical features of cells 

undergoing apoptosis (Figure 4.2).  

Additional evidence supporting BCL11A induces apoptotic cell death was 

obtained through cell staining. Among the apoptotic morphological changes, loss 

of plasma membrane is one of the earliest features. In apoptotic cells, the 

membrane phopholipid phosphatidylserine (PS) is translocated from the inner to 

the outer leaflet of the plasma membrane, thereby exposing PS to the external 

cellular environment. Annexin V is a 36 kD Ca2+ dependent phospholipid-binding 

protein that has a high affinity for PS. Thus, it can be used as a sensitive probe for 

detecting apoptotic cells. Since externalization of PS occurs in the earlier stage of 

apoptosis, Annexin V staining can be used to identify apoptosis at an earlier stage 

than assays based on nuclear changes. Also because the loss of membrane 

integrity proceeds to the latest stage of cell death, the use of Annexin V in 

combination with a vital dye such as 7-Amino-actinomycin D (7-ADD) or 

Ethidium Bromide (EtBr) allows identification of cells at different apoptotic 

stages. Viable cells are negative for both Annexin V and 7-ADD or EtBr. Cells 

that are in early apoptotic stages are positive for Annexin V but negative for 7-

ADD or EtBr, whereas cells in late apoptotic stages or cells that are already dead 

are positive for both stains.  

NIH 3T3 cells transiently transfected with GFP or GFP-BCL11A isoform 

fusion constructs were stained with Annxin V and 7-ADD at different time points 

posttransfection. The transfected cells were gated by green fluorescence. Cells at 

different apoptotic stages were analyzed by flow cytometry. At both 24 hrs and 72 
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hrs posttransfection, GFP-BCL11Axl transfection caused the most significant cell 

death. At 72 hrs following transfection, cell death accounted up to 30% of total 

transfected cells, a percentage about 3 fold above that of GFP transfected cells. 

GFP-BCL11Al also caused cell death at up to 2 fold above that of GFP 

transfected cells. However, GFP-BCL11As did not induce significant cell death 

compared to cells transfected with GFP alone (Figure 4.3).  

Inconsistent with the percentages of cell death, the percentages of cells 

undergoing apoptosis were at the similar levels for each transfection (Figure 4.3). 

One explanation for this is that BCL11Axl and BCL11Al are stronger apoptosis 

inducers. They can push cells to proceed from apoptosis initiation to final death in 

a shorter period of time. Therefore, even the percentages of cells undergoing 

apoptosis were similar at certain time points, the more rapid induction by 

BCL11Axl or BCL11Al led to the rapid accumulation of dead cells during those 

same intervals. As a result, GFP-BCL11Axl or GFP-BCL11Al transfected cells 

showed higher levels of cell death by 72 hrs posttransfection.  

Since BCL11A is expressed at highest levels in B cells, and its 

dysregulation may cause B cell leukemia, it was of great interest to determine if 

BCL11A could cause apoptosis when overexrpessed in B cells. BCL11Axl has 

been shown to be the strongest inducer of apoptosis in the previous experiments. 

To simplify the process, the apoptosis assays in B cells to date have been 

restricted to this isoform. To achieve the overexpression of BCL11A, FLAG-

tagged BCL11Axl or a control vector was retrovirally transduced into a mature 

human B cell line WIL2. Cells were collected and stained with Annexin V and 
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EtBr 24 hrs and 72 hrs after antibiotics selection, and the percentages of dead 

cells and apoptotic cells were determined by FACS (Figure 4.4). BCL11A 

showed similar apoptotic effect in WIL2 cells as in NIH 3T3 cells. At 72 hrs 

posttransfection, cell death accounted for 60% of the total cells, which was about 

2 fold greater than that caused by the control vector.  

A significant kinetic difference of BCL11A apoptotic effect between 

WIL2 and NIH 3T3 cells was observed: Higher rates of apoptotic cells were seen 

at 24 hrs posttransfection in WIL2 cells for both BCL11Axl and control vector 

transductions. This probably was due to the adverse effects of viral infection. 

Taken together, these data indicate that BCL11A induces apoptosis in both 

lymphoid and non-lymphoid cells.  
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Figure 4.2 Morphological changes of GFP-BCL11A transfected cells. 

Hela cells were transiently transfected with pEGFP-BCL11A isoform 
constructs. 48 hrs posttransfection, cells were observed via fluorescent 
microscopy. DAPI staining of corresponding nuclei is shown to the right of each 
green fluorescence panel.  
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Figure 4.3 BCL11A causes apoptotic cell death in NIH 3T3 cells.  

NIH 3T3 cells were transiently transfected with pEGFP or pEGFP-

BCL11A isoform fusion constructs. Cells were collected and stained with annexin 

V-PE and 7-ADD at 24 hrs and 72 hrs posttransfection. Transfected cells were 

gated by green fluorescence and the percentages of total cell death (annexin V 

positive and 7-ADD positive) and cells undergoing apoptosis (annexin V positive 

and 7-ADD negative) were analyzed by FACS. The data represent the average of 

two independent experiments. 
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Figure 4.4 Overexpression of BCL11A induces apoptosis in B cell line WIL2. 

The Phoenix retroviral system was used to express BCL11Axl. FLAG-

tagged BCL11Axl was cloned into the pXYpuro vector, which contains 

puromycin resistance gene. Both empty pXYpuro vector and the pXYpuro-

FLAG-BCL11Axl were transfected into the amphitrophic Phoenix packaging line 

to make a viral supernatant. The viral supernatant was then used to transduce the 

target cell line, WIL2. Cells were collected at indicated time points post 

puromycin selection, and stained with Annexin V-PE and Ethidium Bromide 

(EtBr). The percentages of dead cells (Annexin V positive and EtBr positive) and 

apoptotic cells (Annexin V positive and EtBr negative) were analyzed by FACS. 
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THE APOPTOTIC EFFECT OF BCL11A IS INDEPENDENT OF BCL6. 

Based on the physical interactions and the structural similarities between 

BCL11A and BCL6, it was of interest to test if BCL6 can modulate the BCL11A 

apoptotic effect. GFP or GFP-BCL11Axl was transiently cotransfected with 

FLAG-BCL6 or irrelevant DNA construct (pCEP4) into NIH 3T3 cells. Cells 

were stained and analyzed by FACS 72 hrs posttransfection. Figure 4.5 shows that 

BCL6 did not cause any significant changes in the percentage of dead or apoptotic 

cells resulting from GFP-BCL11A transfection.  

The same question was also addressed in B cell lines. In addition to the 

standard WIL2 cell line, I employed a modified WIL2, WIL2BCL6ERD which 

was stablely transfected with FLAG-tagged BCL6 fused to a portion of the 

estrogen receptor domain (ERD). The fusion protein, normally expressed in the 

cytoplasm, can be induced to translocate into nucleus by adding the estradiol 

homologue TMX into the cell culture. The Phoenix retroviral system was used to 

express BCL11Axl, in the same way as in the previous experiments. Following 

viral transduction, TMX was added into the cell cultures to induce the nuclear 

localization of the ERD-BCL6 fusion protein. Cells were stained and analyzed by 

FACS at 72 hrs after puromycin selection. Similar rates of cell death and 

apoptosis were obtained in both WIL2 and WIL2BCL6ERD cells with TMX 

induction (Figure 4.6). Taken together, these data indicate that BCL6 has no 

significant influence on the apoptotic effect of BCL11Axl in either lymphoid or 

non-lymphoid cell lines.  
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Figure 4.5 BCL6 has no impact on the BCL11A apoptotic effect in NIH 3T3 cells.  

NIH 3T3 cells were transiently cotransfected with pEGFP or pEGFP-

BCL11Axl and pCMV-FLAG-BCL6 or irrelevant DNA construct (pCEP4) as a 

negative control. Cells were collected and stained with annexin V-PE and 7-ADD 

72 hrs posttransfection. Transfected cells were gated by green fluorescence. The 

percentages of dead cells (annexin V positive and 7-ADD positive) and the cells 

undergoing apoptosis (annexin V positive and 7-ADD negative) were analyzed by 

FACS. The data represent the average of two independent experiments. 
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Figure 4.6 The death effect of BCL11Axl was not reversed by BCL6 in WIL2 
cells. 

WIL2 and WIL2BCL6ERD cell lines were both used in this experiment. 
In WIL2BCL6ERD, WIL2 cells were stablely transfected with FLAG-tagged 
BCL6 fused to a portion of estrogen receptor domain (ERD). The fusion protein, 
normally expressed in the cytoplasm, can be induced to translocate into nucleus 
by addition of estradiol homologue TMX into the cell culture. The Phoenix 
retroviral system was used to express BCL11Axl. Following viral transduction, 
TMX was added into the cell cultures to induce the nuclear localization of ERD-
BCL6. Cells were collected at 72 hrs post puromycin selection, and stained with 
Annexin V-PE and EtBr. The percentages of dead cells (Annexin V positive and 
EtBr positive) and apoptotic cells (Annexin V positive and EtBr negative) were 
analyzed by FACS.  
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P53 CAN MODERATELY PROMOTE BCL11A-INDUCED APOPTOSIS 

To investigate the possible role of the tumor suppressor gene p53 in 

BCL11A induced apoptosis, a p53 dominant negative form (p53DN), which can 

tetramerize with the wild type p53 and cause its failure in DNA binding (Shaulian 

et al., 1992), was cotransfected with GFP-BCL11Axl into NIH 3T3 cells. The 

apoptotic effect was analyzed by FACS. Cotransfection of p53DN caused a slight 

decrease in the rates of both cell death and apoptosis in GFP-BCL11Axl 

transfected cells (Figure 4.7), indicating that wild type p53 can moderately 

promote BCL11A-induced apoptosis.  

 

 

 

 

 

 

 

 

 

 

 

 

  105



 

 

 

 

            30

                                                   25

                      20

              

 

 

 

 

 

 

4.2.5 BCL11A-Induced Apoptosis Can Be Blocked By Overexpresse 2 
FP

-
CL

FP
-B

C

0

5

10

15

GFP
 + 

pCEP4

G
B

11
Axl 

+ pCEP4

GFP
+ p

53
DN

G

L11
Axl 

+ p53
DN

R
el

at
iv

e 
pe

rc
en

ta
ge

 o
f t

ra
ns

fe
ct

ed
 c

el
ls

Apoptosis
Dead

 
 

Figure 4.7 A p53 dominant negative can slightly decrease BCL11A-induced      
apoptosis. 

NIH 3T3 cells were cotransfected with pEGFP or pEGFP-BCL11Axl and 
p53DN (p53 dominant negative) or irrelevant control DNA, pCEP4. Cells were 
collected and stained with annexin V-PE and 7-ADD 72 hrs posttransfection. 
Transfected cells were gated by green fluorescence. The percentages of dead cells 
(annexin V positive and 7-ADD positive) and apoptotic cells (annexin V positive 
and 7-ADD negative) were analyzed by FACS. The data represent the average of 
two independent experiments. 
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BCL11A-INDUCED APOPTOSIS CAN BE BLOCKED BY OVEREXPRESSED BCL-2 

I wanted to further address the mechanism by which BCL11A induces 

apoptosis and to identify the roles of the mitochondria and Bcl-2 in its apoptotic 

pathway. A construct termed pCMV-Bcl-2, which encodes wild type Bcl-2 under 

the control of the CMV promoter was cotransfected with either GFP or GFP-

BCL11Axl into NIH 3T3 cells.  

A dramatic change on BCL11A apoptotic effect was observed in the 

presence of Bcl-2 overexpression 72 hrs posttransfection. The percentage of cell 

death decreased to ~6 fold in GFP-BCL11Axl transfected cells, and to ~3 fold in 

GFP-BCL11Al or GFP-BCL11As transfected cells. In contrast, Bcl-2 had no 

significant effect on GFP transfected cells (Figure 4.8). This experiment 

demonstrates that overexpression of Bcl-2 inhibits the apoptotic effect of 

BCL11A. This suggests that the ratio of Bcl-2 family pro- and anti-apoptotic 

proteins and the release of cytochrome c from mitochondria that is controlled by 

this ratio may play an important role in BCL11A induced apoptosis. 
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Figure 4.8 BCL11A-induced apoptosis can be blocked by overexpressed Bcl-2. 

NIH 3T3 cells were transiently cotransfected with pEGFP or pEGFP-

BCL11A isoform fusion constructs and pCMV-Bcl-2 or an irrelevant DNA 

construct, pCEP4. Cells were stained with annexin V-PE and analyzed by FACS 

72 hrs after transfection. Transfected cells were gated by green fluorescence. The 

percentages of dead cells were derived from annexin V positive staining. The data 

represent two independent experiments.  
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BCL11A-INDUCED APOPTOSIS CAN BE BLOCKED BY A CASPASE-9 INHIBITOR 

The findings of the previous experiment suggested that the mitochondrial 

pathway is critical for BCL11A induced apoptosis. To further test this hypothesis 

and to determine whether caspases are involved in BCL11A induced apoptosis 

events, a caspase-9 specific inhibitor was added into the cell culture that was 

transiently transfected with either GFP or GFP-BCL11A isoform fusion 

constructs. I chose an inhibitor of caspase-9 because caspase-9 is a critical player 

in the mitochondrial pathway, and it is mainly activated by mitochondria released 

cytochrome c.  

As shown in Figure 4.9, a caspase-9 inhibitor reduced the cell death to ~4 

fold in cells transfected with GFP-BCL11Axl, and to ~3 fold in GFP-BCL11Al 

transfected cells, whereas the reduction of cell death in either GFP or GFP-

BCL11As transfected cells was less than 2 fold. These data suggest that caspase-9 

is required in the BCL11A induced apoptosis pathway. Caspase 9 is mainly 

activated by the mitochondrial pathway, which can be blocked by overexpressed 

Bcl-2. Therefore, this result was consistent with my previous finding and further 

confirmed the importance of the mitochondrial pathway in BCL11A-induced 

apoptotic cell death.  
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Figure 4.9 BCL11A-induced apoptosis can be blocked by a caspase-9 inhibitor. 

NIH 3T3 cells were transiently transfected with pEGFP or pEGFP-

BCL11A isoform fusion constructs. 50 µM caspase-9 inhibitor, Z-LEHD-FMK 

(CALBIOCHEM) was added into the cultures 24 hrs posttransfection. Cells were 

stained with annexin V-PE and analyzed by FACS 72 hrs after transfection. 

Transfected cells were gated by green fluorescence. The percentages of dead cells 

were derived from annexin V positive staining. The data represent two 

independent experiments.  
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Discussion 

In this chapter, I demonstrate that overexpression of BCL11A caused 

apoptosis in both lymphoid and non-lymphoid cells. This apoptotic effect was 

observed in several cell lines tested, including NIH 3T3, Hela, COS7, HEK293 

and WIL2. This indicates that the apoptotic effect is not cell type specific. 

However, the ability of BCL11A to cause cell death did vary among different cell 

lines, HEK293 and COS7 cells were more resistant than NIH 3T3 and Hela cells 

(Data not shown). This might be a result of the higher expression levels of Bcl-2 

protein in the former two cell lines (Zhang, 2001).  

Caspase-9 is the initiator caspase of the mitochondrial cascade that is 

activated by Apaf-1 in the presence of cytochrome c and dATP. The main 

function of caspase-9 has been considered to be in the activation of the 

downstream effector caspases, including caspase-3, -6 and -7. BCL11A induced 

apoptosis could be blocked by a caspase-9 inhibitor, indicating the involvement of 

the mitochondrial pathway in BCL11A-induced apoptosis. Moreover, the cell 

death caused by BCL11A could also be inhibited by overexpressed Bcl-2 protein. 

Since Bcl-2 mainly inhibits apoptosis through the mitochondrial, not Fas/CD95 

receptor pathway, this is consistent with our findings that the mitochondrial 

pathway was required in BCL11A induced cell death. The inhibitory effect of 

Bcl-2 on BCL11A induced apoptosis may depend on its ability to inhibit caspase-

9 activation through blockage of cytochrome c release.  
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Although our data strongly suggest that BCL11A can induce apoptosis 

through the mitochondrial pathway, it is still possible that the Fas/CD95 receptor 

pathway was also involved. To address this possibility, further apoptosis assays 

should be conducted under the conditions in which the Fas/CD95 pathway is 

blocked. A FADD dominant negative is an ideal candidate to create this cellular 

environment, since it inactivates the Fas/CD95 pathway by blocking the 

recruitment and activation of caspase-8. Therefore, overexpression of both 

BCL11A and FADD dominant negative may dissect whether Fas/CD95 is 

important in BCL11A-induced apoptosis. 

In response to cellular stress, such as growth factor deprivation or DNA 

damage, tumor suppressor p53 is activated and induces cell cycle arrest or 

apoptosis. Disruption of p53 DNA binding ability by an overexpressed p53 

dominant negative form showed a slight inhibition of the BCL11A death effect, 

indicating that wild type p53 can moderately promote BCL11A induced 

apoptosis. To further test this hypothesis, apoptosis analyses will be conducted 

either under the conditions that the endogenous p53 is fully activated, such as UV 

light treatment or growth factor deprivation or in CHO cells, which carry a p53 

null mutation.  

Of the three BCL11A isoforms, GFP-BCL11Axl showed the strongest 

ability to induce apoptotic cell death, whereas GFP-BCL11As was the weakest 

death inducer. The rate of cell death caused by GFP-BCL11As was just slightly 

higher than that of GFP control. This is consistent with our previous findings that 

BCL11Axl potentiates the highest repression activity, while BCL11As showed 
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the lowest when it was not artificially imported into the nucleus. This suggests 

that the transrepression activity of BCL11A might play a critical role in its 

apoptosis effect. Moreover, the fact that GFP-BCL11Axl with NSL mutant could 

not cause apoptotic cell death further confirmed that the BCL11A nuclear 

localization is required for its death effect.   

Base on the interactions between BCL6 and BCL11A identified 

previously, I also tested if BCL6 has any impact on BCL11A-induced apoptosis. 

Apoptosis analyses demonstrated that BCL6 has no significant effect on 

BCL11A-induced apoptotic cell death in either NIH 3T3 cell or WIL2 cells. 

Similarly, I previously showed that BCL6 has no significant effect on BCL11A 

repression activity. Indirectly, this result also supports a relationship between 

BCL11A repression activity and its apoptotic effect.  
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CHAPTER 5: IDENTIFICATION OF BCL11A TARGET 
GENES BY DNA MICROARRAY TECHNIQUES 

Introduction 

 I have demonstrated that BCL11A can function both as a transcription 

repressor and an apoptosis inducer. Moreover, its apoptotic effect appeared to rely 

on its transrepression activity. To further determine the mechanism by which 

BCL11A causes apoptotic cell death, we took an approach to identify its target 

genes. This will help us to discover the molecular pathways regulated by 

BCL11A, leading to a better understanding of its biological functions in both 

normal and cancerous cells.  

The most powerful technique to identify the target genes is DNA 

microarray technology. DNA microarrays are arrays of specific DNA sequences 

immobilized on a solid surface as spots that are used to identify the specific 

DNA/RNA sequences in a heterogeneous pool of nucleic acid samples (Bashyam, 

2002). In addition to genetic mapping and gene expression monitoring, DNA 

microarray analysis has also been used to observe the variations of gene 

expression in human tumors. To apply this method to malignant lymphocyte 

biology, a specialized microarray, the Lymphochip, was created by selecting 

genes that are either preferentially expressed in lymphoid cells or important in the 

immune system or in pathogenesis (Alizadeh et al., 1999). Due to the importance 

of the germinal center in B cell regulation and malignancy, 12,069 out of the 

17,856 cDNA clones on Lymphochip microarray were chosen from a germinal 

center B cell library. The microarrays also contain 2,338 cDNA clones derived 
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from diffuse large B cell lymphoma (DLBCL), follicular lymphoma (FL), mantle 

cell lymphoma (MCL) and chronic lymphocytic leukaemia (CLL). In addition, 

clones representing genes that are important to lymphocyte and cancer biology 

were also included. To provide the internal controls for the reproducibility, about 

a quarter of the genes were represented by two or more independent cDNA clones 

(Alizadeh et al., 1999; 2000).  

By screening lymphochip microarrays, BCL6 target genes have been 

identified. These genes are functionally linked by their roles in B cell regulation, 

include: (1) genes involved in B cell activation (CD69, CD44, EB12, Id2, and 

STAT1), (2) genes involved in B cell differentiation (blimp-1), (3) genes involved 

in inflammation (MIP-1α, and IP-10), and (4) genes involved in cell cycle control 

(p27kip1 and cyclin D2) (Shaffer et al., 2000). Both confirmatory Northern blot 

and RT-PCR analyses showed that the expression of all the BCL6 target genes 

were repressed in the BCL6-negative cell lines after being retrovirally transduced 

with BCL6, and activated by the expression of BCL6 dominant negative form in 

BCL6 positive cell lines. Consistent with the high level expression of BCL6 in 

germinal centers, all the BCL6 target genes are expressed at lower levels in the 

germinal center B cells than in the resting peripheral blood B cells. Moreover, in 

the presence of the protein synthesis inhibitor cycloheximide, BCL6 or its 

dominant negative form could alter the mRNA levels of most of target genes, 

indicating that they are the direct BCL6 targets. Furthermore, BCL6 binding sites 

were found in the promoter regions of MIP-1α, cyclin D2, and CD69. Mice with 

BCL6 disruption showed increased expression of three BCL6 target genes in B-
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lymphocytes: CD69, CD44, and MIP-1α (Shaffer et al., 2000). These data suggest 

that BCL6 may function in lymphomagenesis through blocking terminal 

differentiation by repression of blimp-1 and maintaining proliferation by 

repression of p27kip1 (Shaffer et al., 2000).  

Similarly, we have identified potential target genes of BCL11Axl by 

screening Lymphochip microarrays. Based on the results of apoptosis assays and 

the target genes identified, I suggest that BCL11A induces apoptotic cell death 

through inhibition of the PI3K-Akt cell survival pathway.  

 

Results 

IDENTIFICATION OF POTENTIAL BCL11AXL TARGET GENES BY DNA 
MICROARRAY TECHNIQUES 

To identify the potential target genes of BCL11Axl, we analyzed 

BCL11Axl induced expression alternations of genes represented on Lymphochip 

microarrays. The Phoenix retroviral system was used to express BCL11Axl in the 

target cell lines. FLAG-tagged BCL11Axl was cloned into the pXYpuro vector, 

which allows rapid selection by the puromycin resistant gene it encodes. Each 

experiment compared relative gene expression in two cell samples, the cells 

retrovirally transduced with BCL11Axl and the cells transduced with a control 

retrovirus. Both constructs were first transfected into the amphitrophic Phoenix 

packaging line to make a viral supernatant. The supernatant was then used to 

transduce the target cell lines. Total RNA was used as a template to make cDNA 

probes, incorporating either fluorescently labeled Cy3-dUTP (green) or Cy5-
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dUTP (red). The labeled probes were mixed and hybridized to a single 

microarray. The fluorescence intensity ratio (Cy5/Cy3) was calculated as a 

relative measure of gene expression on each spot.  

During the process of these experiments, three out of seven B cell lines 

tested (WIL2, SUDHL5 and SUDHL6) demonstrated rapid cell death after being 

retrovirally transduced with BCL11Axl. Most cells died within 3 to 4 days after 

puromycin selection. Apoptosis analyses demonstrated that the cells died through 

apoptosis (discussed in Chapter 4). The other four cell lines (RAJI, BJAB, OCI-

Ly7, and Ramos) tolerated the retrovirally transduced BCL11Axl, from which the 

results of BCL11Axl Lymphochip microarrays were derived. Among the 17, 856 

clones tested, 43 clones which represent 39 genes showed alterations of mRNA 

levels in all four cell lines (except for those whose values were not available 

because the spots did not meet data selection criteria) (Figure 5.1, Table 5.1). 

Expression levels of other genes were either unchanged or altered in a cell line-

specific manner and not included in this list. Among the 39 target genes, 28 genes 

were down-regulated by BCL11Axl. The highest repression levels were 

approximately 20 fold, such as for the Akt2 gene in BJAB cells. These results 

were consistent with my previous findings that BCL11Axl functions as a 

transcriptional repressor. In addition, cell type specific response to BCL11Axl 

transduction was observed for certain genes. For example, BCL11Axl showed 

stronger repression effects on BCAP gene in RAJI and BJAB cells than in OCI-

Ly7 or Ramos cells. This might reflect the higher levels of endogenous expression 

of BCAP in the former two cell lines.  
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The potential BCL11Axl target genes can be roughly classified into 

several functional groups. For example, the following genes function as a protein 

kinase or a kinase associated protein: ATR kinase, JAK1 tyrosin kinase, Akt2 

kinase, MAP kinase activated protein kinase 2, c-yes-1 kinase, stress responsive 

serine/threonine protein kinase Krs-2, BAP-135 and gravin. Another group of 

genes function in signal transduction pathways: NK4, Trio, phospholipid C and 

BCAP. We also identified genes involved in transcriptional or translational 

regulation: NFκB, Sp1 and MDM2. These targets suggest that BCL11Axl might 

play a critical role in the regulation of cellular signal transduction and gene 

expression.  
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Figure 5.1 Microarray screening for BCL11Axl target genes. 

Each column is a single experiment comparing two cDNA populations, 
one derived from the cells retrovirally transduced with BCL11Axl, labeled red 
(Cy5) and one derived from the cells transduced with a control retrovirus, labeled 
green (Cy3). Each row represents data from a single cDNA microarry spot. 
Potential target genes repressed by BCL11Axl are in green, induced by 
BCL11Axl are in red, black indicates no significant change in gene expression, 
and gray indicates the spot did not meet data selection criteria.  
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NAME RAJI #1 RAJI #2 BJAB #1 BJAB #2

OCI-Ly7 
#1 

Ramos 
#1 

BAP135=Bruton's tyrosine kinase-
associated protein-135 -1.6649 -1.052 -1.46 -1.3854 -0.8664 -0.7748
CD22 -1.4866 -1.3288 -0.9583  -1.26 -1.3345
CD9 -1.2263 -0.2858 -1.7335 -1.5769 -0.7256 -1.5916
ATR=FRP1=Ser/Thr kinase=DNA 
damage signaling protein -1.3539 -1.0556 -3.3601  -1.5459  
gravin =cytoplasmic anchor protein 
for protein kinases A and 
C=induced by phorbol ester 0.8853 2.0912 0.4972 1.3572 2.5035 2.3232
histone 2A-like protein (H2A/l) 0.6731 1.4329 0.3376 1.8147 1.6684 1.5669
Immunoglobulin heavy chain 
enhancer region -2.0526 -1.4966 -0.7798 -1.1345 -1.2137 -1.3624
Immunoglobulin heavy chain 
enhancer region -3.0988 -1.6785 -1.3748 -1.2921 -1.2565 -1.1328
JAK1 tyrosine kinase  -1.3128 -1.1116 -1.5946 -0.506 -1.2643
LAF-4=lymphoid nuclear protein -2.0705 -1.0315 0.6342  -1.1203 -1.4904
MAP kinase activated protein 
kinase 2 -1.2803 -0.4014 -1.4436 -1.2852 -0.3244 -1.1097
MDM2=p53-binding protein -1.2143 -1.86 -0.5555  -1.8935 -1.6194
Neutrophil defensins 1 2 AND 3 
precursor (HNP)=microbicidal and 
cytotoxic peptides 0.8437 1.1972 0.0352 1.4298 1.3946 1.5733
NFkB2 = NF-kappaB 
p100=p49=p50B=Lyt-
10=translocated in 
t(10;14)(q24;q32) B cell lymphoma -3.127 -0.6718 -2.2728 -1.7324 -0.5878 -1.1455
NK4=Natural killer cells protein-
4=increased after activation of T 
cells by mitogens or activation of 
NK cells by IL-2 0.8417 1.0379 0.1425 1.6802 1.5199 1.8166
Akt2 kinase=RAC-PK-beta=RAC-
beta Ser/Thr protein kinase -2.2001 -1.5109 -4.2831 -1.5798 -1.7896 -2.3582
Akt2 kinase=RAC-PK-beta=RAC-
beta Ser/Thr protein kinase -1.2545 -1.0082 -3.3693 -0.8541 -1.4059 -0.4439
Akt2 kinase=RAC-PK-beta=RAC-
beta Ser/Thr protein kinase -2.3176 -0.8877 -3.4018 -1.0853 -1.2071 0.1374
RAG-1=recombination activating 
protein 1  1.5602 1.0371 1.3527 1.5421 1.8632
Sp1 -0.823 -1.2135 -1.354 -2.7489 -0.5849 -1.7454
TdT = Terminal Deoxynucleotide 
Transferase 0.5552 2.3981 0.8793 1.2445 2.3861 3.2733
Trio=LAR transmembrane tyrosine 
phosphatase binding protein with a 
kinase domain and separate rac-
specific and rho-specific guanine 
nucleotide exchange factor 
domains -1.7512 -0.7421 -1.991 -1.6495 -0.8211 -1.2867
Trio=LAR transmembrane tyrosine 
phosphatase binding protein with a 
kinase domain and separate rac- -1.9038 -0.754 -2.0009 -1.3561 -0.407 -1.0004
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specific and rho-specific guanine 
nucleotide exchange factor 
domains 
Acetyl-coenzyme A transporter -1.1005 -1.0767 -2.2501  -0.8068 -1.569
BAT3=HLA-B-associated transcript 
3 -3.5507 -1.6656 -1.6855 -4.2452 -1.362 -1.5207
Guanylate binding protein 1 
interferon-inducible 67kD 1.1866 1.6136 0.1687 1.4917 1.0439 0.62
Phospholipase C, gamma 2 
(phosphatidylinositol-specific) -1.1731 -1.3636 -1.7952 -2.0539 -0.6704 -1.2687
Similar to Rattus norvegicus 
GERp95 (Gerp95) -4.7651 -1.8457  -3.1243 -1.3448  
Similar to Rho-associated-ser/thr 
kinase -2.3118 -1.3279 -0.8565 -1.9113 -1.0187 -1.0088
Similar to nucleolin -1.893 -1.4725 -4.3388 -3.5429 -0.5429 -1.0614
Thymopoietin (not 3Õ end) -1.9528 -1.1988 -1.1744 -0.8784 -0.9394 -1.2166
c-yes-1 kinase 0.4159 1.9623 0.842 1.4882 1.1071 1.275
eIF4G1=eukaryotic initiation factor 
4 -2.5064 -1.3297 -1.6436 -3.0819 -1.0545 -1.5276
GFI-1=growth factor independent 
1=zinc finger transcription 
factor=near retroviral insertion in 
mouse eukemia/lymphoma -0.0124 1.8663 1.0284 1.5408 1.9658 0.2397
stress responsive serine/threonine 
protein kinase Krs-2 -1.3081 -1.5928  -3.3439 -1.252 -1.8484
Adducin beta subunit 63 kda 
isoform=membrane skeleton 
protein -0.8206 -2.5234 -4.5579 -3.438 -1.4734 -3.698
LIR-8=PIR homologue -0.8035 -1.213 -3.4485 -3.0699 -1.7223 -2.0797
deoxyribonuclease I-like 3 0.7555 1.025 0.3991 1.0995 1.1333 2.0095
ATF5=similar to ATFx (mus 
musculis)=leucine zipper protein -2.3399 -0.6295 -1.0103 -1.0343 -0.6352 -1.799
Similar to BCAP=tyrosine 
phosphorylated following BCR 
stimulation=required for full PI3K 
recruitment to GEMs -2.0794 -1.0584 -3.4628 -2.3137 -0.4399 -0.525
Novel human gene mapping to 
chomosome 1 -1.3484 -0.8514 -2.9431  -1.3999 -1.4361
matrin 3 -1.9689 -1.097 -3.7471 -1.7907 -0.8262 -0.7361
M-phase phosphoprotein 9 0.1455 1.6385 0.9032 1.9589 1.029 1.5642

 

Table 5.1 A list of potential BCL11Axl target genes identified by screening 
Lymphochip microarrays. 

Microarray screening was performed twice in RAJI and BJAB cell lines 
and once in OCI-Ly7 and Ramos cell lines. The number is represented as log base 
2. Minus sign indicates repression, and positive sign indicates induction.  
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Discussion 

I have demonstrated that BCL11Axl can induce apoptotic cell death. 

Therefore, among BCL11Axl potential target genes, the genes involved in 

apoptosis regulation were of obvious interest. Akt2 was the most attractive 

candidate according to these criteria. Akt2 is a well-known cell survival factor. 

High levels of Akt2 down-regulation were observed in all cell lines tested, the 

specificity of BCL11Axl repressing Akt2 was further confirmed by the fact that 

all the three spots on the Lymphochip microarrays that contain different Akt2 

oligonucleotide sequences showed similar levels of Akt2 down-regulation. 

PI3K-AKT CELL SURVIVAL PATHWAY 

Akt was first identified from a novel transforming retrovirus isolated from 

mouse T cell lymphoma (Staal et al., 1977, Bellacosa et al., 1993). The formation 

of gag-Akt fusion protein resulted in constitutive kinase activity of this 

oncoprotein (Ahmed et al., 1993; Testa and Bellacosa, 2001). Akt is now known 

to define a family whose members are closely related and highly conserved. In 

human, three members of Akt have been identified: Akt1/ PKBα / RAC-PKα, 

Akt2 / PKBβ / RAC-PKβ, and Akt3 / PKBγ / RAC-PKγ, located at chromosomes 

14q32, 19q13 and 1q44, respectively (Murthy, et al., 2000). All the members of 

Akt are serine/thronine kinases belonging to the protein kinase B (PKB) family. 

Each of them contains an amino-terminal pleckstrin homology (PH) domain, 

which functions in anchorage of proteins to the cell membrane via phospholipid 

interaction, a short α-helical linker, and a carboxyl-terminal kinase domain (Testa 

and Bellacosa, 1997). The biological significance of redundancy between the 
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three Akt members remains unclear. Although each kinase responds similarly to 

various stimuli, their different tissue-specific expression patterns suggest distinct 

roles (Brodbeck et al., 1999). Akt2 transcripts are abundant in the insulin-

responsive tissues. Akt2 knockout mice showed impaired ability of insulin to 

reduce blood glucose as a result of defects in the action of the hormone on liver 

and skeletal muscle. Expression of Akt1 and Akt3 does not compensate for loss of 

Akt2, suggesting an essential role of Akt2 in maintenance of normal glucose 

homeostasis (Testa and Bellacosa, 2001).  

Mounting evidence suggests that Akt perturbations play an important role 

in human malignancy. For example, Akt2 amplification or mRNA overexpression 

have been identified in many tumors (Nakatani et al., 1999; Yuan et al., 2000; Sun 

et al., 2001). The turmogenic phenotypes can be inhibited by Akt2 anti-sense 

RNA (Cheng et al., 1996). Akt appears to play a prominent role in several 

processes in tumorigenesis. In addition to promoting cell survival discussed later 

in this section, Akt can also affect cell cycle progression through regulation of 

cyclin D (Muise-Helmericks et al., 1998) and p27Kip1 (Collado et al., 2000). In 

addition, Akt can regulate tumor suppressor gene p53 by phosphorylation of 

MDM2. Upon transcription induced by p53, MDM2 binds to the transactivation 

domain of p53, which inhibits the expression of p53 target genes functioning in 

cell cycle arrest and apoptosis induction. Meanwhile, the MDM2-p53 complex 

shuttles from the nucleus to the cytoplasm, where p53 gets degradated via the 

ubiquitin pathway. It was shown that in serum-starved cells, MDM2 localizes in 

the cytoplasm in a complex with Akt. Upon growth factor stimulation, MDM2 is 
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phosphorylated by Akt, released from the complex and enters the nucleus, where 

it down-regulates p53 at both protein level and transactivation activity (Zhou et 

al., 2001, Testa and Bellacosa, 2001).  

In the apoptosis regulation pathway, Akt functions downstream of another 

important regulator protein, PI3K (Phosphatidylinositil-3 kinase). The double-

enzymatic activities of PI3K (lipid and protein phosphorylation) determine its 

fundamental significance in regulation of cell growth, survival, aging, and 

malignant transformation (Krasilinikov, 1999). Extracellular stimuli generally 

mediate intracellular signaling through ligation of transmembrane receptors. 

Activation of these receptors results in the recruitment of PI3K to the inner 

surface of the plasma membrane by ligand-regulated protein-protein interactions 

(Toker and Cantley, 1997; Rameh and Cantley, 1999). Once localized to the 

plasma membrane, PI3K catalyzes the transfer of phosphate from ATP to its 

phosphoinositides, resulting in the generation of PIP, PIP2 and PIP3, which 

function as intermediates in regulating downstream signal transduction cascades 

(Datta et al., 1999).  

PI3K and Akt play important roles in promoting cell survival. Upon PI3K 

activation by growth factors, intracellular levels of PIP2 and PIP3 are increased. 

They bind to Akt through the PH domain, resulting in translocation of Akt from 

cytoplasm to the plasma membrane. Meanwhile, phospholipids increase the 

activities of PDK-1 (3-phosphoinositide-dependent protein kinase-1) and PDK-2, 

which in turn phosphorylate and activate Akt. Tumor suppressor gene PTEN 
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(phosphatase and tensin homologue) can inhibit PI3K-Akt pathway through 

dephosphorylation of PIP2 and PIP3 (Di Cristofano and Pandolfi, 2000).  

As a well-established cell survival factor, Akt exerts its anti-apoptotic 

activity through different mechanisms. Activated Akt can prevent cytochrome c 

release from mitochondria by phosphorylation and inactivation of apoptotic factor 

Bad. In the absence of survival signal, Bad is dephosphorylated and inactivates 

anti-apoptotic factor Bcl-XL, leading to cytochrome c release and apoptotic cell 

death. Conversely, upon phosphorylation by Akt, Bad dissociates from Bcl-XL 

and associates with a cytoplasmic adapter protein 14-3-3, which may both protect 

Bad from dephosphorylation and sequester it away from its mitochondrial targets. 

(Datta et al., 1997; Blume-Jensen et al., 1998). Akt can also exert its anti-

apoptotic function downstream of cytochrome c release through phosphorylation 

of caspase-9, resulting in blockage of cytochrome c-mediated caspase-9 activation 

(Cardone et al., 1998). Interestingly, Akt does not act as a general caspase 

inhibitor, because the phosphorylation and inactivation is specific to caspase-9 

(Rohn et al., 1998). These findings indicate that Akt can function as a survival 

factor both at the mitochondria stage and downstream. In this way, Akt can ensure 

cell survival even under conditions in which some cytochrome c has been released 

(Datta et al., 1999).  

Many apoptotic stimuli not only activate the cell death machineries but 

also induce de novo gene expression. Akt can block the induction of apoptosis 

promoting genes by phosphorylation of Forkhead family members (Biggs et al., 

1999; Brunet et al., 1999). In mammalian cells, three transcription factors 
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belonging to Forkhead family have been identified: FKHR, FKHRL1/AF6q21 and 

AFX. In the presence of survival factors, activated Akt phosphorylates Forkhead 

family members, resulting in the sequestration of these transcriptional factors in 

the cytoplasm. Conversely, in the absence of survival factors and Akt activation, 

Forkhead proteins translocate into the nucleus, where they promote cell death by 

activating the transcription of FasL gene (Le-Niculescu et al., 1999).  

Akt can also promote cell survival through regulation of two important 

cell death regulators: NF-κB (nuclear factor of κB) and p53 (Vivanco and 

Sawyers, 2002). NF-κB is a ubiquitous transcription factor that is sequestered in 

the cytoplasm by IκB. Akt can phosphorylate IκB, resulting in IκB degradation 

and NF-κB nuclear translocation. Once inside the nucleus, NF-κB activates its 

target genes involved in anti-apoptosis pathways, including the anti-apoptotic Bcl-

2 family member Bfl-1/A, caspase inhibitors IAP1 and IAP2 (Chu et al., 1997; 

You et al., 1997; Zong et al., 1999) and TNFR-associated factor TRAF1 and 

TRAF2 (Karin and Lin, 2001). On the other hand, through phosphorylation of 

MDM2, Akt can also down-regulate p53 target genes functioning in apoptosis 

pathways, such as Bax, CD95, and DR5 (a receptor for the death ligand TRAIL) 

(Wu et al., 1999). Recent studies have found that p53 can positively regulate the 

expression of PTEN (Vivanco and Sawyers, 2002). These findings indicate that 

Akt may promote cell survival through both direct phosphorylation of the 

members of Bcl-2 and caspase families, and indirect post-translational 

modification of the transcription factors that regulate genes involved in apoptosis 

pathways (Datta et al., 1999).  
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A number of additional substrates of Akt have also been identified, 

including NOS (Dimmeler et al., 1999; Fulton et al., 1999) and the reverse 

transcriptase subunit of telomerase (Kang et al., 1999), which may also play 

important roles in cellular survival. The mechanisms in which Akt regulates 

apoptosis are summarized in Figure 5.2.  
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Figure 5.2 Akt regulates cell survival through the phosphorylation of multiple 
substrates involved in apoptosis regulation. 

Akt has been shown to block apoptosis through regulation of the 
transcriptional activity of Forkhead family members, NF- B and p53, and through 
phosphorylation and inactivation of the Bcl-2 homologue Bad and caspase-9. In 
addition, other targets for Akt, including telomerase and NOS, may also play 
important roles in cellular survival.  
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BCL11AXL MAY INDUCE APOPTOSIS THROUGH INHIBITION OF THE PI3K-AKT 
CELL SURVIVAL PATHWAY 

Based on the results of apoptosis analyses and Lymphochip microarrays, I 

suggest that BCL11Axl induces apoptosis through inhibition of the PI3K-Akt cell 

survival pathway. BCL11Axl can down-regulate the expression of at least five 

genes functioning in this pathway: Akt2, NFκB, MDM2, BCAP, and 

MAPKAPK2 (MAP kinase activated protein kinase 2).  

Akt is the key player in the PI3K-Akt anti-apoptosis pathway. As detailed 

in the previous section, Akt promotes cell survival through several mechanisms. It 

inactivates Bad and caspase-9 via direct phosphorylation, blocks the transcription 

of pro-apoptosis genes via sequestering Forkhead transcriptional factors in the 

cytoplasm and destabilizing p53 through phosphorylation of MDM2. It can also 

promote the expression of anti-apoptosis genes via accelerating NFκB nuclear 

translocation (Vivanco and Sawyers, 2002). The importance of Akt2 in 

BCL11Axl induced apoptosis is supported by the results of apoptosis assays. 

Firstly, BCL11Axl induced apoptosis could be blocked by the overexpression of 

Bcl-2. This is consistent with the fact that activated Akt can prevent cytochrome c 

release from mitochondria by phosphorylation and inactivation of apoptotic factor 

Bad. BCL11Axl down-regulation of Akt2 would disable its ability to prevent 

cytochrome c release, leading to apoptosis. Conversely, the addition of Bcl-2 anti-

apoptosis protein would alter the ratio of pro- and anti-apoptosis proteins on the 

mitochondrial membrane. The release of cytochrome c would be blocked again 

and the cells would be rescued from apoptotic death. Secondly, BCL11A induced 
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apoptosis could be blocked by a caspase-9 inhibitor. This correlates with the 

finding that Akt2 blocks cytochrome c-mediated caspase-9 activation by specific 

phosphorylation of caspase-9. Reduced Akt2 would free caspase-9 for activation, 

resulting in apoptosis. However, the apoptotic events downstream of caspase-9 

activation were blocked by the caspase-9 inhibitor.  

In addition to the direct repression of Akt2, I predict that BCL11Axl also 

down regulates Akt activity through two upstream genes: BCAP and 

MAPKAPK2. BCAP functions as a B cell-specific adaptor for PI3K. It is required 

for full recruitment of PI3K to the glycolipid-enriched microdomains (GEMs) of 

the membrane, which is an important step for PI3K activation. Disruption of the 

BCAP gene in mice resulted in an impaired Akt response (Okada et al., 2000). 

Upon PI3K activation, Akt is recruited to the plasma membrane (Frank et al., 

1997) and undergoes phosphorylation at Thr308 by PDK1 and at Ser473 by an as-

yet-unknown kinase, termed PDK2 (Stokoe et al., 1997). It has been recently 

shown that MAPKAPK2 acts as PDK2 in human neutrophils (Rane et al., 2001). 

Upon receiving the survival signal, p38 kinase is activated in a PIP3 dependent 

manner. Activated p38 in turn, phosphorylates and activates MAPKAPK2, which 

consequently phosphorylates Akt on Ser473, a step required for Akt activation. 

Therefore, BCL11Axl could not only transcriptionally down-regulate Akt2, but 

also could inhibit activation of the existing Akt2 or other Akt family members 

through repression of BCAP and/or MAPKAPK2. In addition, BCL11Axl may 

also block MAPKAPK2 activation via down-regulation of Rac1 through 

repressing Trio (discussed in Chapter 6).  
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NFκB is one of the major downstream effectors of the PI3K-Akt cell 

survival pathway. Due to the crucial roles of NFκB in apoptosis regulation, I 

propose that BCL11Axl down-regulates its activity directly by repressing its 

transcription and indirectly by blocking its nuclear translocation via repression of 

Akt2. BCL11Axl could also enhance an apoptotic effect through stabilizing and 

activating p53. Similar to its regulated effects on Akt2 and NFκB, BCL11Axl 

might employ two distinct mechanisms to down-regulate the p53 interacting 

protein, MDM2. In addition to direct repression of the MDM2 gene, BCL11Axl 

could also reduce the nuclear translocation efficiency of MDM2 via down 

regulation of Akt2. 

In my apoptosis analyses, cotransfection of a p53 dominant negative form 

had a modest impact on BCL11Axl apoptotic effect. This result can be interpreted 

in two ways. Firstly, as a result of down-regulation of MDM2 by BCL11Axl, both 

the protein concentration and the transactivation activity of p53 might be 

increased significantly. Therefore, the concentration of the transfected p53 

dominant negative might be insufficient to compete with wild type p53, leading to 

p53 functions at a modestly reduced level. Secondly, p53 is usually activated by 

cellular stress. Its activation is also regulated by the factors functioning at DNA 

damage checkpoints or stress-response pathways. Therefore, the endogenous p53 

might not be fully activated in our apoptosis analysis systems. 

Taken together, our findings suggest that BCL11Axl may induce apoptosis 

mainly through inhibition of the PI3K-Akt cell survival pathway. BCL11Axl may 

employ at least two different mechanisms to down regulate the three important 
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components of this pathway (Akt2, NFκB, and p53, through MDM2) by both 

directly repressing their expression and indirectly reducing their activities. By this 

way, BCL11Axl not only can block the Akt2 cell survival pathway, but also can 

inhibit the survival pathways of other members of the Akt family. The proposed 

points at which BCL11Axl induces apoptosis through inhibition of the PI3K-Akt 

cell survival pathway are denoted by Xs in Figure 5.3. 

In addition to regulation of genes functioning in apoptosis, BCL11Axl 

also represses some other genes involved in DNA damage checkpoint pathways, 

signal transduction pathways and transcription or translation machinery. Down-

regulation of these genes may have profound biological significance for the dying 

cells. The ATR kinase is a candidate BCL11Axl target gene. ATR and another 

gene, ATM are both the sensors of DNA damage in the DNA integrity checkpoint 

pathways (Graeme et al., 1999). ATM mainly detects DNA double strand 

break(s), while ATR is activated mainly by replication errors (Graeme et al., 

1999). It has been shown that ATM, but not ATR, is specifically cleaved by 

caspase-3 in cells undergoing apoptosis (Graeme et al., 1999). This degradation 

process is of great biological significance. During the apoptotic event, nuclear 

DNA is cleaved by a caspase-activated deoxyribonuclease (CAD) (Enari et al., 

1998). The abundant DNA fragments produced may become the efficient 

activators of DNA integrity checkpoint pathways. Inhibition of ATM and ATR 

makes not only energetic sense but also blocks the signaling that leads to repair 

the damaged DNA (Graeme et al., 1999). Therefore, as a result of down 
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regulation of these sensor proteins, the DNA damage checkpoint pathway is 

blocked in the dying cells.  

I propose that to avoid the wasting of energy in the dying cells, BCL11Axl 

also represses some transcriptional and translational events by down-regulating 

the transcription factor Sp1 and the eukaryotic translation initiation factor 4 

(elF4G1). I suggest that BCL11Axl blocks some signaling pathways through 

inhibition of BAP135, JAK1 tyrosine kinase, phospholipase C gamma 2, and the 

stress responsive serine/threonine protein kinase Krs-2. Our data indicate that 

BCL11Axl is a critical regulator of apoptosis. It does so not only by inducing 

apoptotic events, but also by preventing the dying cells from exhausting their 

cellular energy supplies.  
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Figure 5.3 BCL11Axl induces apoptosis through inhibition of the PI3K-Akt cell 
survival pathway. 

In our model, BCL11Axl blocks PI3K activation through down-regulation 

of BCAP. BCL11Axl blocks Akt2 activation through down-regulation of Akt2, 

MAPKAPK2, and Rac1 (through repression of Trio). In addition, BCL11Axl can 

also repress anti-apoptosis factor NF- B and induce pro-apoptosis factor p53 

(through repression of MDM2). Genes with X are the potential target genes that 

are down-regulated by BCL11Axl. 
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CHAPTER 6: DISCUSSION AND FUTURE PROSPECTS 

Confirmation of BCL11A target genes 

In this dissertation, I present the potential BCL11Axl target genes 

identified by screening Lymphochip microarrays. The differential expression of 

BCL11A isoforms in the cancerous cells indicates that the target genes for each 

isoform might be different. Therefore, the target genes for BCL11Al and 

BCL11As will be identified through the same approach. Furthermore, various 

analyses need to be carried out to further confirm that these genes are bonafide 

targets of BCL11A. In microarray experiments, the most likely BCL11A target 

genes are those whose mRNA levels are changed in more than one cell type by 

manipulation of BCL11A functions. These genes should be repressed by the 

expression of full length of each BCL11A isoform in cells that do not express 

BCL11A, but induced (derepressed) by the expression of a dominant negative 

form of BCL11A in cells expressing endogenous BCL11A. Determination of 

BCL11A dominant negative form will be carried out and further microarray 

analyses will be performed by transducing it into BCL11A positive B cell lines, 

such as the HD cell lines, KM-H2 and L428. This dominant negative form should 

be able to block the ability of endogenous BCL11A to repress its target genes.  

Inducible versions of both wild-type and dominant negative forms of 

BCL11A should help us identify the BCL11A targets more directly. These 

inducible forms will be created by fusion to the estrogen receptor (ER), in order to 

allow regulation of these proteins by estradiol. This system has worked well for 

BCL6 and we have employed it successfully in the apoptosis analysis (detailed in 
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Chapter 4, Figure 4.6). This system is preferred over others because the inducible 

function of ER fusion proteins do not require new protein synthesis. Induction can 

be carried out in the presence of cyclohexamide, which increases the chance that 

the observed changes in expression are primary effects of BCL11A regulation. 

Repression by inducible BCL11A isoforms would be predicted to depend on their 

translocation from cytoplasm to nucleus upon binding to estradiol. The same 

prediction holds for the dominant negative form. This subcellular relocalization 

can be monitored by immunoflourence using an anti-HA monoclonal antibody to 

distinguish transfected protein from endogenous.  

Further confirmatory data will come from Northern blots and semi-

quantitative RT-PCR analysis of the BCL11A transduced and mock transduced 

cell lines from which the microarray data were derived. We predict that most 

targets would be expressed at higher levels in cells in which BCL11A is not 

expressed or is expressed at low levels. Such reciprocity would be particularly 

informative for the individual isoforms. According to our finding that BCL11A 

mRNA accumulates at high levels in germinal centers, we predict that most 

BCL11A targets would be expressed at higher levels in activated peripheral blood 

lymphocytes than in germinal center B cells. These predictions would be 

reinforced by inspection of the microarray-derived gene expression database for 

normal human B cells.  
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BCL11A overexpression and cancer 

BCL11A translocations do not disrupt or mutate the BCL11A coding 

region. Instead, as in the case of BCL6 (Staudt et al., 1999), we observed 

deregulated high expression of BCL11A in both CLL patients and HD cell lines 

(Satterwhite et al., 2001). Translocation of BCL11A was, in three of the four 

cases we studied, the sole chromosomal abnormality detectable by standard 

cytogenetic analysis, suggesting that these translocations occurred early in the 

transformation sequence (Satterwhite et al., 2001). The most attractive hypothesis 

is that these translocations contribute to transformation by co-opting BCL11A’s 

regulatory functions during B cell development through substituting the BCL11A 

promoter with an unregulated one on 14q32.  Similarly, when amplified in the 

cases of HD and B-NHD, deregulation of BCL11A may be achieved by 

squelching or overwhelming limiting concentrations of negative regulators on its 

own promoter. By deregulating expression of normal BCL11A isoforms, genes 

downstream are deregulated directly if they are targets of BCL11A transcriptional 

repression, or indirectly, if they are transcriptional targets or interacting partners 

of BCL11A target genes.   

According to the BCL11A potential target genes we identified, 

deregulated BCL11A may result in aberrance of at least three cellular pathways, 

which may be implicated in BCL11A pathogenesis. 

The PI3K-Akt cell survival pathway. Most chronic lymphocytic 

leukemia B cells are circulating cells that appear to be nondividing. The clonal 

excess of B cells results from decreased apoptosis rather than increased 
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proliferation (Reed et al., 1998). Apoptosis of CLL lymphocytes is regulated by 

several cytokines (Jurlarider et al., 1998). When CLL tumor cells are placed in 

culture medium, they undergo apoptosis (Collins, 1989), probably triggered by 

the absence of survival factor(s) that are present in vivo. IL-4 is the most 

extensively studied interleukin that can prevent B-CLL lymphocytes from 

undergoing apoptosis in vivo. The increased production of IL-4 by T cells has 

been described in B cell CLL (Mainou-Fowler et al., 2001). Recent studies have 

shown that IL-4 can induce Akt phosphorylation in 50% of the CLL cases 

analyzed, suggesting that this might be one of the mechanisms by which CLL 

tumor cells acquire elongated life span (Barrangan et al., 2002). Therefore, 

dysregulation of the PI3K-Akt cell survival pathway might play an important role 

in CLL tumorigenesis.  

We have demonstrated that BCL11A can cause apoptotic cell death. We 

also have shown that BCL11A is overexpressed in CLL patients and HD cell lines 

containing 2p13 abnormalities. At first glance this might appear to be paradoxical. 

We suggest several possibilities to interpret this controversial phenotype. One 

explanation is that the genetic disruption of 2p13 not only results in the 

overexpression of BCL11A, but also alters its isoform splicing. Due to the 

limitations of the anti-BCL11A antibody used, we could not identify the 

expression levels of BCL11As in the tumor cells. However, Northern blot 

analysis showed that BCL11As is often dominantly expressed (relative to 

BCL11Axl and BCL11Al isoforms) in tumor cells harboring 2p13 abnormalities. 

BCL11As can physically interact with the two longer isoforms. As s consequence 
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of these interactions, BCL11As can be translocated from the cytoplasm into the 

nucleus where it accumulates in nuclear dots that appear similar to that of the 

longer isofrom with which it interacts. Based on these observations, we speculate 

that overexpressed BCL11As interacts and influences the repression activities of 

the other two isoforms, resulting in the derepression of BCL11A target genes, 

such as Akt2, NFκB, and MDM2. Consequently, the PI3K-Akt cell survival 

pathway is activated, leading to elongated cell life span (Kaufmann and Gores, 

2000). This hypothesis is consistent with the findings that Akt2, NFκB, and 

MDM2 are amplified or overexpressed in many human cancers (Bellacosa et al., 

1995; Ruggero et al, 1998; Shayesteh et al., 1999).  

The DNA Integrity Checkpoint Pathway. Our second hypothesis is 

based on both the PI3K-Akt cell survival pathway and the DNA integrity 

checkpoint pathway. Microarray experiments demonstrated that BCL11Axl could 

repress one of the key players in the DNA integrity checkpoint pathway, ATR. 

ATR is considered to be a house-keeping factor. Genome maintenance during 

normal cell proliferation hinges on the surveillance functions of ATR (Abraham, 

2001). Disruption of ATR can result in the breakdown of both the DNA 

replication checkpoint and the checkpoint responses to overt DNA damage 

incurred during S phase (Brown and Baltimore 2000; de Klein et al., 2000). In 

addition, ATR also plays a central role in the response to certain types of 

genotoxic agents, including hydroxyurea and UV light. In contrast, another DNA 

damage sensor, ATM, appears dedicated to providing the cell with a rapid 

protective response to an extremely lethal form of DNA damage: DNA double 
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strand breaks (Abraham, 2001). The available data suggest that ATR plays a 

critical role in the S, M, and G2 checkpoints, while ATM assumes primary 

responsibility from management of the G1 checkpoint. Upon detecting the DNA 

damage, both ATM and ATR can induce apoptosis, cell cycle arrest, or DNA 

repair (Figure 6.1) (Abraham, 2001). 

The biological significance of ATR being repressed by BCL11A is 

unclear. It might be one of the strategies used by cells to avoid exhaustion of the 

energy supplies during apoptotic processes; ie, such as ATM being cleaved by 

caspase-3 in cells undergoing apoptosis (Smith et al., 1999). On the other hand, 

down regulation of ATR might result in blockage of the DNA integrity 

checkpoint pathways, resulting in cellular insensitivity to the DNA damages 

caused by DNA replication, HU or UV light, and disruption of S, M or G2 

checkpoints.  

Recent studies on activated B cells have shown that B cell antigen receptor 

(BCR) engagement activates Akt in a PI3K-dependent manner (Astoul et al., 

1999). The BCR triggers a sustained activation of Akt. Active Akt is found in the 

cytosol and nuclei of BCR-stimulated B cells (Astoul et al., 1999). Src kinase is 

sufficient for BCR-induced Akt phosphorylation, but Syk is required for sustained 

phosphorylation of Akt on both serine 473 and threonine 308 (Gold et al., 1999). 

On the other hand, it has reported that CLL B cells are derived from germinal 

center or post-germinal center cells. Their BCRs have already interacted with 

antigen during the germinal center reaction. These findings appear to support our 

second hypothesis. In the origin of CLL B cells resulted from t(2;14)(p13;q32), 
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Akt is regulated by two opposite mechanisms: Repression caused by 

overexpressed BCL11A and activation resulting from BCR engagement. As a 

result of this competition, Akt2 and possibly other members of the Akt family can 

still function, but perhaps at a lower level which nevertheless is sufficient to block 

apoptosis. This could contribute to the longer life span of CLL B cells. 

Meanwhile, overexpressed BCL11A could still block the DNA integrity 

checkpoint pathway through repression of ATR. Since a major mechanism 

whereby tumor cells acquire genetic instability is through the acquisition of 

mutations that weaken or eliminate cell-cycle checkpoints (Hartwell and Kastan 

1994; Cahill et al., 1999), down-regulation of ATR by overexpressed BCL11A 

may thus contribute to the transition of long-lived B cells into malignant CLL B 

cells.  

The Rac-Rho signaling pathway. Another attractive gene down-

regulated by BCL11Axl is Trio. Trio was originally isolated as LAR 

transmembrane tyrosine phosphatase binding protein (Debant et al., 1996). This 

2861 amino acids protein contains three enzymatic domains, two functional 

guanine nucleotide exchange factor (GEF) domains and a protein serine/threonine 

kinase (PSK) domain (Debant et al., 1996). One of the Trio GEF domains (Trio 

GEF-D1) has Rac-specific GEF activity, while the other Trio GEF domain (Trio 

GEF-D2) has Rho-specific activity (Debant et al., 1996). It has been shown that 

Trio GEF-D1 specifically actives Rac1, while Trio GEF-D2 targets RhoA 

(Debant et al., 1996). Both Rac1 and RhoA belong to the Rho GTPase family, 

which mediate important cellular processes in response to diverse stimuli, 
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including cell polarization, membrane trafficking, apoptosis, cytoarchitecture, 

transcriptional regulation and cell-cell or cell-matrix adhesion. Rho signaling 

activity can play pivotal roles in cancer-related processes, such as cell 

proliferation, migration, invasion and metastasis (Figure 6.2) (Aznar et al., 2001).  

Both Rac1 and RhoA can promote cell survival through induction of 

NFκB (Aznar et al., 2001). In addition, Rac1 can also prevent apoptosis through 

activation of JNK/p38, which in turn phosphorylates and activates MAPKAPK2. 

Activated MAPKAPK2 can then phosphorylate and activate Akt, leading to 

activation of the PI3K-Akt cell survival pathway (Murga et al., 2001).   

Studies of Reed-Sternberg (H-RS) cells of Hodgkin’s disease have shown 

that down regulation of CD99 (Mic2) leads to the generation of cells with H-RS 

phenotypes, including multinuclearity, CD15 expression, decreased expression of 

major histocompatibility complex (MHC) class I, and deregulated secretion of 

cytokines (Soon et al., 1998). However, these features were completely abolished 

by the overexpression of CD99 or a constitutively active form of Rac despite the 

absence of CD99. This indicates that Rac might function downstream of CD99. 

Although the exact mechanism remains unknown, it suggests that CD99 

molecules play a crucial role in regulating cell functions and morphology through 

a Rac-Rho signaling pathway. The loss of CD99 expression or the blockage of 

Rac-Rho pathways might be a significant molecular event to generate H-RS cells 

(Soon et al., 1998). 

Taken together, these findings indicate that Trio represents a unique 

member of the Rho-GEF family that can regulate Rac and Rho signaling 
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pathways coordinately. Down regulation of Rac and Rho through repression of 

Trio by BCL11Axl may contribute to BCL11A apoptotic effect. However, the 

findings of the H-RS cell studies suggest that repression of Trio might also 

contribute to the pathogenesis of Hodgkin’s disease. Furthermore, these results 

also indicate that although CLL and HD can both originate from genetic 

disruption of chromosome 2p13, different mechanisms might account for their 

full-blown tumorigenicity. CLL could result from apoptotic dysregulation, while 

HD is induced by blockage of the Rac-Rho signaling pathway.   
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Figure 6.1 A generic cell-cycle checkpoint signaling pathway. 
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Figure 6.2 Potential pathways in which Rho GTPases influence tumorigenic 
processes. 
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Interactions between BCL11A isoforms and their heterometic 
partners 

A complex pattern of BCL11A expression is generated by alternative 

splicing. These isoforms are not only differentially expressed among different cell 

types, but also differ quantitatively and/or qualitatively in function. We 

hypothesize that the ultimate BCL11A function in a given cell may hinge on the 

balance of its interactions among isoforms and/or their heteromeric partners. 

Therefore, it will be necessary to measure functional effects not only of single 

isoforms, but also of isoforms in combination with each other and with 

heteromeric partners, such as BCL6 and COU-TF2. 

We have identified the interactions between two human proto-oncogenes, 

BCL11A and BCL6. However, BCL6 did not show any significant impact on 

either the transrepression activity or the apoptotic effect of BCL11A. This might 

be due to the lack of the mediators required for their functional cross-talk in our 

experiment systems. Further colocalization, transactivation and apoptosis assays 

must be carried out in germinal center B cells, where both BCL11A and BCL6 are 

normally abundant. On the other hand, my preliminary data indicated that 

BCL11A can decrease BCL6 repression to ~50% when measured on a BCL6 

binding sites containing reporter in transfected HEK293 cells (data not shown). 

These findings suggest that instead of being influenced by BCL6, BCL11A might 

regulate the functionalities of BCL6, possibly through influencing the interactions 
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between BCL6 and SMRT corepressor complex. This conclusion must be further 

confirmed by transactivation assay, immunoprecipitation and EMSA performed 

with germinal center B cells. Besides BCL6 and COU-TF2, there might be some 

other proteins that interact with BCL11A and contribute to its transrepression 

activity and apoptotic effect. Two-hybrid and/or pull-down/ immunoprecipitation 

systems will be required to identify these proteins.  

 

Investigation of the normal functions of BCL11A 

BCL11A can induce apoptosis and accumulates at high levels in germinal 

centers, indicating that it might play an important role in B cell development. 

During the germinal center reactions, apoptosis occurs at several stages to 

eliminate B cells that produce low affinity or self-reactive antibody (EijK et al., 

2001). The abundant expression of BCL11A implies that it may contribute to the 

intensive apoptosis events in this area. 

In addition to the germinal centers, BCL11A expression has also been 

detected at significant levels in brain and testis (data not shown). This indicates 

that BCL11A may function not only in B cell development, but also in 

neurogenesis and spermatogenesis, the cellular processes that apoptosis 

preferentially occurs.  

Generation of targeted BCL11A/Evi9 deletion mice might be the best way 

to determine the cellular functions of BCL11A in vivo. BCL11A is highly 

conserved throughout evolution, which suggests that it may have an important 
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role in mouse development. The potential for lethality of the conventional null 

mutation seems likely. A better alternative would be to create conditional 

knockout mice by using Cre-lox system, in which the site-specific recombinase 

Cre gene is driven by either a germinal center tissue specific regulatory element 

or an inducible promoter. This would allow one to control the inactivation of 

BCL11A/Evi9 temporally and spacially, leading to a better understanding of the 

biological functions of this gene.  
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CHAPTER 7: MATERIALS AND METHODS 

Plasmids and DNA manipulations 

Plasmid pCR3.1-HA-BCL11Axl, pCR3.1-HA-BCL11Al and pCR3.1-HA-

BCL11As were constructed as following: A modified pCR3.1 vector (Eukaryotic 

TA Cloning kit, Invitrogen), pCR3.1-HA, was kindly provided by Dr. Yan Zhang 

(UT at Austin). This modified vector contains a sequence of HA epitope tag 

followed by a SalI site at the 5’-end of the PCR product insertion site. BCL11Axl, 

BCL11Al and BCL11s were amplified by PCR with the same forward primer 5-

pCR3.1-BCL11(SalI): 5’- CTACAACAGGTCGACATGTCTCGCCGCAAG-3’, 

but different reverse primers for each isoform, 3-pCR3.1-BCL11Axl(PstI): 

5’ATACCTCTATTCAGTTTTTATATCATTATTCAACACTCGATCACTGTG

CCATTTTTTCATGTGTTTCTCCAGGGTACTGTACACGTCA-3’, 3-pCR3.1-

BCL11Al(PstI): 5’-CATAGTAGCCTGCAGGTGTCGCTGCGTCTG-3’ and 3-

pCR3.1-BCL11As(PstI): 5’-CATATTAGCCT GCAGCGCGGGGTCAGGGGA-

3’. Amplified BCL11Axl, BCL11Al and BCL11As were cloned into pCR3.1-HA 

at SalI and PstI sites. Plasmid pEGFP-BCL11Axl, pEGFP-BCL11Al, and 

pEGFP-BCL11As were constructed by first PCR amplification of BCL11Axl, 

BCL11Al and BCL11As using the same forward primer 5-pEGFE-BCL11(SalI): 

CTACAACAGGTCGACATGTCTCGCCGCAAG, but different reverse primers 

for each isoform, 3-pEGFP-BCL11Axl(BamHI): 5’CATCACAGTGGATCCATA 

CCTCTATTCAGT-3’,3-pEGFP-BCL11Al(BamHI): 5’CATATTATCGGATCC 

GTGTCGCTGCGTCTG-3’ and 3-pEGFP-BCL11As(BamHI): 5’-CATATTATC 
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GGATCCCGCGGGGTCAGGGGA-3’. Amplified BCL11Axl, BCL11Al and 

BCL11As were cloned into pEGFP-C1 vector (Clonetech) at SalI and BamHI 

sites. Plasmid Gal4DBD-BCL11Axl, Gal4DBD-BCL11Al and Gal4DBD-

BCL11As were constructed by first PCR amplification of BCL11Axl, BCL11Al 

and BCL11As using the same forward primer, 5-Gal4DBD-BCL11A(BamHI): 5’-

CATAGTCGGATCCGCATGTCTCGCCGCAAG-3’, but different reverse 

primers for each isoform, 3-Gal4DBD-BCL11Axl(KpnI): 5’-CGCGACGCGGG 

TACCTATCGAATTCTTCCA-3’,  3-Gal4DBD-BCL11Al(KpnI): 5’-CATCACA 

GTGGTACCGTGTCGCTGCGTCTG-3’ and 3-Gal4DBD-BCL11As(KpnI): 5’-

CATATCAGCGGTACCCGCGGGGTCAGGGGA-3’. Amplified BCL11Axl, 

BCL11Al and BCL11As were cloned into pBind vector (Promega) at BamHI and 

KpnI sites. pGEX-KG-BCL11A456 was constructed as following: a BCL11A 

fragment (amino acid 2141-2675) was cut from pCR3.1-HA-BCL11Axl by 

digesting with XhoI. The released BCL11A fragment was subcloned into pGEX-

KG at SalI site. The nuclear localization mutant forms of pEGFP-BCL11Axl, 

pEGFP-BCL11Axl(634K→T), pEGFP-BCL11Axl(635R→L) and pEGFP-

BCL11Axl(637K→T) were generated using QuikChange site-directed 

mutagenesis kit (Stratagene). The mutagenesis primers included BCL11AK634T: 

5’-CTGAGCCCCTTCTCTACGCGCATCAAGCTC-3’, BCL11AR635L: 5’-

GCCCCTTCTCTAAGCTCATCAAGCTCGACA-3’ and BCL11AK637T: 5’-

CTTCTCTAAGCGCATCACGCTCGAGAAGGA-3’. 

The construct pCMV-BCL2 was kindly provided by Dr. Xiaodong 

Wang’s laboratory at the University of Texas Southwestern Medical Center at 
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Dallas. The dominant negative p53 form, pCMV-p53DN, was kindly provide by 

Dr. David Johnson’s laboratory at Science Park Research Division, MD Anderson 

Cancer Center of the University of Texas.   

 

Cell cultures 

COS7, NIH 3T3, Hela and HEK 293 cells were maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) with 10% fetal bovine serum (HyClone) and 

penicillin/streptpomycin (GIBCO-BRL). The Hodgkin’s disease cell lines L428 

and KM-H2 and B cell lines BCL1, M12.4, RAJI, BJAB, OCI-L7, Ramos, and 

WIL2 were maintained in RPMI-1640 media (GIBCO-BRL) with 10% fetal 

bovine serum (HyClone) and penicillin/streptpomycin (GIBCO-BRL). 

WIL2BCL6ERD was maintained in media without phenol red, with 

charcoal/dextran-adsorbed serum (HyClone) and 1 mg/ml G418. Cells were 

cultured at 37oC in an atmosphere of 5% CO2. 

 

Retroviral constructs and infection  

The Phoenix retroviral system was used to express BCL11A in the target 

cells. pXYpuro and pXYpuro-FLAG-BCL11Axl was kindly provide by Dr. Louis 

Staudt at Division of Clinical Sciences, National Cancer Institute. Both pXYpuro-

FLAG-BCL11Axl and the basic viral construct (pXYpuro) were used to generate 

cell populations for subsequent analysis. Each construct was transfected by the 

calcium phosphate method (GIBCO-BRL) into the amphitrophic Phoenix 
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packaging line to make a viral supernatant. 48 hours after transfection, the viral 

supernatants were harvested and centrifuged to remove live cells and debris, then 

mixed with a 1:1000 dilutionn of DOTAP (Roche) and placed on ice for 10 mins. 

Cells were pelleted by centrifugation. Media was aspirated, and cells were mixed 

with viral supernatant (1ml supernatant / 1 million cells). Cells were spun in 6-

well plates at 2500 rpm, 30oC for 1.5 hours. Supernatant was aspirated and 

replaced with fresh media. After 48 hours, cells were selected with empirically 

determined concentrations of puromycin (1.5-4 µg/ml, SIGMA). Populations 

were analyzed by Western blot for expression for the transduced protein and 

expanded for further analysis.  

 

In situ hybridization analysis 

A BCL11A fragment containing 341 bp sequence common to all 3 RNA 

isoforms was cloned into pCRII (Invitrogen), and then amplified from this vector 

by PCR using M13 forward and reverse primers. A probe was generated from the 

PCR product by incubation for 1 hour in a 20 ml reaction containing 1 µg of 

template DNA, 0.5 mM CTP, 0.5 mM GTP, 0.5 mM ATP, 0.005 mM UTP, 63 

mCi (2331 MBq) 35S-UTP, 2 U of either SP6 (sense) or T7 polymerase 

(antisense), and a 1X transcription buffer (Maxiscript; Ambion) DNA was 

removed by addition of 2 U of DNase I for 15 minutes, the unincorporated 

nucleotides were removed by spin column. Tonsils were fixed with 4% 

paraformaldehyde in PBS overnight at 4oC. Tissue was placed in 70% ethanol, 

dehydrated through graded ethanol solutions, cleared with xylene and infused 
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with paraffin. Contiguous sections were probed with sense and antisense 

transcripts or stained, as described previously (Benjamin et al., 1997). 

 

Western blot analysis 

Cells were suspended in lysis buffer (50mM Tris-Cl PH 8.0, 150 mM 

NaCl, 0.02% sodium azide, 1% NP-40, 100 µg/ml PMSF, 1 µg/ml aprotinin). 

After incubated on ice for 20 minutes, lysates were cleared by centrifugation. 

Protein concentration of each lysate was determined by protein assay reagent 

(Bio-Rad). Equal amount of lysates were separated on 8% SDS-PAGE and 

transferred to nitrocellulose membrane (Protran BA, Schleicher and Schuell) 

using a semi-dry transfer apparatus. Membranes were blocked with blocking 

buffer (5% nonfat milk in PBS with 0.05% Tween-20) for 1 hour at room 

temperature with agitation. Membranes were then incubated with primary 

antibody (mouse anti-HA monoclonal antibody (Babco), 1:1000; mouse anti-

FLAG monoclonal antibody (Sigma) 1:1000; rabbit anti-BCL11A polyclonal 

antibody 1:200) for 3 hours at room temperature with agitation (or 4oC overnight), 

followed by wash with washing buffer (PBS with 0.05% Tween-20) once for 15 

minutes, and twice for 5 minutes. Membranes were incubated with secondary 

antibody (Horseradish peroxidase-conjugated goat anti-mouse antibody or goat 

anti-rabbit antibody (Amershan) 1:2500) for 1 hour at room temperature with 

agitation. Membranes were washed as described above. Blots were developed 

using the ECL Western blotting detection reagent (Amersham Pharmacia Biotech) 

according to the manufacture’s instructions.  
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Proteasome inhibitor assays  

Proteasome inhibitor PSI (Calbiochem), MG115 (Calbiochem), LLM 

(Calbiochem), LLnL (Sigma) and lysosome inhibitor E64 (Sigma) were solved in 

DMSO to make the stock solution at 20 mM/ml. HEK 293 cells were cultured at 2 

x 105 per well in 6 well plates (Nalge Nnc International), and were transiently 

transfected with 1 µg of pCR3.1-HA-BCL11Axl construct 18 hours later. At 24 

hours posttransfection, different amounts of proteasome inhibitors or a lysosome 

inhibitor were added into the cultures. At 48 hours posttransfection, cells were 

lysed, equal amount of cell lysates were analyzed by Western blot using anti-HA 

antibody.  

 

GST fusion protein purification 

The bacterial expression construct pGEX-KG-BCL11A456 was 

transformed into E.Coli DH5α or BL21 (protease lon-deficient). The expression 

of GST-BCL11A456 was induced by adding IPTG to a final concentration of 0.1 

mM. 2 or 3 hours after induction, cells were collected and lysed by sonication in 

PBS. 1% Triton X-100 was added to the mixture followed by centrifugation. The 

supernatant was mixed with glutathione-agarose beads and incubated for 1 hour at 

4oC with agitation. After 5 washes with PBS, the GST-BCL11A456 was eluted 

with elution buffer (50 mM Tris-Cl, 15 mM reduced glutathione).  
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Immunofluorescence 

For BCL11A and BCL6 colocalization experiments, COS7 cells were 

seeded at 2 x 10 5 cells per well in 6 well plates with a coverslip (Nalge Nnc 

International) in each well. 18 hours later, cells were cotransfected with 1 µg of 

pEGFP-BCL11A isoform construct and 1 µg of pCMV-FLAG-BCL6 using Fugen 

6 transfection reagent (Roche molecular Biochemicals) according to 

manufacture’s instruction. 48 hours posttransfection, the media were removed and 

cells were washed three times in cold PBS followed by fixation in freshly 

prepared 4% paraformaldehyde in PBS for 10 minutes. The fixed cells were 

washed in PBS for 15 minutes, and repeated three times followed by 

permeablization in 0.15% Triton X-100 in PBS for 15 minute. Cells were then 

blocked in blocking buffer (2% bovin serum albumin in PBS) for 60 minutes and 

incubated with mouse anti-FLAG monoclonal antibody (Strategene) at 1:100 for 

60 minutes followed by three PBS washes. Cells were then incubated with 

ALEXA goat anti-mouse IgG 568 (Molecular probe) at 1: 200. Nuclei were 

counterstained with 0.1µM TO-PRO-3 iodide (Molecular Probes) prior to 

mounting in Vectashield (Vector Labs). Cells were viewed by sequential confocal 

laser scanning microscopy (Leica).  

For BCL11A and SC35 colocalization experiment, COS7 cells were 

transiently transfected with 1 µg of pEGFP-BCL11Axl as described above. 48 

hours posttransfection, cells were fixed and permeabilized with 0.5% Triton X-

100 for 15 minute, incubated with blocking buffer containing 3% bovine serum 

albumin and 0.2% gelatin in PBS for 15 minutes. Cells were then incubated with 
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primary antibody, mouse anti-SC35 (Sigma) at 1:2000 dilution in blocking 

solution, for 1 hour, followed by 1 hour incubation with secondary anti-mouse 

IgG antibody conjugated with Rhodamine (Sigma). Finally, cells were stained 

with 50 ng/ml DAPI for 5 minute and observed via a Zxioplan fluorescence 

microscopy (Zeiss).  

To observe GFP-BCL11A fusion protein, COS7 cells were transiently 

transfected with 1 µg of pEGFP or pEGFP-BCL11A isoform constructs as 

described above. 48 hours after transfection, cells were fixed with 4% 

paraformaldehyde, and stained with 50 ng/ml DAPI for 5 minute. In the 

experiments with transcription inhibitors treatment, cells were treated with 50 

µg/ml actinomycin D (Sigma) or DRB (Sigma) 6 hours before observation. In the 

experiments with DNase or RNase treatment, cells were incubated with CSK 

buffer (10mM PIPES, PH 6.8, 300 mM Sucrose, 3 mM MgCl2, 1 mM EGTA, 

0.5% Triton X-100, 100 mM NaCl and 1 mM PMSF) with 400 units/ml DNase I 

or 0.1mg/ml RNase A at 27oC for 1 hour. Cells were then fixed, stained with 

DAPI and observed as described.  

 

Immunoprecipitation 

For in vitro coimmunoprecipitation, one half of the Gal4DBD-BCL11A 

isoforms and 35S-labeled HA-BCL11A isoforms generated by in vitro translation 

were incubated in the presence or the absence of mouse anti-Gal4-Binding 

domain monoclonal antibody (Sigma) at 1:100 dilution in the IP buffer (50 mM 

Tris-Cl, PH 7.5, 150 mM NaCl, 5 mM MgCl2, 1 mM EDTA, 0.25% NP-40, 1 mM 
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DTT, 1 mM PMSF) for 1 hour at 4oC with agitation. 40 µg of 50% protein A 

agarose (Sigma)/IP slurry was added to the mixture and incubated for a further 1 

hour at 4oC with agitation. The mixture was spun at 14,000 rpm for 30 seconds 

and the supernatant was removed. Pellets were washed three times with IP buffer 

and precipitated proteins were separated on 8% SDS-PAGE and visualized by 

phosphorImager. For in vivo coimmunoprecipitation, HEK 293 cells cotransfected 

with pCR3.1-HA-BCL11A isoform constructs and pCMV-FLAG-BCL6 were 

washed with ice cold PBS and lysed in 350 µl ice cold RIPA buffer (25mM Tris 

PH 7.8, 150 mM NaCl2, 2 mM EDTA, 1% NP40. 0.5% Deoxycholate, 0.1% 

SDS, 1mM PMSF). Cell lysates were precleared with protein A beads for 30 

minutes at 4oC with agitation. Primary antibody anti-FLAG was added to the 

precleared cell lysates at 1:100 dilution and incubated for 1 hour at 4oC with 

agitation. 40 µl of 50% protein A slurry was then added and incubated for 1 hour 

at 4oC with agitation. The protein A beads were colleted with centrifugation 

followed by three washes with RIPA buffer. The precipitated products were 

detected by Western blots using anti-HA antibody.   

 

Luciferase assays 

HEK 293 cells were plated at 2 x 10 5 cells per well in 6 well plates. 18 

hours later, cells were transiently cotransfected with 1 µg of pG5luc luciferase 

reporter construct (Promega), and 1 µg of Gal4DBD or Gal4DBD-BCL11A 

isoform constructs by using Fugen 6 transfection reagent. The luciferase activity 

was measured 48 hours posttransfeciton by using Dual-Luciferase Reporter Assay 
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System (Promega) according to the manufacture’s direction. Values were 

expressed as percent of those obtained using the reporter construct and Gal4DBD 

alone after normalization of transfeciton efficiency for the activity of Renilla 

luciferase that is encoded in Gal4DBD vector. For the luciferase assays performed 

in B cells, BCL1 and M12.4 cells were transiently cotransfected with 10 µg of 

pG5luc luciferase reporter construct, and 30 µg of Gal4DBD or Gal4DBD-

BCL11A isoform constructs via electroporation. The luciferase activity was 

measured as described above.  

For the luciferase assays performed with cotransfection of both BCL11A 

isoforms and BCL6, HEK 293 cells or M12.4 cells were infected with 5µl of 

vaccina virus vTF7-3 followed by immediate cotransfeciton. For HEK 293 cells, 

cells were transiently cotransfected with 1 µg of pG5luc, 1 µg of Gal4DBD or 

Gal4DBD-BCL11A isoform constructs and 1 µg of pCMV-FLAG-BCL6 by 

Fugene 6 reagent. For M12.4 cells, cells were transiently cotransfected with 20 µg 

of Gal4DBD or Gal4DBD-BCL11A isoform constructs and 20 µg of pCMV-

FLAG-BCL6 or irrelevant DNA pCEP4. The luciferase activity was measured as 

described above. 

For the luciferase assays performed without Gal4-DNA-Binding-

domain/Gal4-DNA-binding-site system, 1 µg of pCR3.1-HA-BCL11A isoform 

constructs, 1 µg of pGL-3 control reporter vector (Promega) and 0.1 of µg pRL-

TK (Promega) were transiently cotransfected into HEK 293 cells using Fugene 6 

transfection reagent. Dual luciferase assays were performed as described above.  
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Cyclic Amplificaiton and Selection of Target (CASTing) analysis 

Binding reactions were performed with 2 µl of in vitro translated HA-

BCL11Axl, 1 µl of anti-HA monoclonal antibody, 1 µl of a 76 nt random 

sequence oligonucleotide R76, 5’CAGGTCAGTTCAGCGGATCCTGTCG(A/G/ 

C/T)26GAGGCGAATTCAGTGCAACTGCAGC3’ and 21 µl of Binding buffer 

(20 mM HEPES PH 7.9, 40 mM KCl, 6 mM MgCl2, 1 MM DTT, 0.1% NP40, 3 

mg/ml acetylated Bovine Serum Albumin, 10% glycerol, 2% Ficoll, 50 µg/ml 

sonicated salmon sperm DNA, 100 µg/ml PMSF, 1 µg/ml aprotinin). The mixture 

was incubated on ice for 30 minutes, followed by addition of 10 µl 50% protein A 

Sepharose (Pharmacia) and 200 µl of Binding buffer and incubation at 4oC for 30 

minutes with agitation. Immune complexes were washed by 250 µl of cold 

binding buffer without BSA three times. The remaining DNA was eluted in 200 

µl elution buffer (5 µM EDTA, 0.5% SDS, 100 mM NaOAc, 50 mM Tris PH 8.0). 

The recovered DNA was amplified by PCR with forward primer 5’-

GCTGCAGTTGCACTGAATTCGCCTC-3’, and reversed primer 5’-

CAGGTCAGTTCAGCGGATCCTGTCG-3’. The process was repeated five 

times and the recovered DNA was subcloned into bluescript pSK+ at BamHI and 

EcoRI sites. DNA sequences were analyzed by Sequence Finder software created 

by Mr. Qu Yuan and the author.  

 

Gel mobility shift assays 

A oligonucleotide containing 4 potential BCL11A consensus binding sites 

5’-GCACTCCCACGCCTCACTCCCACGCCTCACTCCCACGCCTCCCAC 
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CCCCGCCTCCCACCCCCGCCT-3’ and its complement were used as probe. 

Nuclear extracts of HEK 293 cells transiently transfected with pCR3.1-HA-

BCL11Axl or pCMV-FLAG-BCL6 were used as protein sources. Binding 

reactions were performed with the same Binding buffer as used in CASTing 

experiments. Supershift assays were performed by adding 1 µl of anti-HA 

monoclonal antibody or 1 µl of anti-His monoclonal antibody (Sigma) as control.  

 

Cell staining and flow cytometry analysis (FACS) 

NIH 3T3 cells were seeded at 2 x 105 per well in 6 well plates. 18 hours 

later, cells were transiently transfected with 1 µg of pEGFP-BCL11A isoform 

constructs, or cotransfected with 1 µg of pEGFP-BCL11A isoform constructs and 

1 µg of pCMV-FLAG-BCL6, or pCMV-Bcl2, or pCMV-p53DN, or an irrelevant 

construct pCEP4 using Fugene 6 reagent. At different time points after 

transfection, cells were washed in 2 ml of cold PBS and trypsinized for five 

minutes. Cells were then washed off the plate in 5 ml of DMEM medium and 

transferred to a 15 ml culture tube. Cells were collected by centrifugation at 2,000 

rpm for 10 minutes and the cell pellets were washed by 5 ml of PBS twice and re-

centrifuged at 2,000 rpm for 10 minutes. Cells were resuspended in 1X Binding 

buffer (BD pharmingen) (10mM HEPES, PH 7.4; 140 mM NaCl; 2.5 mM CaCl2) 

at a concentration of 1 x 106 cells/ml. 100 µl of the resuspended cells (~1 x 105 

cells/ml) were then transferred to a 5 ml culture tube, 5 µl of Annexin V-PE (BD 

Pharmingen) and 5 µl of 7-Amino-actinomycin (7-ADD) (BD pharmingen) were 

added. Cells were gently mixed and incubated for 15 minutes at room temperature 
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in the dark. 400 µl of 1X Binding buffer was added to each tube and the samples 

were analyzed by flow cytometry (BD FACSCalibur Flow Cytometry System) 

within 1 hour, and the data were collected and analyzed using Cell Quest 

software.  

 

Killing curve assay 

NIH 3T3 cells were seeded at 2 x 105 per well in 6 well plates. 18 hours 

later, cells were transiently cotransfected with 1 µg of pEGFP, or pEGFP-

BCL11A isoform constructs, or pEGFP-BCL11Axl (NLS-) with 1 µg of pCMV-

FLAG-BCL6 or pCEP4 using Fugene 6. At different time points posttransfection, 

cells were collected and washed as described above. Finally, cells were suspended 

in 0.5 ml of PBS, the percentages of green fluorescent cells were analyzed by 

flow cytometry (BD FACSCalibur Flow Cytometry System), and the data were 

collected and analyzed using Cell Quest software.  

 

Caspase inhibitor assay 

NIH 3T3 cells were plated and transfected as described above. At 24 hours 

posttransfeciton, culture medium was removed and replaced with new medium in 

the presence or the absence of 50 µM caspase-9 inhibitor, Z-LEHD-FMK 

(CALBIOCHEM). 72 hours posttransfection, cells were stained with Annexin V-

PE and analyzed by flow cytometry. 
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RNA preparation and cDNA microarray analysis 

Ten million cells were pelleted by centrifugation and total RNA was 

prepared by the Trizol method (GIBCO-BRL) with yield of 2-6 mg/ml. 

Lymphochip cDNA microarrays were prepared from PCR-amplified material as 

described (Alizadeh et al., 1999). 30-70 µg of each total RNA sample was 

converted to cDNA using Superscript (GIBCO-BRL) in the presence of either 

CY-3 (green)- or CY-5 (red)- labeled dUTP. Unincorporated nucleotides were 

removed by spin column purification (AMICON). Probes were combined with 

SSC, along with non-specific nucleic acid carriers: polyA RNA (Pharmacia), 

yeast tRNA (Pharminger), and COT-1 DNA (GIBCO-BRL). The probe was 

heated to 100oC and applied to the microarray. A coverslip was placed on the 

array, which was sealed in a hybridization chamber and placed at 65oC for 16-20 

hrs. The microarrays were removed from the chamber and washed in a series of 

SSC solutions and spun dry prior to scanning. Arrays were analyzed by scanning 

on a GenePix (AXON) scanner at 635nm (CY-5, red) and 523nm (CT-3, green) 

wavelengths. Results were analyzed using in-house software tools developed at 

the NCL and at Stanford University.  
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