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ABSTRACT 
Therapeutic targeting of Hairy and Enhancer of Split 1 (HES1) transcriptional 

programs in T-cell Acute Lymphoblastic Leukemia 
 

Stephanie Schnell 
 

 

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematological tumor 

resulting from the malignant transformation of immature T-cell progenitors. Originally associated 

with a dismal prognosis, the outcome of T-ALL patients has improved remarkably over the last 

two decades as a result of the introduction of intensified chemotherapy protocols. However, 

these treatments are associated with significant acute and long-term toxicities, and the 

treatment of patients presenting with primary resistant disease or those relapsing after a 

transient response remains challenging. Oncogenic activation of NOTCH1 signaling plays a 

central role in the pathogenesis of T-cell acute lymphoblastic leukemia (T-ALL), with mutations 

on this signaling pathway affecting more than 60% of patients at diagnosis. However the 

transcriptional regulatory circuitries driving T-cell transformation downstream of NOTCH1 

remain incompletely understood. Here we identify HES1, a transcriptional repressor controlled 

by NOTCH1 as a critical mediator of NOTCH1 induced leukemogenesis strictly required for 

tumor cell survival. Mechanistically, we demonstrate that HES1 inhibits leukemia cell death by 

repressing BBC3, the gene encoding the PUMA BH3-only proapototic factor. Finally, we identify 

perhexiline, a small molecule inhibitor of mitochondrial carnitine palmitoyltransferase-1, as a 

HES1-signature antagonist drug with robust antileukemic activity against NOTCH1 induced 

leukemias in vitro and in vivo.  
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Chapter 1: Introduction 
 

 

“Down to their innate molecular core, cancer cells are hyperactive, survival-endowed, scrappy, 

fecund, inventive copies of ourselves.” 

Sidhartha Mukherjee, The Emperor of All Maladies 

 

Opening Statement 

The onset of chemotherapy for the treatment of cancer was a consequence from 

observing the toxic hematopoietic effects in naval troops who were accidentally exposed to 

mustard gas during WWII. This observation led to the subsequent testing of other gases and the 

discovery of nitrogen mustard as an antileukemic agent in lymphoma patients due to its DNA 

damaging properties. Thus, the field of chemotherapy grew from the understanding that cancer 

cells can be targeted by blocking the pathways involved in cell growth and replication (DeVita 

and Chu 2008). Now, 75 years later, scientists have a greater scope of the genetic and 

molecular mechanisms involved in the transformation of a normal cell into a malignant cell and a 

diverse selection of chemotherapeutics. However, the field still requires a deeper understanding 

of the mechanisms driving malignancy as not all patients respond to treatment and many face 

severe short and long-term consequences from toxic effects of chemotherapy. 

 The focus of this thesis is to elucidate the molecular pathways involved in the 

pathogenesis of T cell acute lymphoblastic leukemia (T-ALL), a hematological malignancy, and 

to apply that knowledge into the identification of new potential therapies for the treatment of this 

disease. Chapter 1 will describe the clinical presentation and the current standard of treatment 

for T cell acute lymphoblastic leukemia. This will be followed by an overview of normal T cell 

development and the established genetic and molecular mechanisms driving the transformation 

of T cell progenitors. Chapter 2-5 will describe the transcriptional and cellular effects of the 
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NOTCH1-HES1 pathway in the maintenance of T-ALL, the identification of a novel antileukemic 

drug, and the materials and methods used during experimentation. 

 

I. T-cell Acute Lymphoblastic Leukemia 

Acute lymphoblastic leukemia (ALL) is an aggressive hematological disorder 

characterized by the malignant transformation of either B-cell or T-cell lymphoid progenitors. 

ALL is the most frequently diagnosed childhood malignancy, with the highest incidence 

occurring between 2 to 5 years of age. T cell acute lymphoblastic leukemia (T-ALL) accounts for 

10-15% of childhood ALL and 25% of adult ALLs and is characteristically more prevalent in 

males than females (Rubnitz, Camitta et al. 1999, Ferrando, Neuberg et al. 2002, Pui, Relling et 

al. 2004). T-ALL patients typically present with large tumor burdens at diagnosis including high 

peripheral white blood cell counts, diffuse infiltration of the bone marrow by T-cell lymphoblasts, 

mediastinal masses with pleural effusions, and frequent infiltration of the central nervous system 

(Pui, Relling et al. 2004).  Prior to the 1950’s diagnosis of ALL was universally fatal; however, 

the introduction of intensified chemotherapy has gradually improved the outcome of T-ALL 

patients so that over 75% of children and 40-50% of adults with this disease achieve long term 

and durable remissions (Pui, Robison et al. 2008).  

Patients diagnosed with T-ALL currently undergo a two-phase treatment plan involving 

2-3 years of chemotherapy. Although there is variation in the specific protocols used to treat 

patients with T-ALL, there are four components that form the backbone of T-ALL treatment: 

remission induction, central nervous system (CNS)-directed therapy, intensification 

(consolidation) therapy, and maintenance treatment (Pui and Evans 2013). The goal of the first 

phase of treatment, called remission-induction chemotherapy, is to eliminate 99.9% of leukemia 

cells found in the blood and bone marrow of the patients. This is accomplished over the course 

of a 4-week treatment with a corticosteroid (prednisone, prednisolone, or dexamethasone), 

vincristine, L-asparaginase, and sometimes anthracycline. Patients diagnosed with high risk 
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ALL receive four or more drugs during this phase of treatment (Pui and Evans 2006, Pui, Pei et 

al. 2010). The response to treatment is assessed via quantitation of minimal residual disease 

(MRD), remaining leukemia cells, detected by flow cytometry or polymerase-chain-reaction 

(PCR) (Pui 2001, Pui, Campana et al. 2001). MRD levels less than 0.01% upon completion of 

remission-induction treatment predict a favorable prognosis, however patients with 1% MRD 

have a high risk of relapse and are therefore treated with an extended period of remission-

induction intensified chemotherapy (Attarbaschi, Mann et al. 2008, Van der Velden, Corral et al. 

2009, Conter, Bartram et al. 2010). 

After the induction treatment and complete remission resulting in the restoration of 

normal hematopoiesis, patients are started on post induction treatment. This second phase of 

treatment, which aims to kill any residual leukemia cells that may eventually proliferate and 

result in relapse, consists of three steps: consolidation, intensification, and maintenance 

therapy. Consolidation therapy consisting of high-dose methotrexate and daily mercaptopurine 

is essential for all patients, but there is much variation in the drug regimen and duration of 

treatment (Asselin, Devidas et al. 2011, Pui and Evans 2013). The most common intensification 

treatment involves treatment with aspariganse, vincristine, and dexamethasone with or without 

anthracycline, mercaptopurine, and methotrexate for the course of 6-10 months (Gaynon, 

Angiolillo et al. 2010, Silverman, Stevenson et al. 2010). Maintenance therapy consists of daily 

mercaptopurine and low-dose methotrexate for 2-3 years (Pui and Evans 2006, Moricke, 

Zimmermann et al. 2010). Variation in specific chemotherapies and length of treatment of this 

post-induction protocol is common, specifically among high-risk T-ALL patients and low-risk T-

ALL patients. During induction and post-induction therapy, patients are also treated with central 

nervous system (CNS) directed therapy to eliminate residual cells in the CNS and decrease the 

risk of relapse (Richards, Pui et al. 2013). Lastly, allogeneic hematopoietic stem cell (HSC) 

transplantation is sometimes used for the treatment of patients who are at high risk for induction 

failure or disease relapse (Hunault, Harousseau et al. 2004, Thomas, Boiron et al. 2004). HSC 
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transplantation has the potential to cure patients; however patients have a significant risk for 

long-term physiological side effects including graft-vs-host disease (GVHD), non-malignant 

organ and tissue dysfunction, delayed or abnormal immune reconstitution, and secondary 

cancers (Mohty and Apperley 2010). 

T-ALL patients who do not respond to induction chemotherapy treatment or those whose 

disease relapses have a poor prognosis (Goldberg, Silverman et al. 2003, Oudot, Auclerc et al. 

2008).  The dismal outcome for those patients highlights the need to focus research efforts in 

elucidating the molecular pathogenesis of T-ALL in order to search for molecular drug targets 

and tumor-specific therapies that may facilitate the development of more effective and less toxic 

anti-leukemic drugs (Aifantis, Raetz et al. 2008).   

 

II.  T Lymphocyte Development 

T-cell acute lymphoblastic leukemia is a malignancy arising from early progenitors of T 

lymphocytes (also called T cells). T lymphocytes are cells of the immune system that play a 

significant role in the adaptive system, protecting against infection from viruses, bacteria, fungi, 

protozoa, and even cancer cells (Delves and Roitt 2000). Their function relies on their T-cell 

receptor (TCR) recognizing peptides derived from pathogens (antigens) presented on major 

histocompatibility complexes (MHC), which are found on the cell membrane of all nucleated 

cells (Delves and Roitt 2000, Parkin and Cohen 2001). The specific interaction of the TCR with 

the antigen-presenting MHC complex triggers a T-cell mediated immune response. There are 

two major types of T cells that elicit different responses in the immune system: T helper (Th) 

cells expressing the CD4 surface molecule, and T cytotoxic (Tc) cell expressing the CD8 

surface molecule. TCR engagement to an MHC-presented antigen in Th cells (surface marker 

CD4+ lymphocytes) triggers the production of cytokines, which activate surrounding cells such 

as macrophages, Tc cells, B cells, and eosinophils. On the other hand, Tc cells (surface marker 

CD8+ lymphocytes) binding to antigen-MHC complex induces apoptosis, programmed cell 
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death, of infected cells (Swain, Bradley et al. 1991, Sallusto, Lenig et al. 1999, Delves and Roitt 

2000, Parkin and Cohen 2001). There are two different types of MHC complexes, each with a 

specific function: (i) MHC class I present antigens produced within the cells, such as viruses and 

tumor antigens, and are recognized by TCRs on Tc lymphocytes; and (ii) MHC class II present 

antigens derived from extracellular pathogens including bacteria, fungi, and protozoa, and are 

recognized by Th cells (Parkin and Cohen 2001).  

The key factor that determines the efficiency of the adaptive cellular immune response is 

the generation by the immune system of a large repertoire of T cells, with every T cell 

expressing a unique TCR that recognizes a specific antigen.  The TCR repertoire can virtually 

recognize any antigen the organism may be exposed to during their lifetime and this diversity is 

achieved by extensive DNA recombination in a process called V(D)J recombination, which takes 

place during T cell development. The TCR is a heterodimer composed by two pairs of chains 

(TCR α/β chain heterodimer or TCR γ/δ chain heterodimer). The genes encoding the TCR β and 

δ chains are composed of three groups of gene segments: the variable (V), diversity (D), and 

joining (J). In turn, each of these groups contains multiple segments. In the case of the TCR α 

and γ chains, only V and J segments are present. T cell progenitors undergo somatic 

recombination of this locus to randomly combine one gene segment of each type (V, D, and J) 

creating a distinct TCR genetic sequence, which is translated into a unique TCR to recognize 

antigens.  The different possible combinations of these gene segments allows for the generation 

of an incredibly variable TCR repertoire with the potential to recognize and eliminate any 

pathogen. V(D)J recombination is the most important event occurring during T cell differentiation 

and only cells that achieve the expression of a functional non-autoreactive TCR will proceed to 

complete their maturation and eventual differentiation to Th and Tc cells (Schatz, Oettinger et al. 

1992, Agrawal and Schatz 1997, Arstila, Casrouge et al. 1999, Delves and Roitt 2000).  
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Hematopoiesis 

Before discussing the abnormal developmental process that leads to T-ALL, it is 

important to understand the normal stepwise maturation process of T cells from haematopoietic 

stem cells (HSC) in the bone marrow to mature T cells in the thymus. All hematopoietic cells 

originate in the bone marrow from a rare population of hematopoietic stem cells (HSC), which 

have self-renewing capacity and the ability to differentiate into all blood cell lineages (Orkin and 

Zon 2008). This population of cells is called LSK because the cells present with the following 

phenotype: Lineage (Lin) -, stem cell antigen 1 (SCA1)+, and tyrosine kinase receptor C-KIT high 

(KIT)high (Morrison and Weissman 1994, Sitnicka 2009). The LSK cells are further subdivided 

into long-term (LT)-HSCs, which have the potential to self-new and give rise to all cells for the 

life-span of an individual, and short-term (ST)-HSCs which have a limited self-renewal capacity 

(Kiel, Yilmaz et al. 2005). Low expression of fms-like tyrosine kinase reporter-3 (FLT3) in LSK 

cells gives rise to multipotential progenitors (MPPs), which lose their self-renewal capacity but 

                                         
      
Figure 1.1. T-cell progenitors in the bone marrow. All blood cells are derived from 
hematopoietic stem cells (HSC) in the bone marrow. HSCs give rise to multipotent 
progenitors (MPP) and lymphocyte-primed multipotent progenitors (LMPP). MPPs give rise 
to common lymphoid progenitors (CLP) and common myeloid progenitors (CMP). Given the 
right microenvironment, HSC, LMPP, MPP, and CLP cells can commit to the T cell lineage.  
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maintain the capability to differentiate into all hematopoietic lineages (Adolfsson, Borge et al. 

2001, Christensen and Weissman 2001). MPPs then bifurcate into common lymphoid and 

common myeloid progenitors (CLPs and CMPs) (Kondo, Weissman et al. 1997, Akashi, Traver 

et al. 2000). CLPs express low levels of KIT and high levels of interleukin-7 receptor α-chain (IL-

7Rα) and FLT3, and have the potential to differentiate into T cells, B cells, natural killer cells, 

and dendritic cells (Inlay, Bhattacharya et al. 2009). CMPs, which will not be further described 

here, give rise to erythrocytes, megakaryocytes, monocytes, and granulocytes (Akashi, Traver 

et al. 2000). Additionally, there is a separate subset of cells with potential towards lymphoid, 

granulocyte, and macrophage development called lymphoid-primed MPPs (LMPP) that are 

characterized by high expression of FLT3 (Figure 1.1) (Adolfsson, Borge et al. 2001, Lai and 

Kondo 2007, Mansson, Hultquist et al. 2007, Ng, Yoshida et al. 2009). 

 

Thymopoiesis 

  Thymopoiesis is the developmental process in the thymus involving the maturation of T 

cell progenitors (thymocytes) into mature T cells. The thymus, an organ found in the 

mediastinum and just above the heart, provides the microenvironment that is critical and 

essential for the development of T-cell lymphopoeisis (Petrie 2002). The thymus architecture is 

comprised of four distinct regions, each providing a specific microenvironment to assist 

particular stages of T cell development (Koch and Radtke 2011). The four regions include the 

corticomedullary junction (CMJ), the cortex, subcapsular zone, and the medulla (Figure 1.2). 

The corticomedullary junction is characterized by an abundance of blood vessels and a network 

of endothelial cells that facilitate the movement of cells into and out of the thymus. The cortex is 

composed of cortical thymic epithelial cells (cTECs), fibroblasts, macrophages and an extensive 

population of early T cell progenitors, whereas the subcapsular zone contains mainly cTECs 

and T cell precursors. Lastly, the medulla contains dentritic cells (DC), medullary thymic 

epithelial cells (mTECs), Hassall corpuscles, and mature T cell lymphocytes (Pearse 2006). 
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Although there is much ambiguity in identifying the earliest thymic seeding progenitors 

(TSPs), a small number of early lymphoid progenitor cells travel from the bone marrow through 

the blood stream and enter the thymus through blood vessels into the CMJ (Kadish and Basch 

1976, Spangrude and Scollay 1990, Lind, Prockop et al. 2001, Bhandoola, von Boehmer et al. 

2007). Once TSP cells enter the thymus and encounter the cTECs, they differentiate into early 

thymic progenitors (ETPs) characterized by LinlowCD44highCD25-KIThigh, and undergo T-lineage 

specification (Bhandoola, von Boehmer et al. 2007, Yang, Jeremiah Bell et al. 2010). Early T 

cell progenitors undergo an extensive process of differentiation and proliferation in the thymus. 

However, only a few percent of cells (2-4%) survive the maturation process and are released 

into circulation. The majority (98%) of developing T-cells ultimately undergo apoptosis in the 

thymus due to the rigorous selection process required for the generation of a functional T cell 

receptor (TCR) repertoire and self-tolerance (Surh and Sprent 1994). 

 The progression of ETPs into mature T cells can be broken down into a stepwise 

process defined by the expression of cell-surface markers CD4 and CD8. ETPs start as CD4- 

CD8- double negative (DN), then progress into CD4+CD8+ double positive (DP), and finally 

differentiate into maturing single-positive CD4+ or CD8+ T cells (Anderson and Jenkinson 

2001). The DN population of cells is further subdivided by the expression of cell-surface 

markers CD44 and CD25 (Table 1.2) (Godfrey, Kennedy et al. 1993).  

The most immature thymocyte precursors are classified as DN1 (CD44+CD25-KIT+) 

population of cells. DN1 are a heterogeneous group of cells, including the ETP subset, that 

maintain the potential to differentiate into αβ T cells, γδ Tcells, natural killer (NK) cells, DC, and 

macrophages (Shah and Zuniga-Pflucker 2014). DN1 cells proliferate extensively for 

approximately 10 days in the CMJ and then migrate into the cortex where they interact with 

cTEC, receiving stimulatory signals, interleukin-7 (IL-7) and NOTCH signaling activation, and 
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subsequently differentiate into DN2 thymocytes (CD44+CD25+) (Peschon, Morrissey et al. 1994, 

von Freeden-Jeffry, Vieira et al. 1995, Porritt, Gordon et al. 2003, Hozumi, Negishi et al. 2008, 

Koch, Fiorini et al. 2008). DN2 cells migrate through the cortex towards the subcapsular zone. 

During this process, DN2 cells initiate upregulation of T cell identity genes including Cd3 and 

Il7ra and begin rearrangement of the D to J segments of the TCRγ, TCRδ, and TCRβ gene 

locus (Koch and Radtke 2011). T cell lineage commitment occurs when DN2 cells differentiate 

into DN3 (CD44-CD25+) cells within the subcapsular zone. DN3 cells extensively rearrange 

TCRγ, TCRδ, and TCRβ gene. The cells that successfully rearrange TCRγ and TCRδ progress 

to generate a minor population of γδ T cells, which will not be further discussed (Lauritsen, 

Wong et al. 2009). In contrast, cells with TCRβ gene rearrangement are committed to the main 

αβ T cell fate (Burtrum, Kim et al. 1996). Only the DN3 cells that have successful in-frame 

rearrangement of TCRβ survive this stage of differentiation. Once DN3 cells proceed through β-

selection, which requires a functional pre-TCR complex consisting of a TCRβ chain, 

components of the CD3 chains, and a surrogate pre-TCRα chain (pTα), they mature into DN4 

(CD44-CD25-) (von Boehmer 2005). DN4 cells migrate to the cortex and begin pre-TCR 

signaling, cell proliferation, and expression of CD4, differentiating them into immature single 

!
Table 1.1. Stages of T cell development 

    Developmental 
stage Cell Surface phenotype Thymus 

location Notch signal TCRB 
rearrangement 

TCRa 
rearrangement 

ETP/DN1 CD44+CD25-CD4-CD8- CMJ +++ Germline Germline 

DN2 CD44+CD25+CD4-CD8- Cortex + Germline Germline 

DN3 CD44-CD25+CD4-CD8- SCZ + DJ Germline 

DN4 CD44-CD25-CD4-CD8- SCZ +++ VDJ Germline 

DP CD4+CD8+ Cortex - VDJ Germline 

SP CD4+CD8- or CD4-CD8+ Medulla - VDJ VJ 
Abbreviations: ETP (early thymic progenitor), DN (double negative), DP (double positive), SP (single positive), CMJ 
(corticomedullary junction), SCZ (subcapsular zone), TCR (T cell receptor), V (variable), D (diversity), J (joining). The three +++ 
represent the stages during T cell development requiring NOTCH1 signaling. The single + represent when NOTCH1 receptor is 
excpressed. Adapted from Koch et al 2011. 
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Figure 1.2. T cell development. Thymic seeding progenitors leave the bone marrow and 
arrive into the cotico-medullary junction (CMJ) through blood vessels. Cells interact with 
cortical thymic epithelial cells (cTECs) and differentiate into double negative (DN1) cells. 
DN1 cells migrate towards the cortex and continue to interact with cTECs to differentiate into 
DN2 cells. T cell lineage commitment occurs when DN2 cells differentiate into DN3 cells in 
the subcapsular zone (SCZ). DN3 cells rearrange TCRβ locus and once they proceed 
through β-selection they differentiate into DN4 cells. DN4 cells migrate towards the cortex, 
begin pre-TCR signaling, and upregulate CD4 to differentiate into immature single positive 
(ISP).  CD8 is then upregulated differentiating cells into double positive (DP) cells. DP cells 
rearrange TCRα, express αβ TCR, interact with dendritic cells (DC) and cTECs to undergo 
positive and negative selection. DP cells that fail to successfully undergo positive and 
negative selection undergo apoptosis and are engulfed by macrophages, while those that 
express a functional TCR complex and passed both stages of selection migrate to the 
medulla and differentiate into single positive CD8 or CD4 cells. 
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positive cells (ISP) which subsequently upregulate CD8, thus maturing them into DP  

(CD4+CD8+) cells (Porritt, Gordon et al. 2003). DP cells represent the majority (75-88%) of the 

thymus cell population (Huesmann, Scott et al. 1991, Ceredig and Rolink 2002).  DP cells 

rearrange TCRα locus, thereby producing an assembled αβ TCR. The few DP cells expressing 

an αβ TCR capable of recognizing self-MHC presented by cTECs undergo positive selection, 

while the majority of cells unable to recognize self-MHC undergo apoptosis (Klein, Hinterberger 

et al. 2009). Positively selected cells then undergo negative selection, a process eliminating 

cells with high specificity towards self-peptides, in order to decrease the potential for 

autoreactive T cells. DP cells that have survived positive and negative selection then express 

high levels of TCR and commit to either CD4 SP (CD4+CD8-) or CD8 SP (CD4-CD8+) T 

lymphocytes and migrate to the medulla (Figure 1.2) (Klein, Hinterberger et al. 2009). Thus, 

early T cell progenitors undergo an extensive process of differentiation and proliferation in the 

thymus, whereby only a few percent of cells (2-4%) survive the maturation process and are 

released into circulation. The majority (98%) of developing T-cells ultimately undergo apoptosis 

in the thymus due to the rigorous selection process required for the generation of a functional T 

cell receptor (TCR) repertoire and self-tolerance (Surh and Sprent 1994). 

 

III. Genetic Mechanisms Driving T-cell Transformation 

T-cell transformation is a multistep process in which multiple genetic alterations 

cooperate to enhance self-renewal capacity, block differentiation, promote proliferation, and 

intensify survival signals to escape cell death.  These genetic alterations are a consequence of 

chromosomal translocations and mutations resulting in loss of tumor suppressors and the 

overexpression and activation of transcription factor oncogenes in early T cell progenitors 

(Table 1.2). These transcription factors typically play key roles in embryonic development and 

are aberrantly expressed in malignant T-cell lymphoblasts due to chromosomal translocations, 

which juxtapose them to the promoters of the T- cell receptor genes. In this context, NOTCH1 is 
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the most prominent T-ALL specific oncogene, to the extent that most T-ALLs can be primarily 

defined as tumors driven by constitutive activation of NOTCH signaling (Weng, Ferrando et al. 

2004). However, the loss of the tumor suppressor genes p16/INK4A and p14/ARF in 

chromosome band 9p21 (CDKN2A locus), present in more than 70% of all T-ALL cases, is the 

most prevalent genetic abnormality in this disease (Hebert, Cayuela et al. 1994, Ferrando, 

Neuberg et al. 2002). Thus, constitutive activation of NOTCH signaling and loss of p16/INK4A 

and p14/ARF constitute the core of the oncogenic program responsible for transformation of T-

cell progenitors.  

T-ALLs are characterized by the translocation and aberrant expression of transcription 

factor oncogenes. These chromosomal alterations arise from errors in the recombination  

process responsible for the rearrangement of TCR genes during normal T-cell development, 

and typically place T-ALL transcription factor oncogenes under the control of T-cell specific 

enhancers in the vicinity of the TCRB (7q34) or TCRA-TCRD (14q11) loci. These translocations 

are present in approximately ~33% of T-ALL cases and cause deregulation of basic helix-loop-

helix (bHLH) family members such as TAL1 (Begley, Aplan et al. 1989, Bernard, Guglielmi et al. 

1990, Chen, Cheng et al. 1990), TAL2 (Xia, Brown et al. 1991), LYL1 (Mellentin, Smith et al. 

1989), BHLHB1 (Wang, Jani-Sait et al. 2000); LIM-only domain (LMO) factors such as LMO1, 

LMO2, and LMO3 (McGuire, Hockett et al. 1989, Boehm, Foroni et al. 1991, Royer-Pokora, 

Loos et al. 1991); TLX1/HOX11 (Dube, Kamel-Reid et al. 1991, Hatano, Roberts et al. 1991, 

Kennedy, Gonzalez-Sarmiento et al. 1991), TLX3/HOX11L2 (Bernard, Busson-LeConiat et al. 

2001, Ferrando, Neuberg et al. 2002), NKX2.5 (Nagel, Kaufmann et al. 2003) and HOXA 

homeobox genes (Soulier, Clappier et al.); MYC (Erikson, Finger et al. 1986, Shima, Le Beau et 

al. 1986); MYB (Clappier, Cuccuini et al. 2007) and TAN1, a truncated and constitutively 

activated form of the NOTCH1 receptor (Ellisen, Bird et al. 1991). An exception is the 

TLX3/HOX11L2 locus, which is aberrantly expressed due to translocations that place it under 

the control of T-cell regulatory sequences in the proximity of the BCL11B locus
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Table 1.2. GENETIC MUTATIONS IN T-ALL 
  Category Gene Target Genetic Rearrangement  Frequency 

NOTCH1 pathway NOTCH1 Activating muation >50% 
  TAN1 t(7;9)(q34;p13) <1% 
  FBXW7 Inactivating mutation 8-30% 
Cell cycle defects p16/INK4A; p14/ARF 9p21 deletion methylation 70% 
  RB1 13q14 deletion 4% 
  CDKN1B 12p13deletion 2% 
  CCND2 t(7;12)(q34;p13) 1% 
    t(12;14)(p13;q11)   
Cell growth tumor suppressors RUNX1 Inactivating mutation/deletion 10-20% 
  LEF1 Inactivating mutation/deletion 10-15% 
  ETV6 Inactivating mutation/deletion 13% 
  WT1 Inactivating mutation/deletion 10% 
  BCL11B Inactivating mutation/deletion 10% 
  GATA3 Inactivating mutation/deletion 5% 
  MYC t(8;14)(q24;q11) 1% 
Signal transduction JAK1 Activating mutation 4-18% 
  PTEN Inactivating mutation 10% 
    10q23 deletion   
  IL7R Activating mutation 10% 
  NRAS Activating mutation 5-10% 
  JAK3 Activating mutation 5% 
  NUP214-ABL1 Episomal 9q34 amplification 4% 
  FLT3 Activating mutation 2-4% 
  NF1 Inactivating mutation/deletion 3% 
  EML1-ABL1 t(9;14)(q34;q32) <1% 
  ETV6-ABL1 t(9;14)(q34;q32) <1% 
  BCR-ABL1 t(9;22)(q34;q11) <1% 
  ETV6-JAK2 t(9;12)(p24;p13) <1% 
Chromatin remodeling EZH2 Inactivating mutation/deletion 10-15% 
  SUZ12 Inactivating mutation/deletion 10% 
  EED Inactivating mutation/deletion 10% 
  PHF6 Inactivating mutation/deletion 20-40% 
bHLH family members TAL1 t(1;14)(p32;q11);             3-30% 
    t(1;7)(p32;q34);                             
    1p32 deletion   
  TAL2 t(7;9)(q34;q32) 1% 
  LYL1 t(7;19)(q42;p13) 1% 
  BHLHB1 t(14;21)(q11.2;q22) 1% 
LMO family members LMO1 t(11;14)(p15;q11)                   1% 
    t(7;11)(q34;p15)   
  LMO2 t(11;14)(p13;q11)                   6% 
    t(7;11)(q34;p13)   
  LMO3 t(7;12)9q34;p12) <1% 
Homeobox family members TLX1 t(11;14)(p15;q11) 5-30% 
  TLX3 t(11;14)(p15;q11) 5-20% 
  HOXA Inv(7)(p15q34)                    3% 
    t(7;7)(p15;q34)   
  CALM-AF10 t(10;11)(p13;q14) 5-10% 
  MLL-ENL t(11;19)(q23;p13) 1% 
  SET-NUP214 9q34 deletion                        3% 
    inv(14)(q11.2q13)   
  NKX2.1 inv(14)(q13q32.22)                5% 
    t(7;14)(q34;q13)      
  NKX2.2 t(14;20)(q11;p11) 1% 
Proto-oncogene c-MYB t(6;7)(q23;q34) 3% 

Adapted from Van Vlierberghe et al 2012 
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(Bernard, Busson-LeConiat et al. 2001). In addition, some T-ALLs activate these T-cell 

transcription factor oncogenes as a result of alternative genetic rearrangements. For example, 

small intrachromosomal deletions in chromosome 1p32 result in TAL1 regulation by the SIL 

promoter (Aplan, Lombardi et al. 1990) and cryptic deletions in chromosome 11p13 can lead to 

aberrant expression of the LMO2 oncogene (Van Vlierberghe, van Grotel et al. 2006).  

The set of known genetic alterations associated with T-cell transformation is completed 

with a number of rare but recurrent cytogenetic and molecular alterations resulting in: (i) 

expression of fusion transcription factor oncogenes such as PICALM/MLLT10/CALM-AF10 

(Asnafi, Radford-Weiss et al. 2003), MLL-MLLT1/MLL-ENL (Chervinsky, Sait et al. 1995, 

Rubnitz, Behm et al. 1996), SET-NUP214 (Van Vlierberghe, van Grotel et al. 2008) and NUP98-

RAP1GDS1 (Hussey, Nicola et al. 1999), (ii) activation of multiple genetic factors that drive 

proliferation, including LCK (Tycko, Smith et al. 1991), CCND2 (Clappier, Cuccuini et al. 2006), 

JAK1 (Flex, Petrangeli et al. 2008), ETV6-JAK2 (Lacronique, Boureux et al. 1997), ETV6-ABL1 

(Van Limbergen, Beverloo et al. 2001), ETV6-ARNT (Otsubo, Kanegane et al.), NUP214-ABL1 

(Graux, Cools et al. 2004), EML1-ABL1 (De Keersmaecker, Graux et al. 2005), FLT3 (Paietta, 

Ferrando et al. 2004, Van Vlierberghe, Meijerink et al. 2005) and NRAS (Bar-Eli, Ahuja et al. 

1989), and (iii) loss or inactivation of tumor suppressor genes such as PTPN2 (Kleppe, 

Lahortiga et al.), NF1 (Balgobind, Van Vlierberghe et al. 2008), PTEN (Palomero, Sulis et al. 

2007),  WT1 (Tosello, Mansour et al. 2009), LEF1 (Gutierrez, Sanda et al. 2010), BCL11B (De 

Keersmaecker, Real et al. 2010), PHF6 (Van Vlierberghe, Palomero et al. 2010), and RUNX1 

(Della Gatta, Palomero et al. 2012) 

 

IV. NOTCH1 Signaling Pathway in T-ALL 

Aberrant NOTCH1 signaling was first implicated in the pathogenesis of T-ALL upon 

characterization of the t(7;9)(q34;q34.3) chromosomal translocation, present in 1% of T-ALL 
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cases (Paganin and Ferrando 2011). This translocation leads to the expression of TAN1, a 

truncated and constitutively active form of NOTCH1 (Ellisen, Bird et al. 1991). However, the role 

of NOTCH1 in T-ALL was not fully appraised until activating mutations in the NOTCH1 gene 

were found in more than 50% of patients diagnosed with T-ALL (Weng, Ferrando et al. 2004).  

 

NOTCH1 Signaling Pathway 

The NOTCH1 receptor, a class I transmembrane protein, functions as a ligand-activated 

transcription factor that directly controls gene expression in response to extracellular signals 

(Aster, Pear et al. 2008). The NOTCH1 receptor can be broken down into the N-terminal 

extracellular domain and the C-terminal transmembrane and intracellular domain. The 

extracellular domain consists of 36 epidermal growth factor (EGF)-like repeats responsible for 

the interaction with the NOTCH1 activating ligands (Delta-like ligand 1,2, and 3 or Jagged 1 and 

2). Following the EGF repeats are the three LIN-12/Notch Repeat (LNR) modules responsible 

for preventing activation of the receptor in the absence of ligand by folding over and stabilizing 

the heterodimerization domain (HD). The HD domain links the extracellular domain with the 

intracellular domain of NOTCH1 (ICN1), the domain responsible for the transcriptional activation 

of NOTCH1 target genes. ICN1 consists of a RAM domain, a series of ankarin repeats, a 

transactivator domain, nuclear localization signals and a C-terminus PEST domain (proline (P), 

glutamic acid (E), serine (S), threonine (T) rich) responsible for the proteasomal degradation of 

ICN1 (Aster, Pear et al. 2008). 

Activation of NOTCH1 is triggered by binding to the Jagged and Delta-like family of 

ligands expressed on the surface of nearby cells. This ligand-receptor interaction causes a 

conformation change exposing the extracellular heterodimerization domain (HD) and allowing 

for proteolytic cleavage by an ADAM metalloprotease. Cleavage of the HD domain allows for 

the immediate subsequent cleavage by the γ-secretase complex in the transmembrane region 
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of the NOTCH1 receptor, resulting in the release of the intracellular domain of NOTCH1 

receptor (ICN1) from the cell membrane into the cytosol (Radtke, Wilson et al. 2004).  Following 

cleavage, ICN1 rapidly translocates into the nucleus where it associates with RBPJ/CSL DNA-

binding protein and recruits members of the mastermind (MAML) family of coactivators and 

CBP/p300 to activate the expression of target genes such as HES1, HEY1, MYC, PTCRA, 

DTX1, and CCR7 (Figure 1.3) (Grabher, von Boehmer et al. 2006, Palomero, Lim et al. 2006). 

!!!!!!!
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!!!! !
 
 
Figure 1.3. NOTCH1 signaling. Schematic representation of the NOTCH1 signaling 
pathway. Briefly, the NOTCH1 transmembrane receptor protein undergoes a series of two 
consecutive proteolytic cleavages upon ligand activation; the first cleavage by the ADAM 
family metalloproteases and the second by the γ-secretase complex releasing the 
intracellular portion of NOTCH1 (ICN1). ICN1 translocates into the nucleus, associates with 
the RBPJ/CSL protein, recruits MAML coactivators and active expression of target genes. 
Adapted from Ferrando 2009. 
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Finally, termination of NOTCH1 signaling occurs after recruitment of the RNA polymerase II 

holoenzyme to the ICN1-RBPJ/CSL/MAML transcriptional complex, which triggers 

phosphorylation of the C-terminal PEST domain of the receptor. Phosphorylation of the PEST 

domain recruits the FBXW7/SCF ubiquitin ligase to the transcriptional complex and triggers the 

polyubiquitination and proteasomal degradation of ICN1 (Aster, Pear et al. 2008).   

 

NOTCH1 Signaling in T-cell Development 

NOTCH signaling plays a critical role in establishing cell lineage commitment decisions 

in multi-potent precursor cells (Greenwald 1998). In the hematopoietic system, NOTCH1 

signaling drives the initial commitment of progenitor lymphocytes to the T-cell lineage (Tanigaki 

and Honjo 2007) and subsequent intrathymic T-cell maturation (Table 1.A) (Schmitt, Ciofani et 

al. 2004). The exact progenitor cells and location of NOTCH1 signaling prior to thymus entry 

remain unknown; however, loss of NOTCH1 in bone marrow progenitors drives cells towards B-

cell lineage commitment in the thymus (Wilson, MacDonald et al. 2001). Once ETPs enter the 

thymus, NOTCH1, activated by Delta-like ligand 4 (DL4), provides the signaling pathway for 

cells to inhibit commitment towards B-cell and myeloid lineages and favor T-cell development 

(Pui, Allman et al. 1999, Heinzel, Benz et al. 2007, Bell and Bhandoola 2008, Wada, Masuda et 

al. 2008, Feyerabend, Terszowski et al. 2009). In addition, DN cells require continuous 

NOTCH1 signaling to support cells into T-cell lineage commitment at the DN3 stage of 

development (Ciofani and Zuniga-Pflucker 2006, Ikawa, Kawamoto et al. 2006). NOTCH1 

signaling in combination with weak pre-TCR signals is then required to drive DN3 cells towards 

αβ lineage (Ciofani, Schmitt et al. 2004, Lauritsen, Wong et al. 2009). Finally, NOTCH1 is 

critical during the β-selection checkpoint in order to sustain T-cell development and cellular 

metabolism. Cellular metabolism is sustained by the activation of the PI3K-AKT pathway 

downstream of NOTCH1 (Ciofani and Zuniga-Pflucker 2005). Specifically, NOTCH1 upregulates 
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important transcription factors involved in survival, proliferation, and differentiation, including 

pre-T cell receptor alpha (PTCRA), Interleukin 7 receptor alpha (IL7RA), and MYC (Reizis and 

Leder 2002, Ciofani and Zuniga-Pflucker 2006, Palomero, Lim et al. 2006, Gonzalez-Garcia, 

Garcia-Peydro et al. 2009).  

 

NOTCH1 Signaling Pathway Mutations and Prognosis in T-ALL  

NOTCH1 mutations typically involve specific domains responsible for controlling the 

initiation and termination of NOTCH signaling (Figure 1.4). HD domain (exon 26 and 27) 

mutations, found in 40% of human T-ALLs, destabilize the HD subunits resulting in ligand-

independent activation or ligand hypersensitivity (Weng, Ferrando et al. 2004, Malecki, 

Sanchez-Irizarry et al. 2006, Sulis, Williams et al. 2008). Other rare mutations involving the 

distal part of the HD domain and the juxtamembrane region result in the displacement of the HD 

domain away from the membrane and constitutive cleavage by the ADAM metalloprotease 

(Sulis, Williams et al. 2008).  The second category of mutations involves extending the NOTCH1 

signal or half-life rather than inducing constitutive activation of the signaling pathway. For 

example, truncating and nonsense mutations in the C-terminal region of the protein delete the 

PEST domain in 15% of T-ALL patients, extending NOTCH1 signaling by impairing ICN1 

degradation in the nucleus (Weng, Ferrando et al. 2004). Additionally, mutations in FBXW7 are 

present in 15% of T-ALL cases, and similar to NOTCH1 PEST domain mutations, impair the 

proteasomal degradation of ICN1 (O'Neil, Grim et al. 2007, Thompson, Buonamici et al. 2007). 

Furthermore, because FBXW7 also mediates the degradation of MYC, JUN, mTOR, cyclin E, 

preseniline, NF1, c-Myb, Aurora A, and SREBP, increased levels of these genes may also 

participate in the transformation of T-ALL harboring FBXW7 mutations (Li, Pauley et al. 2002, 

Nateri, Riera-Sans et al. 2004, Sundqvist, Bengoechea-Alonso et al. 2005, Finkin, Aylon et al. 

2008, Welcker and Clurman 2008, Kitagawa, Hiramatsu et al. 2009, Tan, Zhao et al. 2011).    
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 Given the high frequency of aberrant NOTCH1 activation in T-ALL patients, various 

clinical studies analyzed the prognostic significance in T-ALL patients harboring mutations in 

NOTCH1 and FBXW7. A retrospective trial of children with T-ALL treated on DCOG or COALL 

protocols identified the presence of NOTCH1 pathway mutations were associated with an 

improved early therapeutic response. However, this response did not translate into a change in 

overall outcome (Zuurbier, Homminga et al. 2010). The increased sensitivity to glucocorticoid 

treatment with no improved outcome in patients with T-ALL was independently recapitulated in a 

separate study of children with T-ALL treated on EORTC trials 58881 and 58951 (Clappier, 

Collette et al. 2010). In addition, mutations in NOTCH1 in T-ALL patients treated according to 

the NOPHO protocols showed no differences in overall or event-free survival. However, 

increased NOTCH1 activity measured by HES1 expression was associated with improved 

outcome in pediatric T-ALL (Fogelstrand, Staffas et al. 2014). In contrast to the DCOG/COALL 

and EORTC clinical reports, a third trial analyzing patients treated on ALL-BFM protocols 

            
 

                            
 
Figure 1.4. NOTCH1 mutations in T-ALL. The majority of NOTCH1 activating mutations 
involve the HD and PEST domain of the transmembrane receptor in patients diagnosed with 
T-ALL. In addition, FBXW7 mutations, found in 15% of T-ALL cases, contribute to NOTCH1 
activation by impairing the proteasomal degradation of ICN1. Adapted from Ferrando 2009.  
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identified an association of activating NOTCH1 receptor mutations with improved prognosis. 

This study documented an improved outcome to treatment and a decrease in disease relapse in 

T-ALL patients with aberrant NOTCH1 activation (Kox, Zimmermann et al. 2010). Similarly, 

analysis of children diagnosed with T-ALL and treated under the BCH-2003 and CCLG-2008 

protocols showed a better prognosis and overall outcome in patients harboring NOTCH1 

mutations (Gao, Liu et al. 2014). Taken together, these results demonstrate NOTCH1 mutations 

in T-ALL patients are more sensitive to the initial treatment with glucocorticoids. However, the 

presence of NOTCH1 mutations does not necessarily improve the prognosis of patients with T-

ALL. 

 

Downstream Effects of Aberrant NOTCH1 Activation in Metabolism 

 Much research has focused on identifying the downstream targets of NOTCH1 driving T 

cell transformation. Analysis of the NOTCH1 binding sites in target gene promoters by 

chromatin immunoprecipitation (ChIP) in T-ALL cells revealed enrichment of genes regulating 

cellular growth, proliferation, and metabolism. Specifically, NOTCH1 was shown to bind the 

promoter and activate transcription of the MYC oncogene (Palomero, Lim et al. 2006, Margolin, 

Palomero et al. 2009). Closer analysis of the NOTCH1 target genes regulating cellular 

proliferation, growth and metabolism revealed a significant intersection of those genes with 

MYC target genes (Palomero, Lim et al. 2006). Thus, suggesting a feed-forward loop in which 

NOTCH1 and MYC reinforce the expression of genes promoting cell growth and metabolism. In 

addition, NOTCH1 was recently identified to bind a long-range acting enhancer in the MYC 

promoter that is targeted for chromosomal duplications in 5% of patients, highlighting the 

importance of the NOTCH1-MYC axis in T-ALL (Herranz, Ambesi-Impiombato et al. 2014). A 

second pathway downstream of NOTCH1 involved in the activation of anabolic cellular 

metabolism is the PI3K-AKT-mTOR signaling pathway. The initial identification of NOTCH1 

regulation in metabolism was established by Ciofani et. al. who described a key role for this 
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interaction in the regulation of cell size, glycolysis and glucose uptake (Ciofani and Zuniga-

Pflucker 2005). Later, HES1, a major downstream target of NOTCH1, was shown to 

transcriptionally inhibit the expression of the known tumor suppressor and inhibitor of PI3K, 

PTEN (Palomero, Sulis et al. 2007). Also, NOTCH1 has been identified to target this signaling 

pathway at multiple levels through the activation of the IGF1R, IL7RA, and PTCRA promoters, 

all leading to AKT activation in T-cell development and in T-ALL (Reizis and Leder 2002, Sade, 

Krishna et al. 2004, Gonzalez-Garcia, Garcia-Peydro et al. 2009). 

 

Effects of Aberrant NOTCH1 Activation in Cell Cycle Progression 

 Cell cycle progression is a highly regulated process involving three main checkpoints 

during the transitions into the different phases of the cell cycle: the G1/S, S phase, and G2/M 

checkpoints. The different checkpoints are regulated by specific cyclins and cyclin-dependent 

kinases (CDK) that can either halt cell cycle progression in the case of unfavorable 

environmental conditions, such as DNA damage and chromosomal abnormalities, or 

conversely, allow cells to transition into the next phase of the cell cycle (Kastan and Bartek 

2004). NOTCH1 directly targets genes involved in the regulation of cell cycle progression and 

survival. NOTCH1 transcriptional activation of cyclin D3 (CCND3), cyclin-dependent kinase 4 

(CDK4), and cyclin-dependent kinase 6 (CDK6) allows cells to progress through the checkpoints 

involved in the G1/S transition (Sicinska, Aifantis et al. 2003, Joshi, Minter et al. 2009). 

NOTCH1 also promotes the transcription of E3 ubiquitin ligase protein SKP2 that targets p27 

(CDKN1B) and p21 (CDKN1A) for proteasomal degradation. Given the p27 and p21 are 

inhibitors of G1 and S phase cell cycle progression respectively, NOTCH1-induced transcription 

of SKP2 thus allows malignant cells to progress through the cell cycle (Dohda, Maljukova et al. 

2007). Finally, NOTCH1 promotes the survival of T cell lymphoblasts and T-ALL through the 

activation of the NF-κB signaling pathway. NOTCH1 directly upregulates the expression of NF-
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κB factors Relb and Nfkb2, promotes IKK complex activation, and induces the nuclear 

localization of NF-κB in T-ALL (Shin, Minter et al. 2006, Thompson, Buonamici et al. 2007).  

 

Therapeutic Targeting of NOTCH1 

The high frequency of NOTCH1 mutations in T-ALL has sparked interest in the 

development of anti-NOTCH1 targeted therapies for the treatment of T-ALL. Thus, γ-secretase 

inhibitors (GSI), which block the proteolytic cleavage of the NOTCH receptors and preclude the 

release of ICN1 from the membrane, have been proposed as potential targeted therapy in T-

ALL. Early studies revealed that inhibition of NOTCH by GSI treatment results in G1 cell cycle 

arrest and decreased cell size in T-ALL cell lines harboring activating mutations in NOTCH1 

(Weng, Ferrando et al. 2004, Lewis, Leveridge et al. 2007, Paganin and Ferrando 2011). 

However, systemic inhibition of Notch signaling with GSIs blocks the function of all four NOTCH 

family members (NOTCH1-4) and results in gastrointestinal toxicity resulting from accumulation 

of secretory goblet cells in the intestine (Milano, McKay et al. 2004, van Es, van Gijn et al. 

2005). Notably, glucocorticoids may abrogate the gastrointestinal toxicity induced by GSIs, while 

suppression of NOTCH signaling enhances the antileukemic effects of glucocorticoids (Real, 

Tosello et al. 2009), suggesting that the combination of GSIs and glucocorticoids may have 

increased efficacy and decreased toxicity in the treatment of T-ALL. In addition, synthetic 

peptides targeting the NOTCH transcriptional complex, and inhibitory antibodies specific for 

NOTCH1 have been proposed as alternative approaches to inhibit aberrant NOTCH1 signaling 

in T-ALL (Moellering, Cornejo et al. 2009, Wendorff, Koch et al. 2010).  
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V. NOTCH1-HES1 Axis  

Hairy and Enhancer of Split 1  

Hairy and enhancer of Split 1 (HES1) is one of the seven members of the Hes gene 

family of bHLH transcriptional repressors (Kageyama, Ohtsuka et al. 2007). The HES family of 

genes encode a nuclear protein which functions by forming homodimers or heterodimers with 

other Hes-related proteins and binds promoter sequences in the DNA to inhibit transcription. All 

seven Hes members share three conserved domains: bHLH domain, orange domain and 

WRPW domain. The bHLH contains two regions important for HES function: the basic region for 

binding promoter sequences in the DNA and the helix-loop-helix region for dimerization. Most 

bHLH proteins bind conserved E-box (CANNTG) sequences in the promoter region of their 

target genes, however, the HES factors bind with a higher affinity to a different consensus 

sequence called an N-box (CACNAG) sequence because of a proline residue present in the 

middle of the basic region (Sasai, Kageyama et al. 1992, Ohsako, Hyer et al. 1994). The orange 

domain assists in the selection and binding of bHLH heterodimer partners (Taelman, Van 

Wayenbergh et al. 2004). The C-terminus WRPW domain, consisting of tryptophan-arginine-

proline-tryptophan amino acids, is necessary for binding to the transcriptional corepressor 

Groucho and its mammalian homologues, the transducin-like enhancer of split (TLE) family of 

proteins, leading to the recruitment of histone deacetylases (HDACs) and subsequent 

transcriptional repression. Finally, the WRPW domain also acts as a polyubiquitination signal to 

target HES for proteasomal degradation (Grbavec and Stifani 1996, Kang, Seol et al. 2005). 

Proteasomal degradation of HES proteins results in a short half-life of about 20 minutes (Hirata, 

Yoshiura et al. 2002). The HES family of proteins negatively regulates transcription through both 

active and passive repression. Active transcriptional repression results from the formation of 

HES homodimers or heterodimers between different members of the HES family. The HES 

dimers bind to the N-box sequences in promoter regions leading to the formation of a complex 

with Groucho/TLE corepressor and recruitment of histone deacetylases (HDACs). 
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Figure 1.5. HES1 bHLH repressor protein. (a) HES1 protein domains and corresponding 
function. (b) Mechanisms of HES1 mediated gene repression, (c) Schematic representation 
of the HES1 auto-regulatory loop. Briefly, ICN1 translocates into the nucleus, associates with 
the RBPJ/CSL protein, recruits MAML co-activators and activate expression of HES1 which 
then is transcribed and translated leading to either proteasomal degradation of the HES1 
protein of translocation of the HES1 protein to the nucleus and repressing HES1 expression 
by binding to the TSS proximal N-box. (d) Oscillatory pattern of HES1 expression due to 
short half-life and HES1 auto-regulation. 
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Passive repression is a consequence of HES proteins binding to bHLH transcriptional activators 

and disrupting their ability to bind E-box sequences in the DNA, therefore inhibiting 

transcriptional activation of target genes (Figure 1.5) (Johnson, Birren et al. 1992, Dawson, 

Turner et al. 1995).  

 

HES1 Function in Normal and Malignant Non-lymphoid Cells 

The HES proteins are critical regulators during embryogenesis, with a central role in the 

timing of cell differentiation and cell fate. The hypothesis of HES1 functioning as a biological 

clock is in part due to a negative auto-regulatory loop in which HES1 homodimers bind to an N-

box situated in the HES1 promoter and repress its own transcription, creating an oscillatory 

pattern of expression with a periodicity of 2 hours (Figure 1.5. c and d) (Hirata, Yoshiura et al. 

2002). HES1 is involved in the development of the nervous system, immune system, digestive 

system, and sensory organs (Sade, Krishna et al. 2004, Sang, Roberts et al. 2010). The 

function of HES1 is context dependent; in some cases it inhibits cells from differentiation and in 

other cases it promotes the differentiation towards a specific lineage. During early 

embryogenesis, HES1 is an essential transcription factor for the maintenance of stem cell 

populations in the nervous and digestive system. Specifically, NOTCH1-induced expression of 

HES1 inhibits the premature differentiation of neuroepithelial and radial glial cells into neurons 

(Ohtsuka, Ishibashi et al. 1999, Gaiano, Nye et al. 2000, Ohtsuka, Sakamoto et al. 2001, 

Takatsuka, Hatakeyama et al. 2004). HES1 inhibition of neurogenesis is especially important for 

the formation of the boundaries between the compartments of the nervous system (Baek, 

Hatakeyama et al. 2006). Similarly, HES1 maintains the stem cell population of pancreatic cells 

by downregulating the critical transcription factors involved in the differentiation of progenitors 

cells into the exocrine or endocrine cells of the pancreas. Furthermore, HES1 inhibits stem cells 

in the intestine from differentiating into goblet, enteroendocrine, and Paneth cells (van Es, van 

Gijn et al. 2005). On the other hand, HES1 regulates binary cell fate decision in the nervous, 



Chapter 1!
!

! 26 

digestive, and immune systems. For example, HES1 signaling in the nervous systems promotes 

astrocyte formation by upregulating pathways involved in the differentiation of astrocytes and 

downregulating pro-neural bHLH activators (Nakashima, Yanagisawa et al. 1999, Tomita, 

Moriyoshi et al. 2000, Kamakura, Oishi et al. 2004). Additionally, HES1 promotes the cell 

lineage gene expression signals required for the differentiation of biliary epithelial cells in the 

liver and enterocytes in the intestine (Kodama, Hijikata et al. 2004, Crosnier, Vargesson et al. 

2005). Lastly, during embryonic development, HES1 was recently shown to promote human 

pluripotent stem cells to commit to the hematopoietic lineage rather than the endothelial lineage 

(Lee, Werbowetski-Ogilvie et al. 2013). HES1 was also implicated in promoting the expansion of 

HSC cells without exhausting stem cell activity (Kunisato, Chiba et al. 2003).  

 HES1 promotes the proliferation potential of cells by regulating factors involved in cell 

cycle progression. For example, HES1 promotes the proliferation of fibroblasts by repressing 

transcription of p27 and p21, CDK inhibitors of the G1 to S progression, and therefore allowing 

cells to progress through the cell cycle (Murata, Hattori et al. 2005).  Additionally, HES1 

maintains the reversibility of quiescence, a state in which cells do not divide, by inhibiting the 

p21 driven irreversible senescent-like state (Sang, Coller et al. 2008). Similarly, HES1 directly 

represses p57, a CDK inhibitor involved in G1 cell cycle arrest, thus allowing cells to escape 

cellular senescence (Giovannini, Gramantieri et al. 2012). Given the context dependent function 

of HES1 in cellular differentiation, HES1 is also involved in the interaction of components 

involved in cell cycle arrest. High levels of HES1 expression results in cell cycle arrest of 

mammary cells due to the direct inhibition of E2F1, a cell cycle regulator involved in S phase 

progression (Hartman, Muller et al. 2004). Furthermore, HES1 was shown to be involved in 

DNA damage pathways important to the regulation of the cell cycle progression. Specifically, 

TP53 is indirectly activated by HES1 due to the transcriptional repression of MDM2, a negative 

regulator of TP53 (Huang, Raya et al. 2004). HES1 was also shown to directly interact with the 
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Fanconi anemia core complex, a complex that responds to DNA cross-link damage during 

normal S phase (Tremblay, Huang et al. 2008).    

The significant role of HES1 plays in the maintenance of stem cells and regulation of the 

differentiation of cells allows for the opportunity for cancer cells to target HES1 in tumorigenesis. 

HES1 is found upregulated in various cancers including breast ductal carcinoma in situ, ovarian 

carcinoma, non-small cell lung cancers, meningiomas, medulloblastoma, oral squamous cell 

carcinoma, colon cancer, pancreatic cancer, and cutaneous T cell lymphoma (Hallahan, 

Pritchard et al. 2004, Cuevas, Slocum et al. 2005, Hopfer, Zwahlen et al. 2005, Fan, Matsui et 

al. 2006, Farnie, Clarke et al. 2007, Konishi, Kawaguchi et al. 2007, Kamstrup, Gjerdrum et al. 

2010, Maniati, Bossard et al. 2011, Lee, Hong et al. 2012, Gao, Zhang et al. 2014). Additionally, 

elevated levels of HES1 were documented in rhabdomyosarcoma and skeletal muscle tumor 

patient samples (Sang, Coller et al. 2008). The significant quantity of tumors with elevated 

levels of HES1 suggests that HES1 provides a selective advantage for the malignant 

transformation or maintenance of these tumors.  

 

The Role of HES1 in T-cell development  

HES1 is a major negative regulator activated by NOTCH1 signaling during early T cell 

development. An important role for Hes1 in T-cell development was first discovered in Hes1 

knockout mice where 90% of Hes1-null embryos completely lack a thymus and <10% develop a 

rudimentary thymic structure with T development blocked at the double negative stage (TCRβ- 

and TCRγδ-) (Tomita, Hattori et al. 1999). Targeted deletion of Hes1 in bone marrow 

progenitors results in an 80% decrease in thymic cellularity (Wendorff, Koch et al. 2010). In 

addition, Hes1 deficient progenitor cells fail to generate normal numbers of T cells, specifically 

in the DN and DP populations in competitive fetal liver or bone marrow chimeras. This suggests 

Hes1 promotes the expansion of lymphoid progenitor cells, an essential process for clonal 

diversification and selection resulting in mature T cells (Tomita, Hattori et al. 1999). The 



Chapter 1!
!

! 28 

importance of Hes1 in adopting T-cell lineage fate is further supported by intrathymic transfer of 

HSC cells with Hes1 knockout, showing a decrease in cells adopting the T cell lineage within 

the DN1 population (Wendorff, Koch et al. 2010). Hes1 is highly expressed in ETP and DN cells, 

and is critical for assisting immature cells in adopting T-cell lineage and supporting cells through 

β–selection. Specifically, Hes1 inhibits myeloid lineage differentiation by directly binding to and 

inhibiting the Cebpα promoter (De Obaldia, Bell et al. 2013). Also, Hes1 promotes cell survival, 

differentiation and metabolism through β–selection by inhibiting PTEN and therefore increasing 

activation of the PI3K-AKT signaling pathway (Wong, Knowles et al. 2012). Furthermore, HES1 

facilitates the commitment of DP cells to the CD8+ lineage by repressing the expression of CD4 

corepressor (Kim and Siu 1998, Kathrein, Chari et al. 2008).  

 

The Role of Hes1 in T-ALL 

HES1 is a target of the NOTCH pathway and a key negative regulator of transcriptional 

pathways involved in T-cell transformation. HES1 was discovered to contribute significantly to 

the development of NOTCH1 induced T-ALL. More specifically, loss of Hes1 in Lin- 

hematopoietic cells with aberrant NOTCH1 signaling inhibits the malignant transformation of 

cells into T-ALL (Wendorff, Koch et al. 2010).  However, the specific HES1 transcriptional 

network facilitating NOTCH1 driven transformation has yet to be identified. In regards to tumor 

maintenance, the NOTCH1-HES1 regulatory axis is implicated in the upregulation of PI3K 

signaling via direct transcriptional downregulation of the PTEN tumor suppressor gene 

(Palomero, Dominguez et al. 2008). In addition, HES1 can promote NF-κB signaling by directly 

binding to and inactivating CYLD, a negative regulator of NF-κB signaling (Figure 1.6) 

(Espinosa, Cathelin et al. 2010). Still, the genes and pathways controlled by HES1 in T-cell 

transformation and tumor maintenance remain largely unknown. The requirement of Hes1 for 

the establishment of NOTCH1 induced tumors highlights the significant role HES1 plays in T-
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cell transformation and the potential to target HES1 and its downstream targets in the treatment 

of T-ALL. 

 

VI. Specific Aims 

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematological 

malignancy resulting from the oncogenic transformation of immature T-cell progenitor. Aberrant 

activation of the NOTCH signaling pathway plays a critical role in the pathogenesis of more that 

50% of human T-ALLs, in which activating mutations in NOTCH1 result in aberrant signaling. 

Over the last decade, our laboratory and others have published insightful information on the 

mechanisms that mediate the effects downstream of activated NOTCH receptors during 

development and leukemia. However, the mechanisms of transformation induced by aberrant 

NOTCH signaling are yet to be fully understood. Here we aim to establish the mechanisms of 

action of HES1 a transcriptional repressor controlled by NOTCH1, as a key regulator of 

transcriptional pathways in T-ALL. The fundamental role of HES1 as a NOTCH1 target gene in 

                         
 
Figure 1.6. NOTCH1-HES1 axis in T-cells. NOTCH1 activation of HES1 leads to the 
repression of tumor suppressors PTEN and CYLD resulting in increased cellular proliferation. 
In addition, HES1 represses the auto-upregulation of the glucocorticoid receptor therefore 
decreased glucocorticoid induced apoptosis.  
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T-ALL is shown by results from our lab demonstrating a critical role of HES1 in the control of 

glucocorticoid resistance, PTEN regulation downstream of NOTCH1, and by animal model 

studies showing that Hes1 expression is required for NOTCH1 induced transformation in mice. 

Our central hypothesis was that aberrant expression of HES1, driven by aberrant activation of 

NOTCH1, contributes to the pathogenesis of T-ALL by disrupting specific transcriptional 

regulatory networks that control cell proliferation, differentiation, and survival in T-cell progenitor 

cells. Thus, the central goal of my thesis was to define the transcriptional programs and 

regulatory networks controlled by HES1 in the context of T-cell acute lymphoblastic leukemia 

and to elucidate potential pathways for targeted therapy.  

 

To achieve this objective we proposed the following specific aims: 

 

Aim 1: To investigate and characterize the role of HES1 in the pathogenesis of T-ALL.  

 

Aim 2: To identify the transcriptional network regulated by HES1 that facilitates the cellular 

growth and survival of malignant T lymphoblasts. 

 

Aim 3: To identify novel antileukemic drugs targeting the HES1 transcriptional network for the 

treatment of T-ALL. 
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Chapter 2 
Materials and Methods 

 

 

I. Cell Culture 

 

Cell Lines  

HEK-293T, CUTLL1, CCRF-CEM, JURKAT, RPMI 8402, DND41 and HPB-ALL cells 

were cultured in standard conditions in RPMI 1640 media supplemented with 10% FBS and 1% 

Penicillin/Streptomycin. HEK-239T cells, CCRF-CEM, JURKAT, RPMI 8402 were from ATCC, 

DND41 and HPB-ALL were from DSMZ, and the CUTLL1 cell line generated in our lab has 

been previously described (Palomero, Lim et al. 2006).  

 

Patient Samples 

Primary T-ALL cells were cultured in vitro with MS5-DL1 stromal cells in MEM-alpha and 

in the presence of glutamax, insulin, human serum, IL7, SCF, FLT3 (Armstrong, Brunet de la 

Grange et al. 2009). More specifically, 300,000 primary T-ALL cells were seeded over 15,000 

MS5-DL1 stromal cells for at least 24 hours before starting treatment. All cells were cultured at 

37°C in a humidified atmosphere under 5% CO2.  

 

Cell Proliferation and Viability Assays 

Relative cell growth was determined in triplicates by measurement of metabolic 

reduction of the tetrazolium salt MTT using Cell Proliferation Kit I (Roche) according to the 

manufacturer's instructions. Apoptosis was analyzed by flow cytometry with APC AnnexinV 

Apoptosis Kit I (BD Biosciences). For in vitro analysis of primograft T-ALL samples, we 

assessed cell viability using the BD Cell Viability kit (BD Biosciences) and fluorescent counting 
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beads. In these experiments 3x105 leukemic cells were plated with 1.5x104 MS5-DL1 stroma 

cells into 24-well plates and treated after 24 hours with vehicle only (DMSO) or Perhexiline for 3 

days. 

 

Lentivirus Production and Infections 

CUTLL1 cells were infected with lentiviruses expressing control Renilla luciferase 

shRNA (plko.1shLUC) or shRNA targeting HES1 (shHES1) and NOTCH1-Hes1flox/floxTmxCre T-

ALL cells were infected with lentiviruses expressing control Renilla luciferase shRNA 

(plko.1shLUC) or two independent shRNA targeting Bbc3 (shBbc3) with gag-pol and V-SVG-

expressing vectors into HEK293T cells using JetPEI transfection reagent (Polyplus).  We 

collected viral supernatants after 48 hours and used them for infection of CUTLL1 cells and 

NOTCH1-Hes1flox/floxTmxCre tumor 1 cells by spinoculation. After infection, we selected cells for 

5 days in media containing 1 µg/ml puromycin and separated live from dead cells by Ficoll 

separation.  

 

Microarray Expression Analysis 

CUTLL1 cells infected with shRNA LUC and shHES1 were collected 72 hours post 

puromycin selection. RNA was isolated, labeled, and hybridized to the HumanT-12v4 

Expression BeadChip (Illumina) using standard procedures. Cells from ΔE-NOTCH1 Hes1flox/flox 

TmxCre tumor 1 T-ALL were cultured in vitro and treated for 36 hours with ethanol (ETOH) or 4-

hydroxy-tamoxifen (4-OH TMX). RNA was isolated labeled and hybridized to the MouseRef-8 

v2.0 Expression BeadChip (Illumina) using standard procedures. Raw gene expression data 

were log2 transformed and quantile-normalized using MATLAB. Differentially expressed 

transcripts were analyzed by t-test and fold change. Gene Set Enrichment Analysis (GSEA) was 

carried out to test for enrichment of up-regulated genes by Hes1 knockout against HES1 
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knockdown in the CUTLL1 cell line. Similarly GSEA was carried out to test for enrichment of up-

regulated genes by GSI treatment of T-ALL against the Hes1 knockout genetic signature in 

NOTCH1 induced T-ALL. The procedure was implemented in MATLAB as described in 

(Subramanian, Tamayo et al. 2005) using the t-test metric and 1,000 permutation of the gene 

list. Similarly, GSEA was used to test for enrichment of gene sets from C2 Molecular Signature 

Database against the ranked list of genes sorted by t-score comparing HES1 knock-down vs. 

control. 

 

Luciferase reporter assays 

We performed reporter assays in HEK293T cells using a pGL3-Luc BBC3 promoter (-

544 to -121), pGL3-Luc BBC3 with a scramble sequence in place of the N-box (-415 to -410), 

and pGL3-Luc BBC3 with a (-415 to -410) N-box deletion. In these assays we transfected BBC3 

reporter constructs together with a plasmid driving the expression of the Renilla luciferase gene 

(pCMV-Renilla) used as transfection control and either empty vector (pcDNA3) or a construct 

expressing HES1 (pcDNA3 HES1). We measured luciferase activity 48 hours after transfection 

with the Dual-Luciferase Reporter Assay kit (Promega).  

 

Development of Mouse Primary T-ALL Cell Line 

Mouse primary tumors were cultured in vitro with OP9 stromal cells  in OPTIMEM-

Glutamax medium supplemented with mouse IL-7 (10ng/mL), β-mercaptoethanol (55 µM), 10% 

FBS, and 1% Penicillin/Streptomycin. More specifically, 150,00 OP9 cells were plated onto 

10cm plates over night, 12-16 hours later murine T-ALL cells were plated at a concentration of 

1-2 million cells/ml in media supplemented with IL-7, IL-2, and β-mercaptoethanol. Cells were 

split every 48-72 hours for two weeks by gently resuspending the murine T-ALL cells without 

resuspending the stromal cells, filtering T-ALL cells through a 70 µm cell strainer, washed once 

with PBS, and re-plated onto fresh OP9 cells supplemented with IL-7 and β-mercaptoethanol. 
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After two weeks, cells were removed from stromal cells and were seeded at 1 million cells/mL 

supplemented with IL-7 and β-mercaptoethanol. After 4 weeks, IL7 was removed and cells were 

allowed to expand. These cells underwent three rounds of freezing in liquid nitrogen in 90% 

FBS 10% DMSO medium and thawing. Only then were experiments conducted in the 

established cell lines.  

  

Drugs 

4-hydroxytamoxifen (CAS#68047-06-3) and perhexiline (CAS#6724-53-4) were 

purchased from Sigma-Aldrich. 4-hydroxytamoxifen was resuspended in 100% ethanol and a 

working stock of 5mg/ml of perhexiline was resuspended in DMSO.   

 

 

II. Mouse Experiments 

    

Generation of Hes1 Conditional Knockout Mice 

All animals were maintained in specific pathogen-free facilities at the Irving Cancer 

Research Center at Columbia University Medical Campus. Animal procedures were approved 

by the Columbia University Institutional Animal Care and Use Committee. To generate 

conditional inducible Hes1 knockout mice we bred Hes1 conditional knockout mice (Hes1flox/flox) 

(Imayoshi, Shimogori et al.) with ROSA26Cre-ERT2/+ mice, which express a tamoxifen-inducible 

form of the Cre recombinase from the ubiquitous Rosa26 locus (Chen, Chang et al. 2007).  

 

Generation of Hes1 Conditional Knockout in NOTCH Induced T-ALL  

To generate NOTCH1-induced T-ALL tumors in mice, we performed retroviral 

transduction of bone marrow cells enriched in lineage negative cells (Lin-) using magnetic beads 
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(Lineage cell depletion kit by Miltenyi kit #130-090-858 following manufacturer’s guidelines) with 

an activated form of the NOTCH1 oncogene (ΔE-NOTCH1) and transplanted them via 

intravenous injection into lethally irradiated NOD rag gamma (NRG) immunodeficient mice (JAX: 

007799) as previously described (Kopan, Schroeter et al. 1996, Tarantola, Quatresous et al. 

2009).  We treated secondary recipients with vehicle only or with tamoxifen (5 mg/mouse) by 

intra-peritoneal injection to induce deletion of the Hes1 locus. 

 

Treatment of Mice with Perhexiline 

We infected NOTCH1 (NOTCH1 L1601P ΔPEST) induced T-ALL cells with lentiviral 

particles expressing the mGFP fluorescent protein and luciferase (Migr-mGFP-LUC) and 

injected them intravenously into C57BL/6. We treated groups of 6 animals with vehicle (water 

with 5% DMSO) or Perhexiline (53.68 mg kg-1). We evaluated disease progression and therapy 

response by in vivo bioimaging with the In Vivo Imaging System (IVIS, Xenogen).  

 

Primary Xenografts Treatment 

 Primary human sample PDTALL 9 was injected intravenously into 8 NRG 

immunodeficient mice. Nine days post transplant, mice were treated with vehicle (water with 5% 

DMSO) or perhexiline (53.68 mg kg-1) for three consecutive days. Mice were sacrificed after the 

72 hours of treatment and bone marrow and spleen tissues were collected and analyzed. 

Primary human sample PDTALL 10 was injected intravenously into 12 NRG immunodeficient 

mice. Nine days post transplant, mice were treated with vehicle (water with 5% DMSO) or 

perhexiline (40 mg kg-1) for 5 consecutive days of treatment. Mice were sacrificed after 

treatment, bone marrow and spleen were analyzed for tumor load. 
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Flow Cytometry Analysis  

For the analysis of T cell populations in spleen and bone marrow, tissues from mice 

transplanted with T-ALL and treated with vehicle, tamoxifen, or perhexiline were collected and 

processed through an 80 µm mesh to obtain single cell suspensions. Red cells in spleen 

samples were removed by 5 minute incubation at room temperature with red blood cell lysis 

buffer (155 mM NH4Cl; 12 mM KHCO3; 0.1 mM EDTA). Cells were stained with a APC-

conjugated antibody against mouse CD4 (BD Pharmingen-553051) and a PE-conjugated 

antibody against mouse CD8a (BD Pharmingen-553032). Flow cytometry analyses were 

performed in a FACS Canto flow cytometer (BD Biosciences).  

 

 

Histology 

 Mouse spleen, liver, and kidney were isolated using standard procedures and then 

processed for histologic analysis following 48 hours of fixation in 10% neutral buffered formalin 

and stored in 75% ethanol before processing for histological studies. Hematoxylin and eosin 

staining was performed by the Columbia Histology Core Facility according to standard 

procedures and slides were analyzed on a Nikon Eclipse E600e microscope with NIS Elements 

F 3.20 Software. 

 

Drugs and Administration 

Tamoxifen (CAS#T5648-1G) and Perhexiline (CAS#6724-53-4) were purchased from 

Sigma-Aldrich. Tamoxifen was resuspended in 100 uL of ethanol per 100 mg then 2mL of corn 

oil was added. Suspended tamoxifen was rotated for 1 hour at 55°C and frozen in aliquots at -

20°C. Mice were injected with 5mg of tamoxifen. Perhexiline was resuspended in 5% DMSO 

and pH was adjusted to 7.2.  
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Statistical Analysis  

We performed statistical analysis by Student’s t-test. Survival in mouse experiments was 

represented with Kaplan-Meier curves and significance was estimated with the log-rank test 

(Prism GraphPad). 

 

 

III. Biochemical Assays 

 

Western Blot 

Western blot was performed using standard procedures.  In brief, cells were lysed in 

RIPA lysis buffer (50mM Tris-HCL, 150mM NaCL, 1% NP40, 0.5% sodium deoxycholate, 0.1% 

SDS) supplemented with Phosphatase Inhibitor Cocktails 2 and 3 (Sigma Aldrich 231-791-2 and 

200-664-3) and Complete Protease Inhibitor (Roche 11873589001) for 30 minutes on ice and 

then centrifuged at max speed for 30 minutes. Protein concentrations in cell lysates were 

quantified using the BCA Protein Assay Kit (Pierce Biotochnology). All proteins were detected 

by resolving proteins in 10% Bis-Tris SDS-PAGE (Ivitrogen) and blotted onto nitrocellulose 

membranes. Membranes were blocked by 5% non-fat dry milk and blotted with antibodies 

against: HES1 (Aviva Systems Biology Corp: ARP32372_T100), Puma (SC-28226), Bcl2 (DB 

biosciences: 554218), and GAPDH (SC-20357)  (Santa Cruz Biotechnologies) and mouse 

Gapdh (Cell Signaling Technology: 5174S). Detection of protein bands was performed using 

Super Signal Chemiluminescent Substrate (Pierce Biotechnology) after incubation with the 

horseradish peroxidase-conjugated secondary antibody. 
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Chromatin Immunoprecipitation 

We performed chromatin immunoprecipitation using the Agilent Mammalian ChIP-on-

chip chromatin immunoprecipitation protocol as described before (Palomero 2007). Briefly, 108 

CUTLL1 cells were fixed with formaldehyde in a final concentration of 1% for 10 minutes at 

room temperature. We quenched the crosslinking reaction with a 2.5 M glycine solution and the 

cells were then centrifuged, washed twice with ice-cold phosphate saline buffer and lysed. Cell 

nuclei were resuspended in lysis-buffer (10 mM Tris-HCl, pH 8.0; 100 mM NaCl; 1 mM EDTA; 

0.5 mM EGTA; 0.1% sodium deoxycholate; 0.5% N-lauroylsarcosine) and fragmented to a 150-

300 bp size using a Bioruptor sonicator (Diagenode). We incubated fragmented chromatin 

overnight at 4°C with magnetic beads (Dynal) loaded with 10 µg of the following specific 

antibodies against HES1 (sc-166410; Santa Cruz Biotechnology) or rabbit IgG (sc-2027; Santa 

Cruz Biotechnology). We washed chromatin-antibody-bead complexes six times with RIPA 

buffer (50 mM Hepes-KOH, pH 7.6; 0.5 M LiCl; 1 mM EDTA; 1% Igepal and 0.7% sodium 

deoxycholate), and once with TE-buffer containing 50 mM NaCl. Then we eluted the chromatin 

from the beads with elution buffer (50 mM Tris-HCl, pH 8.0 10 mM EDTA and 1%SDS) and 

reversed the cross-link by incubation at 65°C overnight. We purified DNA fragments with 

phenol-chloroform and ethanol precipitation. We tested enrichment of specific 

immunoprecipitated DNA fragments by quantitative PCR (using ACTB genomic sequence levels 

as a loading control) to analyze ChIP enrichment of BBC3 promoter sequences in total genomic 

DNA, and in chromatin immunoprecipitates preformed with antibodies against HES1 and IgG 

used as a negative control.  

 

Southern Blot 

 Southern blot was used to detect TCRβ rearrangements of Hes1flox/floxCre-ERT2 

NOTCH1-induced T-ALL tumors. Genomic DNA was isolated from tumors or normal tissues 
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from control mice, digested with 10 µg of EcoRI and analyzed by Southern blot analysis using 

standard procedures. The probe used detects DJβ2 gene cluster rearrangements. Presence of 

two hybridizing EcoRI bands in addition to the WT band represents a clonal population, whereas 

more than two additional bands would represent a non-clonal population (Khor and Sleckman 

2005).  

 

RT-PCR 

We performed reverse transcription reactions with the ThermoScript RT-PCR system 

(Invitrogen) and analyzed resulting complementary DNA products by quantitative real-time PCR 

(FastStart Universal SYBR Green Master Mix (Roche) using a 7300 Real-Time PCR System 

(Applied Biosystems). Relative expression levels were normalized using Gapdh as a reference 

control.  

 

IV. T-ALL Primary Samples 

 

Patient Samples 

T-ALL samples were provided by Columbia Presbyterian Hospital, the Eastern 

Cooperative Oncology Group (ECOG), University of Padova, and Hospital Central de Asturias 

with informed consent and analyzed under the supervision of the Columbia University Medical 

Center Institutional Review Board committee.  

 

!
!
!
!
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Chapter 3 
The role of HES1 in NOTCH1-induced T-ALL 

 

Introduction 

T-ALL results from a multistep process involving the activation of oncogenes and loss of 

tumor suppressor genes, which disrupt specific mechanisms regulating proliferation, 

differentiation and survival during T-cell development (Van Vlierberghe and Ferrando 2012). In 

this setting, the identification of activating mutations in the NOTCH1 gene in over 60% of T-

ALLs highlights the central role of aberrant NOTCH signaling in the pathogenesis of this disease 

(Weng, Ferrando et al. 2004). Constitutive activation of mutant NOTCH1 in T-ALL drives a 

transcriptional program promoting leukemia cell growth and proliferation via multiple direct and 

indirect mechanisms including, most prominently, transcriptional activation of the MYC 

oncogene and upregulation of the PI3K-AKT-mTOR signaling pathway (Paganin and Ferrando 

2011). In this circuitry, Hairy and Enhancer of Split 1 (HES1), a basic helix-loop-helix (bHLH) 

transcriptional regulator directly controlled by NOTCH1, functions as a critical factor mediating 

transcriptional repression downstream of NOTCH signaling (Jarriault, Le Bail et al. 1998).  

An important role for Hes1 in T-cell development was first realized in Hes1 knockout 

mice, which show rudimentary or complete absence of thymic development (Tomita, Hattori et 

al. 1999). Consistently, conditional deletion of Hes1 in hematopoietic progenitors impaired T-cell 

development by compromising the capacity of early lymphoid progenitors to seed and populate 

the thymus (Wendorff, Koch et al. 2010). In T-ALL, the NOTCH1-HES1 regulatory axis is 

implicated in upregulation of PI3K (Palomero, Dominguez et al. 2008) and NF-κB signaling 

(Espinosa, Cathelin et al. 2010). And in the absence of Hes1, aberrant NOTCH1 signaling fails 

to transform hematopoietic cells into T-ALL (Wendorff, Koch et al. 2010). However, the specific 

roles and mechanisms of HES1 in NOTCH1 induced leukemia remain incompletely understood. 
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In this chapter we describe the transcriptional network repressed by HES1 and the contribution 

of HES1 to the maintenance of NOTCH1-induced T-ALL. 

 

Results 

HES1 promotes survival of NOTCH1-driven human T-ALL 

Given the well-established role of HES1 as an evolutionarily conserved downstream 

effector of NOTCH1 required for thymocyte development and NOTCH1-induced transformation, 

we hypothesized that HES1 is also required for tumor maintenance in T-ALL.  In order to test 

our hypothesis, we analyzed the effects of HES1 knockdown in two human T-ALL cell lines 

driven by aberrant NOTCH1 activation: CUTLL1 cells expressing a truncated and constitutively-

active form of NOTCH1 as a result of the t(7;9)(q34;q34) chromosomal translocation (Palomero, 

Lim et al. 2006), and DND41 cells containing two mutations in the HD domain of NOTCH1 

(Weng, Ferrando et al. 2004). In these experiments, CUTTL1 and DND41 cells were infected 

with lentivirus expressing two independent short hairpins targeting HES1 (shHES1#1 and 

shHES1#2) or a control short hairpin targeting the Renilla luciferase gene (shLUC). Knockdown 

of HES1 was evaluated by western blot analysis in both CUTLL1 and DND41 cells infected with 

lentivirus expressing shLUC, shHES1 #1, and shHES1 #2 (Figure 3.1.a). Analysis of cell 

viability by MTT proliferation assays over the course of five consecutive days displayed a 

marked decrease in cell growth in both CUTLL1 and DND41 cells silenced for HES1 compared 

to shLUC controls (Figure 3.1.b). Flow cytometry analysis after propidium iodine (PI) staining 

showed minor defects in the cell cycle progression of HES1-depleted cells. However, the cell 

cycle changes were not consistent between the two different human cell lines. CUTLL1 cells 

showed a modest accumulation of G1 and G2-M cells compared with controls. Whereas DND41 

cells showed a decrease in cells arrested in G1 with no statistically significant increase in the 

other phases of the cell cycle compared to controls (Figure 3.1.c).  
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The minimall effects of HES1 loss in cell cycle progression suggest the previous results 

from the MTT proliferation assay may be due to an increase in cell death rather than cell cycle 

arrest. To determine whether the cells undergo apoptosis upon loss of HES1, we analyzed 

CUTLL1 and DND41 cells expressing either our control hairpin (shLUC) or two hairpins 

targeting HES1 (shHES1 #1 and shHES1 #2) 72 hours after puromycin selection by flow 

cytometry assays utilizing fluorochrome-labelled annexin V. Annexin V is a calcium-dependent 

phospholipid-binding protein that preferentially binds to phosphatidylserine (PS). PS, a 

phopholipid of the plasma membrane, normally located in the cytoplasmic surface, is 

translocated to the outer leaflet of the membrane during the early stages of apoptosis (Vermes, 

!

!
 
Figure 3.1.  Cellular effects of HES1 knockdown in human T-ALL. (a) Western blot 
analysis of HES1 expression in CUTLL1 and DND41 human T-ALL cells transduced with 
shRNAs targeting the Renilla luciferase gene (shLUC) or HES1 (shHES1 #1, shHES1 #2). 
(b) Quantification of cell growth in CUTLL1 and DND41 cells expressing shLUC, shHES1 #1, 
shHES1 #2 measured by MTT analysis at 24, 48, 72, and 120 hours after 5 days of selection 
with puromycin. (c) Cell cycle analysis of CUTLL1 and DND41 cells infected with lentiviruses 
expressing shLUC or two independent shHES1 at 24 hours after selection. Graphs in b and 
c indicate mean values and error bars represent s.d.  P values in b and c were calculated 
using the two-tailed Student’s t-test. 
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Haanen et al. , Zhang, Gurtu et al.). The plasma membrane is still intact during the early stages 

of apoptosis,  therefore adding a viability stain suchs as 7-AAD or Dapi distinguishes between 

the early apoptotic cells which would exclude the viability stain (annexinV-positive, viability dye-

negative) and late-stage apoptotic/necrotic cells whose cell membrane lose integrity (annexinV-

positive, viability dye-positive). Annexin V staining of both CUTLL1 and DND41 cells revealed a 

marked increase in both apoptotic and necrotic cells upon HES1 inactivation (Figure 3.2). HES1 

knockdown in CUTLL1 cells resulted in a 3 fold increase in early and late apoptotic cells (Figure 

3.2.a). Similarly, DND41 cells lacking HES1 had a 3.2 fold increase in apoptotic cells (Figure 

3.2.b). 

!

!!!!!! !
 
Figure 3.2. HES1 knockdown in human T-ALL induces apoptosis. (a) Representative 
flow cytometry plots after AnnexinV-APC and Dapi staining and quantification of apoptosis 72 
hours post selection in CUTLL1 infected with lentivirus expressing shLUC, shHES1 #1 or 
shHES1 #2. (b) Representative flow cytometry plots after AnnexinV-APC and Dapi staining 
and quantification of apoptosis 72 hours post selection in DND41 cells infected with lentivirus 
expressing shLUC, shHES1 #1 or shHES1 #2. Percentage populations are indicated in each 
quadrant of a and b. Bar graphs in a and b indicate mean values and error bars represent 
s.d.  P values in a and b were calculated using the two-tailed Student’s t-test. 
!
!
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These results demonstrate a key role for HES1 in the maintenance of NOTCH1-induced T-ALL 

and functionally implicate HES1 in leukemia cell survival.  

To assess the mechanisms governing the induction of apoptosis upon HES1 loss in T-

ALL cells, we analyzed the transcriptional programs associated with HES1 knockdown. 

Microarray gene expression profiling of shHES1 CUTLL1 cells and shLUC CUTLL1 controls 

identified 32 upregulated and 18 downregulated transcripts (fold change > 1.57; P <0.01) upon 

HES1 inactivation (Figure 3.3). These results are displayed using a volcano plot in order to 

visualize the distribution of differentially expressed genes by fold change (x-axis) and 

significance (p-value) (Figure 3.3.a). Heatmap representation displays the top 50 differentially 

expressed genes in descending order of fold change. Among these, and in agreement with the 

established role of HES1 as a transcriptional repressor and potential leukemia oncogene, HES1 

knockdown resulted in the upregulation of multiple known T-ALL tumor supressors including 

CDKN1A (Davies, Hogarth et al. 2011), FBXW7 (Malyukova, Dohda et al. 2007, O'Neil, Grim et 

al. 2007, Thompson, Buonamici et al. 2007) and EZH2 (Ntziachristos, Tsirigos et al. 2012, 

Simon, Chagraoui et al. 2012, Zhang, Ding et al. 2012) (Figure 3.3.b).  

In an effort to explore the potential pathways represented by the differentially expressed 

genes induced by HES1 inactivation, we crossed our data set with the C2 molecular signature 

database, a collection of 4,722 curated gene sets collected from various sources such as online 

pathway databases, publications in PubMed, and knowledge of domain experts. Remarkably, 

gene set enrichment analysis (GSEA) of the genes upregulated by HES1 knockdown against 

the C2 molecular signature database, were significantly enriched in DNA damage response 

genes, TP53 targets, and cell cycle genes (Figure 3.4.a).  Furthermore, analysis of the genes 

downregulated upon HES1 inactivation were significantly enriched in MYC targets, the NF-κB 

pathway, and metabolic pathways including gluconeogenesis, amino acid synthesis, and 

glucose metabolism. The representation of these data sets highlights HES1 as a significant 

contributor to the pathways governed by NOTCH1  (Figure 3.4.b). Overall these results support 
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a major role for HES1 downstream of NOTCH1 in T-ALL as a negative regulator of tumor 

suppressor pathways, and link the transcriptional programs repressed by HES1 with leukemia 

cell survival.  

 

 
 
 
 
 
 
 

 
 
 
 
 
Figure 3.4. Gene expression changes associated with HES1 inactivation. (a) Volcano 
plot representation of the differentially expressed genes upon loss of HES1 P<0.01 and -
1.57>F.C.<1.5 (b) Heat map representation of the top 50 differentially expressed genes (P < 
0.01) between shLUC and shHES1 CUTLL1 cells. The scale bar shows color-coded 
differential expression with red indicating higher levels of expression and blue indicating 
lower levels of expression.!
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Figure 3.4. GSEA of genes differentially expressed upon HES1 inactivation (a) 
Representative examples of gene set enrichment plots corresponding to GSEA analysis of 
MSigDB C2 data sets enriched in the upregulated expression signature associated with 
shHES1 CUTLL1 cells compared with shLUC controls. (b) Representative examples of gene 
set enrichment plots corresponding to GSEA analysis of MSigDB C2 data sets enriched in 
the downregulated expression signature associated with shHES1 CUTLL1 cells. 
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The Role of Hes1 in T-ALL progression 

Having established the importance of HES1 in the survival of human T-ALL cell lines in 

vitro, we next set to examine whether HES1 deletion in vivo would produce a similar phenotype. 

To test the in vivo requirement for Hes1 in NOTCH1 driven T-ALL we first established a HES1 

conditional knockout model.  HES1flox conditional knockout mice, generously provided by Dr. 

Kageyama from Kyoto University, contain two LoxP sites flanking exons 2 and 4, which upon 

expression of Cre-recombinase show complete ablation of Hes1 expression (Imayoshi, 

Shimogori et al. 2008). These mice were bred with the Rosa26 Cre-ERT2 mouse line provided 

by Dr. Ludwig at Ohio State University, which expresses a tamoxifen-inducible Cre from the 

ubiquitous Rosa26 locus (Chen, Chang et al. 2007). To generate tamoxifen inducible Hes1 

knockout mice we first crossed HES1flox/wt and Cre-ERT2 mice and then backcrossed the 

resulting HES1flox/wt Cre-ERT2 with HES1flox/wt animals to generate HES1floxwt Cre-ERT2 and 

HES1flox/flox Cre-ERT2.   

Next, we sought to generate NOTCH1 induced T-ALL with the capability of conditionally 

deleting either one allele or both alleles of Hes1. We infected hematopoietic (Lin-) progenitors 

from tamoxifen-inducible Rosa26 Cre-ERT2 Hes1 heterozygous (Hes1flox/wt) and homozygous 

(Hes1flox/flox) knockout mice (Imayoshi, Shimogori et al. 2008) with retroviruses driving the 

expression of a mutant oncogenic form of NOTCH1 (ΔE-NOTCH1) (Jarriault, Brou et al. 1995, 

Kopan, Schroeter et al. 1996). The ΔE-NOTCH1 construct encodes a truncated form of the 

NOTCH1 transmembrane receptor lacking the entire extracellular domain with exception to the 

61 amino acids immediately external to the transmembrane region (Aster, Robertson et al. 

1997). The ΔE-NOTCH1 receptor is readily and constitutively processed by the γ-secretase 

complex due to the lack of the HD-LNR repeats, resulting in oncogenic activity. This truncated 

form of the NOTCH1 transmembrane receptor resembles rare mutant forms of NOTCH1 found 

in patients with T-ALL, and when expressed in hematopoietic cells transplanted into 

immunocompromised mice rapidly induces T cell lymphoblastic tumors (Figure 3.5). Consistent 
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with previous reports, transplantation of activated NOTCH1-expressing HES1flox/wt-Cre-ERT2 and 

HES1foxl/flox-Cre-ERT2 hematopoietic progenitor cells into lethally irradiated recipients resulted in the 

development of NOTCH1-driven T-ALL within 6-8 weeks (Pear, Aster et al. 1996, Chiang, Xu et 

al. 2008) (Figure 3.6). Two mice transplanted with ΔE-NOTCH1-Hes1flox/flox Cre-ERT2 

hematopoietic progenitors developed T-ALL. The first mouse exhibited the characteristic CD4+ 

and CD8+ double positive (DP) immunophenotype (Figure 3.6.a), whereas the second mouse 

developed a heterogeneous immunophenotype T-ALL with the highest percentage of cells in the 

double positive and CD4+ populations (Figure 3.6.b). One mouse transplanted with ΔE-

 

                       
!!!!
 
Figure 3.5. Generation of conditional Hes1 knockout model in T-ALL.  Strategy for the 
development of NOTCH1 driven T-ALL with conditional knockout of one or two alleles of 
HES1 
!
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Figure 3.6. Characterization of conditional Hes1 knockout NOTCH1 induced T-ALLs. 
Flow cytometry analysis of CD4 and CD8 expression in (a and b) two Hes1 homozygous 
(ΔE-NOTCH1 Rosa26 Cre-ERT2 Hes1flox/flox) and (c) one heterozygous (ΔE-NOTCH1 
Rosa26 Cre-ERT2 Hes1flox/wt) conditional knockout NOTCH1 induced T-ALLs. Percentages 
of populations are indicated in each quadrant. Representative images of hematoxylin and 
eosin staining tissue micrographs of spleen and liver sections from ΔE-NOTCH1 Rosa26 
Cre-ERT2 Hes1flox/flox and ΔE-NOTCH1 Rosa26 Cre-ERT2 Hes1flox/wt. Scale bar represent 50 
µm. 
!
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NOTCH1-Hes1flox/wt Cre-ERT2 hematopoietic progenitors developed the characteristic double 

positive T-ALL (Figure 3.6.c). All three Hes1 conditional knockout T-ALL bearing mice showed 

enlarged spleens populated by immature lymphoblasts and infiltration of peripheral organs 

including the liver and kidney.  

To assess the long-term effects of Hes1 inactivation in T-ALL, we transplanted T-ALL 

cells from a tamoxifen-inducible Hes1 knockout mouse (ΔE-NOTCH1 Rosa26 Cre-ERT2 

Hes1flox/flox tumor 1) into a broad cohort of sub-lethally irradiated recipient mice. Following 

intravenous injection of leukemic lymphoblasts (and allowing 48 hours for tumor engraftment), 

leukemia-transplanted mice were randomized to receive tamoxifen to induce Cre-mediated 

deletion of the Hes1 gene or vehicle (sunflower oil) as control. Following treatment, mice were 

monitored for disease progression and survival. In this experiment, tamoxifen-induced Hes1 

deletion resulted in a significant decrease in circulating leukemia lymphoblasts two weeks after 

transplant (Figure 3.7.a) and a markedly prolonged survival (P < 0.005) (Figure 3.7.b).  

             

                
 
Figure 3.7. Loss of Hes1 delays NOTCH1 induced T-ALL. (a) Quantification of leukemia 
lymphoblasts as percentage of GFP positive cells in Hes1 conditional knockout NOTCH1-
induced leukemia bearing mice treated with vehicle only (n=6) or tamoxifen (n=5) in vivo. (b) 
Kaplan-Meier survival curves of Hes1 conditional knockout NOTCH1-induced leukemia 
bearing mice treated with vehicle only (n=6) or tamoxifen (n=5) in vivo. Bar graph in a 
indicate mean values and error bars represent s.d.  P value in b was calculated using the 
log-rank test. P values in a was calculated using the two-tailed Student’s t-test. 

!
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The median survival of the tamoxifen treated group was 33 days compared to 24 days in the 

vehicle treated. Cre-mediated excision of Hes1 was evaluated from splenic DNA and RNA 

collected at time of death from both treatment groups. PCR revealed tamoxifen treatment 

induced effective deletion of Hes1 by DNA (Figure 3.8.a) and RNA (Figure 3.8.b).  

To validate the long-term anti-leukemic effects induced by Hes1 deletion, we repeated 

the experiment with the second Hes1 conditional knockout T-ALL (ΔE-NOTCH1 Rosa26 Cre-

ERT2 Hes1flox/flox tumor 2). Consistent with the previous experiment, mice treated with tamoxifen 

showed a significant decrease in tumor burden two weeks after treatment (Figure 3.9.a). 

Overall survival was not significantly increased in those mice with Hes1 inactivation compared 

to control, but the trend for delayed tumor progression remained (Figure 3.9.b). Mice treated 

with tamoxifen showed efficient deletion of the Hes1 allele by PCR (Figure 3.9.c) and RT-PCR 

(Figure 3.9.d).  

                                                   

 
 
 
 

Figure 3.8. Cre-mediated deletion of Hes1. (a) PCR analysis of genomic DNA prepared 
from spleen cells treated 48 hours post transplant and collected at time of death. (b) 
Quantitative RT-PCR of Hes1 expression in spleen cells treated 48 hours post transplant 
with tamoxifen or vehicle. Bar graph in b indicates mean values and error bars represent s.d. 
P values in b was calculated using the two-tailed Student’s t-test. 
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Given that ΔE-NOTCH1 driven T-ALLs are highly aggressive tumors, we sought to 

evaluate if the tumor cells “evolved” to compensate for the loss of Hes1 by upregulating other 

pathways that would promote their proliferation and survival. Interestingly, flow cytometry 

quantitative analysis of the T-cell lymphoblast populations at time of death revealed that ΔE-

NOTCH1 Hes1flox/flox Cre-ERT2 (tumor 1) treated with tamoxifen had evolved from a characteristic 

               
 
 
Figure 3.9. Hes1 inactivation in NOTCH1-induced T-ALL (tumor 2). (a) Quantification of 
leukemia lymphoblasts as percentage of GFP positive cells in Hes1 conditional knockout 
NOTCH1-induced leukemia (tumor 2) bearing mice treated with vehicle only (n=8) or 
tamoxifen (n=8) in vivo. (b) Kaplan-Meier survival curves of Hes1 conditional knockout 
NOTCH1-induced leukemia bearing mice treated with vehicle only (n=8) or tamoxifen (n=8) 
in vivo. (c) Quantitative RT-PCR of Hes1 expression in spleen cells treated 48 hours post 
transplant with tamoxifen or vehicle. (d) PCR analysis of genomic DNA prepared from spleen 
cells treated 48 hours post transplant and collected at time of death. Bar graph in a and b 
indicates mean values and error bars represent s.d. P values in a and c was calculated using 
the two-tailed Student’s t-test. P value in b was calculated using the log-rank test.  
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double positive T-ALL into a more immature CD4-CD8- double negative immunophenotype (DN) 

compared to vehicle treated controls (Figure 3.10.a). Similarly, Hes1 inactivation in ΔE-

NOTCH1 Hes1flox/flox Cre-ERT2 tumor 2 resulted in a significant increase in double negative 

lymphoblasts (Figure 3.10.b). We hypothesized that the change in immunophenotype may be 

due to poly-clonality of the leukemia. However, southern blot analysis of Vβ rearrangement of 

the TCR revealed all mice transplanted with NOTCH1-Hes1flox/flox TmxCre tumor 1 T-ALL 

               
 

   
!
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Figure 3.10. Hes1 deletion drives T-ALL into an immature immunophenotype. (a) Flow 
cytometry analysis and quantification of CD4 and CD8 expression in ΔE-NOTCH1 Rosa26 
Cre-ERT2 Hes1flox/flox tumor 1 treated with vehicle or tamoxifen and collected at time of death. 
(b) Flow cytometry analysis and quantification of CD4 and CD8 expression in ΔE-NOTCH1 
Rosa26 Cre-ERT2 Hes1flox/flox tumor 1 treated with vehicle or tamoxifen and collected at time 
of death. Bar graph in a and b indicates mean values and error bars represent s.d. P values 
in a and b was calculated using the two-tailed Student’s t-test. 
!
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contained the same Vβ rearrangement and were therefore derived from the same clone (Figure 

3.11). In order to further explore the pathways facilitating for the progression of T-ALL in the 

absence of Hes1, as well as the shift of DP positive cells towards DN cells, we performed 

microarray gene expression profiling using splenic cells collected at death from ΔE-NOTCH1 

Hes1flox/flox Cre-ERT2 (tumor 1) bearing mice treated with vehicle only or tamoxifen. Microarray 

analysis identified 47 upregulated and 52 downregulated transcripts (fold change>2.5; P <0.01) 

 

(Figure 3.12).  Interestingly, the gene with the second highest fold change is a member of the 

Hes/Hey family, Hey1. The upregulation of Hey1 may be acting in a compensatory mechanism, 

in which the Hey1 may drive the regulation of pathways normally controlled by Hes1. To idenfiy 

pathways contributing to the pathogensis of T-ALL in the absense of Hes1, we performed GSEA 

anaylsis across the C2 database. Genes upregulated in mice infiltrated with Hes1 inactivated 

NOTCH1-induced T-ALL showed enrichment in pathways involved in T cell signaling, 

differentiation and proliferation including MAPK, GATA3, IL4, RUNX1, and WNT signaling 
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Figure 3.11. Clonality of Hes1 conditional knockout T-ALL.  Southern blot analysis of 
TCR rearrangement in Hes1 conditional knockout NOTCH1-induced T-ALL primary tumors 
(tumor 1 and 2) and secondary transplant of tumor 1 treated with vehicle only or tamoxifen. 
!
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pathways (Figure 3.13.a). Furthermore, GSEA of genes downregulated after Hes1 deletion in 

mice infiltrated with T-ALL had a significant enrichment in genes involved in telomere 

maintenance, NOTCH1 signaling pathway, RNA polymerase promoter opening, fanconi 

pathway, early T lymphocyte differentiaiton, and double positive thymocytes (Figure 3.13.b).  

                       

!
 
 

 
 
Figure 3.12. Gene expression changes after Hes1 deletion in T-ALL.  (a) Volcano plot 
representation of the differentially expressed genes upon loss of HES1 P<0.01 and -
1.4>F.C.<1.4 (b) Heat map representation of the top differentially expressed genes (P < 
0.01) between mice transplanted with Hes1 conditional knockout NOTCH1-induced T-ALL 
cells (Tumor 1), treated with vehicle vs. tamoxifen, and collected at time of death. The scale 
bar shows color-coded differential expression with red indicating higher levels of expression 
and blue indicating lower levels of expression. 
!
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Figure 3.13. GSEA of genes differentially expressed after Hes1 knockout (a) 
Representative examples of gene set enrichment plots corresponding to GSEA analysis of 
MSigDB C2 data sets enriched in the upregulated expression signature associated with Hes1 
knockout in NOTCH1-induced T-ALL. (b) Representative examples of gene set enrichment 
plots corresponding to GSEA analysis of MSigDB C2 data sets enriched in the 
downregulated expression signature associated with Hes1 knockout in NOTCH1-induced T-
ALL. 
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Hes1 requirement for the maintenance of T-ALL 

We established that loss of Hes1 during the early phases of infiltration delays the 

progression of T-ALL, but within that experiment we were not able to capture the early effects of 

Hes1 inactivation in T-ALL. We set to answer the question: What are the immediate 

consequences induced by Hes1 loss in mice infiltrated with NOTCH1-induced T-ALL? Towards 

this goal, we transplanted ΔE-NOTCH1 Rosa26 Cre-ERT2 Hes1flox/flox tumor 1 into 6 lethally 

irradiated mice and waited for the leukemia to infiltrate the mice. We monitored mice for disease 

progression by FACS analysis of NOTCH1-GFP lymphoblasts in the peripheral blood. Once 40-

70% GFP+ blasts were detected we treated leukemia-bearing recipients with tamoxifen to 

induce Cre-mediated deletion of the Hes1 gene or with vehicle only (sunflower oil) as control. In 

these experiments, tamoxifen-induced activation of Cre-recombinase rapidly and effectively 

abrogated Hes1 expression which was validated by DNA and RNA (Figure 3.14.a and b). 

Remarkably, and consistent with the cellular effects induced by HES1 depletion in human cells, 

genetic ablation of Hes1 in mouse NOTCH1-induced leukemia resulted in marked antileukemic 

effects in vivo. Analysis of leukemia tumor burden 24 hours after Hes1 deletion revealed a 

marked decrease of spleen size in tamoxifen-treated animals compared with controls (Figure 

3.14.c and d). Moreover, histological analysis of spleen revealed a “starry sky” morphology 

indicative of extensive apoptosis in tamoxifen-treated mice compared to vehicle-treated 

controls. Peripheral organ histology including the liver and kidneys in tamoxifen treated mice 

showed a profound decrease in leukemia compared to vehicle treated controls (Figure 3.14.e).  

The antileukemic effects of Hes1 inactivation were validated in a similar experiment 

performed with T-ALL cells from an independent ΔE-NOTCH1 tamoxifen-inducible Hes1 

knockout mouse   (Figure 3.15). In this experiment we treated a cohort of mice transplanted 

with ΔE-NOTCH1 Rosa26 Cre-ERT2 Hes1flox/flox tumor 2 with vehicle only (n=4) or tamoxifen 

(n=4) after they displayed over 50% peripheral lymphoblast infiltration (Figure 3.15). Tamoxifen 

treated mice had over a two-fold decrease in spleen size compared to 
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vehicle controls (Figure 3.15.c). Analysis of tumor burden by FACS analysis of NOTCH1-GFP+ 

in spleen cells showed a ten-fold decrease in transformed lymphoblasts in those mice treated 

with tamoxifen compared to their vehicle paired controls (Figure 3.15.d).  The acute deletion of 

Hes1 in two independent NOTCH1-driven T-ALL tumors display the major role Hes1 plays in the 

maintenance of T-ALL. To rule out off-target effects possibly induced by the treatment of 

            

 
!
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Figure 3.14. Acute antileukemic effects of Hes1 inactivation in NOTCH1-induced T-ALL 
tumor 1. (a) PCR analysis of genomic DNA from Hes1 conditional knockout T-ALL tumor 1 
(ΔE-NOTCH1 Rosa26 Cre-ERT2 Hes1flox/flox tumor 1) bearing mice after 24 hour treatment 
with vehicle only (n=3) or tamoxifen (n=3) in vivo. (b) Quantitative RTPCR analysis of Hes1 
expression in cells isolated from Hes1 conditional knockout T-ALL (ΔE-NOTCH1 Rosa26 
Cre-ERT2 Hes1flox/flox tumor 1) bearing mice treated with vehicle only (n=3) or tamoxifen 
(n=3) in vivo. (c) Spleen size Hes1 conditional knockout leukemia (ΔE-NOTCH1 Rosa26 
Cre-ERT2 Hes1flox/flox tumor 1) bearing mice treated with vehicle only (n=3) or tamoxifen (n=3) 
in vivo (d) Quantification of spleen weight in Hes1 conditional knockout leukemia bearing 
mice treated with vehicle only (n=3) or tamoxifen (n=3) in vivo. (e) Representative images of 
hematoxylin and eosin staining tissue micrographs of liver and spleen sections from Hes1 
conditional knockout leukemia bearing mice treated with vehicle only or tamoxifen. Scale 
bars represent 50 µm. a-e represents 3 individual mice per group from 1 representative 
experiment. Bar graphs in b and d indicate mean values and error bars represent s.d. P 
values in b and d were calculated using the two-tailed Student’s t-test.!
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tamoxifen or Cre activity, we repeated the experiment by treating mice bearing heterozygous 

conditional tamoxifen-inducible Hes1 knockout T-ALL tumor (ΔE-NOTCH1 Rosa26 Cre-ERT2 

Hes1flox/wt) with tamoxifen (n=3) or vehicle  (n=3) for 24 hours (Figure 3.16).  Cre-mediated 

deletion of one allele of Hes1 by tamoxifen treatment showed no change in tumor burden 

measured by spleen size (Figure 3.16.a) and weight (Figure 3.16.b). In addition, histological 

analysis of spleen and liver by hematoxylin and eosin staining showed no change in 

lymphoblast infiltration in peripheral organs (Figure 3.16.c).  Analysis of the spleens in this 

cohort of mice made us aware that there were no changes in tumor burden, but we still needed 

to rule out any slight cellular effects induced by Cre-mediated activity upon tamoxifen treatment. 

        

 
 
!
Figure 3.15. Acute antileukemic effects of Hes1 inactivation in NOTCH1-induced T-ALL 
tumor 2. (a) PCR analysis of genomic DNA from Hes1 conditional knockout T-ALL tumor 2 
(ΔE-NOTCH1 Rosa26 Cre-ERT2 Hes1flox/flox tumor2) bearing mice after 24 hour treatment 
with vehicle only (n=4) or tamoxifen (n=4) in vivo. (b) Quantitative RT-PCR analysis of Hes1 
expression in cells isolated from Hes1 conditional knockout T-ALL (ΔE-NOTCH1 Rosa26 
Cre-ERT2 Hes1flox/flox tumor2) bearing mice treated with vehicle only (n=4) or tamoxifen (n=4) 
in vivo.  (c) Quantification of spleen weight in Hes1 conditional knockout tumor 2 T-ALL 
bearing mice treated with vehicle only (n=4) or tamoxifen (n=4) and representative image of 
spleen of Hes1 conditional knockout leukemia (ΔE-NOTCH1 Rosa26 Cre-ERT2 Hes1flox/flox) 
bearing mice treated with vehicle or tamoxifen in vivo (d) Quantification of tumor burden by 
flow cytometry analysis of NOTCH1-GFP in Hes1 conditional knockout T-ALL tumor 2 after 
24 hour treatment with vehicle or tamoxifen. a-d represents 4 individual mice per group from 
1 representative experiment. Bar graphs in c and d indicate mean values and error bars 
represent s.d. P values in c and d were calculated using the two-tailed Student’s t-test. 
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We collected spleen and bone marrow cells from each of the mice treated with vehicle or 

tamoxifen and looked for differences in the cell cycle and cellular viability between the two 

treatment groups (Figure 3.17). Cell cycle analysis by propidium iodide staining showed no 

difference between the treatment groups in the populations of cells at G1, S, or G2-M (Figure 

3.17.a). Likewise, cellular viability measured by AnnexinV/7-AAD had no significant change 

between vehicle control or tamoxifen treated mice bearing heterozygous conditional tamoxifen-

inducible Hes1 knockout T-ALL (Figure 3.17.b). 

 These results demonstrate that genetic ablation of Hes1 in vivo and inactivation of HES1 

in vitro is detrimental to the survival of NOTCH1 induced T-ALL. Thus, confirming a major role 

         

      
!
Figure 3.16. Tamoxifen induced activation of Cre-recombinase in T-ALL. (a) 
Representative image of spleens in ΔE-NOTCH1 Hes1flox/wt TmxCre leukemia bearing mice 
treated with vehicle only (n=3) or tamoxifen (n=3). (b) Quantification analysis of spleen 
weight in ΔE-NOTCH1 Hes1flox/wt TmxCre leukemia bearing mice treated with vehicle only 
(n=3) or tamoxifen (n=3). (c) Representative images of hematoxylin and eosin staining tissue 
micrographs of liver and spleen tissue sections from Hes1 conditional knockout leukemia 
bearing mice treated with vehicle only or tamoxifen. Experiment conducted once across 3 
individual mice per group Scale bars represent 50 µm. 
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for Hes1 in maintenance of primary NOTCH1-induced T-ALL and supporting a potential role for 

Hes1 as a therapeutic target in this disease. 

 

Discussion 

 Malignant transformation in T-ALL is driven by genetic alterations that target key aspects 

of early progenitor T cell proliferation, metabolism, differentiation, and survival. In this context, 

oncogenic NOTCH1 acts as a master and pleiotropic oncogenic factor with multiple effector 

mechanisms. Among NOTCH1 targets, HES1 plays an important role downstream of oncogenic 

NOTCH1 as a regulator of key oncogenic pathways including PI3K and NF-κB signaling 

(Palomero, Dominguez et al. 2008, Espinosa, Cathelin et al. 2010). The studies outlined here 

represent the first comprehensive analysis of the phenotypic and transcriptional effects of HES1 

         

          
!
Figure 3.17. Cellular Effects after tamoxifen induced deletion of one Hes1 allele. (a) 
Cell cycle analysis of spleen cells derived from ΔE-NOTCH1 Rosa26 Cre-ERT2 Hes1flox/flox 
leukemia bearing mice treated with vehicle only or tamoxifen. (b) Cell viability analysis of 
leukemia cells from bone marrow and spleen in ΔE-NOTCH1 Rosa26 Cre-ERT2 Hes1flox/flox 
bearing mice treated with vehicle only or tamoxifen. Experiment conducted once across 3 
individual mice per group. Bar graph indicates mean values and error bars represent s.d. P 
values were calculated using the two-tailed Student’s t-test.  
 



Chapter 3 
!

! 62 

loss in NOTCH1-induced T-ALL. Together with previous studies implicating Hes1 in thymocyte 

development and NOTCH1-induced transformation (Tomita, Ishibashi et al. 1996, Wendorff, 

Koch et al. 2010), our integrative analysis of human and murine NOTCH1-driven T-ALLs define 

a strict requirement for HES1 in tumor maintenance. Specifically, we show that HES1 

inactivation in two different NOTCH1 driven T-ALL human cell lines results in the induction of 

apoptosis. The induction of apoptosis after HES1 loss was recapitulated in our Hes1 conditional 

knockout NOTCH1-driven T-ALL experiments. Cre-mediated deletion of Hes1 resulted in an 

increase in overall survival in mice infiltrated with T-ALL. Furthermore, acute deletion of Hes1 in 

T-ALL revealed a significant decrease of tumor burden due to the induction of apoptosis of T-

ALL cells.  

 

HES1 repression of cell cycle tumor suppressor pathways 

 Prior to conducting the experiments described above, we hypothesized that given the 

importance of HES1 in the expansion of early T cell progenitors, HES1 plays a significant role in 

supporting the proliferation of transformed T cells. Our hypothesis was supported by our results 

in vivo and in vitro, however the mechanisms regulating the proliferation were unexpected. 

Previous advancements in understanding the pathways regulated by HES1 had unveiled the 

regulation of HES1 in the progression of cell cycle. Specifically, HES1 was shown to suppress 

p27 (CDKN1B) expression in normal fetal thymus, liver, and brain as well as in a cervical cancer 

cell line (HeLA) (Murata, Hattori et al. 2005). In this same study, HES1 inactivation resulted in 

the increase of p21 (CDKN1A) in HeLA cells. HES1 was also shown to antagonize p21 induced 

cellular senescence in fibroblasts (Sang, Coller et al. 2008). Lastly, HES1 was shown to 

suppress p57 in pancreatic progenitors to promote self-renewal. Because of the involvement of 

HES1 in the suppression of these cell cycle regulators, I hypothesized that HES1 in T-ALL was 

promoting cell cycle progression and therefore the proliferation of T-ALL. Our CUTLL1 human 

cell line knockout cells show a small increase in cells arrested at the G1 phase, and expression 
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arrays also confirms the upregulation of the known HES1 target p21 supporting our initial 

hypothesis. However, the arrest was minor compared to the significant decrease in cellular 

proliferation documented by MTT analysis. In addition, once we repeated the experiment using 

DND41 cells, cell cycle changes were not consistent. A limitation within our experimental 

procedures involves the plko.1 vectors used for the expression of the control and HES1 

hairpins. The cells analyzed for the cellular effects after HES1 knockout had been expressing 

the shRNAs for over 1 week because of the 5-day puromycin selection. There is a possibility 

that HES1 had a more significant effect in cell cycle progression during the initial phases of 

HES1 inactivation and our experimental set up missed the critical time when the gene 

expression network upregulated by loss of HES1 exerted its effects. To explore this hypothesis 

and to capture the early cellular effects of HES1 inactivation, the next step would involve the 

use of the pINDUCER, a lentiviral vector encoding an shRNA, rtTA3, and a selection marker 

(Meerbrey, Hu et al. 2011). Briefly, CUTLL1 and DND41 cells would be infected with the 

pINDUCER lentiviral system expressing shHES1 hairpins or shLUC control. Cells infected 

would be selected with puromycin and after selection the addition of doxycycline would result in 

the expression of the rtTA3 with subsequent expression of the shRNAs and therefore 

inactivation of HES1. Alternatively, HES1 could be targeted for conditional knockout in the 

human T-ALL lines through the use of the clustered regulatory interspaced short palindromic 

repeats/Cas9 (CRISPR/Cas9) system (Sander and Joung 2014).  

Gene set enrichment analysis of the upregulated genes in CUTLL1 cells with HES1 

inactivation crossed over to the C2 database showed a significant enrichment for pathways 

involved in DNA damage repair, TP53 activation and cell cycle progression. The NOTCH1 

pathway is implicated in the suppression of TP53 through the repression of ARF, which normally 

stabilizes TP53 (Beverly, Felsher et al. 2005). However, this study did not analyze the role of 

HES1 within the suppression of TP53. The presence of the DNA damage response pathways 

suggests that HES1 may promote cellular proliferation by inhibiting pro-apoptotic signaling even 
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under the presence of DNA damage or oncogenic signaling. This hypothesis is supported by the 

experimental results showing that deletion of HES1 in hematopoietic progenitors results in 

complete inhibition of NOTCH1 induced T cell transformation (Wendorff, Koch et al. 2010). In 

addition, oncogenic Kras expressing cells have a proliferative and survival advantage when 

HES1 is upregulated (Feng, Bommer et al. 2011, Maniati, Bossard et al. 2011). HES1 is critical 

for the proliferation capacity of DN3 cells differentiating through β-selection (Wong, Knowles et 

al. 2012). Perhaps, HES1 acts as a protective mechanism of cellular maintenance during the 

phase of T cell differentiation in which genomic DNA is unstable due to the V(D)J recombination 

occurring at the TCR locus. Therefore, in this scenario HES1 represses DNA damage response 

pathways to promote cell survival in T cells undergoing DNA recombination in early T cell 

progenitors of the thymus.  

 

HES1 transcriptional regulation of proliferation and metabolism  

The role of HES1 in the maintenance of T-ALL includes the upregulation of pathways 

involved in cellular proliferation such as PI3K and NF-κB in T-ALL. More specifically, HES1 was 

demonstrated to directly repress tumor suppressor genes PTEN and CYLD, proteins involved in 

the negative regulation of the PI3K and NF-κB pathways respectively (Palomero, Dominguez et 

al. 2008, Espinosa, Cathelin et al. 2010). Gene set enrichment analysis of the downregulated 

genes in CUTLL1 cells with HES1 inactivation crossed over to the C2 database showed a 

significant enrichment for pathways involved in NF-κB, MYC signaling, and cellular metabolism 

involved in gluconeogenesis and nucleic and amino acid synthesis. The presence of these 

pathways supports the established role of HES1 in repressing negative regulators of these 

pathways to promote T-ALL proliferation. HES1 is a known direct repressor of PTEN, and PTEN 

was shown to inhibit AKT signaling and decrease glucose metabolisms in T-ALL cells 

(Palomero, Dominguez et al. 2008). The significant decrease in metabolism may in part be due 

release of the HES1 repression at the PTEN promoter, therefore resulting in the upregulation of 
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PTEN and increase inhibition of the AKT pathway. Although there is a high frequency of PTEN 

mutations in patients (10%), which indicates a worse prognosis, CUTLL1 and DND41 cells 

express wild type PTEN, and could therefore support the hypothesis that HES1 upregulates 

cellular metabolism of T-ALL cells through the direct transcriptional repression of PTEN tumor 

suppressor (Palomero, Barnes et al. 2006, Jotta, Ganazza et al. 2010). In addition, the 

identification of MYC as one of the top downregulated genes upon HES1 inactivation and the 

GSEA enriched for the MYC transcriptional pathway, brings to question whether there is a 

NOTCH1-HES1-MYC regulatory loop. NOTCH1 directly binds to the MYC proximal and 

enhancer promoter to activate transcription (Palomero, Lim et al. 2006, Palomero and Ferrando 

2009, Herranz, Ambesi-Impiombato et al. 2014). Additionally, there is much crossover between 

the downstream genes activated by NOTCH1 and MYC, thus reinforcing the genes promoting 

tumor maintenance (Palomero, Lim et al. 2006). The significant gene expression changes 

involved in both the NOTCH1 and MYC pathways may suggest that HES1 may directly or 

indirectly regulate similar gene expression changes and promote cellular survival, proliferation 

and metabolism. 

 

HES1 is a context-dependent regulator of apoptosis 

Our results suggest that although HES1 may regulate the cell cycle progression through 

various mechanisms in T-ALL, the more significant role of HES1 in the maintenance of T-ALL 

involves the suppression of apoptotic signaling. Previous studies implicated the NOTCH1-HES1 

axis in regulating and promoting apoptosis in B cell acute lymphoblastic leukemia (B-ALL) 

through the interaction with PARP1, a molecular censor of DNA damage that regulates 

chromatin structure, DNA metabolism and induction of apoptosis (Kannan, Fang et al. 2011). 

This study also reported that the pro-apoptotic effects of HES1 expression were specific to B-

ALL and not to T-ALL. The difference in the regulation of apoptotic signaling between B and T 

cells supports the established importance of the NOTCH1-HES1 axis in the bifurcation between 
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T and B cell lineage commitment in early lymphocyte development and suggests a context 

dependent function of HES1; HES1 expression in T-ALL inhibits apoptotic signaling whereas 

pro-apoptotic signals are upregulated by HES1 in B-ALL.   

 

The loss of Hes1 in T-ALL pathogenesis 

Given the significant acute antileukemic effects of HES1 inactivation in T-ALL, I 

hypothesized the deletion of Hes1 would significant increase the survival of mice harboring 

Hes1 null T-ALL. This hypothesis is supported by the significantly increase in survival of mice 

infiltrated with Hes1 null NOTCH1 driven T-ALL (Wendorff, Koch et al. 2010). In this experiment, 

the mice with Hes1 inactivation ultimately died from T-ALL, however this was due to a small 

population of cells that escaped Hes1 deletion and then progressed to infiltrate the mice. Our 

experiments similarly show an increase in overall survival upon Hes1 inactivation supporting the 

importance of the NOTCH1-HES1 axis in the maintenance of T-ALL. However, in our 

experiments the mice treated with tamoxifen to induce the deletion of Hes1 died an average of 

10 days after the vehicle-paired controls and did not escape Hes1 inactivation as PCR analysis 

of the DNA of these mice showed that the T lymphoblasts had complete deletion of the Hes1 

alleles. Therefore Hes1 null cells continued the malignant progression of T-ALL in a Hes1 

independent pathway. In addition, the transformed T lymphoblast immunophenotype had shifted 

from mainly DP cells to DN cells. This raises two different questions: (i) what are the pathways 

involved in adjusting and compensating for the lack of Hes1 expression in T-ALL? and (ii) why 

does Hes1 deletion shift the immunophenotype of T lymphoblasts to a more immature (DN) T 

cell.  

To explore the pathways involved in allowing NOTCH1-induced T-ALL to progress in the 

absence of Hes1 we explored the differentially expressed genes identified in the mice from our 

survival experiment (Figure 3.12). Gene expression analysis of the top differently expressed 

genes in Hes1 knockout T-ALL cells from samples collected in the survival study revealed Hey1 
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as the second most significantly upregulated gene. Hey1 is a bHLH repressor protein that is 

often associated with Hes1. From this data we could hypothesize that Hey1 represses the HES1 

transcriptional network as a compensatory mechanism. However, there is little evidence that 

Hey1 has a significant role in T cell development and transformation. Also, GSEA shows 

enrichment in NOTCH signaling pathways among the genes downregulated by Hes1 

inactivation, suggesting that the progression of T-ALL proceeded through a NOTCH1 

independent pathway. Our hypothesis is supported by GSEA analysis of the upregulated genes 

after Hes1 inactivation across the C2 database, which shows enrichment for pathways involved 

in WNT signaling pathway, ERK-MAPK, and GATA3. All three pathways are important in the 

development and maintenance of T cells and have been implicated in assisting the malignant 

transformation of T cells. For example, the WNT signaling pathways promotes the proliferation 

of DN1, DN2 and DN3 cells during T cell development, and inhibits DP cells from undergoing 

apoptosis (Gounari, Aifantis et al. , Weerkamp, Baert et al.). Upregulation of the WNT pathway 

may provide an alternate to the NOTCH1-HES1 signals to promote proliferation and sustain 

cellular maintenance in T-ALL in the absence of HES1. In addition, the ERK-MAPK signaling 

pathway is known to promote cellular proliferation, hematopoietic cell differentiation, cell 

metabolism (Geest and Coffer 2009, Carr, Kelman et al. 2010). Furthermore the MAPK 

regulates the stability of GATA3, also found enriched by GSEA, in T cells (Yamashita, 

Shinnakasu et al. 2005). GATA3 is a zinc-finger master regulator transcription factor essential 

for T cell development, especially during early T cell commitment, β-selection, and CD4+ T cell 

development (Ho, Tai et al. 2009). A method in which to further support our hypothesis that 

these cells are promoting their own survival and proliferation through NOTCH1 independent 

pathways, would involve the treatment of GSI to the T-ALL cells with Hes1 inactivation collected 

from the survival mice treated with tamoxifen. Lack of antileukemic effects of GSI would provide 

evidence of the activation of NOTCH1 independent pathways involved in tumor maintenance. 

Taken together, the gene expression analysis suggests transformed lymphoblasts that survived 
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after Hes1 inactivation, upregulated T cell transcriptional regulators and signaling pathways to 

promote cellular proliferation and survival. 

HES1 inactivation in the hematopoietic stem cell compartment results in a significant 

decrease in all T cell populations of the thymus (Tomita, Hattori et al. 1999, Wendorff, Koch et 

al. 2010). However, on closer inspection, the percentage of DP cells significantly decreases, 

while the percentage of DN cells increases (Wendorff, Koch et al. 2010). Our tumor 

immunophenotype data collected in our survival experiment shows a similar trend, cells lacking 

HES1 decreased the population of DP cells and increased the population of DN in two 

independent Hes1flox/flox NOTCH1-induced T-ALL (Figure 3.10). An interesting aspect about the 

decrease in the DP population is that during normal T cell development, HES1 is expressed at 

high levels during the early phases T cell development especially within the DN population of 

cells, however after β-selection and differentiation towards DP cells, HES1 is downregulated. 

Thus, it is surprising that the percentage of DP cells would decrease in the absence of HES1. A 

possible mechanism regulating the decrease of the DP population in T-ALL arises in the gene 

expression changes documented. GSEA of the genes downregulated across the C2 database 

reveal enrichment in the double positive thymocyte gene signature, suggesting a possible 

mechanism in which the decrease of double positive cells could relate to the inhibition of the 

signature that drives differentiation towards DP cells. Looking more closely at the specific 

genes, Ptcra is significantly downregulated in the population of cells with Hes1 inactivation. The 

pre-T-cell receptor, composed of the TCR and CD3 molecules is critical for the development of 

αβ T cells. Ptcra homozygous knockout mice have normal populations of hematopoietic cells, 

however, thymocytes are reduced to less than 10% of the normal amount of cells, with an 

increase in the percentage of DN and a decrease in the percentage of DP cells (Fehling, 

Krotkova et al. 1995). The comparable phenotypes between cells lacking Ptcra or Hes1 suggest 

a possible regulatory loop in which HES1 promotes the upregulation of the Ptcra gene through 

either direct or indirect regulation.  In addition to the decrease in Ptcra, there is a 
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downregulation of pathways involved in DNA maintenance and repair including telomere 

maintenance, fanconi anemia pathway, ATR pathway and E2F targets. The downregulation of 

these pathways is indicative of Hes1 knockout T-ALL cells promoting their survival by 

downregulating the checkpoint mechanisms involved in the progression in G1 and S phase of 

cell cycle. This may be of particular importance in T-cell immunophenotype and development 

due to the DNA replication and recombination occurring in both double negative and double 

positive cells.  
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Chapter 4 
HES1 inhibits BBC3 in NOTCH1 induced T-ALL 

 

Introduction 

The NOTCH1-HES1 axis is implicated in sustaining cellular growth signaling in T-cell 

leukemogenesis. HES1 is known to promote the PI3K pathway by downregulating the tumor 

suppressor PTEN, and the NF-κB signaling pathway by inhibiting CYLD (Palomero, Sulis et al. 

2007, Espinosa, Cathelin et al. 2010). Until now, there was no specific link suggesting that 

HES1 inhibits apoptotic pathways to promote and sustain T cell transformation.  Our findings 

discussed in chapter three show that inhibition of the NOTCH1-HES1 axis is detrimental to the 

survival of T lymphoblasts. Thus, interrogation of the gene expression changes after HES1 

inactivation by GSEA showed enrichments in DNA damage pathways and the TP53 pathway. 

Furthermore, deletion of Hes1 delayed disease progression of NOTCH1-induced T-ALL by 

activating apoptosis in cells lacking the expression of Hes1.  

The acute deletion of Hes1 in mice bearing NOTCH1-induced T-ALL displayed a 

significant decrease in tumor load quantified by total number and histological analysis (Figure 

3.14 and Figure 3.15). In addition, mice treated with tamoxifen to induced Hes1 deletion 

showed more signs of physical illness than those treated with vehicle control, including lack of 

movement, decreased weight and body temperature, and hunched backs. Given the massive 

induction of cellular death, we hypothesized that they were undergoing what is known as tumor 

lysis syndrome. Tumor lysis syndrome is an oncological emergency that occurs when tumor 

cells release their contents into the bloodstream; in our case this was induced by Hes1 loss. 

The large quantity of tumor cells releasing their intracellular contents creates more potassium, 

phosphorus, nucleic acids, and cytokines than the body can dispose of, and ultimately leads to 

hyperuricemia, hyperkalemia, hyperphosphatemia, and hypocalcemia (Howard, Jones et al. 

2011). In our experiment, 24 hours post treatment was actually too late to actively capture the 
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cell undergoing apoptosis. The “starry” sky appearance in the spleenic histology is in fact the 

macrophages engulfing the dead apoptotic tumor cells (Ogden, Pound et al. 2005). In this 

chapter, we unveil the specific mechanisms driving these cells into programmed cell death. 

 

Results 

Knockout of Hes1 in NOTCH1 driven T-ALL in vitro 

In an effort to establish a system in which we could monitor the induction of apoptosis 

after Hes1 inactivation in a fully controlled setting, we developed a cell line that could be 

maintained in cell culture from our Hes1 conditional knockout NOTCH1 induced T-ALL tumor 1 

(Figure 3.6). Under normal serum conditions without any cytokine support, T-ALL cells can 

grow in cell culture for only a few days. To enable the changes needed in order for these cells to 

proliferate continuously as a cell line in vitro we tested different growing conditions: (1) serum 

(+β-mercaptoethanol), (2) serum (+β-mercaptoethanol) plus IL2, IL7 (3) serum (+β-

mercaptoethanol) plus OP9 stromal cells (4) serum (+β-mercaptoethanol) plus OP9 stromal 

cells, IL2, and IL7. We found that primary murine T-ALL cells grow most optimally if plated in co-

culture with OP9 cells for two weeks and supplemented with IL7 and β-mercaptoethanol. After 

the two weeks, T cells can be removed from the stromal cells and grown in suspension culture 

with IL7 and β-mercaptoethanol supplementation. After 4 weeks, cells were weaned off of the 

cytokines and underwent three consecutive rounds of freezing in 90% FBS and 10% DMSO and 

thawing before subsequent experiments were performed. Having established a Hes1 conditional 

knockout NOTCH1-induced cell line we set to determine whether in vitro deletion would produce 

the similar cellular changes we established in prior experiments. We analyzed the changes in 

cell cycle, proliferation and cellular viability in a time course experiment of 3 consecutive days. 

Supporting previous findings (Figure 3.1), loss of Hes1 did not induce significant changes in cell 

cycle at any of the three times points (Figure 4.1). AnnexinV staining revealed a gradual 

increase in apoptotic and dead cells, with the most significant decrease in viability at 72 hours 
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Figure 4.1. In vitro knockout of Hes1 in NOTCH1-induced T-ALL cell line. (a) Cell cycle 
analysis by propidium iodide staining of Hes1 conditional knockout NOTCH1 induced T-ALL 
cells 24, 48, and 72 hours after treatment with 4-hydroxy tamoxifen (4-OH TMX) or vehicle 
only (ethanol) control  (b). Cell viability analysis by AnnexinV and 7-AAD staining of Hes1 
conditional knockout NOTCH1 induced T-ALL cells 24, 48, and 72 hours after treatment with 
4-hydroxy tamoxifen (4-OH TMX) or vehicle only (ethanol) control in vitro. Bar graphs 
indicate mean values and error bars represent s.d. of biological triplicates. P values were 
calculated using the two-tailed Student’s t-test. 
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post treatment with 4-hydroxy tamoxifen (4-OH TMX) (Figure 4.1.b).  

It did not escape our attention that the induction of apoptosis was significantly delayed in 

vitro compared to our in vivo experiments. There are various hypotheses to why the cells are 

more resistant in a cell culture setting. For one, the cells acquired genetic changes during the 

establishment of these cells as a cell line. These changes allowed the cells to survive in a 

setting where they would normally induce programmed cell death, and may therefore be less 

sensitive to the loss of Hes1. However, ultimately the cells died after 72 hours, indicating that 

Hes1 is critical for the maintenance of NOTCH1-induced T-ALL. Secondly, cells in culture are 

maintained in an artificial environment, with fresh media, serum, and cytokines provided every 

third day. This provides a relatively stress-free microenvironment that may not be representative 

of T lymphoblasts actively infiltrating peripheral organs. The loss of Hes1 may be more 

detrimental to cells under cellular stress, because Hes1 may be downregulating tumor 

suppressers and pro-apoptotic signals. To test this hypothesis, we seeded cells in decreasing 

concentrations of serum to induce stress on the NOTCH1-induced T-ALL murine cell line. At the 

same time we treated cells with tamoxifen or vehicle only (ethanol) and analyzed the cellular 

viability by AnnexinV over the course of three days. In these experiments, cells under lower 

serum conditions had a significant decrease in viability within 48 hours compared to those cells 

in normal serum conditions (Figure 4.2). Cells under normal serum conditions were at 70% 

viability after loss of Hes1 compared to less than 30% viability in the low serum cultures (Figure 

4.2.a). By 72 hours, there was less of a difference in apoptotic and dead cells between the 

tamoxifen treated cells in different concentration of serum (Figure 4.2.b). Therefore, cellular 

stress increases the early apoptotic effects of Hes1 inactivation in T-ALL. We further tested our 

hypothesis by inducing DNA damage with etoposide, a topoisomerase inhibitor. Hes1 

conditional knockout NOTCH1-induced cells were treated with either tamoxifen or vehicle and 

with increasing doses of etoposide. Cellular viability was measured 72 hours after treatment by 
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MTT analysis (Figure 4.3). Dose response viability cell curves shows that cells lacking Hes1 

expression are more sensitive to DNA damaging environments.   

 

 

     
 

                 
 
 
 
Figure 4.2. Hes1 inactivation in NOTCH1 induced T-ALL under cellular stress. (a) Cell 
viability analysis by AnnexinV and 7-AAD staining of Hes1 conditional knockout NOTCH1 
induced T-ALL cells in decreasing amounts of serum 48 hours after treatment with 4-hydroxy 
tamoxifen (4-OH TMX) or vehicle only (ethanol) control. (b) Cell viability analysis by 
AnnexinV and 7-AAD staining of Hes1 conditional knockout NOTCH1 induced T-ALL cells in 
decreasing amounts of serum 72 hours after treatment with 4-hydroxy tamoxifen (4-OH TMX) 
or vehicle only (ethanol) control in vitro. Bar graphs indicate mean values and error bars 
represent s.d. of biological triplicates. P values were calculated using the two-tailed Student’s 
t-test. 
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HES1 transcriptional targets regulate apoptotic signaling 

We established that the Hes1 conditional knockout cells undergo apoptosis within the 

first 72 hours after tamoxifen treatment with no significant changes in the cell cycle. Next, we 

analyzed the transcriptional programs triggered upon Hes1 knockout in primary NOTCH1-

induced T-ALL lymphoblasts in vitro. Given that after 48 hours of tamoxifen treatment under 

normal serum conditions, cells are beginning to undergo apoptosis, we collected cells at 36 

hours post treatment with tamoxifen or vehicle to capture to initiating gene expression changes 

that drive cells towards programmed cell death. Volcano plot shows the distribution of 

differentially expressed genes by significance on the y-axis (P-value) and fold change (log FC) 

on the x-axis (Figure 4.4.a). Microarray analysis of Hes1 knockout T-ALL cells collected 36 

hours after tamoxifen treatment identified 34 upregulated and 17 downregulated genes (fold 

change >1.3, P < 0.005). Most notably, the transcriptional programs upregulated by Hes1 

inactivation included important mediators of cell signaling such as Wnt6, Cxcr5, Smad3 and 

          

                       
!
Figure 4.3. Hes1 inactivation in T-ALL under DNA damaging conditions. Dose response 
cell viability curves of Hes1 conditional knockout NOTCH1 induced T-ALL cells after 72-hour 
treatment with increasing concentrations of etoposide in combination with vehicle (ethanol) 
control or 4-hydroxy tamoxifen in vitro. Data points on the curve indicate mean values and 
error bars represent s.d. of biological triplicates. P values were calculated using the two-tailed 
Student’s t-test. 
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Il27ra; the Gadd45g cell cycle regulator and Bbc3, the gene encoding Puma, a major BH3-only 

Bcl2-member pro-apoptotic factor (Figure 4.4.b). These genes are of particular interest given 

that they are the early genes upregulated after Hes1 loss. Therefore, they are potential direct 

targets repressed by Hes1.  

 
 

 
!
!
Figure 4.4. Acute gene expression changes upon Hes1 inactivation in NOTCH1 
induced T-ALL. (a) Volcano plot representation of the differentially expressed genes upon 
loss of Hes1 P < 0.005 and -1.3> F.C. <1.3 (b) Heat map representation of the top 50 
differentially expressed genes (P < 0.005) between Hes1 conditional knockout NOTCH1-
induced T-ALL treated for 36 hours with 4-hydroxy tamoxifen (4-OH TMX) or ethanol control 
(ETOH). The scale bar shows color-coded differential expression with red indicating higher 
levels of gene expression and blue indicating the lower levels of gene expression. 
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We previously analyzed the gene expression changes induced by HES1 inactivation in 

CUTLL1 cells (Figure 3.3). To see whether the upregulated gene set after Hes1 knockout 

aligned in the same direction as the differentially expressed genes in the human cell line, we 

preformed GSEA. The genes upregulated upon genetic deletion of Hes1 were significantly 

enriched for genes that comprise the transcriptional signature associated with HES1 shRNA-

mediated depletion in CUTLL1 T-ALL cells (Figure 4.5.a). In addition, consistent with a major 

role of Hes1 as a transcriptional repressor downstream of NOTCH1, we observed a significant 

positive enrichment for murine genes upregulated upon Hes1 deletion in the upregulated gene 

expression signature triggered by NOTCH1 inactivation via γ-secretase inhibitor treatment of 

mice infiltrated with NOTCH1 driven T-ALL (Figure 4.5.b). Furthermore, C2-analysis showed 

enrichment of datasets involved in the apoptotic cascade, including caspase activation and IFN-

α and IFN-β (Figure 4.6.). Genes downregulated by Hes1 deletion were also enriched for 

cellular metabolism, cell cycle progression, Myc transcription and pediatric cancer markers, 

again supporting the significant role Hes1 has in the regulation of the NOTCH1 signature.  

 

     

              
 
!
Figure 4.5. GSEA of Hes1 inactivation in NOTCH1 induced T-ALL. (a) GSEA of genes 
upregulated 36 hours after Hes1 knockout in NOTCH1-induced T-ALL in vitro compared to 
the transcriptional signature associated with HES1 knockdown in CUTLL1 cells. (b) GSEA of 
genes upregulated after DBZ gamma-secretase inhibitor (GSI) treatment of NOTCH1-
induced murine T-ALL cells compared to the transcriptional signature induced by 4-hydroxy 
tamoxifen treatment in Hes1 conditional knockout T cell leukemia cells (Hes1 KO). 
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Figure 4.6. GSEA of acute Hes1 deletion in NOTCH1 induced T-ALL. (a) GSEA of genes 
upregulated 36 hours after Hes1 knockout in NOTCH1-induced T-ALL in vitro compared to 
the C2 database show enrichment for pathways involved in apoptosis. (b) GSEA of genes 
downregulated after 36 hours after Hes1 knockout in NOTCH1-induced T-ALL in vitro 
compared to the C2 database show enrichment in pathways involved in cellular metabolism, 
Myc pathway, cell cycle progression, and cancer markers upregulated in pediatric cancers. 
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BBC3 is a direct transcriptional target of HES1  

Based on these results, we carefully analyzed the differentially expressed genes to 

determine which might be activating the apoptotic pathway. Bbc3, also known as Puma, is a 

major activator of P53 dependent and P53 independent apoptosis. Puma is upregulated during 

times of stress including DNA damage, cytokine withdrawal, and serum starvation (Jeffers, 

Parganas et al. 2003). Puma functions by directly activating Bax to induce cytochrome C 

release from the mitochondria into the cytoplasm, resulting in the activation of the caspase 

pathway. In addition, Bbc3 can directly bind anti-apoptotic Bcl2 factors to inhibit their functions. 

Given the well-established role of Puma as mediator of programmed cell death downstream of 

multiple apoptotic stimuli including p53 activation (Hikisz and Kilianska 2012), we hypothesized 

that HES1 could promote leukemia cell survival via direct transcriptional repression of the BBC3 

gene. We first validated the upregulation of Bbc3 in our murine NOTCH1-induced T-ALL cell line 

treated with 4-OH Tamoxifen when compared to vehicle (ethanol) control. RT-PCR shows a 

50% increase in Bbc3 expression upon treatment with tamoxifen (Figure 4.7.a). Western blot 

analysis of Hes1 conditional knockout T-ALL cells treated with tamoxifen for 48 hours in 

different serum conditions shows Puma protein upregulation (Figure 4.7.b) upon Hes1 

inactivation.  Here we see an incremental increase in protein expression especially as the cells 

are put under stress, recapitulating the phenotype we see by AnnexinV staining. Bcl2, a anti-

apoptotic factor, was also upregulated among the top 50 differentially expressed genes 

identified by the microarray analysis. However, western blot analysis shows a slight decrease in 

Bcl2 protein expression when Bbc3 is upregulated. Furthermore, we analyzed the protein 

expression level of BBC3 in cells infected with lentivirus expressing shLUC or shHES1. DND41 

show an increase in protein expression of Bbc3 in cells expressing both HES1 hairpins 

compared to cells expressing shLUC control (Figure 4.8).  
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Figure 4.7. Bbc3 upregulation after Hes1 knockout in NOTCH1-induced T-ALL. (a) 
Quantitative RT-PCR of Bbc3 expression in Hes1 conditional knockout T-ALL (ΔE-NOTCH1 
Rosa26 Cre-ERT2 Hes1flox/flox) after treatment with vehicle only (ETOH) or 4-hydroxy 
tamoxifen (4-OH TMX) in vitro. (b) Western blot analysis of Bbc3 expression in Hes1 
conditional knockout leukemia cells grown in decreasing concentrations of serum and upon 
tamoxifen-induced Hes1 deletion. Bar graphs indicate mean values and error bars represent 
s.d of biological triplicates. P values were calculated using the two-tailed Student’s t-test. 
 

 
       

          
!
 
Figure 4.8. Bbc3 upregulation after HES1 inactivation in NOTCH1-induced T-ALL. (a) 
Quantitative RT-PCR of BBC3 expression in DND41 cells expressing shLUC, shHES1#1, 
and shHES1#2. (b) Western blot analysis of BBC3 expression in DND41 cells infected in 
lentivirus expressing shLUC, shHES1#1, and shHES1#2. Bar graphs indicate mean values 
and error bars represent s.d. of biological triplicates. P values were calculated using the two-
tailed Student’s t-test. 
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HES1 is a bHLH repressor protein which functions by binding to specific N-BOX 

sequences in the promoter regions of its target genes. Analysis of the proximal regulatory 

sequences (+2 kb to -3kb) flanking the BBC3 transcription initiation site identified ten N-box 

motif elements that could potentially mediate its transcriptional repression via direct HES1 

binding  (Figure 4.9). In the representative diagram we show the promoter region and the N-box 

motif elements. In addition, BBC3 is a direct target of TP53 and there are two binding site 

upstream of the TSS depicted by the green ovals. To identify which specific region HES1 may 

bind to in the promoter region of BBC3, we performed chromatin immunoprecipitation analysis 

on CUTLL1 cells using a HES1 antibody. The HES1 ChIP had a significant enrichment of HES1 

binding to the  -415 to -410 BBC3 proximal promoter, a region containing a single canonical N-

box site (U1) (Figure 4.10). Notably, this putative regulatory element located -410 bp from the 

BBC3 transcription initiation site is in close proximity to two well characterized TP53 binding 

sites that mediate BBC3 upregulation downstream of TP53 activation (Han, Flemington et al. 

2001). To test this possibility, we analyzed the effect of HES1 expression on the activity of a –

544 to –121 BBC3 promoter construct in luciferase reporter assays. In these experiments, 

     
 

       
 
 

Figure 4.9. BBC3 promoter with potential HES1 binding sites. Schematic representation 
of the BBC3 proximal promoter indicating potential HES1 N-box binding sequences upstream 
(U) and downstream (D) of the transcription start site.  
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transfection of HEK293 cells with the BBC3 promoter construct in combination with a HES1 

expression plasmid induced a 91% (~11 fold) downregulation of the BBC3 reporter activity. To 

ensure HES1 was binding to the N-box sequence (U1) we created two mutant BBC3 promoter 

plasmids, which either replaced the N-BOX with a scramble sequence (Scramble) or deleted the 

six base pairs (deleted). Alteration of the -410 BBC3 N-box sequence by mutation or deletion 

abrogated the ability for HES1 to repress the BBC3 promoter sequence (Figure 4.11.a). The 

combination of the HES1 ChIP and the BBC3 luciferase reporter assay show that HES1 

represses BBC3 by directly binding to the -410 BBC3 N-box sequence. Given that TP53 acts as 

a major driver of BBC3 expression, we then analyzed the effects of HES1 on TP53-BBC3 

regulation. Consistent with previous reports (Han, Flemington et al. 2001), BBC3 reporter 

activity was induced upon transfection of TP53-expressing constructs. In contrast, co-

expression of HES1 effectively abrogated TP53-induced BBC3 upregulation (Figure 4.11.b). 

 

                           
 
!
Figure 4.10. HES1 specifically binds to the N-box upstream of the BBC3 transcription 
start site. Chromatin immunoprecipitation (ChIP) of HES1 binding sites in CUTLL1 cells 
analyzing the HES1 binding of 6 regions in the upstream and downstream proximal BBC3 
promoter. Bar graphs indicate mean values and error bars represent s.d. of biological 
triplicates. P values were calculated using the two-tailed Student’s t-test. 
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These findings suggest a role for HES1 in antagonizing TP53-mediated BBC3 transcriptional 

upregulation in T-ALL. Overall, these results identify BBC3 as a direct HES1 target gene and 

support a potentially dominant role for HES1-mediated repression in BBC3 transcriptional 

regulation.  

To functionally explore the significance of the Hes1-Bbc3 transcriptional regulatory axis 

in leukemia cell survival we analyzed the effects of Bbc3 depletion on Hes1-knockout induced 

apoptosis. We infected the Hes1 conditional knockout NOTCH1-induced leukemia cell line with 

                                           
!
!
 
Figure 4.11. HES1 represses BBC3 transcription. (a) Luciferase reporter activity in HEK 
293T cells of a BBC3 promoter construct (Wild Type), a BBC3 promoter containing a 
scramble sequence in the N-box bound by HES1 (Scramble), and a BBC3 promoter with the 
deletion of the N-box bound by HES1 (Deletion). (b) Luciferase reporter activity of the BBC3 
wild type reporter construct in response to increasing doses of TP53, increasing doses of 
HES1, and the combination of TP53 and HES1. Bar graphs indicate mean values and error 
bars represent s.d. P values were calculated using the two-tailed Student’s t-test. 
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lentiviruses driving the expression of two independent Bbc3 shRNAs or a control inactive 

shRNA (shLUC). RT-PCR analysis show the effective downregulation of Bbc3 in both shBbc3 

compared to control shLUC (Figure 4.12.a). Previously we established that low serum 

conditions amplified apoptosis induced by HES1 inactivation in NOTCH1-induced T-ALL. 

                      
                    
 

                    
 
 
Figure 4.12. Bbc3 inactivation after Hes1 deletion in NOTCH1-induced T-ALL. (a) 
Quantitative RT-PCR of BBC3 expression in CUTLL1 and DND41 cells expressing shLUC, 
shHES1#1, and shHES1#2. (b) Western blot analysis of BBC3 expression in CUTLL1 and 
DND41 cells infected in lentivirus expressing shLUC, shHES1#1, and shHES1#2. Bar graphs 
indicate mean values and error bars represent s.d of biological triplicates. P values were 
calculated using the two-tailed Student’s t-test. (c) Relative quantification of apoptosis induced 
by Hes1 deletion in control (shLUC) and Bbc3 knockdown (shBbc3) in Hes1 conditional 
knockout T-ALL cells treated with 4-OH tamoxifen. Bar graphs indicate mean values and error 
bars represent s.d of biological triplicates. P values were calculated using the two-tailed 
Student’s t-test. 
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Therefore, we cultured cells infected with either of the two shBbc3 hairpins or control shLUC 

under 3% FBS serum and treated with either 4-hydroxy tamoxifen or ethanol control and 

quantified cellular viability at 24 and 48 hours post treatment. Western blot analysis 24 hours 

after treatment show an increase in Bbc3 protein levels in the cells with Hes1 deletion and 

expression of the control shLUC hairpin, but those cells infected with shBbc3 are silenced for 

Bbc3 expression (Figure 4.12.b). Consistent with our previous results, tamoxifen-induced Cre-

mediated deletion of Hes1 induced apoptosis in T-ALL lymphoblasts expressing a control 

shRNA (shLUC) (Figure 3.12.b). Notably, however, the apoptotic response triggered by Hes1 

deletion was significantly abrogated in T-ALL lymphoblasts with lentiviral expression of two 

independent Bbc3 shRNAs  (Figure 3.12.c). Taken together, these results identify HES1-

mediated downregulation of BBC3 expression as a critical mechanism promoting increased 

survival in NOTCH1-induced T-ALL. 

 

Discussion 

 Loss of HES1 in both human and mouse NOTCH1-induced T-ALL cells leads to the 

upregulation of DNA damage and cell cycle regulators resulting in the induction of apoptosis in 

the transformed T lymphoblasts. Previously we described our efforts to capture the early cellular 

and transcriptional effects 24 hours after treatment with either tamoxifen or vehicle in Hes1 

flox/flox-CreERT2 NOTCH1-induced T-ALL infiltrated mice. To our surprise, 24 hours did not capture 

the early effects of Hes1 inactivation but instead demonstrated the consequences of tumor lysis 

syndrome. Here we describe our development of an immortal cell line from the cells derived 

from Hes1 flox/flox-CreERT2 NOTCH1-induced T-ALL tumor 1. The development of this cell line 

offered the opportunity to exploit the use of an in vitro system and capture various time points to 

annotate the gene expression changes leading to the induction of apoptosis after Hes1 deletion. 

Mechanistically, we show that loss of Hes1 in T-ALL triggers apoptosis via upregulation of Bbc3, 

a critical mediator of TP53 dependent DNA damage-induced apoptosis, as well as TP53-
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independent cell death responses triggered by serum starvation and cytokine deprivation (Han, 

Flemington et al. 2001, Jeffers, Parganas et al. 2003, Wu, Heinrichs et al. 2005). The relevance 

of Bbc3 downregulation as an effector of the oncogenic program controlled by the NOTCH1-

HES1 pathway in T-ALL is highlighted by the ability of Bbc3 inactivation to rescue Hes1-

knockout-induced apoptosis. Our results demonstrate a novel mechanism in which the 

NOTCH1-HES1 axis directly inhibits the expression of pro-apoptotic factors, especially under 

DNA damaging or stress induced conditions.  

 

HES1 regulation of pro-apoptotic factor BBC3  

 One of the hallmarks of cancer is the ability to evade apoptosis, a cell death pathway 

activated by a diverse set of apoptotic stimuli leading to morphological changes including 

nuclear fragmentation, chromatin condensation, chromosomal DNA fragmentation, membrane 

blebbing, and cell shrinkage. The mechanisms underlying the initiation of apoptosis are 

dependent on the specific apoptotic stimuli, as DNA damage would involve different mediators 

than serum and cytokine starvation. However, the specific stimuli and mediators converge to 

either activate pro-apoptotic factors (BH1-3 and BH3 only) or inhibit anti-apoptotic factors (BH1-

4) (Zhang, Hartig et al. 2005). These factors, all members of the Bcl-2 family, control the 

integrity of the mitochondria by regulating the release of cytochrome C that leads to the 

activation of the caspase pathway and cell death. The anti-apoptotic BH1-4 members (Bcl-2, 

Bcl-XL, Mcl-1, and A1/Bfl-1) localize to the outer membrane of the mitochondria and inhibit the 

function of the two pro-apoptotic BH1-3 members (Bax and Bak). Bax and Bak form a pore-like 

opening of the mitochondrial membrane allowing for the release of cytochrome C (Kuwana, 

Mackey et al. 2002). The BH3-only pro-apoptotic factors (Bad, Bid Bik, Bim, Noxa, and Puma) 

all function by promoting the function of Bax and Bak, or inhibiting the function of anti-apoptotic 

Bcl-2 members (Huang and Strasser 2000).  
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Proteins involved in recognizing apoptotic stimuli are often targeted for direct or indirect 

inhibition in malignant cells. For example, TP53 is the most commonly mutated gene among 

human cancers (Olivier, Hollstein et al. 2010). Under the event of irreparable DNA damage in 

non-malignant cells, TP53 is upregulated and directly binds to two adjacent binding sites of the 

Puma (Bbc3) promoter, leading to the transcription and translation of the Puma (Bbbc3) protein. 

Puma is a BH3 only pro-apoptotic factor, which directly activates Bax and Bak and also binds to 

and inhibits all the anti-apoptotic BH1-4 family members to induce apoptosis. Although the 

presence of TP53 mutations are found in over 50% of cancers, the TP53 tumor suppressor 

gene is rarely lost in T-ALL (Kawamura, Ohnishi et al. 1999). Our reporter assays demonstrate 

a potential mechanism in which T lymphoblasts do not require the survival advantage of TP53 

mutations. In this setting, we hypothesize HES1 exerts a dominant effect in the regulation of the 

Puma promoter, meaning HES1 repression overrides TP53 activation and therefore blunts the 

induction of BBC3 expression and oncogenic stress-induced apoptosis during T-cell 

transformation. The ability for HES1 to blunt TP53 in T cell lymphoblasts is significant as BBC3 

activates nearly all apoptotic activity induced by TP53 in hematopoietic cells in response to 

radiation and oncogenes (Jeffers, Parganas et al. 2003). In order to better understand the 

mechanisms involved in the HES1 repression of Puma in the presence of TP53 expression, we 

could set an experiment involving the luciferase reporter assay with the plasmids expressing the 

scramble and deleted N-box sequence of the Puma promoter. Here, the presence of both HES1 

and TP53 should promote the expression of Puma given that HES1 cannot bind the Puma 

promoter due to the loss of the N-box sequence. However, if the TP53 induced expression is 

slightly blunted in the cells expressing both HES1 and TP53 compared to the cells only 

expressing TP53, then this could suggest that HES1 directly binds TP53 to inhibit the 

upregulation of Puma. Tandem affinity purification of cells under DNA stress and expressing 

wild type HES1 and wild type TP53 would show whether HES1 and TP53 are able to bind each 

other. This would not be the first instance showing the binding of HES1 to DNA damage factors, 
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as HES1 was shown to bind and interact with the Fanconi anemia complex to promote its 

nuclear translocation and protein complex stability (Tremblay, Huang et al. 2008). Furthermore, 

HDAC3 was recently shown to inhibit the TP53 activation of BBC3 transcription in gastric cancer 

where NOTCH1 is implicated as a potential oncogene (Feng, Pan et al. 2013).  

Although we are the first to demonstrate the promotion of tumor survival through HES1 

repression of Bbc3 in T-ALL, transcriptional downregulation of Bbc3 is critically implicated in the 

pathogenesis of B-precursor leukemias driven by the TCF3-HLF fusion oncogene (Wu, 

Heinrichs et al. 2005). In these tumors TCF3-HLF functions as the transcriptional activator 

driving the expression of SLUG, a transcriptional repressor, which directly inhibits Bbc3 

expression, antagonizing TP53-induced apoptosis (Wu, Heinrichs et al. 2005). Notably, in these 

leukemias the TCF3-HLF oncoprotein usurps the Tp53-Slug-Bbc3 regulatory axis, a physiologic 

regulatory circuitry that normally protects hematopoietic progenitors from DNA damage-induced 

apoptosis (Inoue, Seidel et al. 2002). Perhaps similarly, BBC3 downregulation downstream of 

oncogenic NOTCH1-HES1 in T-ALL may represent the oncogenic counterpart of a physiologic 

regulatory circuitry that allows survival of T-cell progenitor cells. Indeed, NOTCH1 activation and 

consequent HES1-mediated downregulation of BBC3 expression may promote the survival of 

normal thymocytes in the face of DNA double strand breaks generated during antigen receptor 

recombination. Moreover, HES1-mediated downregulation of BBC3 may also facilitate the 

survival of T-ALL lymphoblasts in cytokine-poor microenvironments as they infiltrate peripheral 

tissues during disease progression. We predict that the repression of BBC3 may be functioning 

to inhibit either p53-dependent or p53-independent apoptosis, as our experiments show a 

significant increase of apoptosis after Hes1 deletion in DNA damaging (p53 dependent) and 

serum starvation (53-independent) conditions. 
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HES1 transcriptional regulation of tumor suppressor in T-ALL 

Our identification of BBC3 as a direct downstream target of HES1, shows the significant 

contribution of the NOTCH1-HES1 signaling axis towards the survival of T-ALL. However, taking 

a closer look into the differentially expressed genes shows there may be other pathways 

involved in providing the apoptotic stimuli to promote BBC3 activation. For example, growth 

arrest and DNA-damage inducible gamma (GADD45g) is a stress induced protein whose 

transcription levels increase following exposure to DNA damaging conditions. HES1 is already 

established as a direct negative regulator through the binding of the GADD45g promoter 

(Kobayashi, Mizuno et al. 2009).  Also, GADD45g downregulation or hypermethylation of the 

gene are found in over 50% of cell lines and patients samples from hepatocellular carcinoma, 

pituitary adenomas, anaplastic thyroid cancer, non-Hodgkin lymphoma, Hodgkin’s lymphoma, 

nasopharyngeal carcinoma, and cervical cancer (Hoffman and Liebermann 2013, Zhang, Yang 

et al. 2014). The high frequency of GADD45g downregulation or hypermethylation and the 

already known status as a HES1 direct target suggests that in T-ALL, GADD45g may also act 

as a tumor suppressor. Furthermore, gene expression of the genes downregulated after acute 

Hes1 inactivation are enriched for cellular metabolic pathways, MYC targets, and pediatric 

cancer markers. The combination of gene expression changes induced by Hes1 inactivation 

implicates HES1 as a global negative regulator of tumor suppressor activity in the maintenance 

of T-ALL.  
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Chapter 5 
Therapeutic Targeting of the HES1 Transcriptional Network 

 

Introduction 

Over the past decades, the survival rates of T-ALL in both children and adults have 

dramatically increased thanks to the introduction of intensified combination chemotherapy. 

However, patients with primary resistant disease or those whose leukemia relapses after a 

transient response have few effective therapeutic options and most will not be cured. In 

addition, although the mortality rates have decreased over the past 70 years, the use of 

intensified combination chemotherapy have long term consequences and morbidities to 

individuals using these treatments, especially within the pediatric population. Children treated 

with chemotherapy for T-ALL are at increased risk for growth delays, thyroid dysfunction, 

infertility, hearing loss, chronic heart failure, cataracts, secondary cancers, lung damage, 

osteoporosis, peripheral neuropathy, and decreased cognitive function. The co-morbidities 

associated with chemotherapy treatment and the lack of treatment options for patients with 

resistant disease highlights the need to develop new highly effective therapies that specifically 

target aberrant pathways driving the pathogenesis of T-ALL. 

 The characterization of the aberrant genetic and molecular mechanisms in T-ALL has 

enabled the development of new potential therapies for the treatment of T-ALL. However, these 

treatment options are in the early phases of testing. For example, the NOTCH1 pathway, 

aberrantly activated in over 50% of patients, can be inhibited through the use of gamma-

secretase inhibitors (GSI). GSIs inhibit the intracellular cleavage of the NOTCH1 

transmembrane receptor, which releases the ICN1 into the cytoplasm, thus preventing ICN1 

transcriptional activation of target genes. GSI treatment of human T-ALL cell lines results in the 

inhibition of proliferation, cell cycle arrest, and eventual induction of apoptosis (De 

Keersmaecker, Lahortiga et al. 2008). The promising pre-clinical antileukemic effects of GSI led 
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to the development of a phase I clinical trial for patients with T-ALL. Unfortunately, GSI 

treatment in patients showed limited anti-tumor activity and severe gastrointestinal toxicity 

(DeAngelo, Stone et al. 2006). Our establishment of HES1 as a major downstream effector of 

NOTCH1 driven pathways in chapter 3 and its direct inhibition of pro-apoptotic factor BBC3 in 

chapter 4 offers a unique opportunity to target the NOTCH1-HES1 axis for the treatment of T-

ALL.  

  

Results 

Identification of Hes1 antagonistic drugs 

The central role of Hes1 as a critical mediator of NOTCH1 induced leukemia and its 

direct role in promoting leukemia cell survival suggest that abrogation of HES1 activity in 

leukemia lymphoblasts could be exploited therapeutically. However, and despite recent 

advances in targeting transcription factor complexes with small molecules and synthetic 

peptides, a direct HES1 inhibitor is not readily available. To overcome this obstacle we used a 

gene expression based approach to identify small molecules that antagonize the Hes1 

transcriptional circuitry as candidate drugs for the treatment of NOTCH1 induced leukemia. 

Towards this goal, we interrogated the Connectivity Map (cMAP), a large collection of genome-

wide transcriptional expression data derived from tumor cells treated with bioactive small 

molecules (Lamb, Crawford et al. 2006) for compounds eliciting gene expression signatures 

overlapping with those induced by Cre mediated inactivation of Hes1 in the context of NOTCH1 

induced T-ALL. Overlap of the top differentially expressed genes 36 hours after in vitro Hes1 

deletion in NOTCH1 induced T-ALL with the cMAP produced a list of pharmaceuticals ranked by 

significance, specificity, and enrichment of the top differentially expressed genes (Figure 5.1.a).  

The data output from the cMAP highlighted in red represents drug candidates that produce a 

similar gene expression signature as deletion of Hes1, on the other hand, drugs highlighted in 

blue show a gene expression similar to T-ALL cells expressing endogenous Hes1. In order to 
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identify potential anti-leukemic therapies, we focused our studies on those pharmaceutical drugs 

that produce similar gene expression changes as cells with Hes1 inactivation (drugs highlighted 

in red), because loss of Hes1 results in the induction of apoptosis.  

The top five compounds with gene expression signatures mimicking loss of HES1 (Hes1 

signature antagonist drugs) include a PI3K inhibitor (quinostatin), a glucocorticoid (cortisone), a 

CPT1/CPT2 inhibitor and partial beta-blocker (perhexiline), a sodium channel cblocker 

(propafenone), and a calcium channel blocker (bepridil). Given the current use of PI3K-inhibitors 

in clinical trials (Akinleye, Avvaru et al. 2013, Roti and Stegmaier 2014), the established use of 

      

 
 
 
Figure 5.1. cMAP drugs with enrichment of the Hes1 inactivation genetic signature. (a) 
Top Connectivity Map analysis hits for drugs with signatures overlapping that are induced by 
Hes1 knockout in NOTCH1 induced T-ALL.  (b) Chemical structure of perhexiline and 
propafenone.  
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glucocorticoids in the treatment of T-ALL (Obexer, Certa et al. 2001), and the established 

antileukemic effects of bepridil (Parekh, Advani et al. 1990, Parekh, Shallom et al. 1991), we 

were interested in establishing the antileukemic effects of perhexiline and propafenone.   

 

Antileukemic effects of perhexiline and propafenone 

The cross analysis of the Hes1 inactivation genetic signature and the cMAP identified 

perhexiline and propafenone as a potential therapeutic agent for T-ALL based on their ability to 

elicit a gene expression signature resembling that induced by Hes1 inhibition (Figure 5.1.b.). 

Perhexiline is an inhibitor of mitochondrial carnitine palmitoyltransferase-1 in clinical use for 

treatment of cardiac ischemia (Kennedy, Unger et al. 1996), and propafenone is a class IC 

sodium channel blocker with weak β-blocker activity used for the treatment of  atrial fibrillation 

and supraventricular tachycardia (Borowicz and Banach 2014). To test the potential anti-

leukemic effects of perhexiline and propafenone we analyzed the effects of treatment with both 

drugs individually on a broad panel of T-ALL cell lines (HPB-ALL, DND41, JURKAT, CCRF-

CEM, RPMI-8402, and CUTLL1) harboring activating mutations in NOTCH1 (Weng, Ferrando et 

al. 2004, Palomero, Lim et al. 2006). Treatment with perhexiline induced strong antileukemic 

responses across all six T-ALL lines analyzed with an average IC50 of 8.43 µM (range 3.48-

17.8 µM) at 72 hours (Figure 5.2.a). Treatment with propafenone induced a weaker 

antileukemic response with much variation between the six T-ALL lines analyzed.  CUTLL1, 

HPB-ALL, and CCRF-CEM were all resistant to treatment with propafenone, in contrast DND41, 

RPMI-8402, and JURKAT cells had an average IC50 of 21.97 µM (range 13.0-30.2 µM) at 72 

hours (Figure 5.2.b).  From these preliminary experiments we decided to focus on perhexiline 

for future examination as a potential antileukemic therapy, given that 50% of the cell lines tested 

were resistant to high doses of propafenone treatment.  
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 Next, we evaluated the effects of perhexiline treatment on primary human T-ALL patient 

samples. In order to successfully grow primary T-ALL cells in culture, one must support cells by 

co-culture with bone marrow MS5 stroma cells expressing the Delta-like 1 NOTCH1 ligand in 

the presence of human serum, cytokines, insulin, and glutamax. We treated cells with 

increasing doses of perhexiline for 72 hours and then analyzed cells through a flow cytometry-

based cytotoxicity assay (Armstrong, Brunet de la Grange et al. 2009, Piovan, Yu et al. 2013). 

Treatment of perhexiline induced significant antileukemic effects in all five independent primary 

T- ALL samples tested (Figure 5.3). 

      
 
 
 
Figure 5.2. Perhexiline and propafenone antileukemic effects (a) Dose response cell 
viability curves of CUTLL1, DND41, HPB-ALL, RPMI 8402, JURKAT, and CCRF-CEM T-ALL 
cells treated with increasing concentrations of perhexiline. (b) Dose response cell viability 
curves of CUTLL1, DND41, HPB-ALL, RPMI 8402, JURKAT, and CCRF-CEM T-ALL cells 
treated with increasing concentrations of propafenone. 
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Antileukemic effects of perhexiline in NOTCH1 driven T-ALL 

Perhexiline treatment on a broad panel of human T-ALL cell lines and human primary 

samples resulted in significant anti-leukemic effects in vitro. Thus, we next evaluated the 

efficacy of perhexiline treatment in vivo in C57BL/6 mice secondarily transplanted with primary 

murine NOTCH1-induced T-ALL cells expressing the luciferase gene.  To generate NOTCH1-

induced T-ALL tumors we performed retroviral infection of bone marrow cells with a mutated 

and oncogenic form of NOTCH1, HDΔPEST (L1601P HD domain mutation and deletion of the 

PEST domain), and transplanted infected cells into lethally irradiated recipients (Piovan, Yu et 

al. 2013). Once T-ALL developed, cells were infected with the luciferase gene and secondarily 

transplanted into a cohort of 12 mice. After tumor establishment we separated mice into two 

groups harboring comparable tumor burdens and treated with vehicle only (5% DMSO in water) 

and 53.68 mg kg-1 perhexiline for 5 consecutive days. We monitored the response to treatment 

with perhexiline or vehicle only in T-ALL-bearing mice by in vivo bioimaging on day 0, day 3, 

and day 6. In this experiment, in vivo bioimaging revealed rapid disease progression in mice 

treated with vehicle control. In contrast, perhexiline-treated animals showed significant antitumor 

                                 
Figure 5.3. Antileukemic effects of perhexiline on primary patient samples. Dose 
response cell viability curves of 5 primary T-ALL samples treated with increasing 
concentrations of perhexiline ranging from 0 µM to 25 µM. 
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responses after 5 days of treatment (Figure 5.4.a). Quantification between treatment groups 

reveals a 3.4 fold decrease in luciferase counts and therefore tumor burden in the perhexiline 

treated mice compared to vehicle treated mice (Figure 5.4.b). In addition, total cell counts and 

NOTCH1-GFP expressing cells showed a significant decrease of T-ALL infiltration of the bone 

marrow in mice treated with perhexiline (Figure 5.4.c). Analysis of spleen revealed a marked 

reduction in spleen size and leukemia infiltration in perhexiline-treated animals compared with 

                                 
 
Figure 5.4. Antileukemic effects of perhexiline, a Hes1-signature modulator drug.   
 (a) Representative images (b) and quantitative changes in tumor burden (f) assessed by 
luciferase in vivo bioimaging in NOTCH1-induced T-ALL bearing mice treated with vehicle 
only or perhexiline. (c) Quantitative analysis of cellularity and leukemia infiltration (assessed 
by GFP expression) in bone marrow from NOTCH1-induced T-ALL bearing mice treated with 
vehicle only or perhexiline. (d) Image of mouse spleens from NOTCH1-induced T-ALL 
bearing mice treated with vehicle only or perhexiline. (e) Quantification analysis of tumor 
burden by spleen weight and cellularity in NOTCH1-induced T-ALL bearing mice treated with 
vehicle only or perhexiline. (a-e) show data across 6 individual mice per treatment group 
from 1 representative experiment. Bar graphs in c and e indicate mean values and error bars 
represent s.d. P values in b, c, and e were calculated using the two-tailed Student’s t-test. 
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controls (Figure 5.4.d-e). Overall these results support a therapeutic role for perhexiline as a 

Hes1-signature modulator drug in the treatment of NOTCH1-induced T-ALL. 

!
Perhexiline treatment of human primary T-ALL 

 To test the efficacy of perhexiline treatment for human T-ALL, we established leukemia 

xenografts in NOD rag gamma (NRG) immunodeficient mice using primograft human T-ALL 

patient sample PDTALL9 that expresses aberrant NOTCH1. Mice transplanted with PDTALL9 

were monitored for disease establishment, separated into two groups with similar tumor 

burdens, and treated with vehicle only (5%DMSO) and perhexiline. Although our initial protocol 

was to treat mice for 5 consecutive days with 53.68 mg kg-1 perhexiline or vehicle (5% DMSO) 

only, treatment with perhexiline resulted in extreme toxicity and only 3 days of treatment were 

possible. After 3 days of treatment, mice were sacrificed and analyzed for tumor burden (Figure 

 
 

                  
 
Figure 5.5. Perhexiline treatment of primary human T-ALL PDTALL9 xenograft. (a) 
Quantification of tumor burden by FACs analysis of CD45+ cells in the bone marrow of mice 
xenografted with PDTALL9 and treated for three days with vehicle only or perhexiline. (b) 
Image of spleen size of mice xenografted with PDTALL9 and treated for three days with 
vehicle only or perhexiline. (c). Quantification of spleen weight and cell counts in mice 
xenografted with PDTALL9 and treated for three days with vehicle only or perhexiline.  Bar 
graphs in a and c indicate mean values and error bars represent s.d. P values in a and c 
were calculated using the two-tailed Student’s t-test. 
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5.5). Quantification of bone marrow infiltration of CD45+ cells showed a significant decrease of 

tumor burden in mice treated with perhexiline (Figure 5.5.a). In addition, tumor burden 

quantified by spleen weight and cell count had significantly decreased in mice treated with 

perhexiline compared to vehicle treated controls (Figure 5.5.b-c). 

 The decrease of tumor burden seen in the bone marrow and spleen of mice infiltrated 

with a primary human T-ALL xenograft and treated with perhexiline highlights the therapeutic 

potential of this Hes1 antagonistic drug. Given the significant antileukemic effects seen in 

PDTALL9, we tested a second primary human tumor with NOTCH1 mutations, PDTALL10. To 

this end, we transplanted PDTALL10 into a cohort of 12 NRG, confirmed disease progression 

by in vivo bioimaging, separated mice into two groups with similar tumor burdens and treated for 

5 consecutive days with 40 mg kg-1 perhexiline or vehicle only (Figure 5.6). Mice were 

sacrificed after the five days of treatment and analyzed for tumor burden in the bone marrow 

and spleen. Quantification of bone marrow tumor burden by FACs analysis of CD45+ cells 

showed no significant difference between perhexiline treated and vehicle treated (Figure 5.6). 

However, the tumor load in the vehicle treated mice engrafted with PDTALL10 was only 7% 

compared to more that 30% in the vehicle treated mice engrafted with PDTALL9. Although there 

was not a significant change in bone marrow T-ALL burden, there was a significant decrease of 

spleen size and cell count in mice treated with perhexiline compared to vehicle treated mice 

(Figure 5.6.b-c).  The difference in perhexiline anti-leukemic effects may be attributed to the 

timing of treatment initiation.  

!



Chapter 5 
!

! 99 

!

!
!
Discussion 
 

The development of intensified combination chemotherapies for T-ALL has resulted in 

markedly improved survival rates in both children and adults with this disease (Pui, Robison et 

al. 2008). However, patients with primary resistant T-ALL, or those whose leukemia relapses 

after a transient response, have few effective therapeutic options and face a dismal prognosis 

(Goldberg, Silverman et al. 2003, Oudot, Auclerc et al. 2008), highlighting the need to develop 

more effective treatment options. Our identification of HES1 as a major mediator of T-ALL cell 

survival exposed the potential for targeting this pathway in the treatment of NOTCH1 induced T-

ALL. Crossing our Hes1 knockout gene expression signature with the cMAP database we 

identified potential HES1 signature modulator drugs. The presence of a PI3K inhibitor and a 

glucocorticoid attests to the significant role HES1 plays in the regulation of the genetic network 

                                 
Figure 5.6. Perhexiline treatment in primary human T-ALL PDTALL10 xenograft. (a) 
Quantification of tumor burden by FACs analysis of CD45+ cells in the bone marrow of mice 
xenografted with PDTALL10 and treated for three days with vehicle only or perhexiline. (b) 
Image of spleen size of mice xenografted with PDTALL10 and treated for three days with 
vehicle only or perhexiline. (c). Quantification of spleen weight and cell counts in mice 
xenografted with PDTALL10 and treated for three days with vehicle only or perhexiline. Bar 
graphs in a and c indicate mean values and error bars represent s.d. P values in a and c 
were calculated using the two-tailed Student’s t-test. 
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associated with tumor survival. Further analysis of the top antagonistic drugs identified 

perhexiline as a HES1-signature antagonist drug with remarkable single agent antileukemic 

activity in vitro and in vivo.  

 

Antileukemic effects of perhexiline 

The discovery of perhexiline may have a direct clinical impact, as perhexiline is already 

in clinical use for the treatment of cardiac ischemia and refractory angina in humans (Killalea 

and Krum 2001, Lee, Horowitz et al. 2004). Mechanistically, the anti-ischemic effects of 

perhexiline have been linked with inhibition of the CPT-1 and CPT-2 palmitoyltransferases, 

which results in the block of long-chain fatty acids into the mitochondria for oxidation and 

decrease of oxygen demand in the myocardium (Kennedy, Unger et al. 1996). The inhibitory 

effect in fatty acid metabolism categorizes perhexiline as a fatty acid oxidation inhibitor (FAOI) 

(Ashrafian, Horowitz et al. 2007). In addition, perhexiline may also inhibit voltage gated L type 

calcium and sodium channels resulting in modulation of myocardial electrical activity (Barry, 

Horowitz et al. 1985, Grima, Velly et al. 1988).  

Alterations the cellular metabolism are often consequences of the mutations in cancer 

genes and aberrant signaling pathways in tumor cells. Malignant cells were noticed to have an 

increase in glucose and glutamine metabolism for the use of anabolic pathways including amino 

acid synthesis and fatty acid synthesis (DeBerardinis, Mancuso et al. , Vander Heiden, Locasale 

et al. 2010, Hitosugi, Zhou et al. 2012). The conversion of acetyl CoA to malonyl CoA initiates 

fatty acid synthesis (FAS), which is important for rapidly diving cells, such as cancer cells. Fatty 

acids are a source of energy when catabolized by fatty acid oxidation (FAO) also known as β-

oxidation (Carracedo, Cantley et al. 2013). FAO shortens fatty acids to generate NADH and 

FADH, which can then enter the electron transport chain, and acetyl CoA, which enters the 

tricarboxylic acid cycle (TCA), to produce ATP. Lipid turnover, including synthesis and 

metabolism, have been shown to promote tumor growth and survival in melanoma, ovarian and 
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breast cancer (Nomura, Long et al. 2010). In acute myeloid leukemia, treatment of cells with an 

FAOI targeting CPT-1 sensitizes cells to apoptosis induction (Samudio, Harmancey et al. 2010). 

More specifically, FAOI treatment increases the cellular toxicity by facilitating Bak and Bax 

oligomerization resulting in the induction apoptosis. Perhaps through similar mechanisms, 

perhexiline induced inhibition of CPT-1 leads to the induction of apoptosis in T-ALL.  

Notably NOTCH1 signaling has been linked with increased glucose metabolism during 

thymocyte development (Ciofani and Zuniga-Pflucker 2006) and regulation of anabolic 

pathways may play an important role in the response of T-ALL cells to anti-NOTCH1 therapies 

(Palomero, Sulis et al. 2007). In this context, the convergent antileukemic effects and 

transcriptional programs of perhexiline and HES1 inhibition in T-ALL could suggest a previously 

unrecognized role of perhexiline in the regulation of HES1 transcriptional complexes. It is also 

possible that the antileukemic effects of perhexiline do not involve direct HES1 inhibition, but 

instead may modulate other downstream effector pathways common to those triggered by 

HES1 inactivation. More specifically, perhexiline inhibits CPT-1, which if we suppose functions 

similarly to the FAOI tested in AML, then leads to the decrease in long-fatty acid chains 

transported into the membrane therefore increasing oxygen availability and inducing the Bax 

and Bak oligomerization and induction of apoptosis. This pathway is represented in the 

differentially expressed genes after Hes1 inactivation, as GSEA across the C2 database 

showed an enrichment in pathways involved in lipid metabolism including SREBP cholesterol 

synthesis, and hypoxia, tying the CPT-1 inhibitory function of perhexiline to the HES1 genetic 

signature (Figure 4.6).  

The potential use of perhexiline for the treatment of leukemia brings into question 

whether it may have synergistic effects with the current standard of chemotherapy. To explore 

this possibility, combination drug therapy and analysis of the anti-leukemic effects should be 

conducted first in vitro and then on primary human xenografts in the mice. This would be similar 

to the studies conducted using GSI with dexamethasone treatment, where treatment alone with 
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GSI showed mild-antileukemic effects but combination treatment lead to a significant reduction 

of tumor burden (Real, Tosello et al. 2009). In addition, a long-term treatment protocol should be 

established to see whether continuous treatment of perhexiline alone or in combination with 

other chemotherapeutics is able to eliminate T-ALL. A point of consideration may involve the 

route of administration for perhexiline, as IV administration produces the most toxic side effects. 

In addition, testing the dosage tolerated over a long-term treatment is especially important since 

accumulation of perhexiline in the blood stream can potentially lead to hepatotoxicity and 

neuropathies. However, perhexiline levels are readily monitored in patients, especially those 

with polymorphic CYP2D6, and only patients with plasma concentrations between 720 µg/L and 

2680 µg/L on oral doses of perhexiline from 50-400mg/day show these potentially dangerous 

side effects. Therefore close monitoring and dose adjustment would be required for the 

treatment of perhexiline as an anti-leukemic agent. 

Patients with primary resistant T-ALL, or those whose leukemia relapses after a transient 

response, have few effective therapeutic options and face a dismal prognosis, highlighting the 

need to develop more effective treatments. Our identification of HES1 as a major mediator of T-

ALL cell survival and perhexiline as a HES1-signature antagonist drug with remarkable single 

agent antileukemic activity in vitro and in vivo may have a direct clinical impact, as perhexiline is 

already in clinical use for the treatment of cardiac ischemia and refractory angina in humans 

(Lee, Horowitz et al. 2004).    
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Chapter 6 
Conclusions 

 

“A scientist in his laboratory is not a mere technician: he is a child confronting natural 

phenomena that impress him as though they were fairy tales” 

 –Marie Curie 

 

T-ALL is an aggressive hematological disease resulting from the malignant 

transformation of T-cell progenitors.  NOTCH1 is the most prominent T-ALL specific oncogene, 

with over 60% of patients showing aberrant activation of the NOTCH1 signaling pathway (Weng, 

Ferrando et al. 2004). Constitutive activation of mutant NOTCH1 in T-ALL drives the 

transcriptional regulation of multiple direct and indirect targets promoting the cellular growth, 

metabolism, proliferations, and survival of T-ALL. Among the NOTCH1 targets, HES1 functions 

as a critical factor mediating transcriptional repression of tumor suppressors PTEN and CYLD 

(Palomero, Sulis et al. 2007, Espinosa, Cathelin et al. 2010). Here we show the first 

comprehensive analysis of the cellular and transcriptions effects after HES1 loss in NOTCH1-

induced T-ALL. Our results show a requirement of HES1 in the survival of established T-ALL in 

both human and murine NOTCH1-driven T-ALL. Specifically, we show that HES1 inactivation in 

two different NOTCH1 driven T-ALL human cell lines results in the induction of apoptosis. The 

requirement of HES1 in tumor survival was re-established when tamoxifen induced cre-

mediated deletion of Hes1 resulted in an increase in overall survival in mice infiltrated with T-

ALL. Furthermore, acute deletion of Hes1 in T-ALL revealed a significant decrease of tumor 

burden due to the induction of apoptosis of T-ALL cells.  

Our transcriptional analysis of the downstream pathways regulated by HES1 in NOTCH-

induced T-ALL implicates HES1 as a global negative regulator of tumor suppressor activity 

resulting in increased survival of transformed T lymphoblasts. Mechanistically, we show that the 
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induction of apoptosis in T-ALL cells after Hes1 inactivation is initiated by the upregulation of 

Bbc3. BBC3 is a critical mediator of both TP53 dependent DNA damage-induced apoptosis and 

TP53-independent cell death responses triggered by serum starvation and cytokine deprivation 

(Han, Flemington et al. 2001, Jeffers, Parganas et al. 2003, Wu, Heinrichs et al. 2005). Our 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!!!!!!!! !
 
 
Figure 6.1 HES1 repression of BBC3 in NOTCH1-induced T-ALL. Schematic 
representation of the NOTCH1-HES1 axis repression of pro-apoptotic factor BBC3. Briefly, 
aberrant NOTCH1 activation leads to the translocation of ICN1 into the nucleus, associates 
with the RBPJ/CSL protein, recruits MAML coactivators and actives expression of HES1. 
HES1 upregulation results in the repression of BBC3 by the direct HES1 binding to the N-box 
proximal of the transcription start site. 
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results indicate that under DNA damaging and serum deprivations environments, transformed T 

cells have an increased sensitivity to loss of HES1, resulting in immediate upregulation of BBC3 

and subsequent cellular death. The NOTCH1-HES1 axis regulation of BBC3 was further 

highlighted by the ability of Bbc3 inactivation to rescue Hes1-knockout-induced apoptosis. In 

summary, these results demonstrate a novel mechanism in which the NOTCH1-HES1 axis 

directly inhibits the expression of pro-apoptotic factor, BBC3, especially under DNA damaging or 

stress induced conditions (Figure 6.1). We hypothesize that the loss of HES1 under stressful 

conditions allows other tumor suppressors to activate the transcription of pro-apoptotic factor 

BBC3. 

Although the emergence of intensified combination chemotherapy has increased survival 

rates in T-ALL, 25% of pediatric and over 50% of adult T-ALL patients fail induction remission or 

their disease relapses. These patients have few effective therapeutic options and face a poor 

prognosis, highlighting the necessity for the development of new-targeted effective treatments. 

Our identification of HES1 as a critical regulator of T-ALL survival exposed the potential for 

targeting this transcriptional pathway in the treatment of NOTCH1 induced T-ALL. We identified 

HES1 signature modulator drugs through the differentially expressed genes upon HES1 

inactivation across the cMAP database. Perhexiline, a HES1 signature modulator drug, was 

discovered to induce remarkable single agent antileukemic activity in NOTCH1 induced primary 

T-ALL.  Although still preliminary, the use of perhexiline may have a direct clinical impact, as 

perhexiline is already in clinical use for the treatment of cardiac ischemia and refractory angina 

in humans (Killalea and Krum 2001, Lee, Horowitz et al. 2004).  

Overall our results highlight a central role for HES1 and BBC3 in the control of NOTCH1-

induced leukemia cell survival and identify perhexiline as a highly active antileukemic drug for 

the treatment of T-ALL. 

 

!
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