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Preface 

This thesis describes the research work under the scope of my PhD project 

developed between January of 2006 and July of 2010 at the Instituto de Medicina 

Molecular (Lisbon, Portugal) under the supervision of João T. Barata, PhD.  During this 

period, part of the research work was also carried at the Utrecht Medical Centre 

(Utrecht, Netherlands) under the supervision of Prof. Paul J. Coffer.  

This thesis is organized in 6 chapters, which are preceded of a summary written in 

Portuguese and an abstract briefly describing the work developed. In chapter 1 an 

introductory review and the aims of the work are provided. The chapters 2, 3, 4 and 5 

the original results are described and discussed. The chapter 6 comprises a generalized 

discussion and the biological implications of the data described in this thesis. 

The results presented in this thesis are the result of my own research work and it is 

clearly acknowledged in the text whenever results or reagents produced by others were 

utilized. I was financially supported by a scholarship from Programa SFRH 

(SFRH/BD/24722/2005), Fundação para a Ciência e Tecnologia, Portugal. This work 

has not been submitted for any degree at this or any university. 

 

The opinions expressed in this publication are from the exclusive responsibility of 

the author. 

The impression of this thesis was approved by Conselho Científico da Faculdade 

de Medicina de Lisboa on the 26
th

 of October 2011. 
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Resumo 

A Leucemia Linfoblástica Aguda (LLA) é o cancro mais frequente em crianças, 

resultando da expansão clonal maligna de precursores linfóides. Aproximadamente 15% 

dos doentes com LLA apresentam marcadores de células T (LLA-T). Embora os 

regimes quimioterápicos actualmente em uso sejam bastante eficazes, existe ainda um 

número significativo de doentes que recidivam. Além disso, os regimes intensivos de 

quimioterapia estão normalmente associados a efeitos secundários consideráveis a 

médio e longo prazo. Para melhor perceber a biologia da LLA-T e determinar novos 

alvos terapêuticos é necessário perceber em que medida factores microambientais e 

mecanismos intra-celulares influenciam a génese e a progressão da leucemia. A presente 

tese procura identificar os mecanismos pelos quais tanto um factor extracelular (IL-4) 

como um factor de transcrição celular (TAL1) podem participar no desenvolvimento e 

progressão da leucemia. 

A Interleucina-4 (IL-4) é uma citocina da cadeia comum-γ, produzida na medula 

óssea, que estimula a proliferação in vitro de células LLA-T. No capítulo 2, 

demonstramos que a IL-4 induz a progressão do ciclo celular da fase G0/G1 para as 

fases S e G2/M em células LLA-T primárias, devido ao aumento da expressão das 

ciclinas D2, E e A e à diminuição de expressão do inibidor de cinases dependentes de 

ciclinas p27
Kip1

. A transfecção de células LLA-T com a proteína de fusão VP22-p27
Kip1

, 

que é capaz de translocar para o citoplasma e núcleo das células alvo, impede a 

proliferação mediada por IL-4. Além disso, a IL-4 estimula a activação de mTOR, como 

demonstra o aumento de fosforilação dos seus alvos p70
S6K

, S6 e 4E-BP1. A inibição da 

sinalização mediada por mTOR com rapamicina impede o crescimento celular, a 

progressão do ciclo celular e a proliferação de células LLA-T estimuladas por IL-4. 

Estes resultados identificam mTOR como um regulador dos efeitos moleculares e 

celulares promovidos por IL-4 em células LLA-T e fortalecem a hipótese do uso de 

inibidores farmacológicos de mTOR no tratamento de doentes com LLA-T (Capítulo 2; 

Cardoso et al. Leukemia 2009). 

O factor de transcrição hélice-volta-hélice TAL1 é aberrantemente expresso em 

quase 65% dos doentes com LLA-T. A proteína “Lim-only domain” LMO2, é 

geralmente co-expressa com TAL1 neste tipo de leucemia. Estes genes parecem 

contribuir para a génese da leucemia, visto que ratinhos transgénicos para TAL1 e 

LMO2 desenvolvem leucemia com fenótipo de células T. No entanto, não se confirmou 
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até hoje se TAL1 estará envolvido na génese da leucemia em seres humanos, ou apenas 

secundariamente activado como resultado do processo de transformação em LLA-T. 

Para responder a esta questão, transduzimos progenitores hematopoiéticos com TAL1 

e/ou LMO2 e co-cultivamos estes progenitores com células estromais OP9-Dll1, que 

têm a capacidade de induzir a diferenciação de células T in vitro. Descobrimos que os 

genes TAL1 e LMO2 desregulam a diferenciação de células T em co-cultura com 

células estromais. A expressão coordenada destes dois genes leva a um pequeno 

aumento de precursores T CD3
+
CD4

+
CD8

+ 
de tamanho celular aumentado. Esta 

observação é particularmente interessante visto que se sabe que os blastos de pacientes 

com LLA-T que expressam TAL1 apresentam um imunofenótipo idêntico. Estes 

resultados preliminares mostram que TAL1 e LMO2 podem perturbar o normal 

desenvolvimento de células T humanas, possivelmente predispondo os timócitos para 

transformação maligna (Capítulo 3). 

Com o intuito de identificar e caracterizar os eventuais alvos transcricionais 

através dos quais TAL1 poderá gerar leucemia de células T, desenvolvemos um sistema 

indutível em que a fusão de TAL1 com o domínio de ligação a hormonas (DLH) do 

receptor de estrogénio (RE) permite a regulação fina da actividade de TAL1 numa linha 

celular T sem expressão de TAL1 endógeno. Após tratamento com 4-Hidróxi-

Tamoxifeno (4HT), a proteína de fusão RE-TAL1 consegue translocar para o núcleo 

celular e consequentemente activar o seu programa de trancrição. O perfil de expressão 

da linha celular HPB-ALL estavelmente transduzida com a fusão RE-TAL1 e tratada 

com 4HT revelou um total de 26 genes cuja expressão aumentou ou diminuiu após 

activação de TAL1, em pelo menos 2 experiências independentes. Seleccionámos sete 

genes com base na sua função e potencial interesse em cancro e confirmámos a 

expressão diferencial de três (CASZ1, DMGDH e OR5M3) por PCR quantitativo em 

tempo real. A transfecção de TAL1 numa outra linha celular LLA-T sem expressão 

deste gene (P12), resulta igualmente num aumento da expressão destes genes. O 

possível envolvimento de CASZ1 nos efeitos anti-apoptóticos e proliferativos mediados 

por TAL1 em células LLA-T também foi investigado. A diminuição da expressão de 

TAL1 com siRNA na linha celular Jurkat, que expressa TAL1 abundantemente, diminui 

significativamente a expressão de CASZ1, e a perda de expressão correlacionacom 

perda de viabilidade celular. Acresce que a diminuição da expressão de CASZ1 em 

células Jurkat tem efeitos funcionais semelhantes aos que ocorrem após redução da 

expressão de TAL1, nomeadamente diminuição da viabilidade celular e proliferação. 
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No geral, estes estudos permitiram a identificação de três novos genes alvo de TAL1, 

com possível relevância funcional no contexto do potencial poder oncogénico de TAL1 

(Capítulo 4) 

 TAL1 parece ter não apenas um papel de regulador positivo mas também de 

repressor da transcrição. Não é, portanto, de surpreender que tenha sido demonstrado 

anteriormente que TAL1 se pode associar a complexos de cromatina repressivos, 

nomeadamente HDAC1, e que a incubação com inibidores de HDAC (iHDAC) induz 

apoptose em células leucémicas derivadas de ratinhos transgénicos para TAL1. No 

capítulo 5, avaliamos o impacto dos iHDAC em TAL1 numa perspectiva diferente, 

nomeadamente analisando o seu impacto na expressão de TAL1 e não no impacto na 

actividade transcricional. Os nossos estudos revelam que a incubação de células LLA-T 

com iHDAC diminui drasticamente a expressão da proteína TAL1. Este efeito é devido 

à diminuição da transcrição do gene TAL1 em células que mantêm o locus TAL1 intacto, 

mas também devido à diminui da tradução de mRNAs TAL1 em células que contêm a 

delecção TAL1
d
. Igualmente importante é o facto da apoptose induzida pelos iHDAC 

ser inibida pela sobre-expressão de TAL1. Os nossos resultados indicam que o 

programa apoptótico promovido pelos iHDAC em LLA-T é parcialmente dependente da 

diminuição da expressão de TAL1 e sugerem que a integração de iHDAC no protocolo 

de tratamento de doentes LLA-T pode trazer benefícios terapêuticos (Cardoso et al, 

Leukemia 2011, advance online publication). 

O conjunto dos estudos descritos nesta dissertação destacam a importância que os 

factores micro-ambientais, como IL-4, podem ter na progressão de LLA-T (por 

exemplo, activando mTOR e promovendo a progressão no ciclo celular) e mostram a 

importância que factores celulares como TAL1, e também LMO2, podem ter na 

predisposição de células T para a transformação maligna e na sobrevivência das células 

LLA-T. Finalmente, os resultados desta tese demonstram que tanto factores 

extracelulares como lesões intracelulares podem constituir alvos promissores para 

intervenção terapêutica em LLA-T. 
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Abstract 

Acute lymphoblastic leukemia (ALL) is the most frequent cancer found in 

children and results from the clonal expansion of transformed lymphoid precursors. 

Approximately 15% of pediatric ALL patients present with a T-cell phenotype (T-

ALL). Despite the recent improvements in the treatment of T-ALL, there are still a high 

number of relapses and the intensive chemotherapeutic regiments used are associated 

with long-term severe complications. In order to develop new therapeutic strategies that 

can further increase efficacy while reducing side effects, one needs to better understand 

the pathobiology of T-ALL. In particular, it is necessary to understand how 

microenvironmental and cell-autonomous mechanisms influence the initiation and the 

progression of leukemia. The present thesis has the preocupation of exploring the 

mechanisms by which both an extracellular cue (IL-4) and a cell-intrinsic transcription 

factor (TAL1) may partake in leukemia development and maintenance. 

Interleukin-4 (IL-4) is a γ-common chain cytokine produced within the bone 

marrow microenvironment that is known to promote the in vitro proliferation of T-ALL 

cells. In Chapter 2, we present evidence that IL-4 induces primary T-ALL cell cycle 

progression from G0/G1 into S and G2/M, by up-regulating cyclin D2, E and A and 

down-regulating the cyclin-dependent kinase inhibitor p27
kip1

. Transfection of T-ALL 

cells with the VP22-p27
kip1

 fusion protein, which is able to translocate into the 

cytoplasm and nucleus of target cells, abrogates IL-4-mediated proliferation. This 

indicates that p27
kip1

 downregulation is mandatory for cell cycle progression of T-ALL 

cells stimulated with IL-4. Furthermore, IL-4 stimulates mTOR activation, as 

determined by increased phosphorylation of its downstream targets p70
S6K

, S6 and 4E-

BP1. Inhibition of mTOR signaling with rapamycin prevents IL-4-induced T-ALL cell 

growth, cell cycle progression and proliferation. Our results identify mTOR as a critical 

regulator of IL-4-mediated effects in T-ALL cells and support the rationale for using 

mTOR pharmacological inhibitors in T-ALL therapy (Cardoso et al. Leukemia 2009).       

The basic helix-loop-helix transcription factor TAL1 is aberrantly expressed in up 

to 65% of T-ALL patients. LMO2, a Lim-only domain protein, is often co-expressed 

ectopically with TAL1 in this malignancy. These genes appear to have leukemogenic 

potential, since both TAL1 and LMO2 transgenic mice develop leukemias of T-cell 

phenotype. However, it is still unclear whether TAL1 is effectively leukemogenic in 

humans, or whether merely participates as a secondary event in the transformation 
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process in T-ALL. To address this question, we transduced hematopoietic progenitors 

with TAL1 and/or LMO2 and co-cultured them with OP9-Dll1 stromal cells, which have 

the capacity to induce T-cell differentiation in vitro. We found that TAL1 and LMO2 

genes deregulate human T-cell differentiation in stromal cell co-cultures. Interestingly, 

the coordinated expression of both TAL1 and LMO2 led to a relative increase in 

CD3
+
CD4

+
CD8

+
 T-cell precursors with increased cell size. This observation is 

particularly interesting given that TAL1-expressing patients normally display a similar 

phenotype. These preliminary results show that TAL1 and LMO2 can disrupt normal 

human T-cell development, therefore likely predisposing thymocytes to malignant 

transformation (Chapter 3). 

In our effort to characterize the mechanisms by which TAL1 might promote T-

cell leukemogenesis, we developed a TAL1 inducible system, by fusing TAL1 with the 

hormone binding domain (HBD) of the estrogen receptor (ER), which we expressed in a 

TAL1-negative T-cell line. Upon 4-Hydroxi-Tamoxifen (4OHT) treatment, ER-TAL1 

fusion protein is able to translocate into the nucleus and consequently trigger its 

transcriptional program. Gene expression profiling of 4OHT-treated HPB-ALL cells 

stably transduced with the ER-TAL1 fusion revealed a total of 26 genes up- or down-

regulated by TAL1 activation, in at least two independent experiments. We selected 

seven of those genes on the basis of their function/potential interest in cancer and 

confirmed the differential expression of three (CASZ1, DMGDH and OR5M3) by qRT-

PCR. Accordingly, transfection of another TAL1-negative T-ALL cell line, P12, with 

TAL1, also led to increased expression of the validated TAL1 target genes. The possible 

involvement of CASZ1 in TAL1-mediated anti-apoptotic and proliferative effects in T-

ALL cells was subsequently investigated. Knock-down of TAL1 with siRNA in the 

TAL1-positive T-ALL cell line Jurkat decreased the expression of CASZ1, correlating 

with loss of cell viability. Moreover, CASZ1 knockdown in Jurkat cells led to 

functional effects similar to those of TAL1 knockdown, namely a decrease in survival 

and proliferation. Overall, these studies allowed the identification of three novel TAL1 

downstream targets, likely with functional relevance for TAL1-mediated leukemogenic 

potential (Chapter 4). 

TAL1 binds to repressive chromatin complexes, namely involving HDAC1, and 

incubation with HDAC inhibitors (HDACis) promotes apoptosis of leukemia cells 

derived from TAL1 transgenic mice. In Chapter 5, we evaluated the impact of HDACis 

on TAL1 from a somewhat different perspective, namely by analyzing their impact on 
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TAL1 expression rather than transcriptional activity. We found that incubation of T-

ALL cells with HDACis strikingly down-regulates TAL1 protein expression. This is 

due to decreased TAL1 gene transcription in cells with an intact TAL1 locus, and to 

impaired TAL1 mRNA translation in cells that harbor the TAL1
d
 deletion. Importantly, 

HDACi-induced apoptosis of T-ALL cells is significantly reversed by TAL1 forced 

over-expression. Our results indicate that the HDACi-mediated apoptotic program in T-

ALL cells is partially dependent on the down-regulation of TAL1 expression, and 

suggest that integration of HDACis into T-ALL treatment protocol may be of potential 

therapeutic benefit (Cardoso et al, Leukemia 2011, advance online publication). 

Taken together, the results described in this thesis highlight the importance that 

microenviromental factors, such as IL-4, might have in the progression of T-ALL (for 

instance, by activating mTOR and promoting cell cycle progression), and hint on the 

importance that cell-autonomous factors, such as TAL1 and LMO2, may have in 

predisposing T-cells for malignant transformation and promoting survival of T-ALL 

cells.  Importantly, our results further demonstrate that both extracellular cues and 

intracellular molecular lesions can constitute targets for therapeutic intervention in T-

ALL. 

 



Abbreviations 

xv 

 

Abbreviations 

ABC   ATP-Binding Cassette 

Act D    Actinomycin D 

ALL   Acute Lymphoblastic Leukemia 

AML    Acute Myeloid Leukemia 

APC    Allophycocyanin 

B-ALL   B-cell Acute Lymphoblastic Leukemia 

bHLH    basic Helix-Loop-Helix 

BM    Bone Marrow 

BrdU    Bromodeoxyuridine (5-bromo-2-deoxyuridine) 

BSA    Bovine Serum Albumin 

CALM   Clathrin Assembly protein-like Lymphoid-Myeloid 

CBHA   m-Carboxycinnamic Acid bis-Hydroxamide 

CD    Cluster of Differentiation 

CDK    Cyclin Dependent Kinase 

cDNA    Complementary Deoxyribonucleic Acid 

CHIP    Carboxyl terminus of Hsc70 Interacting Protein 

ChIP    Chromatin Immunoprecipitation 

CHX    Cycloheximide  

CK2    Casein Kinase 2 

CLP    Common Lymphoid Precursor 

CML    Chronic Myeloid Leukemia 

CMV    Cytomegalovirus 

CNS    Central Nervous System 

CSF    Colony-Stimulating Factor  

Dll1    Delta-like protein 1 

DMEM   Dubelco‟s Modified Eagle Medium 
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DMGDH   Dimethylglycine Dehydrogenase 

DMSO   Dimethyl Sulphoxide 

DN    Double Negative 

DNA     Deoxyribonucleic Acid 

DNMT   DNA methytransferase 

DP    Double Positive 

eGFP    Enhanced Green Fluorescent Protein 

EGIL  European Group for Immunological Characterization of 

Leukemias 

eIF4E    Eukaryotic Initiation Factor 4E 

EPO    Erythropoietin 

ER    Estrogen Receptor 

ERK    Extracellular signal-Regulated Kinase 

ETP    Early Thymic Progenitors 

FACS    Flow Activated Cell Sorting 

FBS    Fetal Bovine Serum 

FITC    Fluorescein Isothiocyanate 

FGF16   Fibroblast Growth Factor 16 

FSC    Forward Scattered Light 

γC    Gamma-Common chain 

GFP    Green Fluorescent Protein 

GPA    Glycophorin A 

GPCRs   G-Protein Coupled Receptors 

HA    Hemaglutinin 

HAT    Histone Acetyl Transferase 

HBD    Hormone Binding Domain 

HDAC   Histone Deacetylase 
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HDACi(s)   Histone Deacetylase Inhibitor(s) 

HLH   Helix Loop Helix 

hPGK    Human Phosphoglycerate Kinase promoter 

HP1    Heterochromatin Protein 1 

HRP    Horseradish Peroxidase 

HSC    Hematopoietic Stem Cells 

HSP    Heat Shock Protein 

HSP90   Heat Shock Protein 90 

H3K9Ac   Acetylated Histone H3 at Lysine 9 

ICN    Intracellular Notch 

IFN    Interferon 

IL    Interleukin 

IMDM   Iscove‟s Modified Dulbecco‟s Medium 

IRES    Internal Ribossomal Entry Site 

IR4    Insulin-IL-4 Receptor motif 

ISP    Immature Single Positive 

JAK    Janus Kinase/ Just Another Kinase 

KDa    KiloDalton 

LCK    Lymphoid Cell Kinase 

LTR    Long Terminal Repeat 

MAPK   Mitogen-Activated Protein Kinase 

MEK    Mitogen activated and ERK related Kinase 

MEM    Minimum Essential Medium 

MHC         Major Histocompatibility Complex 

MLL          Mixed Lineage Leukemia 

MRD          Minimal-Residual-Disease 

mTOR        Mammalian Target of Rapamycin 
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mTORC1   mTOR Complex 1 

mTORC2    mTOR Complex 2 

MW   Molecular Weight 

NAD           Nicotinamide Adenine Dinucleotide 

NLS            Nuclear Localization Signal 

ORs            Olfactory Receptors 

PARP         Poly ADP Ribose Polymerase 

PB    Phenyl Butyrate 

PBS    Phosphate Buffered Saline 

PCR    Polimerase Chain Reaction 

PDK1    Phosphoinositide-Dependent Kinase 1 

PE    Phycoerythrin 

PerCP    Peridinin Chlorophyll Protein 

PFA    Paraformaldehyde 

PGS    PBS Gelatin Saponin 

PH    Plecstrin Homology 

PIP2    Phosphatidyl-Inositol-4,5-Biphosphate  

PIP3    Phosphatidyl-Inositol-3, 4, 5-Triphosphate 

PI3K    Phospho-Inositol-3 Kinase 

PKA    Protein Kinase A 

PKB    Protein Kinase B (c-Akt) 

PKC    Protein Kinase C 

PTEN    Phosphatase and Tensin Homolog 

RA    Retinoic Acid 

RAG    Recombination Activation Gene 

RALDH2   Retinaldehyde Dehydrogenase 2  

RB    Retinoblastoma protein 
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RNA    Ribonucleic Acid 

ROS    Reactive Oxygen Species 

RPMI    Roswell Park Memorial Institute medium 

RT-PCR   Reverse Transcriptase PCR 

RTK    Receptor Tyrosine Kinase 

SAHA   Suberoylanilide Hydroxamic Acid 

SB    Sodium Butyrate 
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Cancer 

The first known reports describing cancer in human patients were written on 

papyrus in the ancient Egypt. However, the term cancer was introduced later on by the 

Greek physician Hippocrates, the father of Medicine. Hippocrates used the term 

Karcinus to describe ulcer-forming tumors due to their projections that resemble the 

shape of a crab. Later, the Roman physician Celsus translated the word Karcinus to the 

latin word Cancer (1).  

What exactly is a cancer? To better understand its definition, one should first 

realize that it is not a synonym of tumor. The latter is a swelling or mass, and is one of 

the four classical signs of inflammation (calor, dolor, rubor, and tumor: heat, pain, 

redness, and swelling) as originally recorded by Celsus in the 1st century A.D. 

However, a tumor can also arise from the process of neoplasia, which literally means 

“new growth”. Neoplasia is the process by which cell proliferation occurs in an 

uncontrolled fashion, exceeding normal growth and persisting at the expense of the 

host. As a result, for example, of an accumulation of genomic and/or epigenomic 

alterations, normal cells can alter their behavior and start an independent program that 

does not obey to the rules imposed upon their surrounding neighbours. Consequently, a 

population of cells, which started from a single clone, will grow abnormally and form a 

mass of cells with an unstructured, simpler architure than that of a normal tissue. Such 

an abnormal mass of cells within a normal tissue, not necessarily resulting from an 

inflammatory process, is evidently also called a tumor (2, 3). Currently, the term is 

often used as a synonym of neoplasia; however, as stated above, tumor refers to the 

mass of abnormal cells while neoplasia refers to the process of tumor formation due to 

uncontrolled cellular growth (2, 3).  

Tumors can be classified as benign or malignant depending on the type of growth 

and degree of aggressiveness to the organism. Benign tumors are charactherized by a 

slower, localized growth, which occurs by expansion (encapsulated) and therefore does 

not result in invasion of surrounding tissues, intravasation or metastasis. This type of 

tumors is also generally indolent to their hosts, except when the expansion of benign 

tumors interferes with vital organs or tissues. On the other hand, malignant tumors 

generally grow rapidly; invade surrounding tissues with very significant impact on 

overall architecture, and eventually metastize. Malignant tumors are generally life 
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threatening since they colonize vital organs, thereby compromising the normal 

physiology of a living organism (2-4). 

Knowing what malignant tumors are, one can now properly introduce the 

definition of cancer. Cancer is the general term to encompass a high number of diseases 

that are caused by malignant tumors (3). Currently, cancer is commonly used as 

synonym of malignant tumor (2, 4).  

These definitions, useful as they are at the systemic level, do not allow us to fully 

grasp the nature of the cells that originate cancer. This relates to the fact that one often 

has far more knowledge concerning the consequences than insights into the etiology and 

biology of the disease. Nonetheless, strong efforts have been made throughout the years 

to identify the essential characteristics of cancer cells. Two seminal reviews by Douglas 

Hanahan and Robert Weinberg, summarized decades of research into the proposal that 

all cancer cells can be defined as displaying a common set of features that includes 

abnormal and uncontrolled growth, high proliferative capacity, insensitivity to death 

signals, capacity to promote angiogenesis, deregulated metabolism, genetic instability, 

immune evasion capacity and also the ability to spread systemically to other tissues and 

organs compromising their normal physiology (5, 6). Whether all cancer cells must 

simulateously display all these features is a matter of debate. For some authors the 

ability of cancer cells to form metastasis is the only true hallmark of cancer (7).  

While cancer progression depends on many factors that extend well beyond the 

cancer cell itself, cancer is mainly a genetic disease, caused by mutations in the DNA. 

These genetic mutations are associated with the loss of function in tumor-suppressor 

genes and gain-of-function in oncogenes (8), occuring in genes that control mechanisms 

essential to the normal cellular physiology, such as components of the cell cycle 

machinery, apoptosis, metabolism and also signaling pathways (5, 6).  

 

Leukemia 

The organism is constantly renewing the pool of blood cells. Hematopoiesis is the 

process of formation and development of new blood cells. Leukemia results from the 

deregulation of this process by malignant transformation (9, 10). 

In 1845, a patient with a massive accumulation of white blood cells and advanced 

chronic disease was reported by Dr. Rudolph Virchow, which termed the condition 

“weisses blut”, the German expression for “white blood”. Two years later, Virchow 
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renamed the term and called it Leukemia, derived from the Greek work “Leukämie” 

(11).Leukemia is therefore the designation for blood cell cancer, and it is generally 

characterized by the accumulation of immature cells from a particular hematopoietic 

lineage. Currently, leukemia is classified according to the lineage of the transformed 

cells (lymphoid versus myeloid) and to the proliferation state of the cells (acute versus 

chronic) (12). Historically, “acute” and “chronic” referred to the relative time-span of 

survival of patients when effective therapy was not available. However, therapeutic 

improvements led to the redefinition of these terms, in such way that presently “acute” 

is used to characterize leukemias displaying rapid proliferation of blast cells, whereas 

“chronic” refers to leukemias with slower proliferation of malignant cells that are in 

general relatively well differentiated (12). 

 

Acute Lymphoblastic Leukemia (ALL) 

The incidence of leukemia varies with age. In adults, chronic leukemias are more 

frequent than acute leukemias (12). In contrast, acute lymphoblastic leukemia (ALL) is 

not only the most common form of leukemia but also the most common cancer in 

children, accounting for roughly 25% of all the pediatric cancers (12). ALL is a very 

heterogeneous disease with variations at the level of the cellular morphology, 

immunological markers and cytogenetic abnormalities. The disease results from the 

clonal accumulation of immature cells with either B-cell or T-cell markers that are 

developing in the bone marrow (BM) or in the thymus (13).  

The precise biological mechanisms that lead to the development of ALL are still 

largely unknown. Nevertheless, it is generally accepted that ALL malignant 

transformation is a multistep process that involves the deregulation of genes that affect 

lymphoid homeostasis (via regulation of cell cycle or apoptosis) and normal 

hematopoietic development (13, 14).  

Chromosomal translocations are the hallmark of ALL (15). The development of 

lymphocytes is characterized by sequential gene rearrangements that produce functional 

B and T-cell receptors, and the RAG1 and RAG2 enzymes are the proteins responsible 

for this process (16). In several cases of ALL, deregulation of the activity of RAG 

proteins appears to be responsible for the formation of chimeric proteins, such as TEL-

AML1 (17) but also for the aberrant expression of oncogenes such as TAL1/SCL (18). 

These abnormal events are highly associated with ALL (15).     
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The occurrence of ALL is higher in industrialized countries (e.g. Italy, USA, and 

Switzerland), whereas in developing countries the incidence is significantly lower. The 

exact reasons for this epidemiological observation remain a matter of debate. In 

addition, the frequency of ALL varies with age. The occurrence is higher at early ages, 

peaking at the age of 1 to 4 years with a frequency of 7 cases per 100.000 persons. ALL 

frequency declines with time and stabilizes at the occurrence of 1-2 cases per 100.000 

persons (19). 

  

Diagnosis and Treatment 

The majority of ALL symptoms are associated with the disruption of normal 

hematopoiesis. These symptoms include fever, anemia and bone and joint pain. Other 

manisfestations such as fatigue, shortness of breath and dizziness are associated with 

anemia as a result of the decrease in red blood cell count. Enlargement of organs such as 

spleen, liver, lymph nodes and appearance of mediastinal masses are manifestations that 

occur upon the progression of the disease. The involvement of the central nervous 

system (CNS) is also a common feature, resulting in the appearance of symptoms like 

headache, nausea, vomiting, lethargy and cranial nerve dysfunction. The diagnostic of 

ALL is achieved when the presence of these symptoms is associated with the molecular, 

cytogenetic and immunophenotypic characterization of the leukemic blasts (19). 

The treatment of ALL patients has been improving over time with the systematic 

testing of new therapies in clinical trials. The use of risk adjusted and intensive 

chemotherapy improved dramatically the overall survival rate of ALL patients. 

Currently, the overall survival rate of ALL patients is about 80%, however, recent 

clinical trials suggest that it can be above 90% (20). Since, as mentioned above, ALL is 

a heterogeneous disease, several biological and clinical factors determine the design of 

the therapy. The factors that influence the design include the age of the patient, 

leukocyte count, genetic characteristics of the leukemic blasts and the early response to 

the chemotherapeutic regiment (19).  

With few exceptions, the treatment of ALL patients consists in a therapeutic 

program that comprises three phases: the remission induction, the 

consolidation/intensification phase and elimination of minimal-residual disease (MRD), 

also known as continuation therapy. The treatment of ALL also includes therapy 

directed to the CNS to prevent the accumulation of leukemic cells in the brain (19, 21). 
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The objective of the remission induction phase is to reduce by 99% the initial leukemic 

burden and restore normal hematopoiesis. During this initial stage, three drugs are 

administrated: a glucocorticoid (prednisone or dexamethasone), vincristine and 

asparaginase or an anthracycline such as doxorubicin or daunorubicin. This is a 

common protocol for remission induction. However, several adaptations can be made. 

Children at very-high risk and adult patients can be treated with additional drugs. ALL 

patients of T-cell phenotype (which are frequently included in the high risk group) also 

receive treatment with cyclophosphamide. With the current protocols remission is 

achieved in 99% of children and 93% of adult ALL patients (21). When normal 

hematopoiesis is restored, the intensification phase aims to eradicate the drug-resistant 

leukemic cells (and/or leukemic stem cells). There is still no consensus regarding the 

duration and the drugs used in the intensification/consolidation-phase. Nonetheless, the 

common protocols include the use of several drugs in combination – for example, 

combination of methotrexate and 6-mercaptopurine; L-asparginase; dexamethasone; 

vincristine; doxorubicin; the combination of thioguanine and cyclophosphamide and 

also an epipodophyllotoxin and cytarabine. Stem cell or bone marrow transplantation is 

also an option of treatment, but it is usually only applied to high-risk ALL patients that 

include patients with the t(9;22)(q34;q11) translocation and cases with initial poor 

response to treatment (20). 

The remarkable advances in the efficacy of the treatment of ALL are somewhat 

hampered by the realization that the intensity of the chemotherapeutic strategies used to 

guarantee success are associated with severe long-term side-effects, including 

osteonecrosis (22), decreased bone mineral density (23), thrombocytic complications 

(24) and cognitive impairment (25). Currently, efforts are still being made to develop 

new therapeutic strategies to treat the incurable cases of ALL and to diminish the severe 

side effects associated with the intensive treatments regiments. 

 

T-cell Acute Lymphoblastic Leukemia (T-ALL)  

Approximately 15% of pediatric ALL patients present with a T-cell phenotype 

cases, and in adults the percentage increases up to 25% (15, 26). T-cell acute 

lymphoblastic leukemia (T-ALL) is a highly aggressive malignancy (13), and 

historically, T-ALL was associated with a poorer prognosis. However, intensive and 

risk adjusted chemotherapy led to improved outcome in this disease (27-29). Currently, 



Introduction 

7 

 

the overall survival rate of T-ALL cases is about 80% in childhood T-ALL and 40-60% 

in the adult cases (30).  

As described for ALL in general, the main molecular mechanisms behind the 

origin of T-ALL are still largely unknown. It is currently accepted that T-cell 

leukemogenesis is a stepwise process that culminates in the acquisition of a fully 

malignant phenotype. These events include defects in the control of cell cycle 

machinery, NOTCH1 mutations that confer self renewal capacity to thymic progenitors, 

deregulated expression of pivotal transcription factors and also aberrant activation of 

protein kinases (14).  

 

Normal T-cell development 

Whatever the exact molecular mechanisms that trigger T-ALL, the malignant 

clones originate from precursor cells arrested at a certain T-cell developmental stage. 

Thus, to better understand the „framework‟ in which T-ALL occurs, we will briefly 

characterize the normal T-cell developmental process. 

T-cell development occurs in specialized lymphoid organs. It starts in the bone 

marrow and culminates in the thymus, where most of the differentiation occurs (Figure 

1.1). The hematopoietic progenitor that gives rise to T-cells arises in the bone marrow 

and expresses the CD34 surface marker, indicating that it still maintains some 

hematopoietic stem cell (HSC) properties. In fact, evidence suggests that this progenitor 

is a Common Lymphoid Progenitor (CLP) with the potential to become a B or a T-cell.  

The CLP subsequently migrates to the thymus, the organ where mature T-cells are 

produced (31, 32). The commitment to the T-cell lineage depends on the signals derived 

from the thymic microenvironment where the Notch signaling has been shown to play 

an important role (33-35). During this stage, the early T-cell progenitors also rely on 

microenvironmental cues, most notably IL-7, to survive and proliferate (36). After some 

rounds of division these early thymocytes start to rearrange the genes that code for the 

T-cell receptor (TCR) chains. The TCR is a transmembrane heterodimer composed of 

two chains, α and β chains in the αβ T-cell lineage, while T-cells from the δ lineage 

contain  and δ chains. 
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The δ T-cells are a peculiar and minor subpopulation of T-cells that are important 

effectors of innate immunity (37, 38), whereas most T-cells display an αβ TCR and are 

involved in adaptive immunity. Each αβ TCR is unique and only recognizes a specific 

antigen that is presented by Major Histocompatibility Complex (MHC) molecules (14).  

The genomic regions that contain the coding sequence for the different TCR 

chains are organized in gene clusters that contain variable (V), diversity (D), joining (J) 

and constant (C) gene segments. During T-cell differentiation the RAG1 and RAG2 

enzymes are responsible for rearranging the different gene segments to produce a 

functional TCR chain by random choice of the V, D and J gene segments. These 

recombination events are highly regulated during T-cell differentiation and take place 

during specific maturation stages (39). Notably, deregulation of these mechanisms has 

been shown to account for the high frequency of translocations involving TCR loci in 

T-ALL. 

The first chains to be rearranged are the δ,  and β (14, 31, 32). Concomitantly 

with TCR β gene rearrangement, thymocytes up-regulate the expression of CD4 and 

CD8 co-receptors while down-regulating the expression of CD34 (14, 32). Productive 

Figure 1.1. Human T-cell differentiation. The majority of T-cell development processes 

occur in the thymus. A common lymphoid progenitor with a CD34
+
 CD1a

-
 phenotype 

migrates from the bone marrow to colonize the thymus. In the initial stage of 

differentiation, the thymocyte precursors lack the expression of CD4 and CD8 markers and 

are thus called double negative precursors (DN). DN thymocytes receive signals from the 

thymic microenvironment to proliferate, particularly from the IL-7 cytokine. The 

thymocytes begin the recombination of the genes encoding TCR , δ and β chains. The δ 

lineage originates at this stage (Pre-T1). Thymocytes first acquire the expression of CD4 

(intermediate single positive, ISP) and start the down-regulation of the CD34 marker, while 

subsequently upregulating CD8 to become CD4
+
CD8

+
 double positive (DP) precursors. At 

the DP stage the thymocytes assemble the pre-TCR. The signals derived from this receptor 

expand this thymocyte population dramatically. The rearrangement of TCR α chain 

eventually produces a functional TCR at the cellular membrane. Thymocytes interact with 

thymic epithelial cells (TECs) to select functional and competent T-cells. Upon the 

selection process, thymocytes keep the expression of either CD4 or CD8, becoming single 

positive cells (SP) and move to the peripheral lymphoid organs. Further details are 

described in the text. 
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rearrangement of the TCRβ gene results in the surface expression of a β-chain that 

assembles at the cellular membrane with an invariant pTα chain and CD3 to form the 

pre-TCR (40). The formation of a functional pre-TCR complex activates signaling 

pathways that promote survival and proliferation of the developing T-cells (41), and 

ultimately triggers the rearrangements in the TCRα gene locus, also inhibiting further 

rearrangements at the β chain locus (14). The thymocytes with functional αβ TCR 

undergo positive and negative selection processes that ultimely result in a pool of T-

cells that only react to foreign antigens presented by MHC molecules. Thymocytes with 

an αβ TCR that recognizes with low affinity self antigens presented at MHC molecules 

by thymic epithelial cells (TECs) are positively selected and escape apoptosis while 

those that do not detect any antigen die by neglect and those with a high affinity are 

eliminated by clonal delection (negative selection) to avoid self-reactivity (14). During 

the process of positive selection, thymocytes that express both CD4 and CD8 co-

receptors are selected into single positive T-cells that express either CD4 (which 

recognizes antigens presented by MHC class II molecules) or CD8 (which recognizes 

antigens presented by MHC class I). Functionally mature single-positive thymocytes 

subsequently migrate to peripheral lymphoid tissues and, upon recognition of 

appropriate antigens, lead to the activation of CD4 helper T-cell and CD8 cytotoxic T-

cell responses (14, 31). 

 

T-ALL Immunophenotypical Classification 

Several classifications based on the thymocyte developmental stage at which the 

leukemic cells are supposedly blocked have been proposed to divide T-ALL into 

discrete immunophenotyic subgroups. In this thesis we adopted the classification by the 

European Group for the Immunological Characterization of Leukemias (EGIL) (42), 

which is arguably the most generally accepted. This classification divides T-ALL into 

four groups according to the following criteria: pro-T-ALL (CD7
+
 only), pre-T-ALL 

(CD7
+
, CD1

-
, CD2 and/or CD5 and/or CD8

+
, CD3

-
), cortical T-ALL (CD1

+
, 

independently of the presence of other markers) and mature T-ALL (CD1
-
, CD3

+
) (42).  

 

Extracellular factors and Microenvironment  

Cancer cells are not isolated, cells from both solid cancers and leukemias interact 

with the surrounding environment. The microenvironment contributes to the proper 
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development of the tissues by providing adequate signals to the developing cells, 

including proliferation, survival or apoptotic and differentiation signals. The malignant 

cells also perceive these signals but, due to their intrinsic proliferative and anti-

apoptotic capacities, do so in a manner that provides a competitive advantage over their 

normal counterparts. Moreover, cancer cells can subvert the microenvironment to 

produce factors that positively stimulate their growth. 

T-ALL arises from the malignant transformation of lymphoid precursors that are 

developing in the bone marrow and in the thymus (13). Both of these hematopoietic 

niches have a clear role in the supporting T-ALL cells. Stromal support derived from 

the BM (43) and the thymus (44) increase the survival and proliferation of T-ALL cells. 

Interestingly, it was shown that the in vitro recovery of primary leukemic blasts cultured 

with stromal support can predict treatment outcome in the T-ALL patients (43). The 

increased survival of T-ALL blasts in the BM stroma is dependent, at least in part, on 

the engagement of adhesion molecules and integrins like LFA-1 and ICAM-1(45). 

These adhesion molecules were also implicated in resistance to drug-induced apoptosis 

in multiple myeloma (46), raising the possibility that the same could occur in T-ALL 

patients. Remarkably, the interaction between leukemic cells and specific areas in the 

BM can provide a supportive niche that allows the development and proliferation of 

malignant blasts (47) while disrupting the normal development of hematopoietic cells 

(48). 

Chemokines regulate hematopoietic development and lymphocyte biology. 

Chemokines are small chemotactic proteins that regulate the homing of leukocytes to 

the sites of inflammation, infection and also to the sites where development takes place 

(49). Chemokines can, on the other hand, act as key regulators of the homing of cancer 

cells to the place of metastasis (50). The chemokine SDF-1/CXCL12 and its receptor 

CXCR4 are implicated in the metastatic process of several types of cancers, namely 

acute leukemias, breast and lung (51). CXCR4 is expressed in several cancers (52), 

including T-ALL (53-55). Interestingly, CXCR4 expression in Acute Myeloid 

Leukemia is a prognostic factor associated with low survival rates (56). The SDF-1 

/CXCR4 axis was shown to be responsible for the homing of leukemic cells (47) and 

normal hematopoietic cells (57) to bone marrow niches, and binding of SDF-1 to 

CXCR4 increases the chemotaxis of T-ALL cells (53). Other chemokines, such as 

CXCL13 (58) and CCL25 (59), were shown to protect T-ALL cells from apoptosis. 
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Furthermore, a recent report showed that the expression of CCR7 in leukemic cells was 

essential for their homing to the CNS (60). 

  

Cytokine signaling in T-ALL  

Cytokines are another family of soluble proteins that regulate the development of 

hematopoietic cells (61, 62). Similar to chemokines, cytokines are produced in the 

lymphoid tissues where the hematopoietic cells develop. Cytokines include colony-

stimulating factors (CSFs), interleukins (ILs), interferons (IFNs) and other growth 

factors(63). The binding of cytokines to their receptors engages a series of signaling 

events that can result in increased proliferation, viability, differentiation and also 

apoptosis of the target cells (62). Similar to normal hematopoietic cells, T-ALL blasts 

can increase their viability, proliferation and maturation status in response to cytokine 

signaling (64-67). Several cytokines were shown increase the proliferation of T-ALL 

cells. Interleukin-2 (IL-2) was one of the first cytokines described to promote T-ALL 

growth in vitro (64, 68, 69). Likewise, we and others established a clear role for 

interleukin-7 (IL-7) in the biology of T-ALL (44, 65, 67, 70, 71). Scupoli and 

colleagues demonstrated that IL-7 was the main effector of the T-ALL cell survival 

induced by thymic microenviroment in vitro (44). Activation of IL7 signaling in T-ALL 

cells in vitro inhibited spontaneous apoptosis through the up-regulation of BCL-2 (65, 

67), but also increased the proliferation of the leukemic blasts through the down-

regulation of the cyclin-dependent kinase inhibitor p27
Kip1 

(65). In T-ALL cells, the PI3-

Kinase (PI3K) pathway is main effector of the IL-7-induced effects (70). In addition, we 

showed that IL-4, IL-9 and IL-15 also induce T-ALL cell proliferation and that this 

effect was dependent on the maturation status of the T-ALL cells (72). In contrast, other 

cytokines can suppress the growth and induce apoptosis of leukemic cells. Interleukin-6 

(IL-6) was shown to suppress the growth of T-ALL cells (73) and tumor necrosis factor 

–α (TNF-α) was shown to induce apoptosis (74, 75).  

 

The IL-4/IL-4 receptor signaling axis  

IL-4 is a γ-common chain cytokine involved in the regulation of the host immune 

response against helmintic pathogens (76). IL-4 is produced by several sources, which 

include circulating leukocytes like mast cells, basophils and eosinophils (76, 77). 
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Moreover, IL-4 expression was also detected in the bone marrow (78), indicating that it 

can influence and regulate the development of lymphoid cells.  

The IL-4 receptor complex is composed of two subunits, the IL-4 receptor α-chain 

and the IL-2 Receptor γ-chain (79). The IL-4 receptor α-chain is a member of the type I 

cytokine receptor superfamily (80). This family is characterized by the presence of four 

positionally conserved cysteine residues and a conserved W-S-X-W-S motif (W-

tryptophane, S-serine and X-nonconserved aminoacid) in the extracellular regions (81). 

In adition, the cytoplasmic tail contains a short conserved aminoacid sequence termed 

Box 1. The IL-4 receptor α-chain also contains a region named insulin-IL-4 receptor 

motif (IR4) that is responsible for cellular proliferation (82). The IL-2 Receptor γ-chain 

also belongs to the type I cytokine receptor superfamily (83). This subunit is shared by 

the heteromeric receptor complexes for IL-2 (83), IL-4 (79), IL-7 (84), IL-9 (85) and 

also IL-15 (86).  

Binding of the IL-4 to its receptor induces heterodimerization of the receptor 

complex leading to its phosphorylation by the Janus kinases JAK1 and JAK3 (87). 

Receptor phosphorylation by these kinases creates docking sites in the receptor 

cytoplasmic tail that lead to the activation of downstream targets. In CD8
+
 T 

lymphocytes, IL-4 stimulation activates several STAT (signal transducer and activator 

of transcription) members that included STAT1, STAT3, STAT5 and STAT6 (88). 

Furthermore, the PI3K and its downstream targets Protein Kinase B (PKB)/Akt and 

p70
S6K

 were also shown to be activated upon IL-4 stimulation of primary lymphocytes 

(88, 89).  

IL-4 stimulation was shown to induce the proliferation of primary lymphocytes 

(89), as well as pancreatic (90) and prostatic (91) cancer cells. Moreover, IL-4 signaling 

also protects a B-cell lymphoma cell line from apoptosis, via PI3K-PKB/Akt pathway 

activation (92). Similarly, IL-4 appears to have anti-apoptotic effects on colon cancer 

cell lines (93). In contrast, and somewhat surprisingly, it has also been shown that IL-4 

can induce apoptosis of B-cell Acute Lymphoblastic Leukemia (B-ALL) patient cells 

(94). In T-ALL, IL-4 appears to be mostly pro-tumoral. IL-4 stimulation promotes the 

proliferation of T-ALL patient samples (67, 72) and we showed that this effect is 

dependent on the maturation stage of the T-ALL blasts (72). 
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Genetic abnormalities in T-ALL  

T-ALL is characterized by several genetic alterations that disturb normal 

hematopoietic development and lead to the malignant transformation. These alterations 

occur in genes that control diverse cellular processes, and include point mutations, gene 

fusions, translocations, inversions and deletions (14, 95).  

Reciprocal translocations between the T-cell receptor (TCR) chain genes (α, β and 

δ) and several T-cell oncogenes are quite frequent occurring in up to 35% of the T-ALL 

cases (96). The majority of these translocations lead to the aberrant expression of 

transcriptional regulators resulting in impaired differentiation and loss of cellular 

homeostasis of the developing thymocytes (14, 95). Furthermore, it was demonstrated 

that more than 50% of the T-ALL patients display activating mutations in the NOTCH1 

gene resulting in increased Notch signaling (97), which is highly associated with T-cell 

malignancies (98, 99).  

 

Cell cycle defects  

Loss of cell cycle control is a common feature in cancers. Mutations affecting 

genes that control cell cycle transitions and DNA damage response, such as RB1 (100) 

and TP53 (101), are frequent in cancer. However, mutations affecting these genes are 

rare in T-ALL, whereas deletions in the INK4/ARF locus (del 9p21), affecting the 

CDKN2A/INK4A and CDKN2B/INK4B genes, are extremely frequent (102-105). The 

CDKN2A gene encodes for the p14/p19 and p16 proteins, while the CDKN2B gene 

encodes the p15 protein. The p15 and the p16 proteins are inhibitors of cyclin D-CDK4 

complexes, thereby maintaining the cells in a quiescent state. The inactivation of these 

CDK inhibitors leads to the activation of cyclin D-CDK4 complexes and consequent 

phosphorylation of the retinoblastoma protein allowing cells to enter and progress in the 

cell cycle. In addition, the INK4/ARF locus can encode for a p14/p19
ARF

 protein 

resulting from transcription of an alternative reading frame (ARF). .p14/p19
ARF

 interacts 

and sequesters the MDM2 protein, which is the negative regulator of the p53 protein, 

leading to its up-regulation. The inactivation of the p14/p19
ARF

 down-regulates p53 

protein, which is a critical cell cycle and genotoxic stress response regulator in the cell 

(106, 107). Recently, it was also described that the cyclin D2 gene (CCND2), a key 

regulator of the G1 to S phase transition, is ectopically expressed in T-ALL patients 
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samples as a result of chromosomal translocations that juxtapose this gene to the 

regulatory sequences of the TCRA/D or the TCRB loci (108).  

 

Aberrant signaling  

Genetic lesions not only lead to aberrant transcriptional activation in T-ALL but 

also to aberrant activation of signaling pathways that are crucial for the proliferation and 

viability of the leukemic blasts (109).  

Tyrosine kinases play a critical role in the signaling events upon TCR 

engagement, and are critical in the regulation of the T-cell viability, proliferation and 

immune responses. Several of these kinases are aberrantly activated in T-ALL, either by 

chromosomal translocations that activate the expression of the kinases or creation of 

chimeric fusion genes that code for new proteins with enhanced kinase activity and de-

regulated expression. However, point mutations in key molecules and deletions of 

negative regulators are also observed in T-ALL patients (14, 95). 

The ABL1 gene codes for a ubiquitously expressed cytoplasmic tyrosine kinase 

that plays a role in TCR signaling (110, 111). The t(9;22)(q43;q11) translocation that 

creates the BCR-ABL fusion protein is highly common in CML and in B-ALL (15, 

112).However, its frequency is very rare in T-ALL (113). In contrast, the NUP214-

ABL1 is found in 6% of the patients as a result of episomal amplification. This gene 

fusion is also associated with the expression of other oncogenes, such as HOX11 and 

HOX11L2, as well as with the deletion of the CDKN2A locus (114). Other fusions 

affecting the ABL1 gene identified in T-ALL are relatively rare, these include the ETV6-

ABL1 gene fusion (115) and the EML1-ABL1 gene fusion that was detected in a single 

T-ALL patient (116).  

The LCK kinase is a member of SRC family of tyrosine kinases highly expressed 

in T-cells which plays a central role in delivering the signals that emanate from TCR-

signaling (117). In rare cases of T-ALL, LCK was found to be ectopically activated as a 

result of the t(1;7)(p34;q34) translocation that places the LCK gene under the control of 

the TCRB locus (118, 119). 

The conserved family of the JAK kinases participates in the coupling of cytokine 

receptors to intracellular signaling events thereby regulating important biological 

processes such as apoptosis, differentiation, proliferation and immune responses (120). 

In T-ALL, the translocation t(9;12)(p24;p13) results in the ETV6-JAK2 gene fusion 
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resulting in constitutively active JAK2 signaling (121, 122). The leukemogenic effect of 

this gene fusion was demonstrated in a transgenic mouse model that resulted in the 

development of fatal leukemia with a selective expansion of CD8
+
 T-cells (123). 

Recently, the occurrence of mutations in the JAK1 gene was reported in 18% of adult 

and 2% of pediatric patients with T-ALL. These mutations are associated with poor 

response to treatment and overall survival (124). 

The FLT3 gene encodes for a receptor tyrosine kinase that is crucial for the 

development of hematopoietic stem cells (125). Activating mutations in this gene are 

frequent in Acute Myeloid Leukemia (AML) (125), but in contrast, are rare in T-ALL 

patients and are restricted to lymphoblasts with a very early phenotype that still 

maintain the expression of LYL1, LMO2 and also the KIT receptor (126, 127). The 

FLT3 mutations that occur in AML and T-ALL patients are, in both instances, internal 

tandem duplications in the juxtamembrane domain or point mutations in the activation 

loop of the kinase domain that lead to the activation of the receptor in the absence of the 

ligand (125, 126).  

The RAS family (N-RAS, K-RAS and H-RAS) of small GTPases is critical to the 

transmission of numerous stimuli from the membrane and their integration into 

downstream signaling pathways (128). Activating mutations in the genes that code for 

these proteins are described in several types of malignancies (129, 130). In T-ALL, 

activating mutations in RAS are described in up to 10% of the patients (131-133). 

Moreover, in 2% of the T-ALL patients, inactivating mutations were found in NF1, a 

negative regulator of the RAS pathway (133). However, there is evidence that RAS 

protein activation may occur in around half of the T-ALL patients (134), raising the 

possibility that RAS activation (possibly due to stimulation by extracellular cues in the 

absence of RAS gene lesions) may play a central role in the pathogenesis of T-ALL.  

The Transforming Growth Factor-β (TGF-β) signaling pathway regulates cell 

growth, senescence, differentiation and apoptosis (135). Several lines of evidence 

implicate TGF-β signaling pathway in cancer, either as a tumor suppressor or tumor 

promoter (136). Upon activation of the pathway, the main cytoplasmatic adaptors, 

SMAD2 and SMAD3, are translocated to the nucleus where they regulate gene 

transcription (137). The link between the TGF-β pathway and T-cell malignancy was 

realized not long ago (138, 139). Lucas and colleagues described that decreased TGF-β 

signaling in a mouse model results in the expansion of CD8
+
 memory T-cells leading to 

the establishment of T-cell leukemia (138). Moreover, it was demonstrated that T-ALL 
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patients display loss of SMAD3 protein in the absence of MADH3 (which encondes for 

SMAD3) gene mutations (139). The loss of SMAD3 protein synergized with other 

oncogenic events, particularly with the loss of p27
Kip1

, to induce T-cell leukemia in 

mice (139). The hypothesis that the TGF-β signaling pathway acts to suppress T-cell 

leukemogenesis is further supported by the high percentage of T-ALL patients (34%) 

that display genomic alterations in members of this pathway (140). These genomic 

alterations include deletions in the activators and amplifications in the inhibitors of the 

pathway (140). 

Recently, LEF1/TCF1, a member of WNT signaling pathway, was shown to be 

deleted in a variety of T-ALL patients (141). LEF1 interacts with β-Catenin to promote 

gene transcription (142), but also with SMAD4 a pivotal mediator of TGF-β signaling 

(143). In T-ALL, Gutierrez and colleages showed that the LEF1 gene is deleted in 11% 

of the samples analyzed and identified non-synonymous mutations that produce 

premature stop codons in 7% of the cases analyzed. Importantly, LEF1 inactivation in 

T-ALL correlates with increased MYC expression, NOTCH1 activating mutations and 

early cortical stage of T-cell differentiation (141).   

The Notch signaling is critical for the regulation of cell fate decisions in stem cell 

maintenance, neurogenesis and T-cell differentiation (35, 144, 145). The Notch 

receptors are heterodimeric proteins composed of an extracellular subunit and a 

transmembrane subunit that are non-covalently bound through a heterodimerization 

domain (109, 146). Activation of the Notch signaling pathway occurs upon binding of 

the ligand to the extracellular subunit of the Notch receptor, resulting in serial 

proteolytic cleavages. The final cleavage is catalyzed by the γ-secretase complex that 

releases the intracellular Notch (ICN) receptor, which activates the transcription of 

Notch target genes (109, 146). The involvement of the Notch receptor in T-ALL was 

first found in three patients that presented the t(7;9)(q43;q34.4) translocation that 

juxtaposed the region that codes for the intracellular NOTCH1 gene (TAN1) to the 

regulatory sequence of the TCRB locus (147). Notably, transplantation of bone marrow 

transduced with the TAN1 gene into recipient mice led to the development of T-cell 

leukemia (98). Recently, it was discovered that the majority of the T-ALL patients 

(56%) display NOTCH1 activating mutations. The mutations were found in two distinct 

regions of the NOTCH1 gene, in the heterodimerization domain (44%) and in the PEST 

domain located in the C-terminus (30%), with a significant percentage of the patients 

(17%) displaying mutations in both regions. Increased Notch signaling resulted from 
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either the destabilization of the heterodimerization domain or from increased ICN half-

life. Importantly, patients with both types of mutations have synergistic activation of the 

Notch signaling pathway (97). Furthermore, another type of NOTCH1 activating 

mutations were described by Sulis et al, these mutations are internal duplication 

insertions occurring at the vicinity of the exon 28 of the NOTCH1 allele that encode the 

extracellular juxtamembrane region of the receptor. These insertations lead to aberrant 

NOTCH1 signaling by promoting the final cleavage of the receptor by the γ-secretase 

complex. Interstingly, the level of aberrant NOTCH1 signaling depends on the number 

of aminoacid residues introduced in the juxtamembrane region of the receptor (148). 

The NOTCH1 activating mutations occur in the all the major molecular subtypes of the 

T-ALL patients (TAL1
+
; LYL1

+
; HOX11

+
; MLL-ENL

+
; CALM-AF10

+
), which may 

indicate that they occur very early in T-cell differentiation (97, 149). 

 

The PI3K-mTOR pathway 

The signal transduction pathway involving Phospho-Inositol-3 Kinase (PI3K) and 

the mammalian Target of Rapamycin (mTOR) regulates cellular processes such as 

viability, proliferation, and differentiation, and have been extensively associated with 

hematological malignancies (150-152). In this section, we will briefly describe this 

pathway, and discuss the evidence for its involvement in the pathogenesis of T-ALL.  

 

An overview 

Surface receptors frequently activate the PI3K-mTOR pathway (Figure 1.2). The 

PI3K complex consists of the p110 catalytic subunit and the p85 regulatory subunit. The 

activation of this complex leads to the phosphorylation of the Phosphatidyl-Inositol 4,5-

Bisphosphate (PIP2) lipid creating Phosphatidyl-Inositol 3,4,5-Trisphosphate (PIP3).   

The PTEN (Phosphatase and Tensin Homologue) tumor suppressor catalyzes the 

inverse reaction. Upon formation of PIP3, the PI3K downstream targets Protein Kinase 

B (PKB) and PDK1 are recruited to the plasma membrane through their Plecstrin 

Homology (PH) domains that anchor them to the PIP3. The PDK1 kinase 

phosphorylates PKB in the Thr308 residue. The full activation of PKB is achived upon 

phosphorylation in the Ser473 residue by PDK2, which was recently demonstrated to be 

the mTORC2 complex (150, 151, 153).  
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Activated PKB is known to phosphorylate a variety of cellular targets (154, 155). 

PKB downstream targets include the FOXO family of transcription factors (156, 157), 

Figure 1.2. An overview of the PI3K-mTOR signaling pathway. Growth factors and 

cytokines bind to surface receptor leading to PI3K-mediated signaling. The activation of PI3K 

and subsequent phosphorylation of PIP2 to PIP3 are key steps in this signaling pathway. 

Activation of PI3K-mTOR results in increased viability, proliferation of cancer cells. Further 

details can be found in the main text.  



Introduction 

20 

 

the GSK-3α/β kinase (158), the pro-apoptotic protein BAD (159, 160) and TSC2, the 

negative regulator of the mTORC1 complex (161). FOXOs are critical in the negative 

regulation of cell cycle progression and in promoting the apoptotic process (162). The 

genes regulated by this family of transcription factors include CDN1A (p21
CIP1

), 

CDN1B (p27
KIP1

), FASL and BIM (163). PKB phosphorylates the FOXO3a transcription 

factor in three conserved residues Ser32, Ser215 and Ser315 leading to its inactivation 

and subsequent proteasomal degradation (163). 

PKB activates mTOR downstream signaling by direct phosphorylation of mTOR 

kinase in the Ser 2448 residue (151) and by phosphorylation and inactivation of the 

TSC2/TSC1 complex, the negative regulator of the mTORC1 complex (161). The TSC2 

protein is phoshorylated by PKB which disrupts the TSC1/TSC2 complex. As a result 

the small GTPase Rheb activates the mTORC1 complex (164). The mTORC1 complex 

is composed of mTOR, Raptor, PRAS40 and LSt8 proteins and is sensitive to inhibition 

by Rapamycin (150, 151, 153). The mTORC1 complex increases protein translation by 

directly regulating the p70
S6K

 kinase and 4EBP1 (165). p70
S6K

 is activated by direct 

phosphorylation mediated by mTORC1 (166, 167). Subsequently, p70
S6K

 leads to 

increased protein translation by phosphorylating the ribosomal protein S6 (168) and 

PDCD4 (169). These events result in active translation of 5‟CAP mRNAs (153). In 

contrast, the phosphorylation of 4EBP1 by mTORC1 inhibits its activity. Upon 

inhibition, 4EBP1 dissociates from eIF4E releasing it to participate in the assembly of 

the translation initiation complex (150, 151, 153). Interestingly, it was demonstrated 

that the mTORC1 complex in association with p70
S6K 

kinase also inhibits PI3K 

signaling by creating a negative feedback loop to shutdown signaling (170). mTOR is 

also a component of the mTORC2 protein complex, which also contains Rictor, SIN1 

and mLSt8 (150, 151, 153). This complex is insensitive to Rapamycin and responsible 

for the phosphorylation of the PKB kinase in the Ser473 residue, as described above 

(165, 171).    

Importantly, the PI3K-mTOR axis controls several steps in protein translation and 

enhances the production of several oncogenic proteins that include c-Myc, cyclin D1 

and Rb. By regulating protein translation, the PI3K-mTOR pathway controls cell 

growth and cellular metabolism, which are important processes for tumorigenesis (172).         
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Importance in T-ALL 

Despite the fact that the PI3K-mTOR pathway and its downstream target PKB are 

implicated in several malignancies, until recently very few abnormalities were detected 

in this signaling pathway in T-ALL. 

Until recently, the notion that the PI3K pathway was implicated in T-ALL came 

essentially from the knowledge that T-ALL PTEN-null cell lines exist that display 

uncontrolled proliferation (173, 174), and restoration of PTEN activity (175) or 

pharmacological blockade of the PI3K pathway (176) resulted in apoptosis of these cell 

lines. Avellino and colleagues further extended these analyses to a few T-ALL patient 

samples and showed that the PI3K-mTOR axis was crucial for maintenance of viability 

of the T-ALL blasts. The incubation with Rapamycin (mTOR inhibitor) and 

Wortmannin (PI3K inhibitor) stimulated the apoptosis of the T-ALL samples (177). 

Importantly, we subsequently demonstrated that aberrant PI3K signaling is a very  

frequent alteration in T-ALL, with 87.5% of the patients tested presenting 

hyperactivation of this pathway when compared to normal controls (178). PI3K 

pathway constitutive hyperactivation resulted from inactivation of PTEN, by PTEN 

gene alterations (present at relatively low frequency) and by PTEN protein inactivation 

due to CK2-mediated C-terminal phosphorylation and ROS-dependent oxidation at the 

catalytic centre (178). Recently, two additional reports confirmed the relevance of PI3K 

signaling in T-ALL, describing genomic abnormalities in members of the PI3K pathway 

or in predicted upstream regulators of the pathway in around 40% of the patients 

analyzed (133, 140). Importantly, T-ALL patients with mutations in the PTEN gene are 

associated with a poorer prognosis than patients that present an intact PTEN locus (133, 

179). 

 

Transcription factors  

Transcriptional deregulation is a common feature in Acute Leukemias. Unlike 

AML and B-ALL, where the formation of chimeric fusion proteins is common, in T-

ALL the most common feature is the aberrant expression of full length transcription 

factors and other proteins (180). Recurrent chromosomal translocations are responsible 

for the aberrant expression of transcription factors and other key proteins in 

differentiating thymocytes altering their transcriptional program (13, 14, 95). The Table 

1.1 summarizes the most common chromosomal translocations associated with T-ALL.  
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The Homeobox (HOX) genes are a class of transcription factors that are pivotal in 

several differentiation processes – including fly patterning (181), axial morphogenesis 

(182), neural development (183) and also hematopoiesis (184). These transcription 

factors contain a characteristic homeodomain motif of 61 aminoacids that is responsible 

for the binding to the DNA (185) and are divided in two classes. The HOX genes that 

belong to the class I comprise a complex network of transcriptional regulators that are 

organized in four clusters, HOXA-D. A chromosomal inversion [inv(7)(p15q34)] was 

reported in 5% of the T-ALL patients that results in the aberrant expression of the 

HOXA10 and HOXA11 genes, members of the HOXA gene cluster (186). Another 

member of the HOXA gene cluster, the HOXA13 gene was reported to be highly 

expressed in T-ALL patients as a result of a complex tranlocation that places it under 

the control of the BCL11B locus (187).  

 

 

 

The HOX11 (TLX1) and HOX11L2 (TLX3) genes belong to the class II of HOX 

genes and have been extensively associated with T-ALL. HOX11 ectopic expression is 

mainly due to two chromosomal translocations (see Table 1.1), the t(10;14)(q24;q11) 

and the rare variant t(7;10)(q35;q24) that juxtapose the coding sequence of this gene to 

the strong regulatory sequences of the TCRA/D and TCRB locus, respectively (188, 

189). Furthermore, HOX11 aberrant expression can also occur in the absence of these 

chromosomal translocations (149, 190, 191). The HOX11 gene is not normally 

T-cell receptor gene 
Chromosome 

location 
Partner gene 

Chromosome 

location 

T-cell receptor α/δ (TCRA/D) 14q11 

HOX11 10q24 

TAL1 1p32 

LMO1 11p15 

LMO2 11p13 

CCND2 12p13.3 

T-cell receptor β (TCRB) 7q34-35 

HOX11 10q24 

HOXA cluster 7p15 

LYL1 19p13 

TAL2 9q32 

LCK 1p34 

NOTCH1 9q34 

CCND2 12p13.3 

T-cell receptor У (TCRG) 7p15 no known chromosomal translocations 

Table 1.1. T-cell receptor genes and their involvement in the chromosomal translocations in 

T-ALL. 
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expressed in T-cells (192) and its ectopic expression in hematopoietic precursors and 

thymocytes is oncogenic (188, 193). The expression of HOX11 in T-ALL is associated 

with an early cortical phenotype (CD3
low

/CD4
+
/CD8

+
) and a good prognosis (149, 194). 

HOX11 expression in T-ALL correlates with the expression of genes associated with 

increased cell cycle progression and proliferation (149, 195). The HOX11L2 gene is 

also associated with T-ALL (149) and its expression is detected in up 20% of childhood 

T-ALL and 13% in adult cases (14). Ectopic HOX11L2 expression in T-ALL is mainly 

due to the cryptic translocation t(5;14)(q53;q32). This translocation places the 

HOX11L2 gene under the control of the BCL11B gene, which is highly expressed 

during T-cell development (196, 197). Other translocations, namely t(5;14)(q53;q11) 

and t(5;7)(q35;q21), also explain the aberrant expression of HOX11L2 in T-ALL (198, 

199). Despite the fact that the expression profiles of T-ALL patients with HOX11L2 and 

HOX11 aberrant activation share similarities (149), patients with HOX11L2 expression 

are associated with a poorer prognosis than patients that express the HOX11 gene (149, 

200).  

The basic Helix-Loop-Helix (bHLH) family of transcription factors is 

characterized by a Helix-Loop-Helix (HLH) motif of 60 aminoacids used to dimerize 

with other bHLH transcription factors and by binding to DNA via a basic region N-

terminal to this motif (201). This family is divided in two main classes. The class I (or 

A) bHLH transcription factors are ubiquitously expressed and form homo- or 

heterodimers. The class II (or B) bHLH transcription factors are expressed in a tissue 

specific manner and only form heterodimers with class I bHLH proteins. The E2A gene 

codes for two proteins by alternative splicing, E47 and E12, and is the classical class I 

bHLH transcription factor. The E2A gene plays a critical role in T-cell differentiation 

(202-204). E2A proteins have been shown to activate V(D)J recombination (205) and 

regulate the expression of several genes crucial of T-cell differentiation, including the 

surrogate pTα chain (206, 207). Importantly, E2A acts as a tumor suppressor gene in T-

cells since down-regulation of E2A expression in T-cells leads to leukemogenesis (208, 

209). The class II (or B) bHLH transcription factors were shown to be highly associated 

with T-ALL (149, 210-212). The LYL1, TAL1 (its involvement in T-ALL will be 

discussed later) and the closely related TAL2 and BHLH1 genes were identified due to 

the involvement in recurrent chromosomal translocations in T-ALL (211-215). The 

LYL1 gene is down-regulated during T-cell differentiation (190) and is aberrantly 

expressed in T-ALL as a result of the chromosomal translocation t(7;19)(q35;p13) (213) 
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and other unknown mechanisms (149, 190). The gene expression profile of T-ALL 

patients with ectopic LYL1 gene activation correlates with the profile of early T-cell 

precursors and its associated with a poor prognosis (190). The TAL2 and BHLH1 genes 

are expressed in T-ALL as result of the chromosomal translocations t(7;9)(q34;q32) and 

t(14;11)(q11;q22), respectively (211, 212).  

The genes that code for the LIM-domain only family of proteins are also 

ectopically expressed in T-ALL patients (149). These proteins contain cystiene-rich 

motifs in the LIM domains, which are responsible for protein-protein interactions (216), 

and act as bridging molecules assembling complexes of transcription factors that 

include GATA1, TAL1 and E2A (216, 217). The LMO1 and LMO2 genes are activated 

in T-ALL as a result of the chromosomal translocations t(11;14)(p15;q11) and 

t(11;14)(p15;q13) that juxtapose the coding regions of these genes to the regulatory 

regions of the TCRA and TCRD loci, respectively (218, 219). Ectopic activation of these 

genes without known genetic alterations can also occur in T-ALL (149). Recently it was 

shown that the deletion del(11)(p12p13) also accounts for LMO2 gene expression in T-

ALL (220). The LMO (LMO1 and LMO2) genes are down-regulated when normal 

hematopoietic precursors commit to the lymphoid lineage (190, 221). In contrast, their 

expression is detected in up to 45% of the T-ALL patients and is frequently associated 

with other oncogenes like the TAL1 and LYL1 (149). Furthermore, LMO1 and LMO2 

transgenic mice develop T-cell leukemia (222-225) and synergistically cooperate with 

the TAL1 gene (226-228). Recently, it was described that during a gene therapy trial to 

correct severe combined immunodeficiency (SCID), several patients developed T-cell 

lymphoproliferative disorders similar to T-ALL. The retrovirus that carried the IL2RG 

gene integrated near the LMO2 locus leading to its aberrant expression in the 

hematopoietic precursors of the transplanted patients (229-233).  

The MLL gene (Mixed-lineage leukemia) is known to rearrange with more than 50 

partners in lymphoid and in myeloid leukemias (234). The MLL gene is a transcription 

regulator functionally homologous to the Drosophila Trithorax gene and regulates the 

expression of HOX genes (235, 236). In T-ALL, fusions involving the MLL gene are 

described in up to 8% of the patients (237-239). The usual partner in these fusions is the 

ENL (MLLT1) gene as a result of the translocation t(11;19)(q23;p13.3) (240). The other 

fusion partners of the MLL gene are the AF10, AF6, AF4 and AFX1 genes (14). Gene 

expression profile of T-ALL patients with MLL gene fusions shows up-regulated 

expression of several HOX genes, such as HOXA10, HOXA9 and HOXC6 and also 
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MES1, a HOX gene co-regulator (238). Furthermore, T-ALL patients with MLL gene 

fusions represent a clear distinct molecular subtype associated with a specific gene 

signature (HOX gene activation) (238). 

The translocation t(10;11)(p13;q14) is recurrent in T-ALL, and as a result, the 

CALM (Clathrin Assembly protein-like Lymphoid-Myeloid gene, or PICALM) gene is 

fused to the AF10 gene (Acute Lymphoblastic Leukemia 1 fused gene on chromosome 

10, or MLLT10) (241). The CALM-AF10 fusion occurs in up to 10% of the T-ALL 

patients with the γδ phenotype (242) and is associated with poor prognosis (243). T-

ALL patients with the CALM-AF10 fusion protein express a subset of HOX genes that 

include HOXA5, HOXA9 and HOXA10 and also the BMI1 oncogene (244). 

Interestingly, the MLL fusions and the CALM-AF10 fusion seem to share a common 

feature, the up-regulation of several HOX genes, particularly members of the HOXA 

gene cluster. 

 

The TAL1/SCL oncogene 

TAL1 (T-cell Acute Lymphocytic protein 1) aberrant gene expression is the most 

common genetic alteration in T-ALL being detected in up to 65% of the patients (149, 

210). T-ALL patients with TAL1 aberrant expression are generally associated with poor 

prognosis and with a late cortical phenotype (CD3
+
CD4

+
CD8

+
) (149). However, the 

first TAL1 positive cases described in the literature presented with early T-cell 

phenotype (CD2
+
CD7

+
CD3

-
CD4

-
CD8

-
) (245). TAL1 aberrant gene expression in T-

ALL patients occurs due to several chromosomal aberrations (Table 1.2) such as 

translocations and deletions (214, 215, 246-249).  

 

 

 

 

 

 

 

 

 

Type Designation Incidence Partner gene 

translocation t(1;14)(p32;q11) 3% T-cell receptor δ (TCRA/D) 

translocation t(1;7)(p32;q35) n.d. T-cell receptor β (TCRB) 

translocation t(1;3)(p32;p21 n.d. TCT1A 

translocation t(1;5)(p32;q31) n.d. Unknown 

deletion/fusion 1p32 (TAL1
d
) 26% SIL 

Table 1.2. Chromosomal aberrations involving the TAL1 gene in T-ALL. 
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Moreover, there is a high number of T-ALL patients with detectable TAL1 gene 

expression without rearrangements in the respective locus. The precise molecular 

mechanisms leading to ectopic TAL1 expression in these cases remain unknown (190). 

The most common translocation t(1;14)(p32;q11) juxtaposes the TAL1 gene to the 

strong regulatory elements that control the expression of the TCR δ chain (214) and is 

detected in up to 3% of the T-ALL cases.  

The other translocations (Table 1.2) are rare and are documented as case-study 

reports (247-249). However, the most common chromosomal alteration leading to 

aberrant TAL1 gene expression in T-ALL is the SIL-TAL1 gene fusion (246) that is 

detected in up to 26% of the T-ALL patients. This gene fusion results from a micro-

deletion of 90 kb in the TAL1 locus removing the regulatory elements that control the 

TAL1 gene expression and fusing the TAL1 coding region to the SIL regulatory elements 

(Figure 1.3) (246). Although this gene fusion gives rise to three different 

rearrangements, the end result at the protein level is always the same (Figure 1.3) (246).  

The clear involvement of TAL1 in the pathology of T-ALL is established by the 

fact that transgenic mice expressing this oncogene develop T-cell leukemia, although 

with a long latency period (250-252). This fact could suggest that an additional 

oncogenic event should occur for the establishment of full blown leukemia. Obvious 

candidates for the second hit in TAL1-induced leukemogenesis are the LMO genes. The 

expression of LMO genes cooperates with TAL1 to accelerate the onset of T-cell 

leukemia in transgenic mice (226-228, 253). Importantly, LMO proteins are also co-

expressed with TAL1 in a significant number of T-ALL patients (149) Other oncogenic 

events may cooperate with TAL1 in promoting leukemia. For example, expression of 

CK2 kinase cooperates with TAL1 to reduce the latency period of T-cell leukemia in 

double transgenic mice (250, 251). Despite the fact that TAL1 expression in T-ALL 

patients is associated with a differentiated phenotype (149), the establishment of 

leukemia in TAL1 transgenic mice is preceded by an early, partial block in T-cell 

differentiation (226, 250-252).  

TAL1 exerts its leukemogenic activity, at least in part, by interfering with E2A 

activity (252), preventing the expression of E2A target genes that include CD4 and pTα 

(207, 254). Interestingly, TAL1 overexpression in T-ALL cell lines was shown to 

protect them from apoptosis (255, 256), whereas E2A ectopic expression promotes cell 

death (257). 
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These two facts appear to be linked, as demonstrated by the fact that restoration of 

E2A activity in a T-ALL cell line specifically associated with TAL1 and promoted 

apoptosis and growth arrest (258).  

 

TAL1, more than a key player in leukemia 

As discussed above, TAL1 ectopic expression is extremely frequent in T-ALL 

(149) and transgenic expression of TAL1 in mice leads to the development of T-cell 

Figure 1.3. Structural comparison of the TAL1 locus and SIL-TAL1 gene 

rearrangements. (A) The SIL locus is located at the 5‟ and the MAP17 locus is located at the 

3‟ end of the TAL1 locus. Exons are represented as boxes. The white boxes represent exons 

that are not translated, while the black boxes show exons that are translated. (B) The three SIL-

TAL1 gene rearrangements are represented as A, B and C. As above, exons are represented as 

boxes. The white boxes represent exons that are not translated, while the black boxes show 

exons that are translated. The SIL exons are represented in grey and are not translated. 
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malignancies (250, 251). However, physiologically, TAL1 is a pivotal transcription 

factor in early hematopoiesis and erythropoiesis (259). In this section we will discuss 

how TAL1 is regulated and how it exerts its function in normal development. 

 

TAL1: structure and function 

The TAL1 oncogene was identified due to its recurrent involvement in 

chromosomal translocations that place the TAL1 coding sequences under the control of 

the regulatory elements of the genes that code for T-cell receptor chains (214, 215). As 

shown in Figure 1.3A, the TAL1 locus is located in the small arm of the chromosome 1 

(1p32) surrounded by the SIL locus in the 5‟ end and the MAP17 locus at the 3‟ end 

(260, 261). The TAL1 locus contains eight exons (Ia, Ib, IIa, IIb, III, IV, V and VI) 

(Figure 1.3A) dispersed over 16 kb, in which exon IV, V and VI code for the TAL1 

protein while the others are non-coding exons (260). The splicing events that occur 

within the TAL1 gene are highly complex and several TAL1 transcripts have been 

described (260). In addition, several regulatory elements have been shown to regulate 

TAL1 gene expression, namely three promoters (262, 263), a silencer (264, 265) and 

several enhacers (266, 267).  

The promoters Ia and Ib are controlled in a tissue-specific manner. The promoter 

Ia is located upstream of the Ia exon, it is active in the myeloid lineage (erythroid, 

megakayocytes and mast cells), and it is controlled by GATA1 and SP1 (268, 269). The 

promoter Ib localizes upstream to the exon Ib, it is active in CD34
+
 progenitors and in 

mast cells, and it is regulated by PU.1 in association with SP1 and SP3 (270, 271). 

Interestingly, it was shown that the HTLV1 protein Tax can increase TAL1 gene 

expression by activating the Ib promoter through the CREB and NF-κB pathways (272). 

The promoter IV is located within the exon IV and is specifically active in human T-

ALL. Transcription driven from this promoter produces a truncated transcript (263), 

whose functional impact on leukemia progression has not been characterized, however 

it was demonstrated that TAL1 truncated transcripts cooperate with LMO1 to induce 

leukemia in transgenic mice (253). The activity of this promoter is regulated by the 

binding of PU.1 to a silencer in the 3‟UTR, which is also regulated in a tissue-specific 

manner (264, 265).  

The expression of the TAL1 gene is also regulated by enhancers (266, 267, 273). 

Two enhancers have been identified to direct TAL1 gene expression in endothelial cells 
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and during hematopoiesis: the +19 enhancer (3‟) (266) and the -3.9 enhancer (5‟) (267). 

The activity of the +19 enhancer was shown to be regulated by GATA2, Fli-1 and Elf-1 

(267) (274). A third enhancer that directs TAL1 gene expression in erythroid primitive 

precursors is located 40 Kb downstream of the TAL1 Ia exon (273). The regulation of 

TAL1 expression is highly complex, due to the existence of these regulatory circuits that 

control TAL1 expression in several lineages. Recently, using a genomic tilling array 

approach to investigate the regulation of the human TAL1 locus, six more TAL1 

regulatory sequences were described dispersed over a genomic area that covers 88 kb, 

which included elements with enhancer and (-7, -10, -31) repressor activity (-13), as 

well as insulator enhancer-blockers (+53, +57) (261). 

The TAL1 gene encodes for two proteins, the full-length protein with 331 

aminoacids with approximately 42 KDa (275) and an N-terminal truncated version with 

155 aminoacids with approximately 22 KDa (276). The TAL1 protein contains a 

proline-rich transactivation domain and a bHLH motif that associates with other bHLH 

transcription factors (277). As mentioned above, TAL1 is a class II bHLH transcription 

factor, heterodimerizing with class I bHLH transcription factors such as E2A and HEB 

to bind DNA (277, 278) in specific sequences called E-boxes (CANNTG), particularly 

to the consensus sequence CAGATG (279). TAL1 can act both as transcriptional 

repressor and as activator (280). In the context of normal erythropoiesis TAL1 induces 

terminal differentiation through the up-regulation of several genes (281-283). TAL1 

interacts with transcriptional co-activators like p300 (284) and with the RNA 

polymerase II transcriptional machinery, including the p44 subunit of the TFIIH 

transcription factor (285). In contrast, in the context of T-cell leukemia TAL1 was 

shown to inhibit E2A-mediated transcription (258) and this inhibition appears to be the 

trigger for the development of T-cell malignancies in a TAL1 transgenic mouse (252). 

Furthermore, TAL1 was shown to interact with repressive chromatin complexes that 

include HDAC1 (252, 286), HDAC2 (287) mSIN3A (252, 286), HP1 (288), Suv39h1 

(288) and LSD1 (287). Importantly, TAL1 recruits these repressive complexes to inhibit 

gene transcription (252, 287). TAL1 was also shown to interact with several binding 

partners that include LMO proteins (LMO1 and LMO2), LDB1 and GATA proteins 

(289, 290). This multimeric complex recognizes regions in the DNA that contain an E-

box and an adjacent GATA site, which locate in the regulatory regions of genes that are 

co-regulated by TAL1 and GATA1 proteins during erythroid development and in 

hematopoietic stem cells (290, 291). In T-cell leukemia, TAL1 also interacts with these 



Introduction 

30 

 

binding partners to up-regulate the expression of TAL1 target genes (292). It is 

interesting to note that in a high percentage of T-ALL patients TAL1 gene expression is 

associated with LMO genes (LMO1 or LMO2) (149), and these genes also cooperate to 

induce aggressive T-cell leukemia in transgenic mice (226, 227). 

 

TAL1 target genes  

TAL1 plays a pivotal role in early hematopoiesis (293), erythropoiesis, (281, 

294), vasculogenesis (295), and neurogenesis (296). Despite the involvement of TAL1 

in all these developmental processes, few TAL1 target genes were so far identified and 

clearly validated. Table 1.3 summarizes the TAL1 target genes that have been described 

so far.  

 

 

Gene Context TAL1 action Reference 

c-KIT Hematopoiesis up-regulate 291; 297 

Runx1 Embryogenesis up-regulate 298 

Runx3 Embryogenesis up-regulate 298 

GPA Erythropoiesis up-regulate 282 

P4.2  Erythropoiesis up-regulate 283 

UBE2H Erythropoiesis up-regulate 301 

pTα T-cell differentiation down-regulate 207; 254; 302 

CD4 T-cell differentiation down-regulate 252 

RALDH2 T-ALL up-regulate 292 

NFKB1 T-ALL down-regulate 304 

NKX3.1 T-ALL up-regulate 305 

TALLA1 T-ALL up-regulate 303 

 

TAL1 is fundamental for the biology of HSCs. The receptor tyrosine kinase 

encoded by the c-KIT gene is required for proper hematopoietic development and was 

identified as a TAL1 target gene (291, 297). It was demonstrated that TAL1 and 

interacting partners that include E2A, LMO2, LDB1 and GATA assemble in the 

promoter of the KIT gene together with SP1 to activate its expression in hematopoietic 

cells (291). During embryonic development, TAL1 positively regulates the expression 

of Runx genes, in particular Runx1 and Runx3 genes (298).  

The role of TAL1 during red blood cell differentiation is well established. For 

instance, enforced expression of TAL1 directs terminal maturation of undifferentiated 

MEL cells in the absence of a chemical inducer (281). Moreover,  TAL1 was shown to 

Table 1.3. List of the genes whose expression has been shown to be directly regulated by TAL1 
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regulate the expression of components of the red blood cell membrane, such as 

Glycophorin A (GPA) and protein P4.2 (P4.2) (282, 283), during erythropoiesis. 

Glycophorin A is highly expressed at the cellular membrane of erythrocytes (299) and 

protein P4.2 is part of the erythrocyte membrane cytoskeleton (282, 300). The 

expression of these genes is determined by the assembly of a multimeric complex 

containing TAL1 and its binding partners in the proximal promoter of these genes 

through E-boxes and GATA sites (282, 283). Moreover, during red blood cell 

development, TAL1 was also shown to regulate the ubiquitination machinery by 

inducing the transcription of the UBE2H gene that encodes for the E2-ubiquitin 

conjugase (301).  

TAL1 is not expressed in T-cells (190, 221, 254). However, in the context of 

TAL1 overexpression in T-cell progenitors and other cell lines, TAL1 has been 

associated to the regulation of genes that are important for T-cell development (149, 

207, 252, 302). Several lines of evidence suggest that TAL1 regulates the expression of 

the pTα gene (207, 254, 302), which is a pivotal protein in normal T-cell differentiation 

(41). Reporter assays also show that TAL1 inhibit pTα gene promoter activation in vitro 

(302) and in vivo (207, 254). Moreover, TAL1 was also shown to bind to the CD4 

enhancer in vivo and inhibit its expression in a TAL1 transgenic mouse model (252).  

In the T-ALL context, TAL1 was shown to regulate the expression of several 

genes that include TALLA1, RALDH2, NFKB1 and NKX3.1 (292, 303-305). TALLA1 is 

considered a highly specific marker of T-ALL (306), whereas RALDH2 is the enzyme 

that synthesizes retinoic acid (RA) (307), and NKX3.1 is a homeobox transcription 

factor involved in the development of prostate tissue (308) that was shown to mediate 

cellular proliferation in T-ALL (305). TAL1 interacts with LMO proteins and GATA3 

to up-regulate the expression of these genes in T-ALL (292, 303, 305). Interestingly, it 

seems that in the context of T-ALL, TAL1 still interacts with E2A and LMO proteins 

but with GATA3 protein instead of GATA1, similar to the regulation of the GPA and 

P4.2 genes during terminal erythroid differentiation (282, 283). In contrast to the other 

genes described above, NFKB1 expression was shown to be directly repressed by TAL1 

(304). The NFKB1 gene encodes p50, a member o the NF-κB/c-Rel family of 

transcription factors (309). In T-ALL, the expression levels of p50 are generally low, 

since TAL1 together with LMO1 occupies its promoter and recruits HDAC1 to repress 

the transcription of the NFKB1 gene (304). The down-regulation of the NFKB1 gene by 

TAL1 contributes to the formation of the atypical p65/c-Rel dimer, consequently 
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changing the transcriptional program of the NF-κB pathway in T-ALL (304) and 

possibly promoting resistance to chemotherapeutic drugs (310).  

In the attempt to identify genes that could explain how TAL1 could contribute to 

T-cell leukemia, Palomero and colleagues performed a genome wide screen in a human 

T-ALL cell line to identify genes whose promoters were bound by TAL1. As one would 

expect, TAL1 occupies promoters of genes that are involved in different cellular 

functions that include signaling, transcriptional regulation, membrane transport, 

vesicular trafficking and metabolism. The authors also identified six genes that changed 

their expression upon decrease of TAL1 levels, indicating that they could be directly 

regulated by TAL1. TRAF3, RAB40B and EPHB1 were down-regulated, whereas 

PTPRU, TTC3 and RPS3A increased their expression upon TAL1 knock-down (311).  

 

Signaling to TAL1  

Activation of signaling pathways by external factors or by cell-autonomous 

lesions, as described in T-ALL, leads to changes in the phosphorylation status of the 

pathway components and consequent alterations in gene expression. Not only TAL1 

transcript levels (312), but also the transcriptional activity of TAL1 (313, 314) have 

both been shown to be regulated by external signals. So far, three residues in the TAL1 

protein were shown to be phosphorylated by different protein kinases: Serines 122 

(Ser122) (276) and 172 (Ser172) (313) and Threonine 90 (Thr90) (315).  

The Ser122 residue was shown to be phosphorylated in vitro by the extracellular 

related kinase 1 (ERK1), a member of the Mitogen-activated Protein Kinase (MAPK) 

family (276). Stimulation of proerythroblasts with Erythropoietin (EPO) also appears to 

lead to increased phosphorylation of TAL1 Ser122 mediated by ERK1 (316). Talora 

and colleagues demonstrated that phosphorylation of this residue by ERK1 kinase, as a 

result of increased Pre-TCR signaling, results in increased interaction of TAL1 with 

SP1 and subsequent activation of cyclin D1 expression (314). Interestingly, the outcome 

of TAL1 protein phosphorylation in this residue is dependent on the cellular 

environment. In endothelial cells, hypoxia-induced phosphorylation of TAL1 Ser122 

residue drives the ubiquitination and subsequent proteasomal degradation of TAL1 

protein (317). 

The Ser172 residue was shown to be phosphorylated by Protein kinase A (PKA). 

This phosphorylation has no effect on the ability of TAL1 to bind E2A or in its 
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subcellular localization. Nevertheless, the phosphorylation in this residue affects the 

DNA binding properties of the TAL1/E2A heterodimers in a target-dependent manner. 

In other words, phosphorylation of TAL1 Ser172 regulates the binding of TAL1/E2A 

heterodimers to specific E-boxes with different core and flanking sequences, thereby 

influencing TAL1 transcriptional activity (313). 

 The Thr90 residue was shown to be phosphorylated by PKB, resulting in TAL1 

decreased repressor activity (315). Curiously, Thr90 was also reported to be involved in 

TAL1 protein stability. Terme and collaborators showed that treatment of T-ALL cells 

with TGF-β activates PKB, which phosphorylates TAL1 in this residue, promoting the 

association of TAL1 with the E3-ubiquitin ligase CHIP and consequent TAL1 poly-

ubiquitination and proteasomal degradation. Interestingly, the association between 

TAL1 and CHIP is reduced by over-expressing an E2A isoform (E47) indicating that 

the formation of TAL1-E2A heterodimers exerts a protective effect (318). Taken 

together, these studies may indicate that phosphorylation of Thr90 negatively regulates 

the dynamic interaction between TAL1 and E2A proteins, shifting TAL1 away from its 

association with E2A (via which TAL1 exerts its transcriptional repressor activity) and 

targeting TAL1 for degradation.  

As mentioned above, TAL1 cooperates with the ubiquitous protein kinase CK2 to 

induce T-cell malignancies in transgenic mice (250, 251). This could suggest that CK2 

directly phosphorylates TAL1. However, this has not been demonstrated yet. 

Nonetheless, E2A, the main heterodimerization partner of TAL1, was shown to be 

phosphorylated (319) by CK2 (320) and p38 kinase (321, 322). The phosphorylation of 

E2A by CK2 increases the heterodimerization and transcriptional activity of MyoD 

(320), which is another class II bHLH transcription factor highly homologous to TAL1 

(323). These reports suggest that CK2 could regulate TAL1 activity indirectly by 

interfering with E2A phosphorylation levels.    

 

TAL1 in normal development 

As mentioned above, TAL1 in an important player in hematopoiesis (259, 324), 

vascular development (295) and, as demonstrated more recently, neurogenesis (296). 

The first indication that TAL1 could play a critical role in development came from its 

pattern of expression in hematopoietic, vascular and neural tissues (325). 



Introduction 

34 

 

TAL1 is important for the establishment of early hematopoiesis (326). TAL1 

starts to be be expressed very early in embryonic development (327) and it is important 

for the differentiation of the hemangioblast (328-330), the progenitor cell that gives rise 

to both hematopoietic and endothelial cells (331). A role in the development of the 

hemangioblast is attributed to TAL1 due to the fact that ablation of its expression 

resulted in complete absence of primitive blood cells in the mouse (326). Furthermore, 

the reconstitution of hematopoiesis in TAL1-deficient embryos failed to restore the 

angiogenic remodeling that normally occurs in the yolk-sac, implicating TAL1 in the 

regulation of primitive vasculogenesis (295). In addition, a role in neo-angiogenesis was 

also established using an in vitro vasculature model. TAL1 was shown to regulate the 

migration, proliferation and differentiation of adult endothelial cells (332).   

TAL1 is also critical in adult hematopoiesis (333, 334). TAL1 is expressed in 

HSCs (259) and decreases upon differentiation to most of the hematopoietic lineages 

(335). However, erythroid, megakaryocytic and mastocytic lineages still retain its 

expression (259) and TAL1 was shown to positively regulate the differentiation of these 

hematopoietic lineages (336). The involvement of TAL1 in adult HSC biology is 

considerable. Several studies showed that TAL1 is required for HSC function, including 

short-term repopulation activity (337), engraftment and self-renewal capacity (338).  In 

contrast, by deleting TAL1 expression in conditional knock-out mice, Mikkola and 

colleagues found that the HSCs still maintained their properties, namely self-renewal, 

engraftment and differentiation into lymphoid and myeloid lineages. The authors 

attributed this effect to the fact that TAL1 expression is important for the early 

specification and development of HSCs but not for their subsequent functions (339). 

More recently, it was demonstrated that TAL1 regulates the quiescence of HSCs by 

controlling the expression levels of p21 and Id1, thereby preserving HSC long-term 

integrity (340).  

Several studies highlighted the importance of TAL1 during the development of 

erythroid and megakaryocytic lineages (336, 339, 341). Two independent reports 

described that specific inactivation of TAL1 gene expression had a severe negative 

impact on erythropoiesis and megakaryopoiesis (336, 339). A third report showed that 

knock-down of TAL1 expression in human CD34
+
 HSCs impacted the erythroid and 

myeloid lineages (341). Importantly, ectopic TAL1 expression in human CD34
+
 HSCs 

led to an increase in the formation of erythroid and megakaryocytic colonies in culture 

(294). A role for TAL1 in red blood cell differentiation is indeed well established (342). 
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TAL1 enforced expression was shown to increase red blood cell differentiation (281) 

and TAL1 expression and activity is induced by EPO stimulation of erythroblasts (312, 

316). Furthermore, TAL1 regulates the expression of P4.2 (282) and GPA (283), genes 

that are important for erythrocyte physiology. 

TAL1 is also detected in neural tissues (343), namely in neurons of the lateral and 

caudal thalamic region, midbrain and hindbrain (344). Inactivation of TAL1 expression 

in the brain resulted growth retardation, altered brain morphology and also abnormal 

neuron development, implicating TAL1 in the regulation of brain development (296). 

Moreover, TAL1 was also described to play a role in differentiation of astrocytes and 

V2b interneurons in the p2 domain of the spinal cord (345).  

 

Genome Organization 

Tight control of gene expression is necessary to maintain a healthy and 

physiological cellular environment. Due to space constrains the genome is tightly 

packed inside the cell nucleus. However, this has to be somehow balanced by processes 

that allow for access to the transcriptional machinery for gene expression purposes. 

Therefore the mechanisms responsible for the genome organization in the nucleus are 

also tightly controlled to insure proper gene expression.  

 

Nucleosomes and Histones 

In the nucleus, the DNA is tightly condensed, packed and, in conjugation with 

proteins such as histones, constitutes the major component of the chromatin. The 

chromatin exists in two forms, the heterochromatin which is highly packed and 

transcriptionally inactive and euchromatin that is composed of loosely packed DNA and 

is a region where active transcription occurs (346). The nucleosomes are protein 

complexes that are highly associated with genomic DNA. These structures are 

composed of 146 base pair long stretches of DNA that wrap around a histone core 

(347). Histones, which are the most abundant proteins in the nucleus, are small weight 

proteins (around 11 to 20 KDa) and contain a high percentage of positively charged 

residues that are responsible for the strong interaction with the DNA. In eukaryotic cells 

five histone proteins were identified. The histone H1 is the linker that binds 

nucleosomes together and thereby regulates further packaging of the DNA. The other 

histones H2A, H2B, H3 and H4 assemble in the nucleosome core forming an octamer 
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composed of two copies of each of these histones. These proteins share a similar 

structure.They are composed of a center fold domain and N- and C-terminal tails. The 

fold domain participates in the structure of the nucleosome core, whereas the tails are 

pivotal for the normal function of cellular processes such as DNA replication and gene 

transcription (346, 348-351).   

Several post-translational modifications have been identified in the N-terminal 

tails of histones, which include acetylation, methylation, phosphorylation, 

ubiquitination and ADP-ribosylation (352). Acetylation and methylation of histones are 

highly associated with gene expression levels (348). In particular, acetylation of the N-

terminal tail of histones neutralizes the positively charged lysine residues and therefore 

reduces the interaction between histones and DNA. This leads to the relaxion of the 

packaging of DNA, facilitating the recruitment of transcription factors and the assembly 

of RNA polymerase complexes, ultimately promoting gene transcription (346, 349, 

350).  

 

Histone Acetyl Transferases (HATs) and Histone Deacetylases (HDACs) 

As described above, the level of histone N-terminal acetylation at the nucleosome 

core impacts gene transcription. Two classes of enzymes regulate the amount of 

acetylation in the N-terminal tail of histones: the Histone Acetyl Transferases (HATs) 

and Histone Deacetylases (HDACs). HATs mediate the transfer of acetyl groups from 

Acetyl-CoA to lysine residues, decreasing the binding of histones to the DNA (353). 

This event opens the chromatin configuration, allowing the recruitment of transcription 

factors for activation of gene expression. In opposition, HDACs remove acetyl groups 

from the N-terminal tail of histones, resulting in increased DNA-histone interaction. 

This closes the chromatin configuration and inhibits the binding of transcription factors 

to the DNA. The fine balance between the activities of these enzymes dictates the level 

of histone acetylation, thereby regulating gene transcription (346, 350). 

Due to its association with gene expression, deregulation of HAT/HDAC 

activities can lead to tumorigenesis (354, 355). For example, increased acetylation in 

promoters of proto-oncogenes that are normally expressed at low levels would increase 

their expression and potentiate the tumorigenic process. In contrast, decreased 

acetylation in promoters of tumor suppressor genes would lead to their down-regulation 

and possibly contribute to aberrant proliferation of tumor cells (346).  
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HATs 

The role for acetylation in the regulation of gene expression was suggested 45 

years ago (356). However, the molecules responsible for this phenomenon only recently 

have been identified (357, 358). HATs regulate gene expression by the mechanisms 

described above, but do not bind directly to the DNA. Instead they are recruited by 

transcription factors such as TAL1 (286) and other co-factors to acetylate histones that 

are in the vicinity of gene promoters (357). The HAT enzymes also participate in DNA 

repair (359-361). The p300/CBP complex was shown to acetylate histones at double 

strand breaks, thereby facilitating chromatin remodeling and recruitment of non-

homologous end-joining factors such as Ku70 and Ku80 proteins (361).  

Several HATs have been identified so far, which are chategorized in two types. 

Type A HATs are located in the nucleus and acetylate nucleosomal histones and 

chromatin associated proteins, whereas type B HATs are located in the cytoplasm and 

acetylate newly translated histones (357). Type A HATs are further divided into three 

main groups: the GNAT group includes, among others, the GCN5 and P/CAF members; 

the MYST group, and the p300 and CBP acetyltransferases that form their own separate 

group (349). It is well established that HATs acetylate histones that form the 

nucleosome core (H2A, H2B, H3 and H4). However, it has been shown that HATs can 

also acetylate other proteins and modify their activity. Examples of HAT target proteins 

include transcription factors such as GATA1, E2F, p53, TAL1 and E2A (349, 362-364). 

Of note, TAL1 is acetylated in vivo by P/CAF, increasing its DNA binding activity 

(363). E2A proteins were shown to be acetylated by three different HATs: P/CAF, p300 

and CBP. Acetylation of E2A increases its transcriptional activity and nuclear 

localization (364). 

As described above, deregulation of HAT activity can promote the development 

of cancer and alterations in the genes that code the HAT enzymes are common in 

cancer. These alterations include overexpression, amplification, translocations and also 

mutations in these genes. Missense mutations and truncations in the p300 gene were 

identified in colon and gastric cancer and other epithelial cancers. Loss of p300 

heterozygosity has also been described in 80% of the patients with glioblastomas. Loss 

of heterozygosity was also described for the CBP gene in hepatocellular carcinomas. In 

AML, the CBP gene was shown to fuse with several partners that include MLL, MOZ, 

MYST4 and MORF (349-351).  
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HDACs 

As described above, Histone Deacetylases (HDACs) enzymes remove acetyl 

groups from acetylated histones, and thus are linked to gene repression by creating a 

more compact chromatin (346, 349, 350). Similar to HATs, HDACs also do not bind to 

DNA and are recruited by large multi-protein complexes that include transcription 

factors and general repressors – e.g. Sin3 and N-CoR (346, 365, 366).  

Mammalian HDACs are divided in four classes (Table 1.4), based on homology 

with yeast HDACs and structure of the catalytic domain. The classe I HDACs (1, 2, 3 

and 8) are orthologues of the yeast HDAC Rpd3 protein and are small nuclear proteins 

with generalized expression. The HDACs 4, 5, 6, 7, 9 and 10 belong to the class II and 

are orthologues of the yeast HDAC Hda1 protein. The class II HDACs are high 

molecular weight proteins that shuttle between the cytoplasm and the cellular nucleus 

and have tissue specific expression (351, 367, 368). HDAC6 and 10 are classified as IIb 

due to the fact that they contain two catalylic domains, whereas HDAC4, 5, 7 and 9 are 

IIa. The shuttling of class IIa HDACs was shown to be regulated by N-terminal 

phosphorylation and subsequent association with 14-3-3 proteins (369, 370). The 

HDAC11 is the only member of the class IV due to the presence of a different catalytic 

domain (367). The HDACs that belong to classes I, II and IV contain Zinc in the active 

site of the catalytic domain. Contrarily, class III HDACs (Sirtuins 1-7) are homologous 

to the yeast Sirt2 and have a unique catalytic domain that is dependent of NAD
+
 

molecules for its activity and lacks Zinc in the catalytic site. This latter characteristic is 

highly important, since class III HDACs are not inhibited by any of the conventional 

HDAC inhibitors (349, 365, 366). 

 

 

Similar to HATs, HDACs are also capable of deacetylating other proteins 

besides histones, including the transcription factors E2F (371, 372), GATA (373) and c-

Myc (371), the protein chaperone HSP90 (374) and the cytoskeleton protein α-tubulin 

(375, 376).  

HDACs Class Zn
2+

 dependency MW (KDa) Localization Expression 

HDAC1-3, 8 I Yes 20-55 Nucleus Ubiquitous 

HDAC4-7, 9-10 II Yes 70-135 Nucleus Tissue specific 

SIRT1-7 III No - Variable Variable 

HDAC11 IV Yes 40 Nucleus Ubiquitous 

Table 1.4. Charactheristics of Histone Deacetylases (HDACs). 
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Although mutations in the genes that code for HDACs are very rare, deregulated 

HDAC activity is frequently found in human cancers. Several reports indicate that 

HDAC proteins are up-regulated in cancer cells when compared with normal tissues. 

Increased HDAC1 expression was demonstrated in prostate (377), gastric (378), colon 

(379) and breast carcinomas (380). Moreover, HDAC2 was also shown to have 

increased expression in colorectal (76, 379) and gastric (381) carcinomas, whereas 

HDAC3 is increased in colon tumors (379). There are also reports indicating that 

HDAC4 and HDAC6 activity are up-regulated in breast cancer patients (382, 383). 

Recently, Moreno and colleagues found that ALL patients display increased expression 

of several HDAC proteins (HDAC2, HDAC3, HDAC6, HDAC7 and HDAC8) and T-

ALL patients showed increased expression of HDAC1 and HDAC4 (384). Cancer cells 

not only upregulate HDACs but also show aberrant recruitment of HDACs to promoters 

due to the interaction with oncogenic transcription factors (367). For example, the 

fusion proteins PML-RARα, PLZF-RARα and AML-ETO1 were shown to induce AML 

by recruiting HDAC-containing complexes to repress the expression of specific genes 

(385-387). The BCL6 transcription factor is highly associated with B-cell lymphomas 

and was shown to recruit HDAC2 to repress the expression of genes that negatively 

regulate cell cycle progression (388, 389). As described above, TAL1 interacts with 

HDAC1 (286) and was shown recruit HDAC1-containing complexes to repress the 

expression of E2A target-genes and induce leukemia in a TAL1 transgenic mouse 

model (252). 

 

HDAC inhibitors (HDACis) 

The fact that human cancers display abnormal HDAC expression and activity 

provides a rationale for the design of inhibitors to target these chromatin regulators in 

cancer therapy. In fact, inhibition of HDAC activity was shown to release the repressive 

block of genes that lead to cell cycle arrest, apoptosis, differentiation and inhibition of 

angiogenesis (346, 351, 353, 367). 

Several HDACis have been identified and synthesized. Table 1.5 summarizes the 

different HDACis that are currently under use and are involved in clinical trials for 

cancer therapy (351, 367). As shown in Table 1.5, HDACis are divided into different 

classes according with their chemical structures, which include short-chain fatty acids, 

hydroxamic acids, cyclic peptides, benzamides and ketones. Butyrate, Phenylbutyrate, 
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Valproic Acid and other short-chain fatty acids are relative weak inhibitors of HDACs. 

However, a derivative of Butyrate, the AN-9 compound has a higher in vitro efficacy 

than the other fatty acids.  

TSA was the first Hydroxamic Acid shown to inhibit HDAC proteins, and it is 

highly effective in vitro. However, it was shown to be too toxic to be used in the clinic. 

Other Hydroxamic Acids such as SAHA (Vorinostat) and LBH589 (Panobinostat) are 

derivatives of TSA that maintain its effectiveness with reduced toxicity. Cyclic peptides 

are a complex structurally group of HDACis that includes the naturally occurring 

product FK-228, Apicidin and Trapoxin A. These HDACis are highly effective in vitro 

and FK-228 is already being tested for clinical purposes. Benzamides are synthetic 

products with high in vitro HDAC inhibitory activity that include the compounds MS-

275 and CI-994. Ketones have powerfull in vitro activity but their in vivo toxicity 

precludes their use for clinical purposes. Other HDACis include Dupedecin and 

MGCD-0103. A common feature to the currently available HDACis is the lack of 

specificity. As shown in Table 1.5, most of the HDACis used, inhibit the activity of 

several HDACs belonging to one or more classes. Despite displying different chemical 

properties, most HDACis contain three structural components that are necessary to 

inhibit the activity of HDAC enzymes: a hydrophobic cap, a polar site and a Zinc 

binding site. The mechanism of inhibition involves the binding of the HDACi to the 

Zinc ion in the HDAC catalytic site, preventing its binding to acetylated proteins (346, 

351, 353, 367).  

 

HDACis and gene expression 

As mentioned before, incubation with HDACis results in the up-regulation of 

genes related to apoptosis and cell cycle arrest (367). A gene that is consistently up-

regulated by HDACis is the CDKN1A which codes for the cyclin-dependent kinase 

inhibitor p21
CIP1

. Several HDACis described in Table 1.5 (SB; TSA; SAHA; 

Depsipetide; MS-275 and Oxamflatin) were shown to induce the expression of this cell 

cycle regulator (346, 350, 390). HDACis were also shown to induce the expression of 

members of the TNF family and of the mitochondrial apoptotic pathway (367). 
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HDAC inhibitors  (HDACi) Class Specificity In vitro potency Clinical trials Clinical Trial Reference*** 

Sodium Butyrate (SB) 

Short-chain fatty acids 

Class I and IIa mM Phase II - 

Phenyl-Butyrate  (PB) Class I and IIa mM Phase II - 

Valproic Acid (VPA) Class I and IIa mM Phase II NCT00525135 

AN9 (Pivanex) n.d. µM Phase II NCT00083473; NCT00087477 

Trichostatin A (TSA) 

Hydroxamic Acids 

Class I and II nM - - 

Suberoylanilide Hydroxamic Acid (SAHA)  Class I and II µM Phase III NCT00473889; NCT00773747; NCT00128102  

M-carboxycinnamic Acid bis-Hydroxamide 

(CBHA) 
n.d. µM - - 

NVP-LAQ824 Class I and II nM Phase I - 

Panobinostat (LBH589) Class I and II nM Phase III NCT00449761; NCT00425555; NCT00490776 

Pyroxamide Class I µM Phase I NCT00042900 

PDX101 Class I and II µM Phase I NCT00589290 

Depsipeptide (FK228, FR901228) 

Cyclic Peptides 

Class I nM Phase II NCT00106431; NCT00383565; NCT00077337; 

Apicidin Class I** nM - - 

Trapoxin A Class I and IIa nM - - 

MS-275 
Benzamides 

Class I µM Phase II NCT00185302; NCT00866333; NCT00828854 

N-Acetyldanilide (CI-994) n.d. µM Phase III NCT00005093 

Trifluoromethyl Ketone Ketones n.d. µM - - 

Dupedecin 
Other synthetic compounds 

Class I µM - - 

MGCD-0103 Class I µM Phase II NCT00431873; NCT00358982; NCT00324220 

 

 

 

Table 1.5. Classification of the commonly used HDAC inhibitors (HDACis)* 

n.d. not determined. * This information was collected from the references 341, 346, 348 and 360. ** inhibits HDAC1, HDAC2 and HDAC3 but not 

HDAC8. *** From http://clinicaltrials.gov  

 

  

 

http://clinicaltrials.gov/
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Although several genes have been reported to be up-regulated upon response to HDACi 

treatment, microarray studies show that HDACi treatment only affects a slight fraction 

of cellular genes. This may, in part, relate to the knowledge that HDACis regulate gene 

expression not only by affecting transcription but also by regulating mRNA and protein 

stability (346), the latter not being accounted for in microarray analyses. 

Interestingly, whereas HDACi treatment up-regulates the expression of genes 

associated with apoptosis and cell cycle arrest, it decreases the levels of genes that are 

involved in promoting proliferation (391-393). The fact that HDAC inhibition also leads 

to down-regulation of gene expression suggests that some of the effects of HDACis are 

not due to changes in chromatin conformation, but rather in acetylation levels of other 

HDAC targets in the cell (351, 366).  

HDACis were also shown to decrease the expression of oncogenes, such as c-Myc 

(394, 395), BCL-2 (396), COX-2 (397, 398), DNMT1 (399, 400), Claudin-1 (401), and 

BCR-ABL (395, 402). The effect of HDACis does not occur strictly at the level of 

transcription. For example, the transcription of DNMT1 (399), which codes for a DNA 

methyltransferase associated with cellular transformation (403), was shown to be 

inhibited by treatment with Apicidin in cervix cancer cells (399). However, in T-ALL 

cells HDAC inhibition induced the degradation of DNMT1 transcripts (400). In fact, 

mounting evidence implicates HDACis in the regulation of mRNA stability. Incubation 

of endometrial cancer cells with TSA decreased the stability of the DNMT3B transcripts 

leading to the down-regulation of this DNA methyltransferase (404). Recently, 

Krishnan and colleagues demonstrated that the same mechanism was implicated in the 

down-regulation of the tight junction protein Claudin-1 in colon cancer cells 

(401).BCR-ABL is the fusion protein created by the t(9;22)(q43;q11) translocation 

highly common in CML patients (112). Treatment of CML cells with HDACis induces 

the proteasomal degradation of BCR-ABL (402), via acetylation of HSP90 (402) and 

activation of the ubiquitin pathway (405). Several other proteins were show to be 

degradated upon HDACi exposure, including key regulators of signaling pathways such 

as ERK (406) and c-RAF (407). Furthermore, HDACi treatment of renal cancer cells 

also led to the proteasomal degradation of Aurora A and B, two kinases that are 

involved in the regulation of cell cycle progression in the G2-M stage. The degradation 

of these kinases not only induced cell cycle arrest but also increased apoptosis (408).  
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HDACi treatment can also affect protein translation. SAHA was shown to 

suppress the translation of cyclin D1 in mantle cell lymphoma cells through the direct 

inhibition of PI3K (409).  

Interestingly, HDACis can also down-regulate the expression of HDACs. In CML 

cells, SAHA treatment decreased HDAC3 protein levels (395), whereas VPA induced 

proteasomal degradation of HDAC2 (410). 

HDACis have a clear pleotropic effect on gene expression and can affect not only 

gene transcription, but also mRNA stability, translation and protein stability, which 

makes HDACis unique compounds in targeting diseases, such as cancer, that are highly 

associated with gene deregulation. 

 

The effect of HDACis on cancer cells 

The cytotoxic and cytostatic effects of HDACis seem to be restricted to cancer 

cells, since normal tissues are relative resistant to HDACi treatment (411, 412). Two 

lines of evidence may explain the resistance of normal tissue to HDAC inhibition. 

Warrener and collegues suggest that cancer cells are sensitive to HDACis because they 

are defective in cell cycle checkpoints that are triggered upon exposure to HDACis in 

normal cells. Normal cells activate these checkpoints, preventing them from further 

progressing in the cell cycle, whereas cancer cells without these checkpoints progress 

through the cycle with major mitotic defects and eventually die by apoptosis (411, 413). 

An alternative line of evidence indicates that it may be the expression and activity of the 

ROS scavenger Thioredoxin (TRX) that determines the resistance of normal cells to 

HDACi (412). Exposure to HDACis increases ROS to levels that are cytotoxic (414). 

However, normal cells up-regulate TRX expression in response to HDACis, which may 

protect them from ROS-induced death (412). In contrast, cancer cells decrease TRX 

expression upon HDACi exposure, and up-regulate Thioredoxin Binding Protein-2 

(TBP-2), which binds TRX and inhibits its reducing activity (415). These two 

mechanisms strongly contribute to abrogation of TRX activity in cancer cells and 

should make them highly sensitive to HDACis (416). Whatever the exact mechanisms 

that make cancer cells particularly sensitive to HDACis, the fact that these drugs 

selectively eliminate cancer cells makes them highly appealing to treat cancer patients.  

The efficacy of HDACis against tumor cells was demonstrated in vitro in several 

cancer cell lines that include neuroblastoma, melanoma, leukemia, breast, ovarian, 
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colon, lung, and prostate, amongst others (346, 349, 351, 367). In vivo studies also 

showed that HDACis are effective in the treatment of cancer mouse models of breast, 

lung, prostate, and gastric cancer, neuroblastoma and leukemia (349). Notably, the few 

studies that have addressed the role of HDACis in T-ALL showed that exposure to 

HDACis results in leukemic blast apoptosis (417, 418). 

Due to their high in vitro efficacy, HDACis were tested in clinical trials for 

several types of cancer that included solid tumors and hematological malignancies 

(346). One of the most promising HDACis is SAHA, which was tested in phase III 

clinical trials for several types of tumors that include lung cancer 

(http://clinicaltrials.gov/ NCT00473889), multiple myeloma (NCT00773747) and 

malignant pleural mesenthelioma (NCT00128102). Importantly, SAHA was also tested 

in phase II clinical trials for cutaneous T-cell lymphoma with a good response in the 

treated patients (368). Other promising HDACis are the Hydroxamic Acid LBH589 and 

the Benzimide CI-994. LBH589 is currently being tested in phase II clinical trials to 

treat hematological malignancies such as Cutaneous T-cell Lymphoma (NCT00425555 

and NCT00490776). CI-994 is being tested in phase II clinical trials for pancreatic 

cancer (NCT00004861) and multiple myeloma (NCT00005624), and a phase III trial for 

lung cancer (NCT00005093).  

HDAC inhibitors synergize with several other pharmacological agents resulting in 

increased apoptosis of target cells (346, 367, 419). Such drugs include DNA 

methyltransferase inhibitors (e.g. 5-Aza- 2‟Deoxycitidine) that activate the transcription 

of hyper-methylated genes (420), standard chemotherapeutic drugs (e.g. Doxorubucin) 

(421) and BCR-ABL (402), PI3K (406), MEK (422) and PKC (423) kinase inhibitors. 

In addition, HDACis induce HSP90 acetylation, promoting degradation of HSP90 client 

proteins. Thus, combined incubation with HSP90 inhibitors may also be synergistic 

(424). Importantly, combinatorial therapeutic strategies may constitute efficient ways to 

overcome the resistance to HDACi that has sometimes been reported. For example, a 

mutation in HDAC2 was identified in colon and endometrial tumor cell lines resistant to 

TSA (425), and HDAC1 overexpression confers resistance to Butyrate treatment in 

melanoma cancer cells (426). Furthermore, it was recently demonstrated that HDACi 

treatment in AML cells induces the expression of ABC multidrug transporters, 

increasing the efflux of cytotoxic drugs from AML cells and providing a mechanism for 

resistance to chemotherapy (427). Despite the occurrence of resistance in cancer cells, 

the clinical trials where HDACis participated, either as mono-therapy or in conjunction 
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with other drugs, have been so far largely successful, highlighting their promise as 

effective tools for the treatment of cancer patients. 

 

Objectives 

Despite the significant advances in the treatment of T-ALL (27, 28), around 20% 

of the cases remain incurable. In order to define new molecular targets for improved 

therapeutic intervention, it is crucial to understand the biology and pathophysiology of 

this disease. The fundamental goal of the present thesis was to contribute to a better 

understanding of T-ALL and possibly to identify novel targets for therapeutic 

intervention. Therefore, we not only analyzed the role of cell-intrinsic mechanisms 

(related to TAL1 function) in the biology of T-ALL, but also the possible involvement 

of the micro-environment (illustrated by study of IL-4) in the function of leukemia cells.  

We had previously shown that c cytokines can increase the proliferation of 

primary T-ALL cells in vitro (72). Particularly, IL-7 was able to increase the 

proliferation and viability of primary T-ALL cells through the activation of PI3K 

pathway. Importantly, pharmacological inhibition of PI3K pathway completely reversed 

the effects of IL-7 (70). Here, we used primary T-ALL samples to analyze the 

downstream events activated by IL-4. These results have been published (428) and are 

described in Chapter 2.  

Aberrant expression of the TAL1 gene is considered the most common alteration 

in T-ALL, frequently in combination with LMO proteins (LMO1 and LMO2) (149). 

However, it is still unknown whether the expression of the TAL1 is the actual cause of 

leukemia or, alternatively, is a merely secondary event in the transformation process. 

One of the key early steps in leukemogenesis is the blockade of normal T-cell 

differentiation that results in the accumulation of malignant T-cell lymphoblasts 

arrested at different stages of development (227, 251-253). To test whether TAL1, alone 

or in association with LMO2, could impair normal T-cell development, we made use of 

in vitro co-culture systems that allow the differentiation of human T-cells from 

hematopoietic and thymic progenitors (33, 34, 429). The preliminary results obtained 

during this part of the project are described in Chapter 3. 

Despite the fact that TAL1 is a transcription factor (246), very few TAL1 target 

genes have been identified in the context of T-ALL (292, 303-305). To identify novel 

TAL1 targets, we used the 4-OH-Tamoxifen system (430) to induce TAL1 activity in a 



Introduction 

46 

 

regulated manner, and analyzed the gene expression profile using microarray 

technology. The genes identified, validated and partially characterized in this study are 

shown in Chapter 4. 

TAL1 was shown to interact with HDAC complexes during red blood cell 

development (286) and in T-ALL cells (252). Moreover, incubation of tumors derived 

from TAL1 transgenic mice with HDACis was reported to selectively kill these tumors 

without affecting normal thymocytes or TAL1-negative leukemia cell lines (252). 

Interestingly, HDACis decrease the expression of several oncogenes in cancer cells, 

either by mRNA or protein degradation or by transcriptional inhibition (399, 401, 402). 

To understand whether inhibition of HDAC function could impact on TAL1 expression, 

we treated T-ALL cells with different HDACis and analyzed TAL1 expression. The 

characterization of the mechanisms by which HDACis affect TAL1 expression are 

described in Chapter 5 and were recently published. 
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Abstract 

IL-4 is produced within the bone marrow microenvironment and stimulates the 

proliferation of T-cell acute lymphoblastic leukemia (T-ALL) cells by as yet unknown 

mechanisms. In this study, we showed that IL-4 induced cell cycle progression of 

primary T-ALL cells from G0/G1 into S and G2/M phases of the cell cycle, by up-

regulating cyclins D2, E and A, and down-regulating the cyclin-dependent kinase 

inhibitor p27
kip1

. These events were paralleled by sequential activation of CDK4 and 

CDK2 and hyperphosphorylation of Rb. By transfecting T-ALL cells with the chimeric 

protein VP22/p27
kip1

, which is able to translocate into the cytoplasm and nucleus of 

target cells, we showed that down-regulation of p27
kip1

 is mandatory for IL-4-mediated 

proliferation. Furthermore, IL-4 stimulated mTOR activation, as determined by 

increased phosphorylation of S6K, S6 and 4E-BP1. To evaluate the functional 

contribution of mTOR activation to IL-4 mediated signaling in T-ALL cells, we 

specifically inhibited mTOR using rapamycin. Flow cytometry analysis of FSCxSSC 

distribution and BrdU+PI staining demonstrated that rapamycin completely prevented 

IL-4-dependent T-ALL cell growth and cell cycle progression. Consequently, 

proliferation was also abrogated, as assessed by 
3
H-Thymidine incorporation. In 

summary, our data identify mTOR as a critical regulator of IL-4 mediated effects in T-

ALL cells and support the rationale for using mTOR pharmacological inhibitors in T-

ALL therapy.  

 

Introduction 

Interleukin-4 (IL-4) is produced within the BM microenvironment either by 

nonresident circulating cells, namely T lymphocytes, mast cells, and basophils or by 

BM stromal cells. Importantly, IL-4 is able to induce proliferation of T-cell acute 

lymphoblastic leukemia (T-ALL) cells (1). Therefore, IL-4 produced in the BM milieu 

might influence the progression of T-ALL by stimulating proliferation of tumor cells. 

However, the exact mechanisms by which IL-4 induces leukemia expansion remain 

unknown. The effects of IL-4 on normal lymphocytes involve at least two signaling 

pathways, JAK/STAT and PI3K/PKB (2). In addition, IL-4 activates the PI3K 

downstream target mTOR, which regulates cell cycle completion in activated mature T-

cells (3). Constitutive activation of mTOR has been reported in some T-ALL cases (4) 
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and suggested to regulate viability, cell size and proliferation of tumor cells. However, 

leukemia cells depend not only on constitutive, cell-autonomous mechanisms but also 

on cues from the microenvironment to fully activate key signaling molecules that are 

essential for tumor expansion and decreased sensitivity to chemotherapy (5, 6). 

Therefore, we investigated whether mTOR is involved in IL-4-mediated proliferation 

and growth of T-ALL cells. 

 

Materials and Methods 

T-ALL cells. Primary T-ALL cells were obtained from the peripheral blood and/or the 

bone marrow of patients with high leukemia involvement (85–100%). Informed consent 

and Institutional Review Board approval was obtained for all sample collections. 

Samples were enriched by density centrifugation over Ficoll-Hypaque (GE Healthcare 

Life Sciences), washed twice in RPMI 1640 (Invitrogen) supplemented with 10% 

(vol/vol) FBS and 2 mM L-glutamine (hereafter referred to as RPMI 10 medium), 

subjected to immunophenotypic analysis by flow cytometry and classified according to 

their maturation stage using the criteria defined by the European Group for 

Immunological Characterization of Leukemias. The TAIL7 cell line was maintained as 

described previously (7). 

 

Cell culture. Primary T-ALL cells and TAIL7 cell line were cultured in RPMI-10 

medium as 2 x 10
6
 cells/mL at 37ºC with 5% CO2 in the following conditions: Medium 

alone (with the appropriate vehicle), or medium with 10ng/mL IL-4 (Endogen) or with 

IL-4 plus 100nM Rapamycin (Calbiochem) for the indicated time points. For short-term 

stimulation TAIL7 cells were starved overnight in RPMI with 1 % FBS, and in the next 

day stimulated in the indicated conditions and time points in PBS 1x. Cells were then 

harvested and processed as indicated below for assessment of cell viability, cell cycle, 

and proliferation, and protein extraction for Immunobloting. 

 

Assessment of viability and cell size. Cell viability was examined using an apoptosis 

detection kit, following the manufacturer‟s protocol (R&D Systems). Briefly, cells were 

stained with fluorescein isothiocyanate- conjugated Annexin V and propidium iodide at 

room temperature for 15 min in the appropriate binding buffer, and subsequently 
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analyzed by flow cytometry (FACSCalibur; Becton- Dickinson). Cell size increase was 

measured by flow cytometry. Percentage of „„activated‟‟ cells (with increased cell size) 

was calculated by defining a threshold gate that excluded most of the bulk, small-sized 

fraction of cultured cells. 

 

Proliferation. Cells were cultured (2 x 10
6
 cells/mL) in triplicates in RPMI-10, in flat-

bottom 96-well plates at 37°C with 5% CO2. Cultures were carried out for 72 h in the 

following conditions: medium without IL-4 (control condition); with IL-4; with IL-4 

plus Rapamycin; with IL-4 plus VP22/VP22 fused with p27
Kip1

 (8). Cells were 

incubated with 
3
H -thymidine (1µCi/well) for 16 h prior to harvest. Proliferation was 

determined by analysis of DNA synthesis, which was assessed by 
3
H-thymidine 

incorporation using a β-scintillation counter. 

 

Cell cycle analysis. Determination of the percentage of cells at each stage of the cell 

cycle was performed by assessment of DNA content after staining with propidium 

iodide. Briefly, 3-5 x 10
5
 cells per sample were resuspended in 0.5 mL PBS and then 

fixed with ice-cold 80% ethanol. Samples were then incubated for 30 min at 37°C in the 

dark after addition of propidium iodide (2.5 mg/mL) and ribonuclease A (50 mg/mL). 

Flow cytometry acquisition was performed in a FACScanto (Becton Dickinson 

Biosciences) and analysis of cell cycle histograms was carried out using ModFit LT 

(Verity) or WinCycle DNA Analysis software (Phoenix Flow Systems). In some 

experiments, cell cycle profile was determined using BrdU incorporation. The cells 

were incubated with 1mM BrdU for 24 h, harvested and ressuspended in PBS, and then 

fixed and permeabilized with 1% paraformaldehyde and 0.01% Tween-20. After 

permeabilization, the cells were treated with DNase to expose BrdU epitopes and 

incubated with anti-BrdU-FITC antibody. Cells were then treated with RNase A 

(500µg/mL) and propidium iodide was added to a final concentration of 200µg/mL.  

 

Immunobloting, immunoprecipitation and in vitro kinase reaction. After the 

indicated conditions and time intervals of culture, cell lysates were prepared as 

described (8) and equal amounts of protein were analyzed by 10% SDS-PAGE, 

transferred onto nitrocellulose membranes, and immunoblotted with the following 

antibodies: CDK2, CDK4, CDK6, cyclin A, cyclin D2, cyclin E, ZAP70 (Santa-Cruz 

Biotechnology), Phospho-4EBP1, Phospho-S6, Phospho-p70
S6K

 (Cell Signaling 
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Technology) and p27
Kip1

 (Becton Dickinson Transduction Laboratories). To examine 

the phosphorylation status of Rb, proteins were analyzed by 6% SDS-PAGE, transferred 

onto nitrocellulose membrane, and blotted with Rb-specific mAb (Becton Dickinson 

Pharmingen). After immunobloting with primary antibodies, immunodetection was 

performed using HRP-conjugated anti-mouse IgG (Promega), anti-rabbit IgG (Promega) 

or anti-goat IgG (Santa-Cruz Biotecnology) as indicated by the host origin of the 

primary antibody and developed by chemiluminescence (Thermo Scientific).  In vitro 

kinase reactions were performed as described previously (8). 

 

Results and Discussion 

IL-4 signaling promotes proliferation of T-ALL cells by inducing cell cycle 

progression  

We previously showed that IL-4 promotes in vitro proliferation of a significant 

proportion of primary T-ALL samples (1). Here, we selected 12 diagnostic patient 

samples that proliferated to IL-4 as assessed by 3H-thymidine incorporation, to 

investigate the mechanisms of IL-4-driven T-ALL cell expansion. We first evaluated the 

effect of IL-4 on cell cycle progression by analyzing the DNA content of primary T-

ALL cells by flow cytometry. IL-4 promoted the transition from G0/G1 to S-phase and 

G2/M in all five samples analyzed (Figure 2.1A). IL-4 also induced cell size increase 

(cell growth) that paralleled the effect on cell cycle (Figure 2.1B and Table 2.1).  

As proliferation may result not only from an effect on cell cycle progression but 

also from increased survival, we evaluated the effect of IL-4 on T-ALL cell viability. In 

accordance with previous studies (9), we found that IL-4 had heterogeneous effects on 

T-ALL cell survival. IL-4 prevented T-ALL in vitro apoptosis in 6 of 12 cases (50%), 

promoted cell death in four (33%) and had no significant effects in two cases (17%; 

Table 2.1). Nonetheless, IL-4-mediated proliferation occurred irrespectively of the 

effect on cell survival, and cell cycle progression was observed both in patients where 

IL-4 promoted viability and apoptosis (Table 2.1). These data suggest that IL-4 

promotes proliferation of primary T-ALL cells mainly through regulation of the cell 

cycle machinery. 
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Table 2.1. Immunophenotype, classification, and response to IL-4 of primary T-ALL specimens 

T-cell maturation stages were defined as described by the European Group for the Immunological Characterization of Leukemias - EGIL. 

Effects of IL-4 on viability: death, IL-4 promoted apoptosis; survival, IL-4 prevented spontaneous apoptosis; no effect, IL-4 did not 

prevent or increase apoptosis. nd, not determined. 
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IL4 down-regulates p27
kip1

 and up-regulates cyclin expression, CDK 

activity and Rb hyperphosphorylation 

Next we evaluated the mechanisms by which IL-4 mediated cell cycle 

progression in T-ALL cells. IL-4 did not affect the expression of cyclin-dependent 

kinases CDK6, CDK4 and CDK2 (Figure 2.1C). In contrast, cyclins were up-regulated 

by IL-4 in a sequential manner (Figure 2.1D). The early G1 molecule cyclin D2 peaked 

around 12–24 h of culture with IL-4, whereas expression of cyclins E and A, which are 

associated with late G1 and S-phase, reached a plateau at later time points (48 and 72 h). 

These effects were paralleled by hyperphosphorylation of Rb, a critical substrate of 

cyclin/CDK activity in the cell (Figure 2.1E), indicating that IL-4 induced cyclin/cdk 

activity. To confirm these results, we performed in vitro kinase assays with CDK4 and 

CDK2 immunoprecipitated from IL-4-stimulated primary T-ALL cells. IL-4 clearly 

augmented CDK activity (Figure 2.1F). In addition, IL-4 induced the down-regulation 

of the CDK inhibitor p27
kip1

 (Figure 2.1G). This event was mandatory for IL-4-

mediated cell cycle progression, because forced expression of p27
kip1

 completely 

abrogated IL-4-mediated proliferation (Figure 2.1H).  

Figure 2.1. IL-4 stimulates cell cycle progression of primary T-ALL cells. (A) Primary 

T-ALL cells were cultured with or without 10 ng/mL IL-4 for the indicated time points. The 

percentage of cells at each phase of the cell cycle was examined within the viable population 

by propidium iodide staining. Left: results from one representative patient; right: results from 

all patients analyzed (n=5), 0 vs 72 h of culture with IL-4, P=0.0159 (2-tailed Mann–

Whitney). Cells in medium alone did not show significant cell cycle progression (not 

shown). (B) Cell size of T-ALL cells cultured with or without 10 ng/mL IL-4 for 48 h was 

evaluated by flow cytometry analysis. Representative results from two of twelve patients 

analyzed are shown. (C-E) T-ALL cells cultured with IL-4 during the indicated periods were 

lysed and analyzed by immunoblot for the expression of CDK6, CDK4 and CDK22 (C), 

cyclin D2, cyclin E and cyclin A (D), and phosphorylation of Rb (E). (F) T-ALL cells were 

cultured with IL-4 for the indicated time points and in vitro kinase activity of 

immunoprecipitated CDK4 and CDK2 was performed using Rb-GST and Histone H1 as 

exogenous substrates, respectively. (G) Expression of p27
kip1

 was evaluated by immunoblot 

at the indicated time points. (H) T-ALL cells were cultured with IL-4 alone or with 

rapamycin, VP22 control protein or VP22/p27
kip1

 fusion protein. Proliferation was 

determined at 72 h by 
3
H-thymidine incorporation. 
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Activation of mTOR pathway is mandatory for IL4-induced proliferation 

As mTOR-dependent signaling has been associated with regulation of cell cycle 

and size, we next evaluated whether IL-4 activated mTOR in the T-ALL cell line 

TAIL7, whose biological features are similar to those from primary leukemia cells (7). 

IL-4 induced phosphorylation of mTOR downstream targets p70
S6K

, S6 and 4E-BP1 in 

TAIL7 cells (Figure 2.2A). As expected, IL-4 mediated phosphorylation of these 

molecules was inhibited by treatment with the mTOR-specific antagonist rapamycin 

(Figure 2.2B). These data strongly indicate that IL-4 activates mTOR signaling in T-

ALL cells. To evaluate the functional consequences of IL-4-mediated mTOR activation, 

we cultured T-ALL cells with IL-4 in the presence of rapamycin. At the molecular level, 

inhibition of mTOR prevented IL-4-dependent p27
kip1

 down-regulation (Figure 2.2C). 

Accordingly, rapamycin completely blocked IL-4-mediated proliferation (Figure 2.1H), 

cell cycle progression (Figures 2.2D and E) and growth (Figures 2.2F and G) of both 

TAIL7 and primary T-ALL cells.  

In summary, we demonstrated that IL-4 mediates proliferation of T-ALL cells 

through mTOR-dependent regulation of cell cycle progression. In showing that mTOR 

is activated by a BM microenvironmental factor that positively stimulates leukemia T-

cells, our observations strengthen the emphasis on mTOR as a key molecular target in 

T-ALL, and suggest that the inhibition of IL-4 signaling may also have therapeutic 

potential in T-cell leukemia. 
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Figure 2.2. IL-4-mediated activation of mTOR pathway is critical for cell cycle 

progression of T-ALL cells. (A) TAIL7 T-ALL cells were stimulated with 10 ng/mL IL-4 

for the indicated time points, lysed and analyzed by immunoblot for phosphorylation of the 

indicated mTOR downstream targets. (B and C) TAIL7 cells were cultured with 10 ng/mL 

IL-4 in the presence or absence of rapamycin (rapa) and phosphorylation of the indicated 

mTOR downstream target proteins (B) or expression of p27
kip1

 (c) was evaluated at 72 h. 

TAIL7 (D and F) or primary (E and G) T-ALL cells were cultured in the presence of IL-4 

with or without rapamycin and analyzed for cell cycle distribution (D and E) and cell 

growth (F and G) at the indicated time points. (D and E) Percentage of cells in G0/G1 

(lower left region), S-phase (upper region) and G2/M (lower right region) were identified 

using propidium iodide and BrdU + anti-BrdU-FITC. (F and G) Cell growth was determined 

by FSC vs SSC flow cytometry analysis. Percentage of large-sized (FSC high) cells was 

estimated relative to the control, small-size bulk population. Results in this figure are 

representative of at least two independent experiments.  
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Abstract 

The transcription factor TAL1 is critical in early hematopoiesis and is aberrantly 

expressed in T-cell acute lymphoblastic leukemia (T-ALL). TAL1 was shown to have 

leukemogenic potential, since transgenic mice develop aggressive leukemias of T-cell 

phenotype. However, there are clear discrepancies between mice and humans regarding 

the stage of maturation block in T-cell differentiation and the expression of putative 

TAL1 downstream targets. Most importantly, it is still unknown whether this gene can 

trigger leukemogenesis in humans. Here, we show that transduction of human 

hematopoietic progenitors with TAL1 or its partner LMO2 affected human T-cell 

differentiation in co-culture with stromal cells. Interestingly, the concomitant expression 

of TAL1 and LMO2 led to the accumulation of a minor, discrete subpopulation of 

CD3
+
CD4

+
CD8

+
 thymocytes with increased cell size that was absent from other 

conditions. Furthermore, efficient transduction of human T-cell progenitors with TAL1 

and LMO2 strongly abrogated T-cell differentiation, decreasing the expression of all T-

cell markers tested. These preliminary results show that the TAL1 and LMO2 can 

disrupt normal human T-cell development. This may predispose thymocytes to 

malignant transformation. 

 

Introduction 

Several oncogenic transcription factors have been shown to be over-expressed in 

T-ALL due to chromosomal lesions and other as yet unknown mechanisms (1-3). One 

of these transcription factors, TAL1, is crucial for early hematopoiesis, although it is 

rapidly down-regulated upon T-cell lineage commitment. TAL1 ectopic expression 

occurs in up to 65% of T-ALL patients, whereas overexpression of LMO genes (LMO1 

or LMO2) occurs with lower frequency, commonly in association with TAL1 (4).  

TAL1 was initially identified in a translocation that juxtaposes TCRA/D regulatory 

sequences to the TAL1 coding region, t(1;14)(p32;q11), driving TAL1 abnormal 

expression in developing T-cells (5, 6). However, the main reason for TAL1 ectopic 

expression in T-ALL is the interstitial deletion of 90 Kb (TAL1
d
) which places TAL1 

coding region under the control of SIL regulatory elements (7). The TAL1 gene encodes 

a class II bHLH transcription factor that heterodimerizes (through the bHLH domain) 

with class I proteins to bind the major groove of the DNA to a specific E- box 

consensus sequence, CANNTG (8). The usual TAL1 interacting partners are the E 
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proteins E2A and HEB (9, 10). These proteins regulate T-cell development and act as 

tumor suppressors in T-cells (11, 12). Importantly, TAL1 transgenic mice develop fatal 

T-cell leukemia, although with a long latency period (13-15), and inhibition of E2A 

function by TAL1 was shown to be responsible for the development of T-cell leukemia 

in one of the TAL1 transgenic mouse models (15). 

LMO2 is also a transcription factor, although there is no evidence of its binding to 

DNA. Instead, LMO2 acts as a bridging molecule, establishing important protein-

protein interactions with TAL1, E2A, GATA and LDB1 through its cystein-rich LIM 

domains that are zinc binding motifs (16-18). Similar to TAL1, LMO2 is expressed in 

T-ALL patients due to abnormal chromosomal rearrangements t(11;14)(p13;q11)] (19) 

and del(11)(p12p13) (20), and other unknown reasons (21). LMO2 transgenic mice were 

shown to develop T-cell leukemia with shorter latency periods than TAL1 transgenic 

mice (22-24). Interestingly, TAL1 and LMO2 expression appears to be synergistic, since 

double transgenic mice develop leukemia with shorter latency periods (22). Transgenic 

mice for the LMO2 closely related gene LMO1 also develop leukemia and synergize 

with the TAL1 gene (22, 25-27). The development of leukemia in these mouse models 

appears to be preceded by an impairment in T-cell development, with a decrease in the 

double positive population CD4
+
CD8

+ 
(13, 22, 26) and an increase in the double 

negative (DN) population (CD4
-
CD8

-
). Additionally, TAL1 and LMO1 expression was 

reported not only to inhibit T-cell differentiation but to promote the expansion of a 

population of DN thymocytes (27). 

The evidence for the T-cell oncogenic potential of LMO2 stems not only from 

mouse studies but also from unfortunate events in gene therapy trials for human SCID, 

in which several patients developed T-cell leukemia-like disease. It was subsequently 

observed that, during the retroviral delivery of the γ common chain (IL2RG) gene into 

hematopoietic stem cells, the vector integrated near the LMO2 locus, and the strong 

promoter in Long Terminal Repeat (LTR) drove LMO2 aberrant expression in the T-

cell precursor population in some of the patients (28-32). In contrast, the tumorigenic 

potential of TAL1 has never been formally demonstrated in human cells. Moreover, one 

TAL1 transgenic mouse model indicated that TAL1 may be incapable of triggering 

leukemia per se (33). In addition, there are significant differences between mice and 

humans regarding TAL1 involvement in T-ALL. For instance, T-ALL patients with 

TAL1 ectopic expression typically display a phenotype of late cortical thymocytes 

(CD4
+
CD8

+
) (4), whereas in TAL1 transgenic mice T-cell development is inhibited at 
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early stages, when thymocytes lack the expression of CD4 and CD8 (14, 15). Moreover, 

TAL1-positive patients show up-regulation of genes that are important for T-cell 

development (LCK, TCRA, TCRB, CD2, CD6) (4), whereas in TAL1 transgenic mice the 

T-cell differentiation gene expression program appears to be inhibited (15). These 

discrepancies raise the possibility that the involmente of TAL1 in human T-ALL may 

not be accurately reflected in mouse studies. Further, they raise the question of whether 

TAL1 is actually a leukemogenic trigger in human T-ALL or merely a late contributor 

to the process in already transformed cells.  

To try and answer this question, we forced the expression of TAL1 and/or LMO2 

in human hematopoietic stem cells and early thymic progenitors and analyzed their 

impact on T-cell development in vitro. Our preliminary data suggest that, in the least, 

both TAL1 and LMO2 can significantly deregulate human T-cell differenciation. 

 

Materials and Methods 

Cloning procedures. The MAT vectors described in this study were derived from the 

#318.pRRE.sin.cPPT.pA.cte.Luci.mCMV.hPGK.GFP.Wpre (#318) vector (34), kindly 

provided by Prof. Luigi Naldini. The TAL1 and LMO2 genes were amplified by PCR 

from the pcDNA3.1(+) zeo TAL1 and pcDNA3.1 (+) LMO2-HA plasmids respectively, 

using primers that span the CMV promoter and the poly-A site in pcDNA3.1 (+) zeo 

plasmid (Table 3.1).  

 

 

These two fragments replaced the luciferase gene in the #318 vector (using the EcoRV 

and XbaI restriction enzymes). The IRES sequence from the pMigR1 vector was 

amplified by PCR with a forward primer containing AgeI, MluI and NdeI restriction 

Designation  5' to 3' 

TATA+12 ATCAAGCTTCTCGAGGGTAGGCGTGTACGGTGG 

XbaI  GATGGCTGGCAACTAGAAGG 

AgeI-MluI-NdeI-IRES  ATACCGGTACGCGTCATATGAATTCCGCCCCTCTC 

IRES-AgeI CGATACCGGTGGTTGTGGCCATATTATC 

MluI-5‟ TAL1  ATACGCGTCCCAGGATGACCGAGCGG 

NdeI-3‟ TAL1 TCATATGCATTCACCGAGGGCCGGCTCCATC 

MluI-5‟ LMO2  ATACGCGTAGGATGTCCTCGGCCATCGAAAGG  

NdeI-3‟ LMO2  ATCATATGCGGTCAAGAAGCGTAGTCCGGAACGTCGTACGGGTA 

Table 3.1. List of primers used in the cloning of the MAT plasmids 
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sites upstream of the IRES sequence and a reverse primer containing the AgeI site. This 

fragment was cloned upstream to the Green Fluorescent Protein (GFP) AgeI restriction 

site. Finally, TAL1 and LMO2 were amplified by PCR from the respective plasmids 

with primers containing the MluI and NdeI restriction sites and cloned upstream of the 

IRES sequence. The pHR-SIN vectors were described previously (35) and were kindly 

provided by Prof. Maria Toribio. We cloned TAL1 and LMO2 in the pSIN-BX-IR/EMW 

vector (also provided by Prof. Maria Toribio) in the BamHI and XhoI restriction sites 

upstream of the IRES-Emerald sequence. Next we removed the TAL1-IRES-Emerald 

and LMO2-IRES-Emerald fragments from the pSIN-BX-IR/EMW vector and replaced 

the GFP on the pHR-SIN-CSGW vector. 

 

Production of VSVG-pseudotyped lentiviruses. Vesicular-Stomatitis-Virus-

pseudotyped third-generation lentiviruses were produced by transient four-plasmid 

cotransfection into 293T cells. Briefly, a total of 2 x 10
6
 293T cells were seeded in 10 

cm-diameter dishes 24 h prior to transfection in 10 mL DMEM (Gibco) with 10% fetal 

bovine serum, penicillin (100 IU/mL), and streptomycin (100mg/mL) in a 5% CO2 

incubator. 25µM Chloroquine (Sigma) was added to the culture medium 1 h prior to 

transfection. A total of 11.6 µg of plasmid DNA was used for the transfection of one 

dish: 2 µg of the envelope plasmid pMD2.VSVG, 1.4µg of helper plasmid pRSV-REV 

plasmid, 3,1 µg of packaging plasmid pMDLg and 5.1 µg of transfer vector plasmid 

where TAL1 and LMO2 were cloned. The precipitate was formed by adding the 

plasmids to a final volume of 450 µl of sterile water and 50 µl of 2.5 M CaCl2, mixing 

well, then adding dropwise to 500 µl of 2x HBSP buffer (280 mM NaCl, 10mM KCl, 

50 mM HEPES, 1.6 mM Na2HPO4, 10mM D(+) Glucose [pH 7.05]) while vortexing 

and immediately adding the precipitate to the cultures. The medium (10 mL) was 

replaced after 14 to 16 h with medium containing 20mM HEPES (pH=7.9) and 10mM 

Sodium Butyrate (6 mL), which was then replaced again after 8 h to 10 h by fresh 

medium (6 mL). The conditioned medium (Lentiviral Supernatants) was collected after 

another 24 h, filtered through 0.45 mm pore-size cellulose acetate filters, concentrated 

using Amicon Columns (Millipore) and then stored at -80°C until use.  

 

Cell lines. The OP9-Dll1 cells were kindly provided by Prof. Zuñiga-Pflücker (36), 

maintained in MEM medium supplemented with 20% fetal bovine serum (MEM-20). 
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293T cells were maintained in DMEM medium supplemented with 10% fetal bovine 

serum (DMEM-10). 

 

Transduction of 293T cells. 100 x 10
3
 293T cells were seeded with 2 mL of DMEM-

10 per well in 6-well plates. In the following day, the medium was removed and a 1:1 

dilution of lentiviral supernatant in DMEM-10 was added. 72 h post-transduction, the 

cells were washed and sorted for high expression of GFP. Sorted 293T cells were 

expanded and lysed for protein extracts when indicated.  

 

Isolation and transduction of hematopoietic and thymic progenitors. Institutional 

review board approval was obtained for umbilical cord-blood and thymic sample 

collections from Comissão de Ética, Faculdade de Medicina da Universidade de Lisboa 

(Lisbon, Portugal) and Comissão de Ética of Centro Hospitalar de Lisboa Ocidental 

(Carnaxide, Portugal), respectively. Umbilical cord blood (UCB) was collected in sterile 

heparinized bags and mononuclear cells were isolated by density gradient centrifugation 

(Lympholyte, Cedarlane). CD34
+
 cells were isolated using the CD34 Microbead kit 

(Miltenyi Biotec) and separated in MidiMACS separation columns (Miltenyi Biotec) 

according to the manufacturer‟s instructions. The CD34
+
 cells were further sorted for 

CD34
+
CD38

-
 cells. Normal thymocytes were isolated from thymic tissue obtained from 

children undergoing cardiac surgery. The tissue was gently minced in medium, the 

resulting cell suspension was filtered through a cell strainer, and thymocytes were 

enriched by density centrifugation to greater than 95% purity. The thymocytes were 

enriched in CD34
high

 using the Human Cord Blood CD34 pre-enrichment cocktail (Stem 

Cell Technologies) and depleted of CD1a cells with MidiMACS (Miltenyi biotec). 

Purified precursors were transduced in retronectin (Takara) coated plates. Briefly, 10
5
 

cells were incubated in 500µl IMDM with 1% BSA plus 10ng/mL of SCF and FLT3L 

in a retronectin-coated well (5µg/well) of a 24-well plate with 500µl of the respective 

concentrated lentiviral supernatant. The cells were incubated overnight at 37ºC, and in 

the next day, more lentiviral supernatant was added.  

 

OP9-Dll1 co-cultures. Co-cultures of OP9-Dll1 stromal cells with hematopoietic cells 

were performed as described (37). Briefly, 10
5
 transduced thymic-derived CD34

+
CD1a

-
 

or umbilical-cord blood derived CD34
+
CD38

-
 cells were added to a sub-confluent layer 

of OP9-Dll1 cells. The co-cultures were maintained in MEM-20 medium supplemented 
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with 10ng/mL of IL-7 and FLT3L and the medium replaced every two days. At the 

indicated time points the cells were harvested, counted (when indicated) and analyzed 

by flow cytometry.  

 

Flow Cytometry. Standard procedures were used to stain the cells with fluorochrome-

conjugated antibodies. The antibodies used in this study were CD34-PerCP-Cy5.5 and 

TCRαβ-PE (Becton-Dickinson), CD1a-PE, CD3-PerCP-Cy5.5, CD4-PE-Cy7, CD7-PE, 

CD8-APC, CD19-PerCP-Cy5.5 and CD38-PE (ebioscience). Samples were acquired in 

a FACScalibur (Becton-Dickinson) or FACScanto (Becton-Dickinson) and analyzed 

using Flow Jo. 

 

Immunobloting. Transduced or transfected 293T cell lysates were lised as described 

(38) and equal amounts of protein were resolved by 12% SDS-PAGE, transferred onto 

nitrocellulose membranes, and immunoblotted with the following antibodies or antisera: 

HA (Santa-Cruz Biotechnology), Actin (Santa-Cruz Biotechnology), TAL1 (Millipore) 

and GFP (Roche). After immunobloting with primary antibodies, immunodetection was 

performed using HRP-conjugated anti-mouse IgG (Promega), anti-rabbit IgG (Promega) 

or anti-goat IgG (Santa-Cruz Biotecnology), as indicated by the host origin of the 

primary antibody, and developed by chemiluminescence (Thermo Scientific).  

 

RNA extraction, RT-PCR and semi-quantitative-PCR. When indicated, RNA was 

extracted using High Pure RNA Isolation Kit (Roche) according to the manufacturer‟s 

instructions. For the RT-PCR, a total of 65ng of total RNA was reverse transcribed 

using SuperScript II (Invitrogen) and random hexamers. Primers used in the semi-

quantitative PCR are described in Table 3.2. The PCR reactions were performed in 

50µl, using 3 µl cDNA, 2U of Gotaq DNA polymerase (Promega) and 200nM of each 

primer, according to manufacturer‟s instructions. All the amplifications were performed 

in a 96-well MyCycler (Bio-Rad). After the initial denaturation of 5 min at 95ºC, PCR 

products were amplified by 40 cycles of 30 seg at 95ºC, 1 min at 60ºC and 1 min at 

72ºC. 15µl aliquots were removed at cycles 20, 30 and 40. The PCR products were 

separated in a 2% agarose gel and visualized under UV light. 
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Gene Forward primer 5' to 3' Reverse primer 5' to 3' 

TAL1 AACAATCGAGTGAAGAGGAG CTTTGGTGTGGGGACCAT 

LMO2 TCAGAGGAACCAGTGGATGAG CCGGCCCAGTTTGTAGTAGA 

IRES ATACCGGTACGCGTCATATGAATTCCGCCCCTCTC CGATACCGGTGGTTGTGGCCATATTATC 

GAPDH GGAGTCAACGGATTTGGTCG GACAAGCTTCCCGTTCTCAG 

 

 

Results 

Establishment of a system to simultaneously transduce target cells with 

three genes  

In order to simultaneously and stably express the TAL1 gene together with LMO2 

and a reporter gene into human Hematopoietic stem cells (HSCs) or early T-cell 

progenitors (ETPs) we used a third generation lentiviral vector developed in Naldini‟s 

Lab (34), which displays an internal bi-directional promoter that allows the cloning and 

efficient expression of two genes in opposite directions. Engineering this vector to 

become bi-cistronic in one of its directions, we were able to express both TAL1 and 

LMO2 genes, as well as eGFP (enhanced Green Fluorescent Protein), in the same target 

cell.  

The schematic representation of the five different constructs we generated is 

described in Figure 3.1A. The empty vector (MAT-IRES-eGFP) consists of an IRES-

eGFP cassette cloned downstream of the human Phosphoglycerate kinase promoter 

(hPGK) and WPRE, which is a post-transcriptional regulatory element from the 

woodchuck hepatitis virus. This expression cassette is flanked by the 5‟ and 3‟ LTR. 

The TAL1 and LMO2 genes were cloned upstream of the IRES-eGFP cassette. To create 

the plasmids minCMV-TAL1/LMO2-MAT-TAL1/LMO2-IRES-eGFP, TAL1 and 

LMO2 were cloned downstream of the minimal (TATA box and +1 nucleotide) 

Cytomegalovirus (CMV) promoter, and inserted in the opposite direction to the hPGK. 

All the constructs were confirmed by sequencing.  

These constructs (Figure 3.1A) were then used to produce VSVG-pseudotyped 

lentiviruses to transduce 293T fibroblasts. After transduction, we sorted the GFP 

positive 293T cells and expanded them in culture.  

 

Table 3.2. List of primers used in semi-quantitative-PCR 
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Figure 3.1. Transduction of MAT vectors into 293T and CD34
+
 CD38

-
 cord blood 

cells. (A) Schematic representation of the MAT transfer plasmids. MAT viruses were 

produced in 293T cells using four different plasmids: the transfer vector (shown in the 

figure), and the packaging vector, the REV expressing vector and the envelop protein 

vector Vesicular Stomatitis Virus G Glycoprotein (not shown). (B) 293T cells (not used to 

produce the viruses) were transduced with the indicated MAT vectors and 72 h post-

transduction the GFP-positive cells were sorted and expanded for 5 days. GFP expression 

of sorted cells was analyzed by flow cytometry and confirmed to be higher than 50% in all 

cases. Cells were then lysed and TAL1, LMO2 and GFP expression were analyzed by 

immunoblot. Actin was used as loading control. (C) Umbilical cord blood-derived 

CD34
+
CD38

-
 cells were transduced with the indicated MAT vectors and 48 h post-

transduction the expression of TAL1, LMO2 and IRES was analyzed. GAPDH was used as 

loading control.  
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As shown in Figure 3.1B, we detected LMO2 protein (tagged with HA) in the 

lanes 4, 5 and 6 that contain the conditions where 293T cells were transduced with 

MAT-LMO2-IRES-eGFP, mTAL1-MAT-LMO2-IRES-eGFP and mLMO2-MAT-

TAL1-IRES-eGFP, respectively. The level of expression in lane 6 is lower than the 

previous ones, due to the fact that the LMO2 gene was cloned downstream of the 

minCMV promoter that is less efficient than hPGK (34). TAL1 was detected in lanes 3, 

5 and 6 that contain the conditions where 293T cells were transduced with MAT-TAL1-

IRES-eGFP, mTAL1-MAT-LMO2-IRES-eGFP and mLMO2-MAT-TAL1-IRES-eGFP, 

respectively. The expression was lower in lane 5 for the same reason as for LMO2. As 

expected, we detected GFP in all lanes containing transduced cells. These results show 

that we were able to successfully clone three genes in the same vector and to detect the 

proteins encoded by these genes.  

 

Detection of TAL1 and LMO2 in cord-blood CD34
+
CD38

-
 cells  

Human hematopoietic stem cells are essentially quiescent, and lentiviral vectors 

are considered the most efficient means to deliver genes into these cells (42). We 

transduced isolated umbilical cord blood CD34
+
CD38

-
 cells, enriched in hematopoetic 

stem (HSC) and progenitor cells, with the constructs described in Figure 3.1A. In order 

to detect TAL1 and LMO2 gene expression in transduced cells, we extracted the RNA 

and performed semi-quantitative PCR. As expected, TAL1 and LMO2 RNA expression 

was detected in cells that were not transduced or transduced with the empty vector 

(Figure 3.1C). This is in agreement with the know expression and essential function of 

TAL1 and LMO2 in hematopoietic stem cells (39, 40). Nonetheless, the basal levels of 

TAL1 and LMO2 were clearly upregulated upon transduction with the respective vectors 

(Figure 3.1C). High TAL1 expression was detected in cells transduced with MAT-

TAL1-IRES-eGFP, mTAL1-MAT-LMO2-IRES-eGFP and mLMO2-MAT-TAL1. 

Similar results were obtained in cells transduced with MAT-LMO2-IRES-eGFP, 

mTAL1-MAT-LMO2-IRES-eGFP and mLMO2-MAT-TAL1-IRES-eGFP, which 

increased the levels of LMO2 gene expression. To confirm that the cells have been in 

fact transduced, and the levels of TAL1 and LMO2 expression were not due to 

differential culture conditions, we also measured the expression levels of the IRES 

cassette that the vector harbors internally (Figure 3.1C). These results show that we 
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were able to transduce umbilical cord-blood hematopoietic CD34
+
CD38

-
 cells using 

bidirectional vectors cloned with both TAL1 and LMO2 genes. 

 

Forced TAL1 and LMO2 expression in CD34
+
CD38

-
 cells affect human T-

cell differentiation in vitro  

In transgenic mouse models, the role for TAL1 and LMO2 in T-cell leukemia is 

well established and associates with an arrest in T-cell development (13-15, 22-25). In 

order to investigate whether TAL1 could have an actual role in the development of 

human T-cell leukemia, we started by analyzing the function of this gene in co-culture 

systems that allow the differentiation of human T-cells. Since TAL1 is often co-express 

with LMO2 in T-ALL (4), we also analyzed the possible synergistic effect between 

these two genes.  

Mouse hematopoietic progenitor cells can differentiate into mature and functional 

T-cells after 17 days in culture with a stromal layer of OP9-Dll1 cells (36). 

Furthermore, the same co-culture system was used to differentiate human hematopoietic 

stem cells into functional T-cells (37). We transduced CD34
+
CD38

-
 isolated from 

umbilical cord-blood with the vectors described in Figure 3.1A and co-cultured these 

cells with OP9-Dll1 cells for 3 weeks. Forced TAL1 expression per se did not affect 

cell size. However, when TAL1 was expressed under a strong promoter it clearly 

synergized with LMO2 (Figure 3.2A).  

T-cell development was also affected by the expression of TAL1 and LMO2. CD7 

expression decreased in all conditions when compared to empty transduced cells (Figure 

3.2B). Furthermore, there was a tendency for a minor percent increase in CD34+ CD7- 

stem/progenitor cells (Figure 3.2B). The co-culture system allowed the development of 

a small amount of CD4
+
CD8

+
 T-cells in the control condition (Figure 3.2C) that express 

CD3 (Figure 3.2D). The proportion of this population decreased when cells were 

transduced with TAL1 or LMO2 (Figure 3.2C), and also in the condition where TAL1 is 

less expressed than LMO2 (mTAL1-MAT-LMO2-IRES-eGFP), in agreement with an 

earlier developmental block. However, when TAL1 expression is higher than LMO2 

(mLMO2-MAT-TAL1-IRES-eGFP), cells differentiated into a distinct population of 

CD4
+
CD8

+
 (Figure 3.2C) with high levels of CD3 (Figure 3.2D). Notably, our results 

are in agreement with reports indicating that TAL1-expressing T-ALL patients are 

associated with a CD3
+
 CD4

+
 CD8

+
 phenotype (4).  
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These results indicate that this co-culture system is a valid model for further 

dissection of the mechanisms behind TAL1/LMO2-induced human leukemogenesis. 

Figure 3.2. Coordinated expression of TAL1 and LMO2 in human hematopoietic 

progenitors promotes cell growth and leads to the differentiation of CD3
+
CD4

+
CD8

+
 

cells. (A-D) Umbilical cord blood-derived CD34
+
CD38

-
 were transduced with the indicated 

MAT vectors. At 48 h post-transduction, the cells were co-cultured with OP9-Dll1 cells. 

After 3 weeks of co-culture (A) cell size (as determined by FSC/SSC distribution), and 

expression of (B) CD34 and CD7, (C) CD4 and CD8, and (D) CD3 within the CD4
+
CD8

+
 

population were analyzed  by flow cytometry. 
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Taken together, the preliminary results obtained with this co-culture system 

indicate that TAL1 and LMO2 ectopic expression can disrupt normal human T-cell 

development. 

 

High TAL1 and LMO2 expression in human thymic progenitors increases 

cell proliferation and has a striking effect on T-cell differentiation  

The vectors described in Figure 3.1 offer a simple strategy to analyze the possible 

synergistic impact of TAL1 and LMO2 gene expression in human hematopoietic 

progenitors. In fact, transduction of hematopoietic progenitor cells with these genes 

partially disrupted in vitro T-cell development. However, the efficiency of transduction 

was very low (data not shown), which could result in an underestimation of the effects 

of these two genes. To address this question, we cloned TAL1 and LMO2 into a new 

lentiviral vector (pHR-SIN). We detected both TAL1 (middle lane) and LMO2 (right 

lane) in transfected 293T cells (Figure 3.3A). However, using this cloning strategy, we 

could not transduce the hematopoietic stem cells with a single vector carrying both 

genes. Instead, we transduced the cells with both vectors (pHR-SIN-TAL1 and pHR-

SIN-LMO2).  

To allow for a more direct assessment of the effect of TAL1 and LMO2 in human 

T-cell development, we next isolated CD34
+
CD1a

- 
thymic progenitor cells (instead of 

cord-blood HSCs), transduced them with the pHR-SIN lentiviral vectors and co-

cultured these cells with OP9-Dll1 cells. The efficiency of transduction of these cells 

was high, allowing the distinction between GFP positive and negative cells (data not 

shown). As shown in Figure 3.3B, cells proliferated in a time-dependent manner. 

Forced expression of LMO2 induced strong proliferation of thymic progenitors after day 

17 (Figure 3.3B), in contrast to cells transduced with the empty vector and with TAL1. 

In fact, TAL1 expression in these thymic progenitors did not increase the cell number 

relative to the empty vector transduced cells. TAL1 and LMO2 co-expression in these 

progenitors had a slight increase relative to empty transduced cells but only at the later 

days of co-culture (Figure 3.3B).  

Ectopic expression of both TAL1 and LMO2 decreased the expression of the CD3 

marker (Figure 3.3C) in both days analyzed, when compared to empty transduced cells. 

LMO2 expression had higher impact on CD3 expression than TAL1, and the 

transduction with both genes did not seem to have a synergistic effect.  
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Moreover, TAL1 and LMO2 expression also decreased the percentage of double-

positive cells (CD4
+
CD8

+
) at day 17 and to a minor extent at day 26 (Figure 3.3D). This 

Figure 3.3. High TAL1 and LMO2 expression in human T-cell progenitors disrupts 

normal T-cell development. (A) 293T cells were transfected with the indicated pHR-SIN 

vectors and 48 h post-transfection the cells were lysed. TAL1, LMO2 and GFP expression 

were analyzed by immunoblot. (B-E) Thymic-derived CD34
+
CD1a

-
 progenitors were 

transduced with the respective pHR-SIN vectors for 48 h and then co-cultured in a stromal 

layer of OP9-Dll1 cells for 26 days. (B) At the indicated time points, viable cells were counted 

by trypan-blue exclusion and GFP expression was analyzed by flow cytometry. The bars 

indicate the number of cells, normalized to the expression of GFP in the respective time point. 

(C-D) At day 17 and 26 of co-culture, expression levels of (C) CD3 and (D) CD4/CD8 were 

analyzed by flow cytometry. (E) The emergence of TCRαβ/CD3-expressing cells was analyzed 

by flow cytometry at day 26.   
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effect appears to be associated with an earlier block at the double negative stage and not 

to increased differentiation into CD4 or CD8 single-positive cells, as shown by 

concomitant analysis of CD3 and TCR expression. A small percentage of cells 

differentiated into CD3
+
TCRαβ

+
 T-cells. This differentiation was strongly inhibited by 

the expression of either TAL1 or LMO2 genes (Figure 3.3E). Notably, when cells were 

transduced with both genes the differentiation of CD3
+
TCRαβ

+ 
T-cells was inhibited in 

a synergistic fashion.  

The results presented here clearly show that TAL1 and LMO2 genes have a 

profound impact in human T-cell differentiation, and this is in agreement with the data 

collected from TAL1 and LMO2 transgenic mice.   

 

Discussion 

TAL1 and LMO2 are fundamental for normal hematopoietic development (41, 42), 

and are down-regulated upon T-cell differentiation (39, 40). These genes have been 

associated with T-ALL, since they are over-expressed in a high percentage of T-ALL 

patients (4). Moreover, TAL1 and LMO2 transgenic mice develop fatal and aggressive 

T-cell leukemias (13, 22, 43). In contrast to LMO2 (28, 39), and despite being 

commonly associated with human T-ALL, a clear causal role in the origin of the disease 

has not been established for the TAL1 gene. 

T-ALL is characterized by an accumulation of T-cells arrested at different stages 

of development (44), and one of the first steps in malignant transformation may be the 

arrest in T-cell differentiation. In fact, in TAL1 and LMO2 transgenic mice pre-

leukemic thymocytes are arrested at the double negative stage (CD4
-
CD8

-
) (13, 22, 43). 

Here we show that, TAL1 and LMO2 ectopic expression in hematopoietic progenitors 

and early T-cell progenitors has a clear impact in normal T-cell differentiation (Figure 

3.2-3.3).  

To test whether the ectopic expression of these genes could impact human T-cell 

differentitiation we used the OP9-Dll1 co-culture system. As described previously (37), 

this co-culture system allows the differentiation of mature and functional human T-cells 

in 52 days. We transduced umbilical cord-blood CD34
+
CD38

-
 cells and cultured them 

in an OP9-Dll1 stromal layer. The transduction of both genes had a moderate effect in 

T-cell differentiation and cellular activation, but the coordinated expression of both 

genes (mLMO2-MAT-TAL1-IRES-eGFP) allowed the differentiation of a population 
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with a clear CD3
+
CD4

+
CD8

+
 phenotype and with a striking increase in cell size (Figure 

3.2). This effect on cell size may have resulted from differences in differentiation 

(different T-cell precursor subpopulations can have different sizes), increased 

proliferation (dividing cells augment their size before division) and/or a process of 

transformation (T-ALL blasts are bigger than normal thymocytes). Apart the 

considerations on cell growth, these results are in agreement with previous reports 

indicating that T-ALL patients with aberrant TAL1 expression are associated with a late 

cortical phenotype (CD3
+
CD4

+
CD8

+
) (4). It is interesting to observe that TAL1 and 

LMO2 expression per se in hematopoietic progenitors only slightly impaired normal T-

cell development (Figure 3.2). However, when both genes were co-expressed (where 

TAL1 is expressed at higher levels in the mLMO2-MAT-TAL1-IRES-eGFP construct), 

the blockade in T-cell development was higher (Figure 3.2). These results suggest that 

TAL1 ectopic expression is able to reduce T-cell differentiation, but it likely requires 

further events leading to malignant transformation, namely LMO2 expression. The 

requirement for a second event was also observed in TAL1 transgenic mouse models 

(13, 15). TAL1 transgenic mice develop leukemia with long latency periods, but when 

combined with another pro-leukemogenic event, such as CK2 (13), LMO1 or LMO2 

(22, 26) expression and heterozigoty of E2A/HEB genes (15), the latency period is 

reduced. Surprisingly, LMO2 expression per se did not have a great impact in T-cell 

development (Figure 3.2), not even when combined with low TAL1 expression 

(mTAL1-MAT-LMO2-IRES-eGFP). This is in contrast with reports in transgenic mice 

where LMO2 expression completely abrogates normal T-cell differentiation that 

precedes the development of leukemia (22, 24, 43).  

The initial lentiviral system that we used, allowed the coordinated expression of 

both TAL1 and LMO2 genes in the same target cell, but with low efficiency of 

transduction. This fact could explain why we observed moderate effects upon 

transduction of hematopoietic progenitor cells with the TAL1 and LMO2 genes. To 

circumvent this technical problem, we cloned both genes into pHR-SIN based lentiviral 

vectors that are more efficient in the transduction of hematopoietic stem cells. The 

transduction of thymic T-cell progenitors with the TAL1 and LMO2 genes cloned in 

pHR-SIN based-vectors severely impaired T-cell differentiation, decresing the 

expression of all the T-cell markers tested (Figure 3.3). Interestingly, in contrast with 

the results generated using the other lentiviral system (Figure 3.2), ectopic expression of 

LMO2 had a higher impact in T-cell differentiation than TAL1 (Figure 3.3), in 
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agreement with data collect from transgenic mouse models (22). Our results with this 

lentiviral system did not show a synergistic impact of TAL1 and LMO2 expression in T-

cell differentiation. This could be due to a technical limitation of the system, since we 

transduced the genes in separate vectors using the same reporter gene. Thus, we could 

not assess whether the same cell is transduced simultaneous with TAL1 and LMO2. In 

these conditions the GFP-positive population likely consists in a mixture of cells that 

express either TAL1 or LMO2 and a fraction that expresses both genes. 

Several reports (22, 25-27, 40) indicate that TAL1 cooperates with LMO proteins 

(LMO1 and LMO2) to induce leukemia in transgenic mice. In these models, leukemia 

development is preceded by an arrest in T-cell differentiation due to the accumulation of 

immature CD4
-
CD8

-
 cells in the thymus. The reason for this accumulation could be due 

to increased apoptosis of CD4
+
CD8

+
 cells (26), but the inability of CD4

-
CD8

-
 cells to 

differentiate has also been suggested (40). Recently, it was observed that CD4
-
CD8

-
 

immature cells increase proliferation upon expression of TAL1 and LMO1 genes (27). In 

our co-culture experiment, LMO2 expression increased cell counts by 15 fold relative to 

empty transduced cells (Figure 3.3), which could also reflect increased proliferation of 

immature T-cells.  

Despite the heterogeneity between the two experimental settings reported here 

(which could be due not only to the different vectors used and their specific limitations, 

but also to the fact that we transduced different populations in each case), our results 

provide the first indication that TAL1 ectopic expression can impair human T-cell 

development. The deregulation of normal T-cell development seems to precede the 

development of leukemogenesis in TAL1 and LMO2 transgenic mice. Our preliminary 

data reported here, supports the notion that TAL1 and also LMO2 ectopic expression 

can be leukemogenic triggers in human T-ALL. The analysis of how TAL1 and LMO2 

deregulate normal T-cell development may be a critical step in understanding the 

leukemogenic signatures of these genes in T-ALL. 
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Abstract 

TAL1, a transcription factor involved in early hematopoiesis, is overexpressed in 

a high percentage of T-cell acute lymphoblastic leukemia (T-ALL) cases, and TAL1 

transgenic mice develop T-cell malignancies. However, the mechanisms by which 

TAL1 possibly contributes to leukemogenesis are very ill defined, particularly in 

humans. To identify novel TAL1 effectors we generated an inducible system, in which 

TAL1, fused to the hormone binding domain of the estrogen receptor (ER), translocates 

to the nucleus on addition of 4-hydroxy-tamoxifen (4-OHT). Microarray analysis of the 

gene expression profile in HPB-ALL, a TAL1-negative T-ALL cell line, stably 

transduced with ER-TAL1, revealed a total of 26 genes up- or down-regulated upon 4-

OHT treatment, in at least two independent experiments. We selected seven of those 

genes on the basis of their function/potential interest in cancer and confirmed the 

differential expression of three (CASZ1, DMGDH and OR5M3) by qRT-PCR. 

Accordingly, transfection of another TAL1-negative T-ALL cell line, P12, with TAL1, 

also led to increased expression of the validated TAL1 target genes. Conversely, knock-

down of TAL1 with siRNA in the TAL1-positive T-ALL cell line Jurkat decreased the 

expression of CASZ1, correlating with loss of cell viability. Furthermore, similar to 

TAL1, CASZ1 knock-down negatively affected cellular viability and proliferation of T-

ALL cells. The genes identified in this study can provide new clues on how TAL1 may 

be involved in T-ALL. 

 

Introduction 

T-cell acute lymphoblastic leukemia (T-ALL) is a heterogeneous disease, 

characterized by the clonal expansion of malignant hematopoietic progenitors arrested 

at different stages of development. Ectopic expression of oncogenic transcription factors 

is associated with T-ALL (1-3). TAL1 is over-expressed in up to 65% of T-ALL 

patients, and TAL1 expression was reported to associate with poor prognosis (4). 

Several chromosomal translocations are responsible for TAL1 ectopic expression in T-

ALL patients (5-9). However, the interstitial deletion [del(1)p32p32 or TAL1
d
], which 

renders TAL1 gene expression under the control of the SIL promoter (10), is the most 

common mechanism TAL1 deregulation in T-ALL. Still, a significant number of T-
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ALL cases present TAL1 ectopic expression without evidence of genomic alterations 

involving its locus (4, 11).  

TAL1 expression in T-ALL is associated with resistance to apoptosis. TAL1 

ectopic expression in cell lines protects from apoptosis (12) and loss of TAL1 

expression and activity results in increased apoptosis (13, 14). However, the 

mechanisms by which TAL1 likely exerts its leukemogenic effect are still far from 

being understood. The TAL1 gene codes for a class II bHLH transcription factor (5) that 

heterodimerizes with the class I bHLH transcription factors E2A and HEB (15, 16) to 

bind the DNA in specific sequences termed E-boxes (17). Several studies demonstrated 

that TAL1 inhibits E2A mediated gene transcription (18-20). More importantly, this 

inhibition was shown to be the trigger for the development of leukemia in a TAL1 

transgenic mouse model (21). In addition to this negative role, TAL1 has also been 

shown to promote the transcription of several genes, although validated direct targets 

are relatively few. In the context of leukemia, RALDH2 (22); NFKB1 (23) and NKX3.1 

(24) were shown to be regulated by TAL1. TAL1 target genes have also been reported 

in other cellular contexts, including normal hematopoiesis (25, 26), embryogenesis (27) 

and erythropoiesis (28, 29).  

Recently, in a genome-wide study, TAL1 was shown to bind the promoter of a 

high number of genes in association with E2A and HEB. Importantly, TAL1 modulated 

the expression of several genes (TRAF3; RAB40B; EPBH1; PTPRU; TTC3 and RPS3A), 

which are involved in important cellular functions (30).Genome-wide studies are 

important to understand which genes could be regulated by TAL1. However, they do 

not allow to pinpoint which genes contribute to the malignant process elicited by TAL1.  

To identify new TAL1 target genes in the context of T-ALL, we analyzed TAL1-

induced gene expression profile. We identified and validated three genes (CASZ1, 

DMGDH and OR5M3) whose expression is positively regulated by TAL1. Importantly, 

knock-down of CASZ1 expression decreases T-ALL cell viability and proliferation. Full 

characterization of the genes identified in this study, particularly CASZ1, might 

contribute to the understanding of how TAL1 can participate in T-ALL. 

 

Materials and Methods 

Cloning procedures. The #-ER-empty and #-ER-TAL1 vectors were derived from the 

#304.pCCL.sin.cPPT.pA.CTE.eGFP.minCMV.hPGK.deltaNGFR.WPRE (31). TAL1 
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was amplified by PCR from the pcDNA3.1 (+) zeo TAL1 and cloned into the pcDNA3-

ER plasmid (kindly provided by Prof. P. J. Coffer) that contains the hormone-binding 

domain of the estrogen receptor (32). TAL1 was fused in frame in the C-terminus of the 

Estrogen-Receptor and the results were confirmed by sequentiation. Both ER and ER-

TAL1 were then amplified by PCR and cloned into the 

#304.pCCL.sin.cPPT.pA.CTE.eGFP.minCMV.hPGK.deltaNGFR.WPRE with the 

appropriate restriction enzymes (SphI-SalI). TAL1 was amplified by PCR from the 

pcDNA3.1 (+) zeo TAL1 and cloned in frame with a HA-tag to create the pMT2-HA-

TAL1 vector. The results were confirmed by sequentiation. The primers used in the 

cloning procedures are listed in Table 4.1. 

 

 

Designation  5' to 3' 

ERNTAL1F TAGATATCGGAGGAATGACCGAGCG 

ERNTAL1R TAGATATCTCACCGAGGGCCGGCTCCATC 

ER F CATGCATGCTGGATGCGAAATGAAATGGGTGC 

ER R GCGTCGACTAATCCTCCGATATCGTTGGGGAAG 

ER-TAL1 R GCGTCGACTAATCACCGAGGGCCGGCTCCATC 

SmaI-TAL1 AGCCCGGGATGACCGAGCGGCCGCCGAGC 

TAL1-XhoI ATCTCGAGTCACCGAGGGCCGGCTCCATC 

 

Production of VSVG-pseudotyped lentiviruses. Vesicular-Stomatitis-Virus-

pseudotyped third-generation lentiviruses were produced as described in Material and 

Methods section in Chapter 3 (page 99).  

 

Cell lines. 293T cells were maintained in DMEM medium (Invitrogen) supplemented 

with 10% fetal bovine serum (DMEM-10) and were splitted every 2 days. The human 

T-ALL cell lines HPB-ALL, P12 and Jurkat have already been described and 

extensively studied. These three cell lines were maintained in RPMI medium 

(Invitrogen) supplemented with 10% FBS (RPMI-10) and splitted every 2-3 days. The 

human CML cell line K562 was maintained in RPMI-10 and splitted every 2 days. 

HPB-ALL and transfected 293T cells were cultured in the presence of 4-Hidroxy-

Tamoxifen (Sigma) at a concentration of 2.0µM. At the indicated time points, the cells 

were harvested and processed as indicated below for RNA extraction and protein lysates 

for Immunobloting. 

Table 4.1. List of primers used in the cloning procedures 
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Establishment of HPB-ALL-ER-empty and HPB-ALL-ER-TAL1 cell lines. HPB-

ALL cells were transduced in retronectin (Takara) coated plates. Briefly, 0.5 x 10
6
 cells 

were incubated in 500µl RPMI-10 in a retronectin-coated well (5µg/well) of a 24-well-

plate with 500µl #-ER-empty and #-ER-TAL1 lentiviral supernatant. Cells were 

incubated over-night at 37ºC, and in the following day, were washed and fresh media 

added. Cells were expanded and sorted for high GFP expression. 

 

Immunofluorescence. 293T cells were grown in coverslips and transfected with 1.0µg 

of each plasmid (pcDNA3.1 (+) zeo TAL1 and pcDNA3-ER-TAL1) using Fugene 6 

reagent (Roche) according to the manufacturer‟s instructions. After transfection, cells 

were washed with PBS, fixed with 1% PFA and permeabilized with PGS (PBS + 0.2% 

Gelatin + 0.05% Saponin). TAL1 was detected using a mouse α-TAL1 primary 

antibody (Millipore), followed by incubation with Alexa Fluor 488–conjugated goat 

anti-mouse antibody (Invitrogen). The images were acquired by confocal microscopy 

using a Zeiss LSM 510 Meta microscope, using identical acquisition parameters in one 

imaging session. 

 

RNA isolation and Affymetrix GeneChip analysis. RNA labeling, hybridization to 

the Affymetrix HuGene 1.0 ST arrays and scanning was performed by the Affymetrix 

Core Facility, Instituto Gulbenkian de Ciência, Portugal, as described below. Total 

RNA was extracted using the High Pure RNA extraction Kit (Roche). Concentration 

and purity were determined by spectrophotometry and integrity was confirmed using an 

Agilent 2100 Bioanalyzer with a RNA 6000 Nano Assay (Agilent Technologies). RNA 

was processed for use on Affymetrix HuGene 1.0 ST arrays, according to the 

manufacturer‟s One-Cycle Target Labeling Assay. Arrays were scanned on an 

Affymetrix GeneChip scanner 3000 7G. All the microarray data analysis was performed 

using R and several packages available from CRAN (R Development Core Team, 2008) 

and Bioconductor. The raw data (CEL files) was normalized and summarized with the 

Robust MultiArray Average method from the affy package. The differentially expressed 

genes were selected using linear models and empirical Bayes methods as implemented 

in limma package, verifying the p-values corresponding to moderated “F statistics”, and 

selecting as differentially expressed genes those that had adjusted p-values lower than 

0.005. 
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RNA extraction, RT-PCR and (semi)-quantitative-PCR. When indicated, RNA was 

extracted using the High Pure RNA Isolation Kit (Roche) according to the 

manufacturer‟s instructions. For the RT-PCR, up to 1µg of total RNA was reverse 

transcribed using SuperScript II (Invitrogen) and random hexamers. Expression of each 

gene was normalized to the expression levels of GAPDH. Primers used in the semi and 

quantitative -PCR are described in Table 4.2. Semi-quantitative PCR was performed in 

20ul reactions, using 2ul of cDNA, 200nM each primer and 2U of Gotaq polymerase 

(Promega) according to manufacturer‟s instructions. PCR reactions were performed in 

an 96-Well MyCycler (Bio-Rad), after the initial denaturation of 5 min at 95ºC,  PCR 

products were amplified by 30 cycles of 30 seg at 95ºC, 1 min at 60ºC and 45 seg at 

72ºC with a final extension step of 5 min at 72ºC. The PCR products were separated in a 

2% agarose gel and visualized under UV light. For quantitative PCR, the transcripts 

were amplified in 25µl reactions, using 10 µl cDNA, 12.5 µl Power SYBR Green 

(Applied Biosystems) and 200nM of each primer, according to manufacturer‟s 

instructions. All the amplifications were performed in an ABI PRISM 7500 

thermocycler (Applied Biosystems) for 2 min at 50ºC, 10 min at 95ºC, followed by 45 

cycles of 15 seg at 95ºC, and 1 min at 60ºC. 

 

 

Gene Forward primer 5' to 3' Reverse primer 5' to 3' 

TAL1 AACAATCGAGTGAAGAGGAG CTTTGGTGTGGGGACCAT 

RALDH2 AGGAGATCTTTGGCCCTGTT  TCTGGGCATTTAAGGCATTGTAAC 

CASZ1-TV1 CAGGCTAGGTTGCAAGTACA CTCATCTGTCTCAGCATCCA 

CASZ1-TV2 AGAAGTGAGTCCCTCGATGA AGCATCTTTGGCTAGAAGGA  

DRAM ATTTCCATAACCAAGCTGGA GGGTGACACTCTGGAAATCT 

DMGDH GGCCAGGACACTCAGTACA TAAAACCCACCTTTGGAATG 

KLRK1 GATGGCAAAAGCAAAGATGT CAGTAACTTTCGGTCAAGGG 

OR5M3 GCAATTGGGAATCCTCTGCTTTATGGC GCTGCCAGACTCGTCAGAAAACCA 

S100A1 AGACCCTCATCAACGTGTTC CACATCCTTCTGGGCATC 

TM4SF1 CAAAGTATGCCTCCGAAAAC TACAGAAGAAAGCATCGCAC 

GAPDH GGAGTCAACGGATTTGGTCG GACAAGCTTCCCGTTCTCAG 

 

Electroporation of P12 cells. Electroporation of P12 cells was performed using the 

Gene Pulser II (Bio-Rad). P12 cells were washed in RPMI-10 medium and 

ressuspended at a concentration of 40 x 10
6
/mL in RPMI-10 medium (without 

antibiotics) with 40 μg of pMT2-HA or pMT2-HA-TAL1 plasmid DNA. 300µl samples 

Table 4.2. List of primers for quantitative and semi-quantitative-PCR. 
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were placed in 4 cm–gap cuvettes (Bio-Rad) and electroporation was performed using 

350V and 750µF parameters. After electroporation, cells were washed and cultured for 

24 h in RPMI-10 medium. 

 

Nucleofection of Jurkat cells. Nucleofection of Jurkat cells was performed using the 

Amaxa Nucleofector II (Lonza) according to the manufacturer‟s instructions. Jurkat 

cells were washed in RPMI-10 medium and 2 x 10
6
 cells were ressuspended in 100µl of 

solution V with 2µM of the respective small interfering RNA (siRNA) (Dharmacon). 

Jurkat cells were nucleofected using the X-001 program and after the nucleofection the 

cells were cultured for 24 h in RPMI-10 medium.  

 

Viability assays. 48 h post-nucleofection cellular viability was examined using 

Annexin-V and 7-Aminoactinomycin D.  The cells were stained with Fluorescein 

Isothiocyanate- conjugated Annexin V (eBiosciences) and 7-Aminoactinomycin D 

(eBiosciences) at room temperature for 15 min in the appropriate binding buffer, and 

subsequently analyzed by flow cytometry (FACSCalibur; Becton- Dickinson,). 

 

Proliferation assays. 24 h post-nucleofection the cells were cultured (2 x 10
6
 cells/mL) 

in triplicate in RPMI-10 medium, in flat-bottomed 96-well plates at 37°C with 5% CO2 

and incubated with 3H-thymidine (1µCi/well) for 16 h prior to harvest. DNA synthesis 

was assessed by 
3
H-thymidine incorporation at 48 h post-nucleofection.  

 

Immunobloting. At the indicated conditions, cell lysates were prepared and equal 

amounts of protein were analyzed by 12% SDS-PAGE. The proteins were transferred 

onto nitrocellulose membranes and immunoblotted with an antibody for ER (Santa-Cruz 

Biotechnology). After immunobloting with the primary antibody, immunodetection was 

performed using HRP-conjugated anti-mouse IgG (Promega) and developed by 

chemiluminescence (Thermo Scientific).  

 

Statistical analysis. Differences between populations were calculated using unpaired 2-

tailed Student‟s t test or One-way ANOVA, when appropriate (p<0.05 was considered 

significant). 
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Results 

TAL1 inducible system  

To identify possible target genes that could be directly induced upon TAL1 

expression, we used the 4OHT inducible system. The modified Hormone-binding 

domain (HDB) of the Estrogen Receptor (ER) (32, 33) was fused to the N-terminus of 

the TAL1 protein (ER-TAL1). As shown in Figure 4.1A, the ER-TAL1 protein is 

sequestered in the cytoplasm due to the interaction of the ER domain with chaperones 

(HSPs). When 4OHT is added to the cells, it binds to the ER-TAL1 fusion protein, 

allowing its release from the chaperones and translocation into the nucleus. Once in the 

nucleus, the ER-TAL1 fusion protein can activate the expression of TAL1 target genes 

(Figure 4.1A). This type of induction system was developed to allow the refined 

regulation of transcription factor activity (32, 33), although it has also been used to 

study the function of signal transducer proteins (34).  

TAL1 physiological localization is nuclear (Figure 4.1B, second panel) (35, 36). 

We tested the efficacy of the ER-TAL1 fusion protein in 293T cells transfected with the 

pcDNA3-ER-TAL1 plasmid. In the control condition, the ER-TAL1 fusion remained in 

the cytoplasm of the 293T cells (Figure 4.1B, third panel). Upon upon induction with 

2.0µM 4OHT, TAL1 localization shifted to the nucleus (Figure 4.1B, fourth panel). 

These results indicate that the ER inducible system works properly.  

Next, we subcloned ER and ER-TAL1 into lentiviral vectors that we transduced 

into the TAL1-negative T-ALL cell line HPB-ALL (22), in order to identify genes that 

are regulated by TAL1 activity in the context of T-ALL. As shown in Figure 4.1C, 

HPB-ALL cells properly expressed both ER and ER-TAL1 proteins. To determine 

whether the ER-TAL1 fusion effectively worked in HPB-ALL cells, we treated HPB-

ALL-ER and HPB-ALL-ER-TAL1 cells with 2.0µM 4OHT for 24 h and measured the 

expression level of the RALDH2 gene, a known TAL1 target gene (22). Induction of the 

ER-TAL1 fusion protein increased the expression of RALDH2 by roughly two-fold 

when compared to ER alone (Figure 4.1D) in a time-dependent manner (Figure 4.1E). 

These results indicate that the ER-TAL1 inducible system worked properly in HPB-

ALL cells.  

 

 

 



Identification of novel TAL1 targets in T-ALL 

126 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Overview of the TAL1 inducible system. (A) In the non-induced condition, 

Heat-Shock-Proteins (HSPs) bind to ER-TAL1 and arrest the fusion protein in the 

cytoplasm. Upon addition of 4OHT, HSPs are released from ER-TAL1 allowing its 

translocation to the nucleus and subsequent transcription of TAL1 target genes. (B) 293T 

cells were transfected with the pcDNA3-ER-TAL1 plasmid, and 24 h post-transfection 

2.0µM 4OHT was added. TAL1 localization was determined by confocal microscopy using 

an α-TAL1 antibody. 293T cells transfected with pcDNA3.1(+) zeo TAL1 plasmid were 

used as a positive control. (C) Wild type (WT) HPB-ALL cells, or stably expressing empty 

ER or ER-TAL1 were lysed and ER and ER-TAL1 expression determined by immunoblot 

using an α-ER antibody. Arrows indicate ER and ER-TAL1 expression respectively. (D-E) 

HPB-ALL-ER-empty and HPB-ALL-ER-TAL1 cells were treated with 2.0µM 4OHT in the 

indicated time points and RALDH2 expression analyzed. The graphs represent the 

expression of RALDH2 mRNA measured by quantitative RT-PCR normalized to GAPDH. 

The values were normalized relative to the untreated condition and represent mean ± 

standard deviation of duplicates ( ** p<0.01). 
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TAL1 activity up-regulates genes associated with cancer 

In order to identify potential TAL1 target genes that might have relevance in 

leukemogenesis and leukemia progression, we analyzed the gene expression profile of 

HPB-ALL-ER-TAL1 cells induced with 4OHT. We treated HPB-ALL-ER-TAL1 cells 

with 2.0µM 4OHT for 24 h in three independent experiments, and analyzed the gene 

expression profile using an Affymetrix microarray platform (Human Gene 1.0 ST). We 

selected the genes whose expression changed by at least 1.5 fold upon TAL1 induction. 

The Venn-diagram (Figure 4.2) shows the genes whose expression was altered in the 

three experiments and the overlap between them. We considered as potential TAL1 

targets exclusively those genes whose regulation showed the same trend in at least two 

experiments (Table 4.3) and discarded all the rest.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Venn diagram of the number of genes differentially expressed in each 

of three independent experiments upon TAL1 activity induction. mRNA extracted 

from HPB-ALL-ER-TAL1 cells treated with 4OHT or vehicle for 24 h was used for 

gene expression analysis by microarrays. A gene was considered positive when its 

expression in the presence, relative to the absence, of 4OHT was changed more than 1.5 

fold. 
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Gene 

Up/Down-regulation 

References 
This study 

Described in 

Cancer 

CASZ1 (SRG) Up  Up 38, 39 

CYP2B6 Up  no reports 

DMGDH Up  Up 37 

DRAM Down Down 42 

EYS Up no reports 

FGF16 Up no reports 

FLJ43390  Up no reports 

FLJ43763  Up no reports 

HIST1H2AJ Down no reports 

KCNC1 (NGK2) Up no reports 

KLRK1 (NGK2D) Down Down 43 

KRT18P49 Up no reports 

LOC283588 Down no reports 

LOC391742 Up no reports 

LOC644714 Up no reports 

OR5M3 Up no reports 

OR6C76 Up no reports 

REG3G Up no reports 

RNU13P1 Up no reports 

RNU5F Down no reports 

S100A1 Up Up 44-45 

SNORD56B Down no reports 

SNRPN Down no reports 

SUMO1P3 Down no reports 

TISP43 Up no reports 

TM4SF1 Up Up 46 

 

Next, we further narrowed the list of 26 genes to those already associated with 

cancer (Table 4.3). Therefore, among the genes whose expression changed similarly in 

at least two independent experiments, we selected six to proceed with our study 

(CASZ1, DMGDH, DRAM, KLRK1, S100A1 and TM4SF1)(37-46). We also included 

OR5M3 (47), which was up-regulated in all the three microarray experiments. Although 

OR5M3 has not been described, as far as we know, as being involved in any form of 

cancer, it belongs to the family of genes coding for G-coupled receptor proteins that 

Table 4.3. List of genes identified in the microarray experiments (similarly regulated in at least 

2 of 3 experiments). 
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have been associated with cancer progression (48). Notably, none of the genes identified 

have been described in T-ALL. 

 

CASZ1, DMGDH and OR5M3 are potential TAL1 target genes 

To validate the microarray data, we next performed quantitative RT-PCR 

analyses. The transcript levels of DRAM and KLRK1 decreased upon addition of 4OHT, 

but the effect was minor (Figure 4.3A) and we could not detect the expression of 

S100A1 and TM4SF1 in HPB-ALL cells (data not shown). In contrast, we confirmed 

that induction of TAL1 activity in HPB-ALL cells increased the expression levels of 

CASZ1 [both transcriptional variant 1 (TV1) and 2 (TV2)] ,DMGDH and OR5M3 

(Figure 4.3A).  
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To further confirm whether the expression of these three genes is regulated by 

TAL1, we electroporated another the TAL1-negative cell line P12 with a plasmid 

expressing TAL1 and measured the expression levels of CASZ1 (TV1 and TV2), 

DMGDH and OR5M3 at 24 and 48 h post-electroporation. In both time points 

measured, the expression of TAL1 increased dramatically, indicating that the 

electroporation was successful (Figure 4.3C). TAL1 ectopic expression in P12 cells 

significantly up-regulated CASZ1 and OR5M3 and slightly induced DMGDH (Figure 

4.3C). Taken together, these results support the hypothesis that TAL1 regulates the 

expression of CASZ1, DMGDH and OR5M3. 

 

CASZ1 knock-down decreases T-ALL cell viability and proliferation 

The CASZ1 gene is associated with neuronal development (39) and reported to 

protect from apoptosis (38). Interestingly, TAL1 expression and activity has also been 

associated with protection from apoptosis (12-14). To analyze the impact of CASZ1 

expression in T-ALL cells, we knocked down CASZ1 in Jurkat cells using siRNA. As 

shown in Figure 4.4A, CASZ1 siRNA decreased the expression of both transcription 

variants. We also analyzed TAL1 knockdown in the same cell line, which decreased 

resulted in diminished CASZ1 expression, further supporting a role for TAL1 in the 

regulation of this gene.  

Figure 4.3. CASZ1, DMGDH and OR5M3 are potential TAL1 target genes. (A) HPB-

ALL-ER-TAL1 cells were treated for 24 h with 2.0µM 4OHT and the expression of the 

indicated genes was measured. The graphs represent the transcript levels of the indicated 

genes measured by quantitative RT-PCR normalized to GAPDH. The values were further 

normalized relative to the untreated control condition and represent mean ± standard 

deviation of duplicates. (B) HPB-ALL-ER-empty and HPB-ALL-ER-TAL1 cells were 

incubated with 2.0µM 4OHT for 24 h and the expression of OR5M3 was analyzed by semi-

quantitative-RT-PCR. GAPDH amplification was used as a loading control. RNA extracted 

from regularly cultured K562 cells was used as a positive control. (C) P12 cells were 

electroporated with pMT2-HA and pMT2-HA-TAL1 plasmids and the transcript levels of the 

indicated genes were measured in the indicated time points. The graphs represent the 

transcript levels of the indicated genes measured by quantitative RT-PCR and normalized to 

GAPDH. The values were further normalized relative to the pMT2-HA control condition and 

represent mean ± standard deviation of duplicates. 
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The decrease in TAL1 gene expression had a small, but significant, negative 

effect on T-ALL cell proliferation, whereas CASZ1 knockdown had a higher impact on 

the reduction of cellular proliferation (Figure 4.4B). Furthermore, TAL1 knockdown 

increased apoptosis (Figure 4.4C). This result is agreement with previous reports 

indicating that TAL1 expression impacts on apoptosis (12, 13). Importantly, CASZ1 

knockdown increased apoptosis similarly to the TAL1 knockdown (Figure 4.4C). Taken 

together, our results suggest that CASZ1 might be involved in the biology of T-ALL 

Figure 4.4. CASZ1 knockdown decreases T-ALL cell viability and proliferation. Jurkat 

cells were nucleofected with siRNA for TAL1 and CASZ1 genes and the functional effects 

were analyzed. (A) TAL1 and CASZ1 mRNA levels were analyzed by quantitative-RT-PCR 

24 h post-nucleofection. The graphs represent the transcript levels of the indicated genes 

and transcription variants measured by quantitative RT-PCR and normalized to 18S. The 

values were further normalized relative to the non-targeting siRNA control condition and 

represent mean ± standard deviation of duplicates. 48 h post-nucleofection proliferation (B) 

and viability (C) were analyzed by 
3
H-thymidine incorporation and by flow cytometry 

analysis of Annexin-V-FITC/7-AAD dot-plots, respectively. (A and C) Values represent 

mean ± standard deviation of duplicates (** p<0.01; *** p<0.001). 
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and indicate that CASZ1 is positively regulated by TAL1. Analysis of OR5M3 and 

DMGDH is warranted.  

 

Discussion 

Although TAL1 has been associated with human T-ALL (4, 49), little is known 

about the transcriptional program promoted by this transcription factor in the context of 

the disease. In our preliminary study, we identified novel putative TAL1 target genes by 

showing that TAL1 forced expression up-regulates genes reported to be involved in 

other cancers (CASZ1 and DMGDH) (37-41) and a member of the olfactory receptor 

family (OR5M3) (47). 

To identify these genes, we made use of the 4OHT inducible system (33), fusing 

TAL1 with the hormone-binding-domain (HDB) of the estrogen receptor (ER), which 

allowed the translocation of TAL1 to the nucleus upon 4OHT induction (Figure 

4.1).Surprisingly, the translocation of TAL1 into the nucleus only clearly occurred after 

24 h of induction with 4OHT. This result was in contrast with other reported ER-

fusions, which are induced much faster upon 4OHT induction (32). Since the TAL1 

nuclear-localization-sequence (NLS) is N-terminal (36) it could be affected by the 

fusion with the ER. Importantly, the ER-TAL1 fusion protein was able to induce the 

expression of RALDH2 (a described TAL1-target gene) (Figure 4.1) even in the absence 

of LMO proteins (22).  

Our gene expression analyses showed that most of the genes were up-regulated 

upon TAL1 induction by 4OHT (Table 4.3), suggesting that the main action of TAL1 is 

to activate the expression of its target genes. From the list of genes described in Table 

4.3, we chose to validate only those already reported as being involved in cancer 

(CASZ1; DMGDH; DRAM; KLRK1; S100A1 and TM4SF1) and the only gene up-

regulated in all the three independent experiments (OR5M3). Of course, this strategy of 

simplification implicates that other potentially relevant genes may have been 

overlooked. We validated CASZ1, DMGDH and OR5M3 as new potential TAL1 targets 

(Figure 4.3). Ectopic expression of TAL1 in another T-ALL cell line increased the 

expression of these genes (Figure 4.3). Moreover, knockdown of TAL1 expression in T-

ALL cells decreased the expression of the CASZ1 gene. Despite the fact that our results 

suggest these genes might be TAL1 targets in T-ALL, more experiments are required to 

establish a direct link between TAL1 and their expression. Interestingly, the promoter 
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region of all the three genes contains consensus sequences (E-boxes) for TAL1 binding 

(data not shown), supporting the possibility that these are TAL1 direct target genes. 

The CASZ1 gene encodes for a transcription factor up-regulated in neuronal cell 

differentiation and transcribes two different mRNAs (39). Interestingly, TAL1 was 

shown to also play a role in neuronal differentiation (50, 51) and CASZ1 could be one of 

its targets. Moreover, CASZ1 was also shown to be expressed in a variety of human 

tumors and implicated in resistance to apoptosis (38). Importantly, TAL1 expression is 

also directly associated with resistance to apoptosis in T-ALL cell lines (12-14). Here, 

we demonstrated that CASZ1 expression regulates T-ALL cell viability and 

proliferation (Figure 4.4). These results suggest that CASZ1 may act downstream of the 

TAL1 leukemogenic pathway in the maintenance of T-ALL viability and proliferation.  

DMGDH, which encodes for dimethylglycine dehydrogenase, was also up-

regulated upon induction of TAL1. The protein is a mitochondrial matrix enzyme that 

generates sarcosine from dimethylglycine (40, 41). Its association with cancer comes 

from the fact that high levels of sarcosine are associated with the aggressiveness of 

prostate cancer cells (37). 

OR5M3 was the only gene systematically up-regulated by TAL1 in all the three 

independent experiments (Figure 4.2). OR5M3 is a member of the large family of G-

protein-coupled olfactory receptors (47). These receptors are expressed in sensory 

neurons of mammals and other tissues (52) and can be activated by a variety of 

chemical compounds (47). Recently, it was described that steroid hormones can bind to 

OR51E2, an olfactory receptor expressed in prostate cancer, and inhibit cellular 

proliferation by activation of p38 MAPK pathway (53). The ligands and activity of 

OR5M3 are unknown. Nonetheless, it is conceivable that up-regulation of OR5M3 

might contribute to TAL1-mediated leukemia.  

Overall, our study identified three novel downstream targets of TAL1 with the 

aim to characterize the possible mechanisms by which TAL1 might exert its 

leukemogenic function. The fact that T-ALL patients with TAL1 ectopic expression 

apparently have a less favorable prognosis (4), prompts for a better understanding of the 

actual participation of TAL1 in T-ALL progression, including the identification of 

functionally relevant effectors. Determining the exact participation of CASZ1, DMGDH 

and OR5M3, in the network regulated by TAL1 in the context of leukemia and whether 

they may represent novel therapeutic targets in the treatment of TAL1
+
 T-ALL requires 

considerable investigation.  
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Abstract 

The transcription factor TAL1 is a major T-cell oncogene associated with poor 

prognosis in T-cell Acute Lymphoblastic Leukemia (T-ALL). TAL1 binds histone 

deacetylase 1 (HDAC1) and incubation with histone deacetylase inhibitors (HDACis) 

promotes apoptosis of leukemia cells derived from TAL1 transgenic mice. Here, we 

show for the first time that TAL1 protein expression is strikingly down-regulated upon 

HDAC inhibition in T-ALL cells. This is due to decreased TAL1 gene transcription in 

cells with intact TAL1 locus, and to impaired TAL1 mRNA translation in cells that 

harbor the TAL1
d
 microdeletion and consequently express TAL1 under the control of the 

SIL promoter. Notably, HDACi-triggered apoptosis of T-ALL cells is significantly 

reversed by TAL1 forced overexpression. Our results indicate that the HDACi-mediated 

apoptotic program in T-ALL cells is partially dependent on their capacity to down-

regulate TAL1, and provide support for the therapeutic use of HDACis in T-ALL. 

 

Introduction 

T-cell acute lymphoblastic leukemia (T-ALL) is characterized by the clonal 

expansion of T-cell progenitors arrested at different stages of development. The T-cell 

acute lymphocytic leukemia 1 (TAL1) transcription factor is essential for normal 

hematopoeisis. However, TAL1 expression is rapidly down-regulated upon commitment 

to the T-cell lineage (1, 2). Importantly, TAL1 is ectopically expressed in 65% of T-

ALL patients (3, 4). Aberrant expression of TAL1 in T-ALL results from relatively rare 

non-random translocations that include t(1;14)(p32;q11), t(1;7)(p32;q34), 

t(1;3)(p32;q21) and t(1;5)(p32;32) (5-9), and more frequently from a small interstitial 

deletion [del(1)p32 or TAL1
d
] that renders the TAL1 gene expression dependent on the 

upstream SIL promoter (10). Bi-allelic transcriptional activation, possibly resulting 

from deregulation of the machinery normally involved in TAL1 gene repression during 

normal T-cell development, can also account for TAL1 over-expression in some T-ALL 

cases, although the precise mechanism is still unknown (11). The relevance of TAL1 in 

T-ALL is supported by studies reporting the development of fatal T-cell leukemia in 

TAL1 transgenic mice (12-15) and showing that TAL1 expression in T-ALL cell lines is 

associated with protection from apoptosis (16-18). Furthermore, TAL1 expression has 

been associated with poor prognosis in T-ALL (4). 
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Histone acetylation, which plays a pivotal role in chromatin organization and gene 

expression, is mainly regulated by two complexes of enzymes. Histone acetyl 

transferases (HAT) add acetyl groups to the N-terminus of histones, and histone 

deacetylases (HDAC) catalyze the opposite reaction (19). Increased histone acetylation 

induces an open chromatin conformation that allows the transcriptional machinery to 

access promoters and, in general, drives transcription. HDAC over-expression is 

commonly observed in cancer (20), and HDAC inhibitors (HDACis) induce apoptosis 

and growth arrest in cancer cell lines (19). Interestingly, gene expression profiling has 

shown that cancer cells treated with HDACis not only up-regulate pro-apoptotic and 

growth arrest genes but also commonly down-regulate oncogenic and proliferative 

genes (21, 22).  

TAL1 is a class II helix-loop-helix transcription factor that heterodimerizes with 

the class I transcription factors E2A, E2-2 and HEB (23-25) and binds to specific DNA 

sequences termed E-boxes (26). In addition, TAL1 was shown to interact with HDAC1 

(27), as well as with chromatin remodeling complexes such as mSin3a (27) and HP1 

(28), which influence TAL1 transcriptional activity. Moreover, TAL1 interaction with 

mSin3a has been observed in pre-leukemic thymocytes from TAL1 transgenic mice, and 

HDACi treatment was shown to selectively induce apoptosis of TAL1 transgenic 

leukemia cells without affecting TAL1-negative cells (15). 

Given that HDACis were previously shown to decrease the expression of different 

oncogenes (29-31), we speculated that TAL1 could be regulated by HDACs. We treated 

T-ALL cell lines and primary cells with Sodium Butyrate (SB) and Suberoylanilide 

Hydroxamic Acid (SAHA) and found that TAL1 protein levels were strikingly reduced 

upon treatment with these HDACis. This was due to inhibition of TAL1 gene 

transcription in leukemia cells with an intact TAL1 locus, and to decreased protein 

translation in cells bearing the TAL1
d
 allele. Moreover, over-expression of TAL1 

rescued HDACi-induced T-ALL cell apoptosis. Overall, these results indicate that 

HDACis target TAL1 expression in T-ALL, and suggest that the apoptotic effect of 

HDAC inhibition in T-ALL cells is partially dependent on TAL1 down-regulation. 

 

Materials and Methods  

T-ALL Primary cells and cell lines. T-ALL patient samples were obtained from 

peripheral blood and/or bone marrow of patients with high leukemia involvement (85–
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100%). Informed consent and Institutional Review Board approval was obtained for all 

sample collections in accordance with the Declaration of Helsinki. Samples were 

enriched by density centrifugation over Lympholyte (Cedarlane Laboratories), washed 

twice in RPMI 1640 (Invitrogen) supplemented with 10% (vol/vol) FBS and 2 mM l-

glutamine (hereafter referred to as RPMI10 medium), subjected to immunophenotypic 

analysis by flow cytometry as described previously (32). The T-ALL cell lines CEM, 

Jurkat, PF382 and SupT1 were maintained in RPMI10 medium and split every 2-3 days. 

T-ALL primary cells and cell lines were cultured at 37ºC with 5% CO2 in RPMI10 

alone (with the appropriate vehicle when necessary), or in RPMI10 plus: Sodium 

Butyrate (SB) in the indicated concentrations (Sigma-Aldrich), 5mM Sodium Phenyl 

Butyrate (SPB; Biomol International), Suberoylanilide Hydroxamic Acid (SAHA) in 

the indicated concentrations (Cayman Chemicals), 150nM Trichostatin A (TSA; Sigma-

Aldrich), 2.5µg/mL Actinomycin D (Act.D; Sigma-Aldrich), 500µM Cyclohexamide 

(CHX; Sigma-Aldrich) and 20µM QVD-OPH (Biovision). At the indicated time points, 

the cells were harvested and processed as indicated below for assessment of cell 

viability, and RNA and protein extraction. 

 

Cloning procedures. The #-empty and #-TAL1 vectors were derived from the 

pCCL.sin.cPPT.PGK.GFP.WPRE (33). In the empty vector, ΔLNGFR was removed 

and the vector re-ligated. TAL1 gene was subcloned from the pcDNA 3.1 (+) zeo TAL1 

vector using the appropriate restriction enzymes. 

 

Production of VSVG-pseudotyped lentiviruses. Vesicular-Stomatitis-Virus-

pseudotyped third-generation lentiviruses were produced as described in Material and 

Methods section in Chapter 3 (page 99). 

 

Transduction of T-ALL cells. PF382 cells were transduced with VSVG-pseudotyped 

TAL1-expressing lentiviruses. Briefly, 0.5 x 10
6
 cells were incubated in 500µl RPMI10 

plus 500µl of the corresponding lentiviral supernatant. The cells were then centrifuged 

for 2 h at 2000 rpm at 33ºC, incubated overnight at 37ºC, washed and cultured in fresh 

medium. After expansion, cells were sorted for high GFP expression. Viral supernatants 

were produced by transient transfection of 293T cells, as described (33). 
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Assessment of cell viability. Determination of cell viability was performed by flow 

cytometry analysis of Forward Scatter versus Side Scatter (FSC/SSC) distribution using 

a FACScalibur (Becton-Dickinson). We have previously confirmed that this strategy 

measure lymphocyte viability as accurately as using Annexin V and propidium iodide 

staining (32, 34). In experiments using primary T-ALL patient samples viable cells 

were counted by trypan-blue exclusion.  

 

Immunobloting. Cell lysates were prepared as described (35) and equal amounts of 

protein were analyzed by 12% SDS-PAGE, transferred onto nitrocellulose membranes, 

and immunoblotted with the following antibodies or antiserum: Actin (Santa-Cruz 

Biotechnology); PARP (Novus Biologicals); phospho-S6 (S235/S236) (Cell signaling 

technology); P-Akt/PKB (S473) (Cell signaling technology) and TAL1 (Millipore).  

After immunobloting with primary antibodies, immunodetection was performed using 

HRP-conjugated anti-mouse IgG (Promega), anti-rabbit IgG (Promega) or anti-goat IgG 

(Santa-Cruz Biotecnology) as indicated by the host origin of the primary antibody and 

developed by chemiluminescence (Thermo Scientific).  Where indicated, densitometry 

analysis was performed using Adobe Photoshop CS3 software (version 10.0). Each 

band was analyzed with a constant frame and normalized to the respective loading 

control. 

 

RNA extraction, RT-PCR and quantitative-PCR. Where indicated, RNA was 

extracted using High Pure Isolation Kit (Roche) according to the manufacturer‟s 

instructions. For the RT-PCR, up to 1µg of total RNA was reverse transcribed using 

SuperScript II (Invitrogen) and random hexamers. Expression of each gene was 

normalized to the expression levels of GAPDH, 18S or ABL where indicated. Primers 

used for the quantitative-PCR are indicated in Table 5.1. The transcripts were amplified 

in 25µl reactions, using 10 µl cDNA, 12.5 µl Power SYBR Green (Applied Biosystems) 

and 200nM of each primer, according to manufacturer‟s instructions. All the 

amplifications were performed in an ABI PRISM 7500 thermocycler (Applied 

Biosystems) for 2 min at 50ºC, 10 min at 95ºC, followed by 45 cycles of 15 seg at 95ºC, 

and 1 min at 60ºC.  
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Gene Forward primer 5' to 3' Reverse primer 5' to 3' 

TAL1 AACAATCGAGTGAAGAGGAG CTTTGGTGTGGGGACCAT 

TAL1 E5 TTGGGGAGCCGGATGCCTTC GTAATCTCCATCTCATAGGGGG  

TAL1
d
 AAGGGGAGCTAGTGGGAGAAA AGAGCCTGTCGCCAAGAA 

p21 CAGCAGAGGAAGACCATGTG GGCGTTTGGAGTGGTAGAAA 

GAPDH GGAGTCAACGGATTTGGTCG  GACAAGCTTCCCGTTCTCAG 

18S GGAGAGGGAGCCTGAGAAACG CGCGGCTGCTGGCACCAGACTT 

ABL TGGAGATAACACTCTAAGCATAACTAAAGGT GATGTAGTTGCTTGGGACCCA 

 

Chromatin Immunoprecipitation. For Chromatin Immunoprecipitation (ChIP), 2x10
8
 

Jurkat cells were used for each condition. Cells were washed twice in 1x Phosphate 

Buffered Saline (PBS) and cross-linked with 1% formaldehyde at room temperature. 

Cells were then lysed in SDS lysis buffer and sonicated. Chromatin was pre-cleared for 

1 h at 4ºC using protein A-sepharose beads and then incubated overnight with 5µg 

rabbit polyclonal antibody against RNA polymerase II (Santa Cruz Biotechnology) and 

5µg rabbit polyclonal antibody against H3K9ac (Abcam). DNA-protein complexes were 

pulled down with protein A-sepharose beads (Sigma-Aldrich) for 4 h at 4ºC, washed 

and eluted in 1% SDS, 0.1 M NaHCO3 elution buffer. Cross-link was reversed 

overnight at 65ºC in 0.2M NaCl (the input samples were also reverse cross-linked). 

DNA was purified using phenol:chloroform extraction and ethanol precipitation, eluted 

in DNase/RNase free water and used for quantitative-RT-PCR analysis. Primers were 

designed to amplify specific regions of the TAL1 gene and are indicated in Table 5.2. 

 

 

Region Forward primer 5'to 3' Reverse primer 5' to 3' 

Promoter 1a GGATAGGGAGACTGCCCATTG CACCTCCCAGGGCTTCTTTC 

Exon 4 TGAACGGCGTCGCCAAGGAG  CGCGTCGCGGCCCTTTAAGT 

Exon 6 TCGGCCTTTTGGGGGTGGGT GGGCCCGCCCACAGAAACAA  

 

Statistical analysis. Differences between populations were calculated using unpaired 2-

tailed Student‟s t test or One-way ANOVA, when appropriate (p<0.05 was considered 

significant). 

 

 

Table 5.1. List of primers used in quantitative-PCR. 

Table 5.2. List of primers used in Chromatin Immunoprecipitation experiments. 
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Results 

HDAC inhibition down-regulates TAL1 protein levels in T-ALL cells 

HDACis are potent inducers of apoptosis in T-cell tumors derived from TAL1 

transgenic mice (15). Since TAL1 has been implicated in prevention of T-ALL cell 

apoptosis (16-18), we hypothesized that TAL1 expression and/or activity could be 

altered by treatment with HDACi. To answer this question, we treated several T-ALL 

cell lines with the HDACi SB. TAL1 protein expression significantly decreased in all 

the cell lines tested (Figure 5.1A,B). Similar results were obtained with other HDACis, 

including, SPB, TSA and SAHA (Figure 5.1B). Moreover, the negative effect of 

HDACis on TAL1 protein expression was time- (Figure 5.1C,D) and dose-dependent 

(Figure 5.1E,F).  
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HDACi-mediated TAL1 protein down-regulation in T-ALL cells is not due 

to increased apoptosis or protein degradation. 

HDACis were shown to induce apoptosis of acute lymphoblastic leukemia cell 

lines, including T-ALL (36). Analysis of PARP cleavage indicated that both SB (Figure 

5.2A) and SAHA (Figure 5.2B) promoted apoptosis of Jurkat T-ALL cells. The 

temporal down-regulation of TAL1 (Figure 5.1E,F) coincided with the induction of 

apoptosis (Figure 5.2A,B). To exclude the possibility that TAL1 down-regulation 

resulted from increased apoptosis, we treated Jurkat and PF382 cells with the pan-

caspase inhibitor QVD-OPH, and analyzed TAL1 protein expression upon incubation 

with HDACis. Although QVD-OPH significantly rescued apoptosis in both cell lines, as 

shown by analysis of PARP cleavage (Figure 5.2C) and percent cell viability (Figure 

5.2D), it did not restore TAL1 protein levels (Figure 5.2C).  

Several reports indicate that HDACis affect protein stability, inducing degradation 

of oncogenes and cellular proteins (29, 37). To test whether protein degradation could 

play a role in the TAL1 protein down-regulation induced by HDACis, we treated Jurkat 

cells (Figure 5.2E) with the protein translation inhibitor Cycloheximide (CHX). The 

half-life of TAL1 protein, which is roughly 6 h in Jurkat cells, is not significantly 

altered by treatment with SB (Figure 5.2F), indicating that HDACis do not have a major 

effect on TAL1 protein stability. Similar results were obtained in PF382 cells upon 

treatment with CHX and SB, although TAL1 protein half-life was significantly longer 

in these cells (around 12-16 h; data not shown). 

 

 

 

Figure 5.1. HDACis down-regulate TAL1 protein in T-ALL cells. T-ALL cell lines 

treated with HDACi, lysed and analyzed by immunoblot for the expression of TAL1. Actin 

was used as loading control. (A) Jurkat, SupT1 and PF382 cells were treated for 24 h with the 

indicated concentrations of SB. (B) Jurkat, SupT1, PF382 and CEM cells were treated for 24 

h with 5mM SB, 5mM SPB, 150nM or 10µM SAHA. (C-F) Jurkat cells were treated with 

5mM SB (C) or 2µM SAHA (D) for the indicated time points or treated for 24 h with 

increasing concentrations of SB (E) or SAHA (F). Data are representative of at least three 

independent experiments. 
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Figure 5.2. HDACi-mediated TAL1 protein down-regulation is not due to increased 

apoptosis or increased protein degradation. (A, B) Jurkat cells were treated for 24 h with 

5mM SB (A) or 2µM SAHA (B). At the indicated time points the cells were lysed and PARP 

cleavage was analyzed by immunoblot. Actin was used as loading control. (C, D) Jurkat and 

PF382 were incubated for 24 h with the pan-caspase inhibitor QVD-OPH (20µM), SB (5mM) 

or both. (C) The cells were lysed and TAL1 expression and PARP cleavage analyzed by 

immunoblot. Actin was used as loading control. (D) Cell viability was determined by flow 

cytometry analyzis of FSC/SSC distribution. Viability index was calculated as described in 

“Materials and Methods”. Mean values ± standard deviation of duplicates of each condition are 

represented ( ** p<0.01; *** p<0.001). (E, F) Jurkat cells were treated with 500µM CHX or 

the combination of CHX and 5mM SB. At the indicated time points the cells were lysed and 

TAL1 expression analyzed by immunoblot. Actin was used as a loading control (E). TAL1 

protein levels were determined by densitometry analysis and are normalized to Actin (F). The 

data are representative of two independent experiments.  
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HDAC inhibition down-regulates TAL1 transcript levels without affecting 

TAL1 splicing or mRNA stability 

HDACis have been reported to diminish the transcript levels of specific genes by 

inhibiting gene transcription (31) and by decreasing mRNA stability (30, 38). Hence, 

we next evaluated whether HDACis decreased TAL1 protein expression in T-ALL cells 

through down-regulation of TAL1 mRNA levels. Treatment of Jurkat and SupT1 cells 

with SB and SAHA for 24 h induced a dramatic down-regulation of TAL1 mRNA levels 

(Figure 5.3A). Similar results were obtained using three primary leukemia samples 

collected from T-ALL patients at diagnosis (Figure 5.3B). Moreover, down-regulation 

of TAL1 mRNA levels was rapid (Figure 5.3C,D) and dose-dependent (Figure 5.3E,F). 

Notably, the decrease in TAL1 mRNA was not due to increased apoptosis 

(Supplementary Figure 5.1) or to a generalized negative effect on gene expression, since 

HDACi treatment clearly upregulated the transcript levels of CDKN1A, the gene coding 

for the cell cycle inhibitor p21
cip1

 (Supplementary Figure 5.2), in accordance with 

previous reports (39, 40).  

Given the rapid down-regulation of TAL1 transcript levels and the fact that the 

TAL1 gene is composed of several exons (Supplementary Figure 5.3A), we 

hypothesized that TAL1 splicing was impaired upon HDAC inhibition, leading to an 

accumulation of unspliced RNA that would result in decreased detection of the 

processed TAL1 mRNA. To address this possibility, we treated Jurkat cells for up to 6 h 

with 5mM SB. No difference between the levels of total and processed TAL1 transcripts 

was observed in any of the time points analyzed (Figure 5.3G), suggesting that HDACi 

treatment did not affect TAL1 mRNA splicing. 

Several lines of evidence indicate that HDACis may decrease mRNA stability (30, 

38). To test whether this could be the cause for decreased TAL1 mRNA expression, we 

treated Jurkat cells with Actinomycin D (Act D), a known inhibitor of gene 

transcription. 

We treated Jurkat cells with 5mM SB, 2.5µg/mL Act D or the combination of 

both inhibitors for 6 h and analyzed TAL1 mRNA levels. Treatment with Act D 

decreased TAL1 mRNA similarly to SB, and the combination of both did not further 

down-regulate TAL1 transcript levels (Figure 5.3H). These data suggest that HDACi 

treatment did not affect TAL1 mRNA stability.  
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HDAC inhibition abrogates TAL1 transcription in TAL1-positive T-ALL 

cells with an intact TAL1 locus 

Since neither mRNA splicing nor stability were significantly affected by HDAC 

inhibition, we next asked whether HDACis could directly affect TAL1 gene 

transcription. We treated Jurkat cells with 5mM SB for 4 h and performed Chromatin 

Immunoprecipition (ChIP) to analyze the binding of RNA polymerase II and the levels 

of Histone H3 Lysine-9 acetylation (H3K9Ac), which is a marker of actively 

transcribed euchromatin (41). SB incubation abrogated the binding of RNA polymerase 

II to the TAL1 promoter 1a and to exon 4 (Figure 5.3I). It is interesting to note that 

TAL1 exon 4 had a higher binding of RNA polymerase II than the promoter 1a in the 

control condition (Figure 5.3I), suggesting that the TAL1 promoter IV (42) located 

within this exon is active. Notably, SB incubation substantially decreased H3K9Ac, 

both at TAL1 promoter 1a and at exon 4 (Figure 5.3J). Altogether, these results clearly 

indicate that HDACis actively reduce binding of RNA polymerase II to TAL1 promoters 

and inhibit TAL1 gene transcription.  

 

 

Figure 5.3. HDACi down-regulate TAL1 through inhibition of TAL1 gene transcription 

in TAL1
wt

 T-ALL cells lines. TAL1 mRNA levels from T-ALL cell lines and primary cells 

were analyzed by quantitative-PCR, normalized to GAPDH (A, C-G), ABL (B) or 18S (H) 

housekeeping genes and depicted as relative values to each control condition. (A) Jurkat and 

SupT1 cells were treated with 5mM SB or 10µM SAHA for 24 h. (B) Primary T-ALL cells 

collected from 3 different patients at diagnosis were treated with 5mM SB and 5µM SAHA 

for 6 h. (C, D) Jurkat cells were treated with 5mM SB (C) and 2µM SAHA (D) for the 

indicated time. (E, F) Jurkat cells were treated for 6 h with increasing concentrations of SB 

(E) and SAHA (F). (G) Jurkat cells were incubated with 5mM SB, for the indicated time, 

and TAL1 mRNA was amplified with primers that allow the detection of both processed and 

total TAL1 transcripts (Supplementary figure 2B). (H) Jurkat cells were incubated with 5mM 

SB, 2.5µg/mL Act.D or both, for the indicated time. (I, J) Jurkat cells were treated with 

5mM SB for 4 h, cells were lysed and ChIP was performed to evaluate the binding of RNA 

polymerase II (I) and H3K9Ac (J) to the indicated regions of the TAL1 locus. Fold 

enrichment relative to the input is indicated. (A-J) Values represent mean ± standard 

deviation of duplicates (* p<0.05; ** p<0.01; *** p<0.001). 
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HDAC inhibition up-regulates TAL1 transcripts in T-ALL cells with TAL1
d
 

As shown above, cell lines with an intact TAL1 locus (hereafter referred to as 

TAL1
wt

), such as Jurkat and SupT1, down-regulated TAL1 protein levels after HDACi 

treatment, due to decreased TAL1 mRNA levels that resulted from diminished gene 

transcription. However, we found that other T-ALL cell lines, such as PF382 and CEM, 

paradoxically up-regulated TAL1 transcript levels upon incubation with HDACis 

(Figure 5.4A), despite the fact that TAL1 protein expression was clearly decreased by 

all the HDACis tested (Figure 5.1A,B).  

We speculated that this could be due to the fact that TAL1 gene expression is not 

driven by its native promoters in these cell lines, in such way that HDACi treatment 

would not negatively affect TAL1 transcription. Similar to primary patient samples, 

some TAL1
+
 T-ALL cell lines display a small interstitial deletion in the TAL1 promoter 

(TAL1
d
) that renders TAL1 gene transcription dependent on regulatory elements of the 

upstream gene SIL (10) (Supplementary Figure 5.4A). 
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By using primers that specifically detect SIL-TAL1 fusion transcripts (43), we 

confirmed that PF382 cells (Supplementary Figure 5.4B, right panel) and CEM (data 

not shown) displayed the TAL1
d
 microdelection and up-regulated TAL1 mRNA levels 

in response to HDACi treatment (Supplementary Figure 5.4B, right panel, and data not 

shown). In contrast, we did not detect SIL-TAL1 fusion transcripts in Jurkat cells 

(Supplementary Figure 5.3B left panel) or SupT1 cells (data not shown).  

 

HDAC inhibition down-regulates TAL1 protein levels by decreasing 

translation in T-ALL cells with TAL1
d
 

Next, we sought to determine the mechanism by which HDACis decreased TAL1 

protein expression in TAL1
d
 cell lines while augmenting TAL1 transcript levels. Our 

results indicated that HDACi treatment did not affect TAL1 protein stability in PF382 

cells (data not shown), excluding increased protein degradation as a compensatory 

mechanism for increased TAL1 mRNA expression. Comparison of the kinetics of TAL1 

protein down-regulation induced by HDACis in Jurkat (TAL1
wt

) and PF382 (TAL1
d
) 

cells showed that SB induced faster down-regulation of TAL1 protein in Jurkat cells 

than in PF382 cells (Figure 5.4B). A recent report demonstrated that SAHA inhibits 

Figure 5.4. HDACis down-regulate TAL1 by affecting TAL1 protein translation in 

TAL1
d
 T-ALL cell lines. (A) PF382 and CEM cells were treated with 5mM SB or 10µM 

SAHA for 24 h. TAL1 mRNA levels were analyzed by quantitative-PCR, normalized to the 

levels of GAPDH and depicted as relative values to the medium control condition. Values 

indicate mean ± standard deviation of duplicates. (B) Jurkat and PF382 cells were treated 

with 5mM SB. At the indicated time points, the cells were lysed and analyzed by 

immunoblot for the expression of TAL1. Actin was used as loading control. TAL1 protein 

levels were quantified by densitometry analysis, normalized to Actin and depicted as 

relative values to the medium control condition at 6 h of treatment. (C) PF382 cells were 

incubated for 6 h with 500µM CHX, washed, and then treated for further 24 h with 5mM 

SB. Cells were lysed in the indicated time points that represent the time point where SB 

was added to the cells. TAL1 expression was analyzed by immunoblot and Actin used as a 

loading control. TAL1 protein levels were quantified by densitometry analysis, normalized 

to Actin and depicted as relative values to the medium control condition at 6 h of 

treatment. The data are representative of at least three independent experiments. 
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cyclin D1 translation (44). Therefore, we speculated that HDACi impaired TAL1 

protein translation in TAL1
d
 cells and thereby negatively regulated TAL1 protein levels. 

To test this hypothesis, we pretreated PF382 cells for 6 h with CHX, and then removed 

the translation inhibitor to allow de novo protein synthesis. SB was incubated for 

additional 24 h to analyze its effect on de novo translation of TAL1. Incubation with SB 

inhibited TAL1 protein translation (Figure 5.4C), suggesting that HDAC inhibition 

impaired TAL1 protein translation in TAL1
d
 cell lines.  

 

Forced TAL1 expression partially rescues T-ALL cell death induced by 

HDAC inhibition 

HDACis were demonstrated to induce apoptosis in human leukemia cell lines (36, 

45) and primary cells (46). In accordance, we observed that primary T-ALL samples 

(Supplementary Figure 5.5A) and cell lines (Supplementary Figure 5.5B) entered 

apoptosis when treated with different HDACis. TAL1 expression was shown to prevent 

apoptosis of T-ALL cells (16, 17), and HDACis were reported to promote cell death of 

TAL1-expressing mouse leukemia cells (15). Thus, we next compared the efficacy of 

HDAC inhibition upon forced expression of TAL1 in T-ALL cells. We transduced 

PF382 (Figure 5.5A) and Jurkat (Supplementary Figure 5.6) cells with a lentiviral 

vector driving the expression of TAL1. Forced expression of TAL1 significantly 

reversed T-ALL cell death induced by treatment with as shown by the viability index 

(Figure 5.5A and Supplementary Figure S6) and PARP cleavage (Figure 5.5B). These 

results suggest that HDACis promote apoptosis of T-ALL cells in part via down-

regulation of TAL1. 

 

Discussion 

HDACis affect global gene expression. In cancer cells, HDACis have been shown 

to induce the transcription of genes associated with apoptosis and cell cycle arrest, while 

decreasing the expression of oncogenes and genes that promote proliferation (21, 22, 

29-31). Here, we showed for the first time that TAL1, a major T-cell oncogene, was 

strikingly down-regulated in T-ALL cells upon treatment with HDACi and that TAL1 

forced expression partially reversed the pro-apoptotic effect of HDACis on the leukemic 

cells.  
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TAL1 ectopic expression in T-ALL cells can result from different non-random 

chromosomal translocations (5-9) that, for example, juxtapose the promoter region of 

TCR genes to the TAL1 locus. More frequently, TAL1 is expressed due to a small 

interstitial deletion (TAL1
d
) that places TAL1 under the control of the regulatory 

elements of the SIL locus (10). In both instances, TAL1 over-expression results from the 

presence of a non-native „TAL1 promoter‟ that aberrantly drives TAL1 transcription. In 

Figure 5.5. Enforced TAL1 expression partially rescues HDACi-mediated T-ALL cell 

death. (A, B) PF382 cells were transduced with empty or TAL1 expressing lentiviruses and 

incubated for 24 h with the indicated concentrations of SB. (A) Viability was determined by 

flow cytometry analysis of FSC/SSC distribution. (B) Cells were lysed and TAL1 expression 

and PARP cleavage analyzed by immunoblot. Actin was used as loading control. The data are 

representative of at least two independent experiments. 
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most cases, however, TAL1 ectopic expression results from other, as yet unknown, 

mechanisms that apparently do not involve genomic alterations in the TAL1 locus 

(TAL1
wt

). In these cases TAL1 expression is aberrantly promoted by native regulatory 

elements, perhaps due to epigenetic alterations affecting the chromatin structure. Our 

present studies indicate that HDACis negatively affected TAL1 gene transcription in 

TAL1
wt

 T-ALL cells by suppressing the binding of RNA polymerase II to the TAL1 

promoter(s). In contrast, HDACis up-regulated TAL1 mRNA levels in TAL1
d
 cells 

(Supplementary Figure 5.7). This discrepancy likely reflects differences in the 

respective promoters and their regulation. Normal T-cell precursors do not express 

TAL1, which suggests that TAL1 ectopic expression in TAL1
wt

 cells results from an 

aberrantly accessible TAL1 locus and/or from the inhibition of negative regulators of 

TAL1 transcription. It is possible that HDACs have been selected by T-ALL cells to 

partake in this process. In this regard, it is noteworthy that the transcripts of HDAC1 and 

HDAC4 were recently shown to be highly expressed in primary T-ALL patient samples 

(47). Whether HDAC1 and HDAC4 positively regulate TAL1 gene transcription in T-

ALL cells warrants investigation. HDACis can also induce the acetylation of proteins 

other than histones (48). Thus, one can picture at least two mechanisms by which 

HDACis can down-regulate TAL1 gene transcription: histone acetylation nearby the 

promoter of a negative regulator of TAL1 gene expression (with consequent increase in 

its transcription) and/or direct acetylation and functional activation of the TAL1 

repressor. Whatever the mechanism, HDACis down-regulate TAL1 mRNA expression 

in TAL1
wt

 similarly to what has been frequently reported for other oncogenes (30, 31, 

49). In TAL1
d
 T-ALL cells, TAL1 is under the control of the SIL promoter that is 

normally active in hematopoietic cells (50). In this scenario, it is not surprising that 

HDACis act by inducing an open-chromatin conformation that further activates TAL1 

transcription.  

TAL1 protein levels decreased upon treatment with HDACis in both TAL1
wt

 and 

TAL1
d
 cells, indicating the existence of an additional mechanism of regulation that 

counterbalances increased TAL1 mRNA expression in the latter. Indeed, we found that 

HDACis impair TAL1 translation, leading to a slow but significant decrease in TAL1 

protein levels (Supplementary Figure 5.7). It is probable that HDACis have the potential 

to inhibit TAL1 translation also in TAL1
wt

 T-ALL cells, although the rapid shutdown of 

TAL1 gene transcription in these cells renders this mechanism irrelevant or vestigial. It 

has been shown that treatment of mantle cell lymphoma cells with SAHA abrogates 
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cyclin D1 translation, by direct inhibition of PI3K activity (44). However, inhibition of 

PI3K or its downstream target mTOR does not mimic the effect of HDACis on TAL1 

protein expression (Supplementary Figure 5.8), suggesting that a different pathway 

controls TAL1 translation in T-ALL.  

In summary, we showed that HDACis promote human T-ALL cell death at least 

in part via a previously unrecognized mechanism involving down-regulation of TAL1 

expression. Since TAL1 is one of the most commonly deregulated oncogenes in T-ALL, 

defining a major cytogenetic subgroup with bad prognosis, our data provide further 

rationale for the inclusion of HDACis into T-ALL therapeutic regimens. 
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Supplementary figure 5.1. HDACi-mediated down-regulation of TAL1 mRNA is not 

due to increased apoptosis in TAL1
wt

 T-ALL cell lines. Jurkat cells were treated for 24 h 

with 5mM SB, 20µM QVD-OPH or both. RNA was extracted and TAL1 transcripts 

analyzed by quantitative-PCR. TAL1 mRNA levels were normalized to the levels of the 

GAPDH housekeeping gene and normalized again to medium control condition. Values 

indicate mean ± standard deviation of duplicates. The data is representative of two 

independent experiments. 

Supplementary figure 5.2. HDACis up-regulates CDKN1A/p21 mRNA expression. 

Jurkat cells were treated with 5mM SB for 24 h. The mRNA levels of CDKN1A/p21 

were analyzed by quantitative -PCR, and normalized to GAPDH and to medium control 

condition. Values indicate mean ± standard deviation of duplicates (* p<0.05). The data 

is representative of two independent experiments. 
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Supplementary figure 5.3. Schematic representation of TAL1 locus and the primers 

used to detect total and processed TAL1 mRNA. (A) TAL1 locus is schematic summarized. 

TAL1 exons are represented as boxes. White boxes depict untranslated exons or regions, 

while the black boxes show the translated exons and regions [adapted from (10)]. The SIL 

locus is located at the 5‟ and the MAP17 locus is located at the 3‟ end of the TAL1 locus. (B) 

Primers that detect total TAL1 mRNA were designed to bind exclusively within exon 5 in 

order to detect both the processed and unprocessed transcripts. Primers that detect processed 

TAL1 mRNA bind within exon 5 and in the exon-exon boundary between exons 5 and 6, 

allowing the detection of TAL1 mRNA only after splicing  when exon 5 and 6 are juxtaposed. 
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Supplementary figure 5.4. TAL1
d
-expressing T-ALL cells up-regulated TAL1 mRNA 

upon HDACi treatment. (A) Structural comparison of TAL1
wt

 (left panel) and TAL1
d
 

(right panel) locus [Adapted from (10)]. The SIL locus is located at the 5‟ and the MAP17 

locus is located at the 3‟ end of the TAL1 locus. Exons are represented as boxes. The white 

boxes represent exons or regions that are not translated, while the black boxes show exons 

or regions that are translated. The grey box indicates the SIL exon that is placed in the 

TAL1 locus upon the TAL1
d
 deletion. The arrows represent the TAL1 promoters (Pr.) (B) 

Jurkat and PF382 cells were treated with 5mM SB or 10µM SAHA, RNA was extracted 

and TAL1 and SIL-TAL1 transcripts analyzed by quantitative-PCR. TAL1 and SIL-TAL1 

mRNA levels were normalized to the levels of the GAPDH housekeeping gene and 

depicted as relative values to the medium control condition. Values represent mean ± 

standard deviation of duplicates (** p<0.01). The data is representative of two independent 

experiments.  
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Supplementary figure 5.5. HDACis induce T-ALL cell death. T-ALL cells were treated 

with HDACi and cellular viability was determined as described in “Materials and Methods. 

Viability index represents the viability values normalized to the viability in medium control 

condition. (A) Primary T-ALL cells (n=3) were treated for 24 h in the indicated 

concentrations of SB and SAHA. (B) Jurkat, PF382 and SupT1 cells were treated for 24 h 

with the indicated concentrations of SB or TSA. Values indicate the mean ± standard 

deviation of duplicates (* p<0.05; ** p<0.01; *** p<0.001). The data is representative of at 

least two independent experiments.     
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Supplementary figure 5.6. Enforced TAL1 expression partially rescues HDACi-

mediated apoptosis of Jurkat cells. Jurkat cells were transduced with empty or TAL1 

expressing lentiviruses and incubated for 24 h with the indicated concentrations of SB. 

Viability was determined by flow cytometry analysis of FSC/SSC distribution. Viability 

index represents the viability values normalized to the viability in medium control 

condition. Values indicate the mean ± standard deviation of triplicates (*** p<0.001). 
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Supplementary figure 5.7. Model for HDACi-mediated TAL1 down-regulation in T-

ALL cells. In T-ALL cells that contain an intact TAL1 locus (TAL1
wt

), treatment with 

HDACi impairs TAL1 gene transcription by displacing RNA polymerase II from TAL1 

native promoters. In T-ALL cells that contain the TAL1
d
 allele and consequently express 

TAL1 under the control of the SIL promoter, HDACi do not negatively affect TAL1 gene 

transcription, (on the contrary, they appear to up-regulate it) but shut down TAL1 protein 

translation. Both mechanisms lead to the same outcome: down-regulation of TAL1 protein 

expression in HDACi-treated T-ALL cells. 
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Supplementary figure 5.8. TAL1 expression is not affect by inhibition of PI3K and 

mTOR. PF382 cells were cultured for 24 h with 5mM SB, 50µM LY294002 (LY), 200nM 

Rapamycin (Rap.) or the indicated combinations. Cells were lysed and the phosphorylation 

levels of S6 and Akt/PKB, as well as TAL1 protein expression were analyzed by 

immunoblot. Actin was used as loading control.   
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Cytokine signaling in T-ALL: the role of IL-4 

Cytokines that bind γ-common-chain receptors have a clear impact on the 

proliferation of T-ALL cells. We previously showed that incubation of primary T-ALL 

cells with γ-common chain cytokines increases their proliferation. In fact, from the 

panel of cytokines tested, IL-7 and IL-4 showed the highest proliferative responses. 

While IL-7 induced proliferation in T-ALL cells in all the maturation stages, IL-4 

induced-proliferation is largely restricted to cortical and mature T-ALL (1). Regarding 

the role of IL-7 in T-ALL, it was demonstrated that the incubation of T-ALL cells with 

this cytokine led to increased proliferation and viability through the activation of the 

PI3K pathway (2).  

IL-4 is a cytokine produced by several types of cells (stromal cells, lymphocytes) 

(3, 4) and is involved in Th2-type immune responses (4). Importantly, IL-4 is also 

produced within the bone marrow (5, 6), which is a major niche where T-ALL cells 

proliferate. In chapter 2 we showed that IL-4 promotes T-ALL cell proliferation through 

the activation of mTOR signaling pathway and inhibition of the cyclin-dependent kinase 

inhibitor p27
Kip1

(Figure 6.1). It is possible that IL-4 could also activate other signaling 

pathways in T-ALL cells, since studies indicate that IL4 can activate other signaling 

pathways in lymphoid cells (7, 8). This notwithsatnding, when we treat T-ALL cells 

with the mTOR pathway inhibitor Rapamycin, IL-4-induced proliferation is completely 

abrogated. These results clearly show that the mTOR signaling pathway is the main 

driver of IL-4 induced proliferation (chapter 2). Increasing lines of evidence suggest 

that IL-4 can have a role in cancer development. Recently, it has been described that IL-

4 can stimulate the proliferation of pancreatic cancer cell lines (9). Furthermore, human 

colon cancer cells express the IL-4 receptor and its signaling promotes proliferation of 

these cell lines (10). Despite the increasing evidence that IL-4 promotes tumor cell 

growth, IL-4 is not classified as an oncogene. The IL-4 transgenic mouse was described 

in 1991 and did not show any signs of tumorigenesis. However, it is interesting that IL-

4 transgenic mice display enlarged spleens and B cells with increased size and number 

(11).  

It was also demonstrated that IL-4 can modulate the immune response against 

tumors. It has been postulated that IL-4 can impair tumor growth by inhibiting 

angiogenesis and activating several innate immune effectors, such as granulocytes and 
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eosinophils. In contrast, other studies suggest that IL-4 impairs tumor control by the 

immune system by depleting the pool of primary and memory CD8
+
 cells (12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. IL-4 signaling promotes the proliferation of T-ALL cells through the 

activation of the mTOR pathway. In T-ALL cells, binding of IL-4 to its cognate 

receptor activates the mTOR pathway. The activation is measured by the increased 

phosphorylation in mTOR and its downstream targets p70
S6K

 and 4EBP1, which in turn 

activate protein synthesis and therefore contribute to increase the cell size. Activation of 

mTOR also down-regulates the expression of the cyclin-dependent kinase inhibitor 

p27
Kip1

, promoting cell cycle entry. Importantly, blockade of the mTOR pathway with 

Rapamycin completely abrogates IL-4-induced proliferation of T-ALL cells. 
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Our results implicate the mTOR pathway as a main driver of IL-4-induced T-ALL 

proliferation. Treatment of T-ALL cells with IL-4 increased the phosphorylation levels 

of mTOR and its downstream targets S6, 4EBP1 and p70
S6K 

(Figure 2.1). The mTOR 

kinase associates in two multimeric complexes, mTORC1 and mTORC2 (13, 14). The 

mTORC1 complex is directly activated by PKB (13, 15) and it is involved in the 

regulation of protein synthesis and cell cycle progression (16). The PI3K pathway has 

been shown to be constitutively activated in several human cancers (17-19). Recently, 

we described that T-ALL cells also display constitutive activation of PI3K-PKB 

pathway (19). Importantly, blockade of PI3K and mTOR pathways with 

pharmacological inhibitors (LY294002 and Rapamycin) severely impairs the viability 

of these cells (19, 20). Due to its efficacy in promoting apoptosis in human tumors, 

several mTOR pathway inhibitors, including CCI-779 and RAD001, were successfully 

tested in clinical trials (21). Our results reinforce the idea that the PI3K-mTOR axis, 

activated by both microenvironmental stimuli, such as IL-4, and by cell-autonomous 

alterations, has a pivotal and non-redundant role in T-ALL.   

 

Is TAL1 a human T-cell oncogene?  

While the importance of microenvironmental cues as contributors to T-ALL 

disease progression is increasingly recognized, it remains inquestionable that the 

trigger(s) for leukemogenesis lie within the developing T-cell itself. A common feature 

in T-ALL is the occurrence of non-random chromosomal translocations that lead to 

increased expression of several oncogenes (22, 23). In fact, the TAL1 and LMO2 genes 

were initially identified due to the occurrence of these non-random chromosomal 

translocations (24-26). The TAL1 gene, essential for hematopoietic development (27, 

28), is down-regulated upon commitment to the lymphoid lineage (29-31). TAL1 

ectopic expression is arguably the most common oncogenic alteration in T-ALL, being 

ectopically expressed in up to 65% of T-ALL patients (32, 33). Despite the fact that this 

gene is commonly expressed in a high percentage of T-ALL patients, it is still unknown 

whether it could be at the origin of human leukemia or it is merely a by-product of 

already transformed and genetically unstable cells.  

The LMO2 gene is also frequently over-expressed in T-ALL and is commonly 

associated with TAL1 ectopic expression (33). In contrast to TAL1, ectopic expression 

of LMO2 in human hematopoietic progenitors was already shown to have an impact in 
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T-cell development (29). In a recent gene therapy trial for correction of human SCID, 

two patients developed leukemia due to the integration of a retrovirus carrying the 

IL2RG gene near the LMO2 locus leading to its expression in developing T-cells (34-

38). These observations indicate that LMO2 actually acts as a human T-cell oncogene, 

by impairing normal T-cell differentiation (29) and promoting clonal T-cell expansion 

that originated leukemia (34). However, it is possible that the synergism between the 

LMO2 and the IL2RG gene, rather than LMO2 per se, was the driving force of this T-

cell proliferation.  

In transgenic mouse models, the role for the TAL1 gene in the etiology of T-cell 

leukemia is well documented and its expression results in the development of T-cell 

tumors (39-41). Importantly, the combined expression of both TAL1 and LMO genes in 

transgenic mouse models also led to the development of T-cell tumors with a decreased 

latency period suggestive of a synergistic effect (30, 42, 43). The development of T-cell 

leukemia in TAL1 transgenic mouse models is preceded by an arrest in normal T-cell 

differentiation by the accumulation of immature T-cells arrested at the DN stage (40, 

41). In these mouse models, the abrogation of normal T-cell differentiation seems to be 

a requirement for the development of T-cell leukemia. Our results described in chapter 3 

are in agreement with these findings and provide the first evidence that TAL1 ectopic 

gene expression can negatively affect normal human T-cell development in vitro. The 

data presented on LMO2 confirms previous observations from other groups (29). 

Moreover, our results support, in part, the possibility that the effect of TAL1 and LMO2 

is synergistic and recapitulate what happens in transgenic mouse models for the TAL1 

and LMO2 genes, where the T-cell differentiation program is strongly inhibited (42, 43). 

Since in these transgenic mice T-cell developmental arrest precedes leukemia, it is 

tempting to speculate that thymic progenitor cells upon ectopic expression of these 

genes would also became leukemic, provide they would have enough time. Further 

studies are required to clarify this question.  

Previous reports show that TAL1 gene expression and activity in T-ALL cells 

protects from apoptosis (44-46), observations that we recapitulated in chapter 4. 

Notably however, the results in chapter 3 demonstrate that ectopic expression of the 

TAL1 gene in association with LMO2 in normal human hematopoietic progenitors can 

increase the cell size, which is normally associated with increase in cellular metabolism 

and proliferation. This may indicate that metabolism, rather than viability, is the 

primary effect of TAL1/LMO2 aberrant expression in normal T cell precursors, and that 
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possibly the impact on viability in T-ALL cells a late effect resulting from oncogene 

addiction. 

Taken together, as stated above, our results indicate that TAL1 ectopic gene 

expression can inhibit normal human T-cell development in synergism with the LMO2 

gene. However, further studies are still necessary to formally test whether the TAL1 

gene is responsible for human T-ALL. The ectopic expression of TAL1 in hematopoietic 

and thymic progenitors and further transplantation into immunocompromised mice will 

confirm whether this gene is a human oncogene capable of triggering T-ALL or its 

expression is merely a secondary event in already transformed T-ALL cells, in which 

case its importance could be limited to advanced-stage disease. 

 

Novel TAL1 target genes in T-ALL and beyond 

Despite the multiple processes, from regulation of early hematopoiesis to neural 

development, in which TAL1 is involved, the actual number of validated and well 

characterized TAL1 target genes described so far is surprisingly short. TAL1 targets are 

associated with different cellular mechanisms. NKX3.1 and NFKB1 (47, 48) regulate 

cellular proliferation; pTα (30, 49), is involved in T-cell differentiation; RALDH2 (50), 

in metabolism; c-Kit (51, 52), in hematopoietic development; Runx1 and Runx3 (53), in 

embryogenesis; and GPA and P4.2 (54, 55), in red blood cell differentiation.  

Even fewer TAL1 target genes were identified in the context of T-ALL. In chapter 

4, we identified three novel putative TAL1 target genes. CASZ1, DMGDH and OR5M3 

were identified by gene expression profiling of a T-ALL cell line upon ectopic 

expression of TAL1. Among the genes identified in the microarray screen, we only 

validated those that had been reported to associate with cancer in the literature. 

Evidently, this option implicates that there may be genes that we have not yet explored 

which may nonetheless play a role in TAL1-mediated leukemia.  

The genes identified in our screen are associated with very different cellular 

processes such as apoptosis (CASZ1) (56), cellular metabolism (DMGDH) (57-59) and 

extracellular signaling (OR5M3) (60). These results indicate that TAL1 can activate a 

broad transcriptional program, involved in the regulation of an array of different cellular 

functions. In addition, we demonstrated that CASZ1 gene is involved in T-ALL cell 

maintenance by promoting not only viability but also proliferation (Figure 4.4). The 

mechanisms by which CASZ1 mediates these effects require further investigation. 
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We identified these genes in a leukemia context, by ectopic expression of TAL1 

in a T-ALL cell line (61). However, the genes that we identified may also be associated 

with the physiological transcriptional program of TAL1. Given the known role of TAL1 

in neuronal differentiation (62), it is noteworthy that the TAL1 target genes that we 

have identified are normally expressed in neuronal tissues. CASZ1 encodes a 

transcription factor up-regulated during neuronal differentiation (63). DMDGH encodes 

for Dimethylglycine Dehydrogenase which is a mitochondrial enzyme that produces 

sarcosine (57, 58), which in turn can also play a role as a neuronal transmitter (64, 65). 

Finally, OR5M3 is a member of the olfactory family of receptors (60), which is 

expressed in the sensory neurons of mammals (66). Determining whether any of these 

genes plays a role in TAL1-mediated functions in other contexts besides T-ALL is an 

interesting challenge ahead, which may arise from the studies described in this thesis. 

The TAL1 protein heterodimerizes with E2A and HEB proteins to bind the DNA 

(49, 67-69) and it has been suggested that TAL1 induces leukemia by inhibiting the 

transcriptional activity of E2A and HEB (41). Under this light, it is conceivable to 

consider at least three possible scenarios to explain how TAL1 may regulate the 

expression of the genes we have now identified (Figure 6.2). In the simplest scenario 

(Figure 6.2A), E2A/HEB transcription factors repress the transcription of CASZ1, 

DMGDH and OR5M3 genes. Upon expression of TAL1, E2A/HEB homodimers are 

inhibited and the transcription of CASZ1, DMGDH and OR5M3 genes occurs. Another 

possibility is that upon expression, TAL1 heterodimerizes with E2A/HEB and these 

transcription factors leave the promoters of their target genes and occupy the promoters 

of CASZ1, DMGDH and OR5M3 genes activating their transcription (Figure 6.2B). It is 

also conceivable that TAL1 activates the expression of a still unknown gene which in 

turn would activate the transcription of these genes (Figure 6.2C). However, the 

promoters of the three genes harbor consensus binding sites for TAL1, reinforcing the 

idea that the role of TAL1 in the expression of CASZ1, DMGDH and OR5M3 genes 

could be direct (Figure 6.2A and 6.2B). 
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HDAC inhibitors: a novel therapeutic approach for T-ALL?  

T-ALL is characterized by the clonal expansion of T-cell progenitors arrested at 

different stages of development, and associates with poor prognosis even though 

intensive and risk adjusted chemotherapy have led to significantly improved outcome 

(70, 71). Despite the therapeutic successes, T-ALL patients remain in need of novel 

approaches that diminish the aggressiveness of the current treatment protocols, in order 

to minimize side-effects and augment efficacy.  

Figure 6.2. Several hypothetical mechanisms could explain TAL1-mediated up-

regulation of CASZ1, DMGDH and OR5M3. (A) E2A/HEB homodimers repress the 

transcription of the CASZ1, DMGDH and OR5M3 genes. Upon ectopic expression, TAL1 

heterodimerizes with E2A/HEB and the transcription of CASZ1, DMGDH and OR5M3 

genes is activated. (B) E2A/HEB homodimers are bound to the promoters of their target 

genes (gene X) promoting their transcription. However, when TAL1 is expressed it 

heterodimerizes with E2A/HEB promoting the transcription of its target-genes (CASZ1, 

DMGDH and OR5M3). (C) Upon TAL1 expression, it binds to E2A/HEB and activates the 

expression of a yet unknown gene (the Y gene) which in turns activates the expression of 

CASZ1, DMGDH and OR5M3. 
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In chapter 5, we demonstrate that TAL1 expression is rapidly and strikingly 

down-regulated upon treatment with HDACis. Interestingly, we found that HDACis 

inhibit not only TAL1 gene transcription but also TAL1 protein translation. T-ALL 

patients with TAL1 expression are associated with a poorer prognosis when compared 

with patients that express other T-cell oncogenes (33). This can be related with the fact 

that TAL1 expression and activity in T-ALL protects from apoptosis (44-46). Why this 

is the case remains to be determined, but it could be the result of the fact that TAL1 is 

involved in a broad transcriptional program that may be required for proper cell 

function. Interestingly, ectopic expression of TAL1 in a T-ALL cell line protected it 

from apoptosis induced by standard chemotherapeutic drugs (45). We propose that the 

combined use of HDACis and standard chemotherapeutic drugs could be useful in the 

treatment of T-ALL cases with TAL1 ectopic expression and poorer prognosis. It is 

tempting to speculate that the use of HDACis to decrease TAL1 expression followed by 

the combined use of standard chemotherapeutic drugs (72) would be efficient in the 

treatment of TAL1-expressing T-ALL cases.  

 

Acetylation, a new clue on TAL1 regulation?  

We showed in chapter 5 that TAL1 expression is down-regulated by HDACi 

incubation via two independent mechanisms. In T-ALL cells that contain the TAL1 

native promoter HDACi treatment displaces the RNA polymerase II from the promoter 

impairing TAL1 gene transcription (Figure 5.3). In contrast, in T-ALL cells that harbor 

the TAL1
d
 deletion, HDACi treatment down-regulates TAL1 expression by inhibiting 

TAL1 translation (Figure 5.4).   

The fact that HDACi treatment impairs TAL1 gene transcription could help 

uncover how this gene is transcriptionally regulated. The TAL1 gene is controlled by 

several elements that include promoters (73, 74), enhancers (75, 76) and also a silencer 

(77, 78). HDACi treatment not only displaces the RNA polymerase II from the 

promoter Ia and IV, but also decreases the levels of H3K9Ac, a chromatin marker 

highly associated with active transcription (79). The TAL1 promoters Ia and Ib are 

regulated by several transcription factors that include SP1, SP3 and GATA1 (80-83). 

Importantly, the transcriptional and DNA binding activity of these proteins was shown 

to be regulated by acetylation (84-86). In fact, acetylation of these proteins can increase 

or decrease their transcriptional activity depending on the cellular and genomic 
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environment (87, 88). Thus, it is tempting to speculate that HDACis increase the 

acetylation levels of the transcription factors that regulate the TAL1 Ia promoter, 

particularly the GATA1 transcription factor. However, additional experiments are 

required to test whether incubation with HDACis increase the level of GATA1 

acetylation in T-ALL cells and whether this increased acetylation results in diminished 

activity at the TAL1 Ia promoter. It is also possible that incubation with HDACis in T-

ALL also impairs TAL1 gene transcription at the Ib promoter that is regulated by SP1 

and SP3 (82), but we only analyzed the genomic region of the TAL1 promoter Ia. 

HDACis incubation in T-ALL cells that display a TAL1
d
 allele also down-

regulates TAL1 expression (Figure 5.1 and 5.4). As described previously, the TAL1
d
 

mutation juxtaposes the SIL regulatory sequences to the coding region of the TAL1 

gene, rendering TAL1 gene expression under the control of the former (89). In chapter 5, 

we describe that HDACis up-regulate TAL1 mRNA levels in TAL1
d
 T-ALL cells but 

impair the translation of these transcripts (Figure 5.4). This is not the first report of 

impaired mRNA translation by HDACis. Previously, Kawamata and colleagues 

described that HDACi treatment of Mantle Cell Lymphoma cells impaired cyclin D1 

translation, through the inhibition of the PI3K pathway (90). Treatment of T-ALL cells 

with HDACis also impairs the PI3K-mTOR axis. However the inhibition of these 

pathways fails to decrease TAL1 expression in T-ALL cells (Supplementary Figure 5.7 

and 5.8). It is possible that the incubation of HDACis in T-ALL cells can alter the 

acetylation levels of proteins involved in translation regulation. In fact, Fenton and 

colleagues described that p300 and P/CAF proteins interact and acetylate in vitro and in 

vivo S6 kinases, and importantly, HDACis enhance the acetylation levels of the S6 

kinases. However, the authors did not report any alterations in the activity or 

localization of the S6 kinases upon increased acetylation (91). Still, is possible that 

HDACi treatment in TAL1
d
 T-ALL cells could alter the activity of proteins involved in 

translation control by increasing their protein acetylation levels. However further 

experiments are required to clarify whether this is the mechanism responsible for the 

decrease in TAL1 mRNA translation levels.  

 

Concluding remarks 

Increasing evidence demonstrates that both cell-autonomous (24, 33, 39, 41, 92-

97) and extra-cellular cues regulate and contribute to leukemia progression (1, 98, 99). 
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We previously demonstrated that primary T-ALL cells display constitutive activation of 

the PI3K pathway (19), but also that IL-7 signaling can increase viability and 

proliferation of T-ALL cells through the activation of this pathway (2, 99). In other 

words, cell-intrinsic and external cues converge on the activation of PI3K pathway, to 

promote leukemia expansion.  

In this thesis, we describe in chapter 2, that IL-4, yet another cytokine produced in 

the leukemic milieu, can contribute to T-ALL progression by increasing proliferation 

through the activation of the mTOR pathway, which lies downstream of PI3K.  

On the other hand, we also looked at the cell-autonomous mechanisms that may 

promote leukemia progression. We showed that TAL1 and LMO2 (two frequently 

ectopically expressed genes in T-ALL) could contribute to T-ALL through the 

inhibition of normal T-cell development (chapter 3). Moreover, we identified new 

TAL1 target genes up-regulated in the context of T-ALL (chapter 4). Finally, the 

demonstration that incubation of HDACis down-regulated TAL1 expression in T-ALL 

cells opens a novel therapeutic window in the treatment of the cohort of T-ALL patients 

associated with poor prognosis (chapter 5).  

The results that we describe in this PhD thesis are summarized in Figure 6.3. 
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Figure 6.3. The role of extra-cellular cues and cell-autonomous mechanisms in the 

progression of T-ALL. An environmental factor like IL-4 increases the proliferation of T-

ALL cells through the activation of key signaling components such as those belonging to the 

the mTOR pathway (chapter 2). Extracellular cues complement the effect of cell-

autonomous aberrations, such as the ectopic expression of TAL1 and/or LMO2 in T-cell 

progenitors. Abnormal TAL1/LMO2 levels impair normal thymocyte differentiation, 

possibly predisposing cells to leukemogenesis (chapter 3). The activation of genes 

potentially reported to be involved in cancer (chapter 4) may be a mechanism by which 

TAL1 contributes to T-ALL. Importantly, HDACi incubation of T-ALL cells decreases 

TAL1 expression (chapter 5). This result opens the possibility of using HDACis to treat T-

ALL patients, especially those that display TAL1 expression. Overall, the results described 

in the present thesis support the notion that both microenvironmental cues and cell-

autonomous mechanisms contribute to T-ALL progression, through the complementary 

activation of signaling pathways and up-regulation of genes involved in the maintenance of 

viability and proliferation of T-ALL cells.  
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