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Resumo 

A Leucemia Linfoblástica aguda de células T (LLA-T) é uma neoplasia hematológica agressiva que 

representa 15% e 25% das LLA em crianças e adultos. Apesar dos avanços no tratamento de LLA-T, 

o prognóstico dos doentes que recaem ou com doença resistente, são bastante preocupantes. 

A via de sinalização Notch é muito importante na patogénese da LLA-T sendo frequente a 

ocorrência de mutações nesta via. Sabe-se que a perda de expressão de mir-181ab1 bloqueia o 

desenvolvimento de LLA-T dependente de NOTCH1 parcialmente pela ativação de NRARP, um 

regulador negativo desta via. 

A sobre-expressão de NRARP resulta em diferenças proliferativas correlacionadas com o estado 

mutacional de NOTCH1: em células com mutações em NOTCH1 diminui a proliferação enquanto que 

em células não mutadas tem o efeito inverso. Esta dualidade sugere o envolvimento de outra via. 

 A já descrita interação entre NRARP e Wnt/LEF1 faz desta via uma candidata a responsável pelos 

efeitos observados.  

Assim, com este trabalho pretendemos compreender o papel de Wnt/LEF1 nos efeitos mediados 

por NRARP em LLA-T e avaliar o potencial terapêutico de NRARP em combinação com inibidores de 

γ-secretase (Composto E) e inibidores de Bromodomínios BET (JQ1). 

Os nossos resultados sugerem que os efeitos da sobre-expressão de NRARP nas células de LLA-

T sem mutações são mediados pela via Wnt/LEF1. 

Por outro lado, apesar de não podermos concluir sobre o potencial terapêutico de NRARP com o 

Composto E, demonstramos que a sobre-expressão de NRARP associada com JQ1 tem um potencial 

terapêutico sinergístico em células com mutações em NOTCH1.  

 

Palavras-chave: Leucemia Linfoblástica aguda de células T (LLA-T), via Notch, via Wnt, NRARP, 

LEF1. 
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Abstract 

T-cell acute lymphoblastic leukemia (T-ALL) is a severe hematological malignancy that accounts for 

15% of pediatric and 25% of adult ALL cases. The poor prognosis associated with resistant or relapsed 

disease constitutes a source of concern. 

Notch signaling plays a key role in the pathogenesis of T-ALL being NOTCH1 mutations identified 

in 60% of T-ALL cases. The loss of mir-181ab1 blocks NOTCH1-induced T-ALL development in part by 

de-repressing the expression of NRARP, a negative regulator of Notch signaling.  

NRARP overexpression has been shown to block the expansion of the T-ALL cell lines that display 

NOTCH1-activating mutations and to have the opposite effect in T-ALL cells without NOTCH1 

mutations. The dual role of NRARP in the expansion of T-ALL cells suggests the involvement of other 

intervenient(s).  

The association between NRARP and Wnt/LEF1, in other cellular contexts and the role of Wnt in T-

ALL makes of this pathway a bona fide candidate as a target of NRARP regulation.  

In this work we aimed at exploring the role of LEF1-mediated Wnt signaling in NRARP-induced 

functional effects in T-ALL cells and to understand NRARP’s therapeutic potential in combination with 

γ-secretase inhibitors (Compound E) and BET Bromodomain inhibitors (JQ1). 

Our results suggest the involvement of LEF1-mediated Wnt signaling in NRARP-induced effects in 

NOTCH1 WT T-ALL cell lines. 

Furthermore, and although we cannot take conclusions regarding Compound E, we demonstrate 

that NRARP overexpression has a synergistic therapeutic potential when associated with JQ1 in the 

treatment of NOTCH1 mutant T-ALL cells. 

 

Keywords: T-cell Acute Lymphoblastic Leukemia (T-ALL), Notch signaling, Wnt signaling, NRARP, 

LEF1. 
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1 Introduction 

1.1. T-cell development 

Hematopoietic stem cells (HSC) are cells with self-renewal ability that are located mainly in the bone 

marrow after birth. These cells give origin to common progenitor cells (Figure 1) that have no ability of 

self-renewal and from which all blood cells arise1. 

There are two main blood lineages from which all blood cells branch out: lymphoid cells that give 

origin to T, B and natural killer (NK) cells; and myeloid cells that give origin to granulocytes, monocytes, 

erythrocytes and megakaryocytes (Figure 1). 

 

Figure 1 - Development of hematopoietic cells. Hematopoietic stem cells (HSC) (self-renewal potential 
represented by the blue arrow) differentiate into two common progenitors, the common lymphoid progenitors (CLP) 
and the common myeloid progenitors (CML). These in turn, differentiate into the diverse blood cells (adapted from 
Reya, T., et al.2). 

T-cell development takes place in the thymus3. Hematopoietic precursors from adult bone marrow 

(BM) are constantly recruited to the thymus where the microenvironment plays a crucial role in T-cell 

lineage commitment and differentiation4. 

Early thymic seeding progenitors enter the thymus through the cortico-medullary junction (CMJ) and 

during T-cell maturation process they migrate throughout the thymus4. Within the thymus, Notch and 

Wnt signaling are essential to impose T-cell fate. Notch upregulates the expression of T-cell factor-1 

(TCF-1), a player of the Wnt pathway, that subsequently upregulates T-cell fate genes5,6. 

The early thymic progenitors generate a CD4 and CD8 double-negative (DN) population that gives 

origin to γδ or αβ T-cell antigen receptor-expressing cells7. This population can be sub-divided in 4 

populations (DN1-DN4) based on the expression of the surface markers CD25 and CD44 that are 

expressed differentially throughout development4. DN1 cells have multi-lineage potential and can give 
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rise to dendritic, natural killer, myeloid and, to some extent, B-cells. At this stage of development, Notch 

and Wnt signaling are main players of T-lineage commitment6.  Notch signaling is involved in the 

restriction of alternative lineage potentials, for example, by inhibiting B-cell and myeloid cell 

development8,9 while Wnt signaling regulates the transition to the DN2 stage9. From DN1 to DN4 stage 

the main event is β-selection, that is essential to the progression of DN3 to DN4 cells.  During DN3 stage 

occurs the rearrangement of the T-cell Receptor (TCR)β locus and cells that pass β-selection develop 

into αβ-T-cell lineage and subsequently into DN4 and then into CD4 and CD8 DP (double-positive cells). 

At the DP stage starts the rearrangement of the TCRα gene that leads to the expression of a TCRαβ 

complex at the cell surface. Next, cells with a functional TCR are positively selected and mature into 

single-positive (SP) T-cells: CD4 SP or CD8 SP6. 

1.2. T-cell Acute Lymphoblastic Leukemia 

Acute Lymphoblastic Leukemia (ALL) denotes a set of malignant hematological disorders that have 

origin in the clonal expansion of lymphoid progenitors. ALL accounts for approximately 80% of childhood 

and approximately 20% of adult leukemias10. 

When malignant transformation occurs during T-cell development it gives rise to a specific form of 

ALL: T-cell Acute Lymphoblastic Leukemia (T-ALL)11. T-ALL is an aggressive hematological malignancy 

that accounts for approximately 15% of pediatric and 25% of adult ALL patients12. T-ALL patients show 

infiltration of the bone marrow by immature T-lymphocytes, high white blood cell count, mediastinal 

masses and often infiltration of the Central Nervous System (CNS)11.  

High-dosage multiagent chemotherapy is the standard care for this type of hematological 

malignancy and has proven to be highly effective in childhood leukemias with survival rates reaching 

85%12. In adults, the prospects are not so positive, with 40% of adult T-ALL patients failing current 

therapy12. Moreover, despite the overall improvement in prognosis, the actual treatment regimens are 

often associated with lasting side-effects and acute toxicity. In some cases, these treatments may also 

lead to the development of secondary tumors later in life12. Notwithstanding all the progress, the 

prognosis of patients with primary resistant T-ALL13 or relapsed disease11 remains poor. 

Malignant transformation of T-cells is a multistep process in which the accumulation of genetic 

alterations disrupts main oncogenes, tumor suppressors and developmental pathways interfering with 

normal thymocyte development13. 

Gene expression alterations and aberrant activation of specific T-ALL transcription factors lead to 

malignant transformation of T-cells. Amongst these transcription factors are genes encoding basic helix-

loop-helix (bHLH) factors such as TAL1 and TAL2, lymphoblastic leukemia associated hematopoietic 

regulator 1 (LYL1)13, T-cell leukemia homeobox (TLX1 and TLX3)12, homebox A (HOXA) genes and c-

Myc (MYC)13. 
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Deregulation of several signaling cascades also have a key role in transformation. The interleukin 7 

receptor (IL7R)/Janus kinase (JAK)/ signal transducer and activator of transcription (STAT) and 

phosphatidylinositol3-kinase (PI3K)/AKT are a great example of that14. 

Another signaling pathway that has an important role in T-cell transformation and T-ALL 

pathogenesis is Wnt signaling. In this regard, a high frequency of β-catenin accumulation in the nucleus, 

indicative of active Wnt signaling, has been described by Weerkamp, F. and colleagues15. More recently, 

Ng, O. and colleagues described that more than 85% of childhood T-ALL patients show elevated levels 

of β-catenin expression when compared with normal human thymocytes16. β-catenin is a member of the 

Wnt pathway, binding to transcription factors and mediating the transcription of Wnt target genes17. 

Given the role of the Wnt signaling in T-cell development, the excessive accumulation of β-catenin may 

lead to overexpression of Wnt transcriptional target genes and consequently to the uncontrolled 

expansion of T-cells and possibly to their malignant transformation6. 

One of the most prominent alterations known to induced T-cell malignant transformation is the 

constitutive activation of NOTCH1 that can be identified in approximately 60% of T-ALL patients13. Given 

the significance of Notch signaling in T-cell development5 and the high prevalence of NOTCH1-

activating mutations, this pathway is considered a hallmark of T-ALL pathogenesis18. 

1.3. Notch signaling 

Notch signaling is an evolutionary conserved pathway19 that is involved in the determination of cell 

fate, proliferation and apoptosis20. 

In mammals, there are four Notch receptors: Notch1 through 4 (Figure 2) and two main types of 

ligands: three Delta-like ligands (Dll1, Dll3 and Dll4) and two ligands of the Jagged family (Jag1 and 

Jag2)19. 

Notch receptors are single-pass type I receptors that exist as non-covalent heterodimers at cell 

surface19. These receptors broadly consist of an extracellular domain (NECD), a heterodimerization 

domain (HD), a transmembrane domain (TMD) and an intracellular domain (NICD) containing a RBPJ-

associated molecule (RAM) region, an ankyrin repeat domain (AKN), a transcription activation domain 

(TAD) and a C-terminal PEST motif21 (Figure 2).  

In the canonical pathway, when a Notch receptor interacts with a Notch ligand in an adjacent cell, it 

suffers two consecutive cleavages19. The first cleavage is done by the metalloprotease ADAM10 and 

generates the substrate for the second cleavage by the γ-secretase complex23 (Figure 3). This last 

cleavage generates the Notch intracellular domain (NICD) that is translocated into the nucleus and 

interacts with the CBF-1/Supressor of Hairless (Su(H))/ Longevity-assurance gene-1(LAG-1) (CSL) 

family of DNA-binding proteins24, forming a complex. In the absence of NICD, CFB-1 acts as a repressor 

of transcription. The displacement of CBF-1-bound corepressors, such as MINT and CtBP1, by NICD 

allows the recruitment of coactivators such as Mastermind-like-1 (MamL1) and histone 

acetyltransferases, that generate a short-lived transcription activation complex19. This complex activates 
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the transcription of Notch target genes such as Deltex1 (DTX1), Hairy enhancer of split (HES) family of 

transcription factors, Notch-related ankyrin repeat protein (NRARP) and MYC19 (Figure 3). 

 

Figure 2 - Simplified representation of Notch human receptors. Full-length proteins are expressed on the cell 
surface as heterodimers (adapted from Pancewicz, J., et al.22). 

 

Figure 3 - Simplified representation of Notch signaling pathway. After ligand-receptor interaction two proteolytic 
cleavages liberate the intracellular domain of Notch (represented in Figure 2) that interacts with corepressors and 
coactivators (represented in pink) to form a transcriptional activation complex (Adapted from Lobry, C. et al.19 & 
Kopan, R., et al.25). 

Notch signaling is also regulated by ubiquitination. This is critical not only for the proper trafficking 

and activation of Notch ligands as well as for Notch receptors degradation. Regarding the later, 

mutations abolishing Fbw7 (F-box and WD repeat domain-containing 7), the protein that specifically 

targets NICD for degradation via-proteasome have been identified in primary tumors and tumor cell 

lines, including T-ALL19. 
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In sum, Notch signaling is a complex pathway that is involved in a widespread of developmental 

processes. So, it does not come as surprise that deregulation of this signaling pathway is often 

associated with disease21. Besides T-ALL18, there is overwhelming evidence indicating that deregulation 

of this pathway plays a central role in innumerous other cancers such as colorectal cancer26, breast 

cancer and lung cancer27. 

1.3.1. Notch signaling in T-ALL 

NOTCH1-activating mutations are a hallmark of T-ALL and their prevalence suggests a critical role 

for Notch signaling in the pathogenesis of this disease28.  

The first time NOTCH1 aberrant activation was reported was in association with a rare chromosomal 

translocation t(9;7)(q34;34.3)18 that is present in less than 1% of human T-ALLs29. Currently, mutations 

that lead to the constitutive activation of this pathway are known to occur in 60% of T-ALL patients18.  

NOTCH1 mutations in the Heterodimerization domain (HD), that result in ligand-independent 

activation of the receptor, have been identified in approximately 40% of T-ALL cases while NOTCH1 

ΔPEST domain mutations, that result in impaired degradation of NICD by the proteasome, have been 

identified in approximately 20 to 25% of T-ALLs. Both type of mutations result in constitutive activation 

of NOTCH130. Additionally, about 15% of patients display mutations or deletions in the FBW7 gene. 

Fbw7 ubiquitin ligase plays a critical role in NICD degradation31 so mutations or deletions in this gene 

lead to aberrant activation of NOTCH132. Not only Fbw7 is important in NICD turnover, as it also plays 

a crucial role in the degradation of major oncogenes such as MYC, Jun and Cyclin E, having major 

biological implications when mutated or deleted30. 

NOTCH1 directly regulates MYC18, an oncogene involved in cell cycle regulation, cell metabolism 

and DNA replication. MYC is also required in the hematopoietic system for the correct balance between 

self-renewal and differentiation of hematopoietic stem cells, being dynamically regulated during 

thymocyte development32. MYC significance in T-ALL has been already demonstrated in mouse and 

zebrafish models by Smith, D. P.33 and Langenau, D. M.34, respectively.  

NOTCH1 is further involved in cell cycle progression through the upregulation of cell cycle regulator 

genes such as CCND3, Cyclin dependent kinase 4 (CDK4) and Cyclin dependent kinase 6 (CDK6) 

genes35 and the downregulation of p27 and p18 cell cycle inhibitors18. Moreover, high levels of Cyclin 

D3 and CDK4 proteins, were found in leukemia cells obtained from a NOTCH1-induced leukemia mouse 

model. These proteins were shown to provide a proliferative advantage and to partially rescue leukemia 

cells from a G1 cell cycle arrest induced by Notch inhibition35.  

Importantly, Notch1 signaling interacts with other signaling pathways known to contribute to T-ALL 

pathogenesis such as PI3K-AKT-mTOR36–38. Furthermore, NOTCH1 was shown to upregulate 

molecules upstream of PI3K such as the IL7R39 strengthening this way its effects on T-ALL 

pathogenesis. Moreover, NOTCH1 can stimulate the canonical NF-B pathway, also known to 

contribute to T-ALL pathogenesis40. 
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1.3.2. Targeting Notch signaling 

1.3.2.1. Targeting Notch: γ-secretase inhibitors 

The indubitable role of Notch in T-ALL pathogenesis made it a bona fide therapeutic target. 

The first therapeutic approach to target Notch consisted in the use of   γ-secretase inhibitors (GSIs). 

By inhibiting γ-secretase activity, these inhibitors initially developed for Alzheimer’s disease, prevent the 

cleavage of NICD and its release to the nucleus (Figure 3) thus blocking Notch transcriptional activity41. 

Several GSIs have been developed and some have been tested in clinical trials as single agents or in 

combination with other drugs41.   

Gamma-secretase inhibitors in vitro studies resulted in very promising data. Treatment of T-ALL cell 

lines with several GSIs such as MRK-00342, DAPT, Z-IL-CHO43 and Compound E (CE)44 was shown to 

inhibit cell proliferation and cause a G0/G1 cell cycle arrest. In addition, longer periods of GSI treatment 

induced apoptosis in T-ALL cells44. These cytostatic cytotoxic effects of GSIs were further validated in 

T-ALL mouse models45. In addition, Tammam, J. and colleagues46 showed that inhibition of Notch 

signaling by GSIs also has anti-tumor effects not only by suppressing of cell growth but also by inducing 

cell death in T-ALL mouse models.  

GSIs promising clinical activity in advanced-stage solid tumors was demonstrated by the Phase I 

Pharmacologic and Pharmacodynamic Study of the Gamma Secretase (Notch) Inhibitor MK-075247 and 

the phase I study on GSI PF-030841448. The later clinical study also reported that PF-0308414 leads to 

the decrease of MYC and Hes1 in T-ALL cell line HPB, being under investigation as a possible 

therapeutic strategy in T-ALL.  

The main disadvantages of GSIs therapeutic use are related to systemic toxicity and off-target 

effects (as γ-secretase has over 90 substrates in addition to the Notch receptors23) and with the lack of 

anti-leukemic effects in human T-ALLs 44,49. The gastrointestinal toxicity induced by GSIs is well 

characterized30,50 and results from the inhibition of Notch signaling in the gut, inducing secretory 

metaplasia characterized by the accumulation of secretory goblet cells and by the loss of gut 

epithelium51,52. Another side effect observed in patients from GSI phase I clinical trials is a cutaneous 

rash that might result from the production of thymic stromal lymphopoietin (TSLP), a cytokine that 

mediates the release of T-cell-attracting chemokines and induces the development of atopic dermatitis 

in the skin23. 

Thus, one approach being taken to reduce the toxicity and side effects associated with GSIs, is their 

use in combination with other therapeutic agents, to reduce GSIs dose and or frequency of delivery.  

Yoon, S. and colleagues53 described the synergistic effect of vincristine, a common chemotherapy 

agent, and γ-secretase inhibitors in inducing apoptosis in T-ALL cell lines in a Notch-independent 

manner. Furthermore γ-secretase inhibitors have been shown to reverse glucocorticoids resistance in 

T-cell acute lymphoblastic leukemia making this a suitable treatment for glucocorticoid-resistant T-

ALL54. Moreover, combination of GSI and MYC inhibitor JQ1 was found to be an effective therapy 

against relapsed pediatric leukemias in vivo55.  
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Another strategy to target Notch signaling is blocking the formation of a functional NICD transcription 

complex with small peptides14.  Moellering, R. and colleagues showed that T-cell acute lymphoblastic 

leukemia treatment with SAHM1, a hydrocarbon-stapled peptide, leads to genome-wide suppression of 

Notch-activated genes, resulting in anti-proliferative effects in vitro and in a mouse model of T-ALL56. 

Additionally to the aforementioned strategies to target the Notch signaling cascade, another 

conceivable idea to tackle Notch signaling inhibition is through the abrogation of Notch main downstream 

effectors such as MYC.   

1.3.2.2. Targeting MYC: BET Bromodomain inhibitors 

The identification of Bromodomains and Extra-terminal (BET) proteins as critical mediators of 

transcription together with studies suggesting the involvement of BET proteins in aberrant transcription 

pathways encouraged researchers to look at these as suitable targets in a wide range of diseases57,58. 

The Bromodomain (BRD) family of proteins is a class of “epigenetic readers” that recognizes 

acetyllysine residues and that recruits regulatory complexes, resulting in the regulation of gene 

transcription through the recruitment and activation of RNA polymerase II59 and chromatin remodeling60. 

The mammalian BET family includes BRD2, BRD3 and BRD4 proteins that are ubiquitously 

expressed and BRDT that is germ-cell-specific61. The main features of all BET proteins are two 

bromodomains (BD1 and BD2) in the N-terminal and a C-terminal extra-terminal domain (ET)57. 

The embryonic lethality of BET proteins knockout (KO) mouse models clearly demonstrates the 

significance of these proteins in cellular homeostasis58. In particular, these have been associated with 

T cell development62.  

BRD4 has a very important role in cell cycle63 and gene transcription of NF-B-dependent genes57 

and major oncogenes such as MYC60 and BCL259. Given its significance in a wide range of cellular 

processes, evaluation of these proteins as therapeutic targets is an emerging field of study in cancer 

including hematological malignancies64 and solid tumors65. 

JQ1, thieno-triazol-1,4-diazepine57, is one of the first BET Bromodomain inhibitors described58. It 

was shown to competitively bind to acetyl-lysine-binding bromodomains of BRD4 with high potency and 

specificity affecting gene transcription58. This inhibitor was shown to induce cell cycle arrest and 

apoptosis in hematological malignancies such as AML and ALL and a variety of solid tumors such as 

glioblastoma, colon cancer, lung cancer and breast cancer, amongst others57. 

Of interest, it was recently demonstrated that BET Bromodomain inhibitors impair MYC via disruption 

of BRD4-containing transcriptional elongation factors66,67. Importantly, work developed by Loosveld, M. 

and colleagues showed that JQ1 impairs T-ALL cells growth67 (as previously demonstrated by King, B., 

et al.68) and induces apoptosis in mouse cell lines and primary human T-ALL samples. These studies 

constitute evidence as targeting hub effectors of the Notch pathway may represent a great strategy to 

tackle Notch signaling inhibition.  
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1.4. Wnt signaling 

Wnt signaling is an evolutionarily conserved signaling pathway that regulates cell fate determination, 

cell migration and cell polarity during embryonic and adult homeostasis17,69. 

Wnt name results from the fusion of the Drosophila segment polarity gene Wingless and its 

vertebrate homolog Integrated standing for “Wingless-related integration site”17. 

Wnt’s are secreted cysteine-rich glycoproteins that bind to frizzled receptors - which may be coupled 

with G proteins70 – leading to the activation of several intracellular signaling cascades, including β-

catenin dependent (canonical) and β-catenin-independent (non-canonical) cascades17. The specific 

activation of the canonical versus the non-canonical pathway is highly dependent on the cellular context 

and on the Wnt receptors. As an example, Wnt1, 3 and 8 more commonly activate β-catenin-dependent 

signaling while Wnt5A and 11 are more involved in β-catenin-independent signaling70. 

1.4.1. Canonical Wnt signaling 

The hallmark of canonical Wnt signaling is the stabilization and translocation to the nucleus of β-

catenin upon the interaction between Wnt and the Frizzled-LRP5/6 complex at the cell surface71. 

In the absence of Wnt ligands, cytoplasmic β-catenin is degraded by a degradation complex which 

includes Axin, Adenomatosis polyposis coli (APC), Protein Phosphatase 2A (PP2A), Glycogen synthase 

kinase 3 (GSK3) and Casein kinase 1α (CK1α) that phosphorylate β-catenin (Figure 4A)17. 

Phosphorylated β-catenin becomes ubiquitylated and is targeted for proteasome degradation71.  

Following Wnt binding to the receptor complex formed by Frizzled and LRP5/6, the Axin/APC/GSK3 

complex is inhibited – via Dishevelled (Dsh)71. Once Dsh, a cytoplasmic phosphoprotein, is activated it 

inhibits the activity of GSK3 enzyme and unleashes a series of events that prevent β-catenin degradation 

and promote its stabilization and cytosolic accumulation17. Stabilized β-catenin is then translocated and 

retained into the nucleus by a mechanism that remains unclear72. There are several binding partners 

described for β-catenin subsequently to its entrance into the nucleus but the best characterized are the 

members of the T-cell factor (TCF) /Lymphoid enhancer factor (LEF) transcription factor family17 (Figure 

4B).  

TCF represses target gene expression by recruiting Groucho (TLEF1, in humans) in the absence of 

active Wnt signaling. When β-catenin enters the nucleus, it replaces Groucho and forms a complex with 

TCF/LEF which subsequently activates the expression of target genes72 such as MYC, Cyclin D1 

(CCND1) and Siamois73. There are a number of other factors such as Legless or Pygopus that bind to 

the TCF/LEF-β-catenin complex and that are necessary to activate transcription. Additionally, the activity 

of TCF can be modulated by the mitogen-activated protein kinase cascade, composed of TAK1 and 

NKL/Nemo71 (Figure 4B).  
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Figure 4 - Simplified representation of canonical Wnt signaling. (A) Pathway active upon ligand binding and 
(B) inactive in the absence of Wnt proteins (adapted from Niehrs, C., 201270). 

1.4.2. Non-Canonical Wnt signaling 

Non-canonical Wnt signaling encompasses the Planar Cell Polarity Pathway and the Wnt/Ca2+ 

pathway. 

Planar Cell Polarity (PCP) pathway (Figure 5A) has been shown to regulate both cell polarity and 

movements of dorsal mesodermal cells17. In this signaling pathway, frizzled, independently from LDP5/6 

co-receptor17, activates c-Jun N-terminal kinases (JNK) and directs asymmetrical cytoskeletal 

organization and polarization of cells within the epithelial sheets73. This pathway has been found to 

regulate cell movement during gastrulation in zebrafish and Xenopus17, the closure of the neural tube 

and the orientation of stereocilia in the inner ear70.  

The other non-canonical pathway is the Wnt/Ca2+ cascade.  This pathway shares a number of 

components with the PCP pathway and modulates the canonical Wnt pathway during dorsal axis 

formation and the Planar Cell Polarity cascade during gastrulation cell movement17 (Figure 5B). 

In this pathway Wnt triggers frizzled-mediated activation of heteromeric G-proteins which activate 

Phospholipase C (PLC) leading to the release of intracellular calcium and activation of effectors such 

as Ca2+ and calmodulin-dependent kinase II (CAMKII) calcineurin and protein kinase C (PKC). These in 

turn subsequently activate the transcriptional regulator nuclear factor associated with T-cells (AT)70.  
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Figure 5 - Simplified representation of non-canonical Wnt signaling. (A) Planar cell Polarity pathway and (B) 
Ca2+/Wnt pathway (adapted from Niehrs, C., 201270). 

1.4.3. Wnt signaling in T-ALL 

Given the key role that Wnt signaling has in a wide variety of developmental events (such as cell 

migration, neural patterning and cell fate determination) it is not surprising that deregulation of this 

pathway has been associated with human disease. Pathologies related with Wnt signaling range from 

skeletal defects, human birth defects and several types of cancer such as colon, skin and breast 

cancers17. Moreover, deregulation of Wnt signaling has also been associated with hematological 

malignancies74 and more specifically with T-ALL16. 

As described above T-ALL results from the malignant transformation of T-cells during their 

development and differentiation. Wnt signaling is one of the main intervenients in T-cell development 

and it is associated with cell-fate decisions and proliferation of progenitor cells. Thus, deregulation of 

this signaling pathway can contribute to T-cell malignant transformation75,76. 

TCF1 has a tumor suppressor role that is directly related with restrained expression of LEF177. The 

loss of TCF as a tumor suppressor gene was shown to induce LEF1-dependent Wnt signaling that 

results in aggressive T-cell lymphomas in mouse models16. In addition, high expression or mutations in 

LEF1 have been associated with high risk leukemia78. Twenty five percent of adult ALL cases display 

high expression of LEF1 that results in up-regulation of genes downstream of the Wnt cascade and with 

a role in T-ALL (for example CCND1 and MYC)13,78,79. 

Although pointing in a different direction, it has also been shown that LEF1 inactivation cooperates 

with NOTCH1-activating mutations (in both HD and PEST domains) in T-ALL pathogenesis. In this 

regard, it has been identified a strong association between overexpression of MYC target genes and 

LEF1 inactivation36. The authors further gathered data suggesting that LEF1-inactivation is associated 

with a developmental arrest during T-cell differentiation75. 
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In 2007, Guo, Z. et al. reported that forced expression of a stabilized form of β-catenin induces a T-

cell malignancy in a mouse model80. More recently, these results were corroborated by Gutierrez, A., et 

al. findings showing that β-catenin, when aberrantly stabilized, induces T-ALL in murine thymocytes36.  

Furthermore, studies with human primary T-ALL cells identified high levels of Wnt signaling in the 

absence of NOTCH1-activating mutations supporting the role of Wnt as an initiating oncogenic event 

independent of NOTCH116,80. In what regards β-catenin protein levels, these have been found up-

regulated in 85% of childhood T-ALL cases leading to the increased expression of known Wnt target 

genes such as AXIN2, MYC and CCND116. The same study shows apoptosis as a result of decreased 

levels of β-catenin.  

Importantly, the inhibition of Wnt signaling in xenograft-expanded human T-ALL cells, using a 

dominant-negative form of TCF, was shown to impair the re-transplantation potential of leukemia cells 

into secondary recipients, proving their dependence on canonical Wnt signaling81.In addition to the 

aforementioned, Giambra, V. and colleagues showed that T-ALL stem cells depend on Wnt signaling 

and that reduction of β-catenin levels diminishes the frequency of leukemia stem cells (LSC)81. 

Finally, it is also important to denote that the crosstalk between Wnt and other signaling pathways 

such as NF-B and PI3K/AKT also highlights the contribution of this pathway to T-ALL pathogenesis82. 

1.5. NRARP: Notch and Wnt regulator 

Notch-regulated ankyrin-repeat protein (NRARP) is an evolutionarily conserved small protein 

characterize by two ankyrin repeats83. NRARP was first identified in Xenopus and afterward in mouse 

models84. 

NRARP was initially shown to play an important role in embryogenesis and CNS formation84. During 

neurogenesis, NRARP is expressed in regions where Notch signaling is active and its overexpression 

was found to decrease Notch signaling85. Later on, NRARP was identified as a Notch target gene in 

mouse hematopoietic stem cells and T cells by Yun, T. and colleagues86. Using murine hematopoietic 

stem cells and T-cell cell lines, Yun, T. and colleagues demonstrated in vitro that NRARP 

overexpression is capable of inhibiting Notch-mediated CBF-1 activation. In contrary, when 

overexpressed in HeLa cells NRARP enhanced NICD86. These data suggest that the effects of NRARP 

overexpression in Notch signaling are dependent on the cellular context.  

Yun and colleagues have further showed, in vivo, that NRARP overexpression specifically impairs 

T-cell lineage commitment and inhibits T-cell development through blockage of Notch-induced activation 

of CBF-186. These results were consistent with Pirot, P.83 findings in Xenopus embryos where NRARP 

overexpression was shown to inhibit T-cell development. Further strengthening the role of NRARP in T-

cell lymphopoiesis, studies with human CD34+ cells show that upon T-cell lineage commitment NRARP 

expression is tightly downregulated to allow the progression into T-cell development87.  

NRARP transcription is activated by CSL-dependent Notch signaling. Importantly, NRARP can 

modulate Notch-mediated transcription by binding to NICD and promoting its degradation, acting this 
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way as negative regulator of Notch pathway88. This role of NRARP as a Notch signaling negative 

modulator is consistent with its function during T-cell lineage commitment86.  

Interestingly, NRARP was found as a positive regulator of Wnt signaling by Ishitani, T. and 

colleagues89. Using a zebrafish model, the authors showed that NRARP can positively regulate Wnt 

signaling by blocking LEF1 ubiquitination and stabilizing this protein. Furthermore, Ishitani, T.  and 

colleagues also showed that activation of LEF1 does not affect Notch activity and that Notch activity 

does not affect LEF1 providing evidence that NRARP regulates Notch and Wnt signaling 

independently89. 

In addition, NRARP promotes a link between Notch and Wnt signaling in endothelial cells where it 

controls vessels stability both in mouse and zebrafish models. Of note, NRARP negatively regulates 

Notch signaling while promoting Wnt signaling through LEF190.  

1.5.1. NRARP in T-ALL 

The role of NRARP in T-cell lineage commitment and differentiation together with its role in the 

regulation of both Notch and Wnt signaling pathways suggests that deregulation of this protein levels 

and/or function may have implications in T-ALL pathogenesis. 

In fact, work developed by Fragoso, R. and colleagues showed that deletion of mir-181a-1/b1 inhibits 

the development of NOTCH1-induced T-cell acute lymphoblastic leukemia by de-repressing the 

expression of NRARP91.  

More recently, work developed in João Barata’s Lab at Instituto de Medicina Molecular, the host 

laboratory, showed that NRARP protein levels are increased in T-ALL cell lines and primary samples 

when compared with normal thymocytes.  The fact that NRARP levels are up-regulated but not leading 

to the inhibition of Notch signaling suggests that (i) NRARP protein it is not functional or (ii) its levels, 

although increased, are not sufficient to block Notch oncogenic signals. To address these possibilities, 

researchers in the host laboratory performed NRARP overexpression assays in several T-ALL cell lines. 

Overall, they observed that NRARP overexpression blocks Notch signaling by decreasing NICD levels.  

Interestingly, despite the decrease in NICD levels, NRARP overexpression has two different 

functional outcomes. In T-ALL cell lines harboring NOTCH1 mutations, and has expected, NRARP 

overexpression leads to a decrease in cell proliferation. However, in T-ALL cell lines without NOTCH1 

mutations overexpression of NRARP leads to an increase in proliferation. 

Surprisingly, although NRARP overexpression resulted in the decreased expression of NOTCH1 

transcriptional targets, MYC expression was found increased in NOTCH1 WT T-ALL cell lines. This, 

associated with the increased proliferative index, suggested that in these cells, NRARP could act 

through another pathway to promote leukemia.  

Importantly, the results above mentioned suggest that NRARP may have therapeutic potential in 

NOTCH1 mutant cell lines given that is seems to cause cell cycle arrest and slow down proliferation 

(Fragoso, R., et al. unpublished work). 
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The signaling pathway considered by the researchers as a prime candidate to be involved in MYC 

regulation and in the proliferative changes upon NRARP overexpression is the Wnt pathway. Since 

NRARP is known to regulate Wnt signaling by directly interacting with LEF1, one possibility is that 

NRARP may promote the proliferation of T-ALL cells by stabilizing LEF1 protein and consequently 

activating the Wnt pathway. The well documented crosstalk between these two pathways during T-cell 

development also supports this hypothesis. In addition, Fragoso, R. unpublished work also identified 

differences in β-catenin levels in T-ALL cell lines upon NRARP overexpression, providing further 

evidence of the possible involvement of Wnt signaling in the dual role of NRARP in T-ALL. 
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2 Objectives 

T-ALL pathogenesis involves several signaling pathways and several oncogenes resulting in a 

complex mechanism that is a subject of change and adaptation depending on the cellular context. 

Despite the efforts made over the last few years to unveil the mechanisms behind T-ALL pathogenesis 

a lot is yet to be discovered. 

Notwithstanding the advances in T-ALL treatment, the current therapeutic approaches have several 

severe side-effects which cannot be counterbalanced by the achieved anti-leukemic effects. A better 

and fuller understanding of the pathogenic mechanisms involved in this disease will allow the 

development of targeted and less toxic treatment strategies that will eventually lead to better prognosis. 

Therefore, in this project we aim to understand NRARP mode of action in T-ALL, in particular in what 

regards its putative role in the regulation of Wnt signaling, and its therapeutic potential. 

1. Comprehend the role of NRARP in promoting T-ALL cells proliferation  

• Explore the role of Wnt signaling in NRARP-mediated effects in T-ALL cell lines 

• Understand if NRARP regulates Wnt signaling through LEF1 

2. Evaluate the therapeutic potential of NRARP in T-ALL in conjugation with: 

• BET bromodomain inhibitors 

• γ-secretase inhibitors 
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3 Materials and Methods 

3.1 Cell culture 

T-cell acute lymphoblastic leukemia cell lines corresponding to different developmental stages and 

presenting distinct mutational profiles were used for in vitro studies (CEM, DND4.1, Loucy and TALL-

1).  

Cells were cultured in RPMI-1640 medium with L-glutamine (Gibco), supplemented with 10% of fetal 

bovine serum (FBS) (Biowest), 1% penicillin/streptomycin (Gibco) and 1% 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) (Gibco), hereinafter mentioned as R10 medium. The cells were 

kept in culture at a density of 0.5x106 cells/mL, at 37ºC in a 5% CO2 environment.  

NRARP overexpressing cell lines were established by lentiviral infection of a GFP tagged construct 

with or without NRARP, hereinafter referred to as NRARP and Empty, respectively - and cultured as the 

parental cell lines91,92.   

Using shRNAs against LEF1 from GeneCopoeia, cell lines with and without LEF1 knock-down (KD) 

(shLEF1 and shSCR, respectively) were established in different backgrounds: NOTCH1 mutant 

(DND4.1) or WT (Loucy), with and without NRARP overexpression and cultured as described above. 

3.2 RNA analysis 

3.2.1 RNA extraction and quantification 

The harvested cells (5 × 106 cells) were centrifuged at 3000-3500 rpm during 5 minutes (min) at 4°C 

and the pellet was resuspended in 1 mL of TRIzol® reagent (Ambion™, ThermoFisher Scientific) and 

stored at -80°C. 

To proceed with RNA extraction samples were thawed and incubated for 5 min at room temperature. 

Next, 200 μL of chloroform were added to each sample. After vortexed for approximately 15 seconds 

(sec), the samples were incubated for 2-3 min at room temperature allowing the formation of two phases. 

The samples are then centrifuged for 15 min at 13000 rpm at 4°C and the upper phase recovered without 

disturbing the interface. Upon adding 500 μL of isopropanol the samples were incubated on ice for 15 

min and then centrifuged at 13000 rpm at 4°C for 15 min. After discarding the supernatant, the samples 

were washed with 1 mL of ethanol 75% and centrifuged at 13000 rpm at 4°C for 10 min. The supernatant 

was discarded and the RNA left to dry at room temperature for no more than 5 min.  RNA pellets were 

resuspended in 50 μL of DNase/RNase free water and incubated for 10 min at 55-60°C to dissolve. RNA 

samples were stored at -80°C. 

RNA quantification was performed using a NanoDrop 2000 UV-Vis spectrometer (Thermo Scientific) 

to measure the absorbance at 230, 260 and 280 nm. RNA samples were considered good when the 

absorbance ratios of A260/280 and A260/230 were between 1,8-2,1 and superior to 1,8, respectively. 
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3.2.2 cDNA synthesis 

cDNA synthesis was performed according to manufacturer instructions using the SuperScript™ III 

kit from Invitrogen. cDNA synthesis was performed using 500 ng of RNA.  The cDNA was stored at -

20°C. 

3.2.3 Quantitative/Real time PCR 

To quantify gene expression in T-ALL cell lines, Quantitive/Real-time PCR was performed using 

TaqMan or SYBR Green methods. Expression of NRARP was quantified using TaqMan Gene 

expression assays and Master Mix (Applied Biosystems), following manufacturer’s instructions (Thermo 

Fisher Scientific). The expression of the remaining genes was quantified using Power SYBR Green PCR 

Master Mix (Applied Biosystems, Life Technologies) and the specific primers: 

hDTX1 Forward: 5’ CAG CTT GTG CCC TAC ATC ATC 3’ 
 Reverse: 5’ ACG ACG GGT CGT AGA AGT TG 3’ 

hHES1 Forward: 5’GCA GAT GAC GGC TGC GCT GA 3’  
Reverse: 5’ AAG CGG GTC ACC TCG TTC ATG C 3 

hMYC Forward: 5’ GGC TCC TGG CAA AAG GTC A 3’  
Reverse: 5’ CTG CGT AGT TGT GCT GAT GT 3’  

hNOTCH1 Forward: 5’ GAG GCG TGG CAG ACT ATG C 3’  
Reverse: 5’ CTT GTA CTC CGT CAG CGT GA 3’ 

hHey1 Forward: 5’ GTT CGG CTC TAG GTT CCA TGT 3’ 
Reverse: 5’ CGT CGG CGC TTC TCA ATT ATT C 3’ 

hPTCRα Forward: 5’ AGC CCC ATC TGG TTC TCA G3’ 
Reverse: 5’ AGG GCC ATA GGT GAA GGC AT3’ 

hCCND1 Forward: 5’ CAA TGA CCC CGC ACG ATT TC 3’ 
Reverse: 5’ CAT GGA GGG CGG ATT GGA A 3’ 

hLEF1 Forward: 5’ TGC CAA ATA TGA ATA ACG ACC CA 3’ 
Reverse: 5’ GAG AAA AGT GCT CGT CAC TGT 3’ 

hAxin2 Forward: 5’ CTC CCC ACC TTG AAT GAA GA 3’ 
Reverse: 5’ GTT TCC GTG GAC CTC ACA CT 3’ 

h18S Forward: 5’ GGA GAG GGA GCC TGA GAA ACG 3’  
Reverse: 5’ CGC GGC TGC TGG CAC CAG ACT T3’ 

 

The PCR reactions were performed using ViiA™ 7 Real-Time PCR System (ThermoFisher 

Scientific). Gene expression was normalized to the gene 18S, and relative mRNA expression was 

calculated using the 2-ΔΔCt method. 

3.3 Protein analysis 

3.3.1 Protein extraction and quantification 

Cells were harvested and centrifuged at 3200 rpm for 5 min at 4°C. Supernatant resulting from the 

centrifugation was discarded and the cell pellets ressuspended in Lysis Buffer (50mM Tris-Base pH 8.0, 
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150 mM NaCl, 5mM EDTA, 1 mM NaOV (Sigma), 10 mM NaF, 10mM Sodium Pyrophosphatase 

(Sigma), 1% NP-40), supplemented with protease inhibitor cocktail Complete Mini (Roche) and protease 

inhibitor AEBSF (1mM). Lysates were centrifuged at 13000 rpm for 20 min at 4°C and the supernatants 

were collected and stored at -20°C. Total proteins quantification was performed using Bradford reagent 

(Bio-Rad) at 1:5000 v/v dilution in H2O and the quantification was obtained using GeneQuant pro 

(Amersham Biosciences) spectrophotometer at a 595nm wavelength (Protein595 Program). 

3.3.2 Proteasome inhibitor treatment 

When analyzing the expression of proteins with a fast turnover (such as NICD and NRARP) we pre-

treated cell lines with a proteasome inhibitor (MG-132) to prevent protein degradation. In detail, cells 

were treated with 1μL/mL of MG-132 inhibitor (10mM in DMSO, Calbiochem), at a cell density of 1x106 

cells/mL and incubated for 8 hours at 37ºC. 

3.3.3 Western Blot 

Protein extracts were resuspended in Lysis buffer and Laemmli buffer and denatured for 5 min at 

90ºC. The samples, containing 50 to 100 µg of total protein, were loaded in a SDS-PAGE gel (10%, 

12% or 16% of acrylamide) and ran at constant voltage for different periods of time depending on the 

size of the proteins to separate and transferred onto a nitrocellulose membrane for 90 min at 400 mA at 

4°C. Ponceau S solution (Sigma) was used to evaluate the protein’s content. Membranes were blocked 

for 1 hour with 3% w/v milk diluted in Tris-Buffered Saline with 0.1% Tween 20 (TBS-T buffer). 

Immunoblotting was then performed using different primary antibodies: NRARP (E-13) (1:200), LEF1 

(C18A7) (1:1000), phospho-β-catenin (Ser675) (1:1000), total β-catenin (1:1000), β-Actin (1:1000) 

(Santa Cruz Biotechnology) and c-Myc (1:1000). Membranes were incubated overnight at 4ºC, under 

soft agitation. The following day the membranes were washed 3 times for 15 min in TBS-T and incubated 

for 1 hour, at room temperature, with the respective horseradish peroxidase-conjugated secondary 

antibodies: anti-rabbit IgG (1:5000, Promega), anti-mouse IgG (1:5000, Promega) or anti-goat IgG 

(1:5000, Santa Cruz Biotechnology), diluted 1:5000 v/v in 3% w/v milk. After secondary antibody 

incubation, the membranes were washed 3 times for 15 min with TBS-T and then stained using Pierce 

ECL Plus Western Blotting Substract (Thermo Fisher Scientific Inc.). Immunodetection was carried by 

chemiluminescence using Curix60 (AGFA HealthCare).  

Result analysis and band quantification was performed using Photoshop CS6. 

3.3.4 Membrane stripping 

Membrane stripping was performed by incubation with a striping buffer (15 mM Tris Base, 100 mM 

2-β-mercaptoethanol (Sigma), 2% SDS, pH=6.7) supplemented with 1:1000 v/v dilution of 2-β-

mercaptoethanol for half an hour at 57°C with agitation. Afterwards, the membranes were rinse with 

H2O at least 10 times and washed with TBS-T 3 times for 20 min each with agitation. After the stripping 

process was complete a new immunoblotting was initiated starting at the blocking step described above. 
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3.4 Cell based functional assays 

 To evaluate the effects of JQ1 and Compound E in T-ALL cells proliferation and viability a fixed 

number of Empty and NRARP cells – CEM, DND4.1, Loucy, and TALL-1 – was plated at optimal 

concentration and exposed to different experimental conditions. Regarding JQ1 assays, cells were 

treated with two different drug concentrations (0,5μM and 1μM) and DMSO or just medium.  Concerning 

the Compound E assay, only 3 conditions were tested: control (cells plated just with medium), DMSO, 

and 1μM of drug. 

3.4.1 Proliferation assay 

For proliferation experiments 2,0 × 105 cells were plated at optimal concentration and harvested at 

four different time points – 24h, 48h, 72h and 96h. Cell number was determined by flow cytometry (LSR 

Fortessa, APC channel) using counting beads (Beckmon Coulter, 10μm). In advance, the beads were 

diluted and counted using a hemocytometer. Proliferation assays were analyzed using FlowJo™. 

For the counts, we use the GFP positive counts from the FlowJo™ analysis and the counting beads 

which allowed us to obtain the exact number of GFP positive cells for each condition – Equation 1, 

where nGFP positive cells represents the number of GFP positive cells, nbeads per mL represents the number of 

beads per mL based on the hemocytometer counts and VT represents the total volume in which the cells 

were resuspended.  

𝑛𝐺𝐹𝑃 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 =
𝐺𝐹𝑃 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑢𝑛𝑡𝐹𝑙𝑜𝑤𝐽𝑜

𝐵𝑒𝑎𝑑𝑠 𝑐𝑜𝑢𝑛𝑡𝐹𝑙𝑜𝑤𝐽𝑜
×

 𝑛𝑏𝑒𝑎𝑑𝑠 𝑝𝑒𝑟 𝑚𝐿×𝑚𝐿𝑏𝑒𝑎𝑑𝑠

1000
× 𝑉𝑇    Equation1 

 

3.4.2 Viability assay 

Viability was accessed using AnnexinV-APC, to determine apoptosis, and 7AAD, to evaluate 

necrosis at 24h, 48h, 72h and 96h. Experimentally, 2,0 × 105 cells were plated at optimal concentration 

under the different conditions aforementioned and harvested at the determined time points. The 

harvested cells were washed twice with ice cold PBS and resuspended in 100μL of AnnexinV binding 

buffer 1X (eBiosciences). To each sample 1μL of AnnexinV-APC (eBiosciences) and 2μL of 7AAD (BD 

Pharmigen) were added followed by an incubation of 15 min at room temperature in the dark. Afterwards 

150μL of AnnexinV binding buffer were added to each sample and viability was accessed by flow 

cytometry (LSR Fortessa). Viability assays were analyzed using FlowJo™. 
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4 Results 

4.1 Characterization of NRARP overexpressing cell lines 

NRARP overexpressing cell lines were previously established by lentiviral infection of a GFP tagged 

construct with or without NRARP (Empty and NRARP, respectively). Since the transduction efficiencies 

were not 100% we proceeded to sorting of GFP positive cells. 

After sorting, NRARP overexpression (OE) was confirmed at the mRNA level via quantitative PCR 

(Figure 6A) and at the protein level by Western Blot (WB) (Figure 6B). In order to better visualize NRARP 

expression changes by WB, it was used a proteasome inhibitor (MG-132) that, by inhibiting ubiquitin-

induced degradation, leads to an accumulation of NRARP protein and consequently to a better 

detection93.  

We confirmed NRARP overexpression in the transduced cell lines by both methods. In Figure 6B 

two bands corresponding to NRARP protein can be identified: a higher band (full arrow) corresponding 

to the ubiquitin-conjugated form of NRARP and a lower band corresponding to the protein unconjugated 

(dashed arrow). 

 

Figure 6 - NRARP overexpression analysis in T-ALL cell lines by (A) quantitative PCR using the 2-ΔΔCt method.  
CT values were normalized against 18S gene and NRARP expression normalized against the respective Empty 
vector; and by (B) western blot. β-actin was used as a loading control. The grey arrows identify NRARP protein 
forms ubiquitinated (full arrow) and not (dashed arrow). 

After confirming NRARP overexpression, its functional output in what regards the regulation of 

Notch1 and Wnt signaling pathways was confirmed by analysis of mRNA expression of Notch1 and Wnt 

transcriptional targets (via quantitative PCR – Figure 7A and B, respectively) and of protein levels of 

known players of these pathways (by Western Blot – Figure 8 and 9).  

Regarding the Notch1 pathway we observe a decrease in the expression of the downstream targets 

DTX1, HES1 and MYC in most cell lines which is indicative of a blockage in Notch1 signaling (Figure 

7A). Consistent with this assumption, we observe a decrease in the levels of NICD upon NRARP 
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overexpression (Figure 8).  These results are concordant to what had been previously observed by 

Fragoso R., et al. (unpublished work) and with the negative regulatory role of NRARP in Notch1 

signaling88. 

 

Figure 7 - mRNA analysis of (A) Notch1 and (B) Wnt targets expression in T-ALL cell lines upon NRARP 
overexpression, determined by quantitative PCR and calculated using the 2-ΔΔCt method. The CT values were 
normalized to the18S gene. The values obtained for NRARP overexpressing cells were normalized to the respective 
Empty vector cells. 

 

Figure 8 - Western Blot analysis of NICD1 levels in T-ALL cell lines upon NRARP overexpression. The 
proteasome inhibitor MG132 was used to inhibit ubiquitin-induced degradation of NICD. 

Also in line with Fragoso, R. unpublished data, the changes observed in MYC expression are 

associated with NOTCH1 mutational status. More specifically NOTCH1 mutant cell lines show 

decreased levels of MYC upon NRARP overexpression while NOTCH1 WT cell lines show increased 

levels, both at the mRNA and protein levels (Figure 7A and Figure 9). 

To assess the effects of NRARP in the Wnt pathway we analyzed the levels of phosphoβ-catenin 

(pβ-catenin) and LEF1 by Western Blot. Regarding pβ-catenin, the effects of NRARP overexpression 
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are clear in two of the cell lines – DND4.1 and Loucy. In the NOTCH1 mutant cell line, DND4.1, the 

levels of pβ-catenin decrease while in the NOTCH1 WT cell line, Loucy, the levels of this protein increase 

which is indicative of Wnt signaling activation (Figure 9). 

Regarding the levels of LEF1 mRNA expression upon NRARP overexpression, with exception of 

CEM cells, we don’t observe any changes (Figure 7B). Likewise, at the protein level we do not observe 

differences in LEF1 levels induced by NRARP overexpression (Figure 9). 

 

Figure 9 - Western blot analysis of Notch and Wnt pathway players protein levels upon NRARP 
overexpression. β-actin was used as protein loading control. 

Despite NRARP being a negative regulator of Notch signaling88, in T-ALL cell lines NRARP 

overexpression has different functional outcomes depending on NOTCH1 mutational status.  In more 

detail, work done at the host laboratory and confirmed during this master thesis show that NOTCH1 

mutant cell lines proliferate less while NOTCH1 WT cell lines proliferate more upon NRARP 

overexpression (Figure 10).  
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Figure 10 - Representative image of T-ALL cell lines proliferation during a 96h time span. Empty cells are 
represented in black and the NRARP overexpressing cells are represented in gray. (Unpublished work from 
Fragoso, R., et al. at the host laboratory). 

4.2 Functional analysis of NRARP overexpressing cells 

The differences in proliferation (Figure 10) together with MYC mRNA expression (Figure 7A) and 

protein levels (Figure 9) suggest that in NOTCH1 WT cells NRARP may regulate another signaling 

pathway.  

NRARP has been shown to regulate Wnt signaling89 and to directly interact with LEF190 making this 

pathway a prime candidate to be involved in the differences in proliferation observed in T-ALL cell lines 

upon NRARP overexpression.  Furthermore, deregulations in Wnt signaling and specifically in β-catenin 

and LEF1 levels have already been described in T-ALL cases16,82. Of note we have also observed 

differences in pβ-catenin protein levels upon NRARP overexpression (Figure 9). The differences are 

more accentuated in the cell lines that have the most significative differences in proliferation upon 

NRARP overexpression (Figure 10), DND4.1 and Loucy. 

4.2.1 LEF1 knock-down cell lines 

To unveil the putative role of LEF1 in Wnt signaling regulation by NRARP we knocked-down LEF1 

in NRARP overexpressing cell lines. With these cell lines we will be able to understand if LEF1 knock-

down can revert the proliferative effects induced by NRARP overexpression. For example, if the 

increased proliferation observed in NOTCH1 WT cell lines upon NRARP overexpression is mediated 

through LEF1, then, the knock-down of LEF1 in these cells should result in a lower proliferative index.   
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Overall, and since LEF1 knock-down results in the inhibition of the Wnt pathway, these experiments 

will also allow to understand the importance of Wnt signaling in T-ALL cells growth and survival. This 

can be determined by the analysis of the proliferative potential of Empty cell lines (cells without NRARP 

overexpression) upon LEF1 knock-down. 

We establish LEF1 knock-down T-ALL cell lines (shLEF1 cells) with and without NRARP 

overexpression and with and without NOTCH1 mutations (DND4.1 – NOTCH1 mutant, Loucy – 

NOTCH1 WT).  LEF1 knock-down was evaluated both at the mRNA (Figure 11A) and protein levels 

(Figure 11B). In both cases, it was possible to observe a decrease in LEF1 expression, in all cell lines.  

 

Figure 11 - LEF1 knock-down confirmation. (A) Via qPCR calculated using the 2-ΔΔCt method. The 18S ribosomal 
RNA was used as housekeeping gene and samples were normalized to the respective shSCR control. (B) By 
western blot.The several bands detected correspond to the different isoforms of LEF1. 

Next, we evaluated the expression of some Wnt signaling pathway elements and downstream 

transcriptional targets (Figure 12) to understand the functional effects of LEF1 knock-down in this 

pathway activation. 

Regarding the Wnt transcriptional target genes we don’t observe any decrease in the mRNA levels 

of any of the genes evaluated with the exception of CCND1 and AXIN2 in Loucy NRARP cells (Figure 

12B). In fact, and contrary to what expected, we observe an increase in the expression of these genes 

in the other cell line, irrespectively of NRARP overexpression (Figure 12A).  

Nonetheless, LEF1 knock-down results in a decrease of pβ-catenin and β-catenin protein levels in 

both DND4.1 and Loucy cells (Figure 13) which is indicative of Wnt signaling knock-down. Furthermore, 

there is a decrease in MYC protein levels upon LEF1 knock-down in DND4.1 and Loucy NRARP cells. 

These results suggest that in both NRARP overexpressing cell lines Wnt signaling regulates, at least in 

part, MYC expression through LEF1.  
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Figure 12 - mRNA analysis of Wnt targets in (A) NOTCH1 mutant and (B) WT cell lines with LEF1 knock-
down and respective controls, determined by quantitative PCR and calculated using the 2-ΔΔCt method. CT values 
were normalized to 18S gene. LEF1 knock-down samples were normalized to the respective shSCR control. 

Since LEF1 knock-down results in Wnt signaling blockage we sought of further characterizing 

Notch1 signaling activation in this experimental setting. As shown in Figure 14A, in DND4.1 cells, 

irrespectively of NRARP overexpression, LEF1 knock-down does not induce consistent changes in the 

expression of the Notch1 target genes analyzed. The same observation was made for Loucy NRARP 

cells (Figure 14B). Interestingly, in Loucy parental cells, LEF1 knock-down results in the up-regulation 

of Notch1 downstream targets suggesting that in the absence of Wnt signals the Notch1 pathway is 

activated (Figure 14B).   

Of note and consistent with the observations made at the protein level (figure 13), LEF1 knock-down 

in NRARP overexpressing cells results in decreased mRNA expression of MYC (Figure 14A and B). 

Next, to understand the functional role of LEF1 in T-ALL cells proliferation regulated by NRARP we 

will compare the proliferative capacity of T-ALL cells overexpressing NRARP and knocked-down or not 

for LEF1. These assays are already ongoing. 
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Figure 13 - Western Blot analysis of Wnt target genes upon LEF1 knock-down in NOTCH1 mutant and WT 
cell lines with and without NRARP overexpression. 

 

Figure 14 - mRNA analysis of Notch1 target genes in (A) NOTCH1 mutant and (B) WT cell lines with LEF1 
knock-down and respective controls, determined by quantitative PCR calculated using the 2-ΔΔCt method. CT 
values were normalized to 18S gene. The mRNA analysis was normalized to the shSCR of each cell line. 
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4.2.2 Evaluation of the therapeutic potential of NRARP 

One of the main goals of this work was to evaluate the therapeutic potential of NRARP in 

combination with other drugs such as the γ-secretase and BET Bromodomains inhibitors. To address 

this question, we conducted proliferation and viability assays with cells overexpressing NRARP and 

treated with the γ-secretase inhibitor, Compound E, or with the BET Bromodomain inhibitor, JQ1.  

4.2.2.1 MYC inhibition with BET Bromodomain inhibitor JQ1 

We have shown that NRARP overexpression in T-ALL cell lines leads to proliferative changes 

depending on NOTCH1 mutational status – an increase in proliferation in NOTCH1 WT and a decrease 

in proliferation in NOTCH1 mutant cell lines. These changes in proliferation are accompanied by 

differences in MYC expression – increased expression in NOTCH1 WT and decreased expression in 

NOTCH1 mutant cells. This led us to hypothesize that NRARP overexpression may synergize with MYC 

inhibitors in the treatment of T-ALL. We can layout two different scenarios: (i) If we consider that the 

increase in MYC expression in NOTCH1 WT T-ALL cells implies that these cells are more dependent 

on MYC signaling upon NRARP overexpressing then in these cells it may be therapeutically more 

beneficial to inhibit MYC and overexpress NRARP;  (ii) If we consider the decrease in MYC expression 

in NOTCH1 mutant T-ALL cells we can postulate that these cells are more sensitive to MYC inhibitors 

when delivered to NRARP overexpression cells.  

JQ1 is a BET bromodomain inhibitor that inhibits MYC via disruption of BRD4-containing 

transcriptional elongation factors and that is proven to work in leukemia models66,67. Disrupting MYC 

with this inhibitor will allow us to understand the dependency and sensitivity of NOTCH1 mutant and WT 

cell lines upon NRARP overexpression and if there is any advantage in combining this drug with NRARP 

overexpression as a therapeutic approach. 

We performed proliferation and viability assays in cell lines treated with different concentrations of 

JQ1. The two concentrations of the drug  (0,5 and 1μM)  tested were selected based on the literature 

available67,94. 

We started by analyzing the effects of JQ1 in MYC protein levels. As observed in Figure 15, 24h 

upon JQ1 treatment it is already possible to observe a decrease in MYC levels for both concentrations 

tested. For all cell lines this decrease is more accentuated in the cells treated with the higher 

concentration of JQ1.   

The results presented for the JQ1 assay result from the combination of three independent 

experiments each one conducted in triplicate. For the analysis, and considering the range of absolute 

cell numbers obtained amongst the independent experiments, we decided to compare fold change (ratio 

between the cell count obtained for each drug condition and the cell count obtained for the DMSO 

condition). Regarding the viability analysis, we quantified the percentage of AnnexinV positive cells in 

each experimental condition.  
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Figure 15 - Western Blot analysis of MYC levels in the different experimental conditions (control, DMSO, 
0,5uM and 1 μM of JQ1). Beta-actin was used as loading control. 

We then proceeded with the analysis of JQ1 effects on T-ALL cells NOTCH1 mutant (CEM and 

DND4.1) and WT (Loucy and TALL-1 cell lines) with and without NRARP overexpression. 

Overall, and in what concerns NOTCH1 mutant T-ALL cells, we observe that NRARP 

overexpressing cells are more sensitive to JQ1 inhibitor (Figure 16A and B). Looking at CEM cells, we 

observe that as early as 24h upon MYC inhibition, CEM NRARP cells present a significant decrease in 

proliferation with JQ1 higher dose as of 48h with both doses of JQ1. In comparison, in parental cells 

(CEM Empty) we only observe a significant decrease with the higher dose of the drug and starting only 

upon 48h after treatment (Figure 16A).  

A similar effect is observed for DND4.1 cells.  While a significant decrease in proliferation in NRARP 

overexpressing cells can be observed at 48 and 72h after JQ1 treatment, in DND4.1 Empty cells this 

decrease is only visible after 96h (Figure 16B). Of note, at this time point the effects of JQ1 in NRARP 

cells are lost (Figure 16B).  
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Figure 16 - Proliferative analysis of T-ALL cells treated with JQ1.  The graphs represent fold change (ratio 
between cell count of each condition and the respective DMSO condition for both Empty and NRARP) analysis of 
three independent assays conducted in NOTCH1 mutant (A and B) and NOTCH1 WT (C and D) cell lines. Statistical 
analysis was performed using Student’s t-test. p-values lower than or equal to 0,05 were considered to be 
statistically significant. p-values are represented by *p≤ 0,05, **p≤ 0,01 and ***p≤0,001. 
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Regarding NOTCH1 WT T-ALL cells, we observe that NRARP overexpressing cells are more 

sensitive to JQ1 treatment, as early as 24h for the higher concentration of this drug (Figure 16 C and 

D). Notably, the decrease in proliferation induced by MYC inhibition in Empty cells in the following time 

points is more accentuated than in NRARP overexpressing cells (Figure 16C and D).     

Overall, our results show that NRARP overexpression turns T-ALL cells more sensitive to JQ1, not 

only in what concerns dose sensitivity (NOTCH1 mutant cell lines) but also in terms of time to respond 

(NOTCH1 WT and mutant cells). Interestingly, analyzing the effects of JQ1 in Empty cells, it is also 

possible to observe that NOTCH1 WT T-ALL cells are more sensitive to MYC inhibition than NOTCH1 

mutant cell lines (Figure 16). 

Additionally to the effects of MYC inhibition in T-ALL cells proliferation, we also evaluated the effects 

of JQ1 in cells viability.    

As shown in Figure 17A, in NOTCH1 mutant CEM cells, JQ1 treatment induces a decrease in 

viability in both Empty and NRARP cells. Nonetheless, at 72 and 96h time points these effects seem to 

be slightly more accentuated in NRARP overexpressing cells. In DND4.1 cells, the other NOTCH1 

mutant cell line studied, we don’t observe any significant effects of MYC inhibition on leukemia cells’ 

viability (Figure 17B). Suggesting that, in these cells in particular, JQ1 affects more the proliferative 

potential. 

Analysis of viability in NOTCH1 WT T-ALL cells shows that MYC inhibition affects the viability of 

both Empty and NRARP cells (Figure 17C and D). Moreover, we observe that the effects induced by 

JQ1 treatment are more pronounced in Empty cells than in NRARP overexpressing cells. These results 

suggest that in NOTCH1 WT cells MYC regulates preferentially cells proliferation rather than survival 

upon NRARP overexpression.  
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Figure 17 - Viability analysis of T-ALL cells treated with JQ1.The graphs represent the percentage of AnnexinV 
positive cells of three independent assays conducted each NOTCH1 mutant (A and B) and NOTCH1 WT (C and 
D) cell lines. Statistical analysis was performed Student’s t-test. p-values lower than or equal to 0,05 were 
considered to be statistically significant. *p≤ 0,05, **p≤ 0,01 and ***p≤0,001. 
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4.2.2.2 Targeting NICD release with γ-secretase inhibitor Compound E 

The therapeutic potential of γ-secretase inhibitors has been extensively studied for several cancers 

including breast cancer95, pancreatic cancer23 and T-ALL96, amongst others. In all, one of the main 

adverse effects is the severe gastrointestinal toxicity41. One strategy to overcome this problem consists 

in dose management and non-continuous use of this compound. 

Since, and as γ-secretase inhibitors, NRARP blocks Notch signaling88, we hypothesized that 

NRARP overexpression may synergize with γ-secretase inhibitors, allowing the use of lower doses of 

these compounds and consequently to ameliorate the side effects induced by them. 

To test our hypothesis, we sought of treating T-ALL cells, with and without NRARP overexpression, 

with the GSI Compound E. The use of this inhibitor has been well characterized in vitro, which allowed 

us to choose a dose that had been demonstrated to work for most of the cell lines used in our study44,97. 

Nonetheless, we started by confirming the ability of this GSI dose to inhibit Notch signaling.  This was 

done by quantitative PCR analysis of Notch1 target genes (Figure 18). 

As shown in Figure 18, Compound E treatment results in an overall decrease of Notch transcriptional 

targets expression in all cell lines, independently of NRARP levels.  Of note, the magnitude of changes 

in target genes expression does not seems to correlate with NOTCH1 mutational status either.  

After confirming that we were using the adequate dosage of Compound E to block Notch signaling, 

we proceeded with the proliferation and viability analysis by flow cytometry, using counting beads and 

7AAD and AnnexinV dies, respectively. We plated each cell line under control conditions or in the 

presence of 1μM of Compound E or DMSO and harvested the cells at the stipulated time points. The 

data presented is the combination of three independent experiments, each conducted in triplicate. 

For the proliferation analysis, and considering the differences in the absolute numbers obtained for 

each independent experiment, we decided to compare fold change – ratio between the cell count in the 

drug condition and the cell count in the DMSO condition. 

Surprisingly, although we show that the dose of Compound E used is able to inhibit Notch1 mediated 

transcription of several known Notch1 targets we failed at observing differences in proliferation upon 

treatment with Compound E (Figure 19). These results are particularly unexpected for the cell lines 

DND4.1 and T-ALL that, in other studies, were shown to be sensitive to Compound E44,97. These results 

suggest that the concentration used is not sufficient to block Notch1 functional effects and for this reason 

we cannot conclude if NRARP can synergize with GSIs. Higher concentrations of Compound E need to 

be tested such as the ones used by Okuhashi, Y. and colleagues43,98 . 

We have further analyzed leukemia cells viability upon Compound E treatment by comparing the 

percentage of AnnexinV positive cells in Compound E and DMSO treated cells. The results obtained for 

CEM, DND4.1, Loucy and TALL-1, are shown in Figures 20A, B, C and D, respectively. 
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Figure 18 - mRNA analysis of Notch1 target genes upon treatment with Compound E determined by 
quantitative PCR. The 2-ΔΔCt method was used and CT values normalized to 18S gene. 

Overall, and as for proliferation, we don’t observe major effects in cell viability induced by Compound 

E treatment, irrespectively of NRARP (Figure 20). It is only at 96h that we observe a consistent increase 

in cell death (although only statically significant for some cell lines). Nonetheless, this loss of cell viability 

results most probably from an experimental artifact and it is not correlated with cells treatment or NRARP 

levels.   
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Figure 19 - Proliferative analysis of T-ALL cells treated with Compound E.  The graphs represent fold change 
(ratio between cell count of the Compound E condition and the respective DMSO condition for both Empty and 
NRARP) analysis of three independent assays conducted in NOTCH1 mutant (A and B) and NOTCH1 WT (C and 
D) cell lines. Statistical analysis was performed using Student’s t-test. p-values lower than or equal to 0,05 were 
considered to be statistically significant. *p≤ 0,05, **p≤ 0,01 and ***p≤0,001. 
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Figure 20 - Viability analysis of T-ALL cells treated with Compound E. The graphs represent the percentage 
of AnnexinV positive cells of three independent assays conducted for each NOTCH1 mutant (A and B) and 
NOTCH1 WT (C and D) cell lines. Statistical analysis was performed Student’s t-test. p-values lower than or equal 
to 0,05 were considered to be statistically significant. *p≤ 0,05, **p≤ 0,01 and ***p≤0,001. 
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5 Discussion and Conclusions 

Considering the significance of Notch and Wnt signaling in T-cell development15, it is not surprising 

that deregulation of these two pathways play a central role in T-ALL pathogenesis. NOTCH1-activating 

mutations have been identified in more than 60% of T-ALL patients18 and β-catenin levels have been 

shown to be upregulated in 85% of all childhood T-ALL cases16. Importantly, the activation of both 

pathways leads to the increased expression of MYC, a well described oncogene in T-ALL 

pathogenesis68,99. 

NRARP is a transcriptional target of Notch85,86 acting as a negative regulator of this pathway through 

a negative feedback loop88. NRARP is expressed through T lymphopoiesis and its overexpression was 

shown to block T-cell lineage commitment and inhibit T-cell differentiation83,86,87. Furthermore, NRARP 

has been shown to positively regulate Wnt signaling by stabilizing LEF1, a Wnt downstream transcription 

factor89,90.  

Work done at the host laboratory has shown that NRARP overexpression blocks Notch signaling in 

T-ALL cells (Figures 7 and 8). Surprisingly, while represses the proliferation of NOTCH1 mutant cells it 

promotes the proliferation of NOTCH1 WT cells (Figure 10). Overall suggesting that this dual role of 

NRARP in T-ALL cells depends on NOTCH1 mutational status. Importantly, we observed that MYC 

mRNA and protein levels (Figures 7A and 9, respectively) vary with NOTCH1 mutational status and T-

ALL cells proliferative activity. MYC is downregulated upon NRARP overexpression in NOTCH1 mutant 

cells and upregulated in NOTCH1 WT cells (Figures 7A and 9). Of note, besides a Notch1  downstream 

target, MYC is also a known transcriptional target of Wnt, a pathway shown to be positively regulated 

by NRARP through LEF189,90. Consistent with the putative regulation of Wnt signaling by NRARP we 

observe an increase in phospho(Ser675)β-catenin levels in T-ALL WT cells upon NRARP 

overexpression (Figure 9).  Although in a different context, phosphorylation of this particular residue was 

shown to induce β-catenin accumulation in the nucleus and to increase its transcriptional activity100,101. 

Thus, these results suggest that NRARP overexpression results in Wnt signaling activation in NOTCH1 

WT T-ALL cells which could justify the increased levels of MYC and the increased proliferation observed 

in these cell lines.  

In line with the work previously done at the host laboratory, the first objective of this master thesis 

was to discern the mechanism through which NRARP regulates T-ALL cells, namely by exploring the 

role of Wnt/LEF1 signaling in NRARP-mediated effects in T-ALL cell lines growth. 

To decipher the putative function of LEF1-mediated Wnt signaling in NRARP regulation of T-ALL 

cells proliferation we proceeded to LEF1 knock-down in NOTCH1 mutant and WT T-ALL cells, with and 

without NRARP overexpression. 

After confirming the knock-down of LEF1 at mRNA and protein levels (Figures 11) we analyzed its 

effects on Wnt signaling (Figures 12 and 13). Although we didn’t observe major differences in the 

expression of the Wnt transcriptional targets analyzed (CCND1 and AXIN2), at the protein level we 

verified that LEF1 knock-down results in a clear downregulation of β-catenin levels (Figure 13). Since, 
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in the absence of active Wnt signaling, β-catenin is targeted for degradation this decrease is consistent 

with the inhibition of this pathway.  We also observed a decrease in the levels of phospho(Ser675)β-

catenin (Figure 13), that as explained above correlates with the levels of activity of this pathway100,101. 

Thus, together these results point to the inhibition of the Wnt pathway upon LEF1 knock-down. 

Considering that LEF1 is one of the main transcription factors acting downstream of Wnt, it makes sense 

that knocking-down its expression leads to the impairment of this pathway activity.  

Consistent with our hypothesis that the observed increased levels of MYC in NOTCH1 WT cells are 

a consequence of Wnt activation by NRARP overexpression, in Loucy NRARP cells we observe a 

decrease in MYC protein and mRNA levels when LEF1 is knocked-down (Figures 13 and 14, 

respectively). In what regards DND4.1 NRARP cells (NOTCH1 mutant cells) although we also observe 

a decrease in MYC mRNA expression (Figure 14), at the protein level we are not able to make any 

conclusion due to the differences in protein loading (Figure 13). 

We further aimed at understanding how blocking the Wnt pathway impacted on Notch1 signaling. 

Therefore, in the cell lines knocked-down for LEF1 we have characterized the expression of Notch 

transcriptional targets (Figure 14). In cells overexpressing NRARP, independently of NOTCH1 

mutational status we didn’t observed consistent changes, possibly because this pathway is blocked by 

NRARP overexpression (Figures 7 and 8). However, if we look at the changes induced in Empty cells, 

especially in the Loucy cell line, LEF1 knock-down seems to result in the up-regulation of Notch1 

downstream targets (Figure 14B). This observation suggests that in the absence of Wnt signals, T-ALL 

WT cells activate the Notch pathway.  

Not possible to carry out during the master thesis period, next we aim at investigating the functional 

impact of LEF1 knock-down in NOTCH1 mutant and WT T-ALL cells overexpressing NRARP. 

Preliminary results show that Wnt signaling inhibition in Loucy NRARP cells leads to a decrease in 

proliferation, which is consistent with our hypothesis of NRARP promoting leukemia cells proliferation 

by Wnt signaling activation through LEF1. Interestingly, our preliminary results further suggest that 

NOTCH1 WT cells are dependent of Wnt signaling as it can be inferred by the block in the proliferation 

observed in Loucy Empty cells knocked-down for LEF1.  

Overall, although we cannot yet conclude about the role of Wnt/LEF1 signaling in T-ALL cells 

proliferation, throughout this master thesis we have establish the tools to do so in the next future.   

The second objective of this master project was to evaluate the therapeutic potential of NRARP in 

T-ALL. To this end, we decided to investigate NRARP’s potential in combination with drugs shown to 

have a therapeutic impact on this disease: BET bromodomain and γ-secretase inhibitors. 

MYC is a central effector of NOTCH1  oncogenic signals, being essential for the maintenance and 

growth of NOTCH1-induced leukemia99. In addition, T-ALL leukemia-initiating cells (LICs) were shown 

to be dependent on MYC68. Thus, given MYC importance in this disease context, the use of BET 

Bromodomain inhibitors, that inhibit MYC expression, emerged as a new therapeutic approach67,102. 
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Considering the changes in MYC levels upon NRARP overexpression we can hypothesize that 

NOTCH1 mutant T-ALL cells, presenting lower levels of MYC, may be more responsive to Bromodomain 

inhibitors. On the other hand, we can also hypothesize that the upregulation of MYC levels observed in 

NOTCH1 WT cells upon NRARP overexpression means that these cells are more dependent on MYC 

levels. To address these hypotheses and understand if NRARP can enhance Bromodomain inhibitors 

effects we evaluated the proliferation and viability of T-ALL cells treated with JQ1, a BET Bromodomain 

inhibitor, in combination with NRARP overexpression.  

Based on the literature available regarding the use of JQ1 in T-ALL67,68,94, we chose two 

concentrations of JQ1 (0,5 and 1μM) to perform a titration throughout 4 time points. We observed that 

the lowest concentration tested can reduce the levels of MYC in CEM, DND4.1, Loucy and TALL-1 cell 

lines as early as 24h after treatment (Figure 15). 

Regarding NOTCH1 mutant cell lines, CEM and DND4.1, when comparing NRARP overexpressing 

with Empty cells we observe that, overall, NRARP cells respond earlier to JQ1, are more sensitive to 

lower doses of this compound and the effects induced in terms of proliferation are more pronounced 

(Figures 16A and 16B, respectively). This is particularly clear for the CEM cell line. NRARP cells show 

a significant decrease in proliferation in response to the higher dose of JQ1 at 24h while this is only seen 

for Empty cells at 48h (Figure 16A). In addition, at 48h CEM NRARP cells show a significant decrease 

in proliferation induced by the lower dose of JQ1 and the same is never obtained for the Empty cells 

during the 96h of experimental analysis (Figure 16A). Finally, at the end of the assay, the decrease in 

proliferation induced by 1μM of JQ1 is approximately two-fold in NRARP cells compared with Empty 

cells (Figure 16A).  

We have not observed major effects in what concerns T-ALL cells viability although at 48h we start 

observing a small but significant increase in apoptosis induced by the higher dose of JQ1 and at 72h by 

the lowest dose (Figure 17A and B). Nonetheless, the changes induced in viability are approximately 

the same in Empty and NRARP cells, suggesting that NRARP overexpression enhances only the 

inhibitory effects mediated by JQ1 at the proliferative level. This is in line with what has been described 

for JQ1, whose main effect in T-ALL cells is cell cycle arrest67,94.  

Relatively to NOTCH1 WT cell lines, Loucy and TALL-1, the conjugation of NRARP with JQ1 does 

not seem to have a positive synergistic effect in proliferation or viability (Figures 16C and D and 17C 

and D). For both cell lines we observe a significant decrease in proliferation at 24h in NRARP cells 

treated with the higher dose of JQ1 (Figure 16C and D). Since these cells have increased levels of MYC 

upon NRARP overexpression this result could suggest that these cells depend more on MYC levels. 

Nonetheless, in the following time point this effect is lost (in the case of TALL-1 cells) or comparable to 

the effects induced by JQ1 in Empty cells (in the case of Loucy). Meaning that if these cells are more 

dependent on MYC signals, they find a way to recover and cope with MYC decreased levels.    

In what regards viability, JQ1 induces apoptosis of both Empty and NRARP overexpressing cells. It 

is however interesting to notice that in NRARP cells this effect is attenuated (Figure 17A and B) 

suggesting that in these cells MYC regulates mainly cells proliferation and not survival. This is in fact 
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consistent with the results obtained upon NRARP overexpression in NOTCH1 WT cells: no effects on 

cell survival but increased proliferative capacity.  

In sum, our results show that the combined use of JQ1 with NRARP overexpression may be 

beneficial as a therapeutic approach in T-ALL cases with identified NOTCH1 mutations. Of note, these 

results need to be confirmed using more cell lines and, for example, with xenograft-derived patient 

samples. In these, NRARP overexpression can be accomplished by the in vitro delivery of NRARP 

recombinant protein. 

The oncogenicity of Notch signaling activation is considered a hallmark of T-ALL pathogenesis28, 

making Notch a bona fide target. One of the main approaches to target Notch signaling consists in the 

use of γ-secretase inhibitors. These, firstly developed to treat Alzheimer’s disease52, block NICD 

cleavage and translocation to the nucleus and consequently its activity41. However, and despite the 

promising results obtained in vitro44,97 GSIs were shown to lack anti-leukemia effects44,49 and to result in 

severe side effects particularly gastrointestinal toxicity50.  

Since combinatorial therapy of GSIs with glucocorticoids has been shown to reduce the toxicity of 

these inhibitors54 and considering that NRARP overexpression leads to the degradation of NICD we 

sought to evaluate the therapeutic benefits of combining GSIs and NRARP overexpression. In particular, 

we wanted to understand if NRARP overexpression makes T-ALL cells more sensitive to GSIs allowing 

the use of lower doses and consequently reducing the toxicity associated with these drugs. 

Amongst the cell lines used in this project two have been described as resistant to GSIs (CEM and 

Loucy), and the other two as sensitive, DND4.1 and TALL-144,97.  The use of these cell lines would also 

allow us to understand if NRARP can modulate T-ALL cells resistance to GSIs.  

Based on the literature available we chose a concentration of Compound E of 1 μM. This 

concentration was shown to functionally inhibit Notch1  signaling44,97. We confirmed it by analyzing the 

expression of Notch1 transcriptional targets. Overall, we found the expression of most of these targets 

down-regulated upon Compound E treatment (Figure 18).  

However, when we analyzed the functional effects of Notch signaling inhibition in T-ALL cells 

proliferation and survival, we failed at observing any changes induced by Compound E (Figures 19 and 

20). At least for the parental cell lines known to be sensitive to GSIs, DND4.1 and TALL-1 Empty cells, 

we would expect to observe differences in proliferation42,44,97. 

Thus, in our experimental setting, the changes induced by Compound E in Notch1 transcriptional 

activity did not translate into functional outputs, at least in what concerns proliferation and viability. For 

this reason, we cannot conclude if NRARP overexpression has therapeutic beneficial effects when 

combined with Compound E.   

To be able to address our question we should next titrate the Compound E using the cell lines 

described as sensitive to this drug and evaluate its functional effects in proliferation and viability. The 

differences associated with cell lines maintained in different labs and cultured during different periods 

of time may justify our results and lack of phenotypic changes. It may happen that we have to use higher 
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concentrations as the ones tested by Okuhashi, Y. and colleagues43 to induce an effect in proliferation 

and/or viability in our cells.  



40 

 

6 Future prospects 

The prognosis of patients with resistant or relapsed T-ALL constitutes a major concern and is a 

research driver for new therapies, more specific and more efficient.   

A better understanding of the mechanisms underlying T-ALL pathogenesis will allow to develop 

targeted therapies and consequently to reduce side-effects. 

In the scope of the work developed during this master thesis, future prospects are directly related 

with a better understanding of the role of NRARP in promoting T-ALL cells proliferation and evaluation 

of its therapeutic potential. 

Regarding the role of NRARP in the proliferation of T-ALL cell lines, the next step is to perform 

proliferation and viability assays with the LEF1 knocked-down cell lines to conclude about the role of 

LEF1-mediated Wnt signaling activation by NRARP overexpression. 

Considering the decreases in proliferation in NOTCH1 mutant cell lines upon NRARP 

overexpression, this protein should be tested as a first line therapy for patients in whom NOTCH1 

mutations are identified. This can be initially tested in vitro by treating xenograft-derived primary T-ALL 

patient cells with NRARP recombinant protein.  

The conjugation of NRARP overexpression with Compound E should be re-evaluated after the drug 

is titrated in order to understand if there is any therapeutic advantage in combining NRARP 

overexpression with this compound in the treatment of T-ALL. 

Moreover, the results obtained regarding the conjugation of NRARP overexpression with JQ1 should 

be further confirmed in other T-ALL cell lines and in xenograft-derived primary samples by administering 

recombinant NRARP protein and JQ1 and evaluating the synergistic effects of combining both in 

correlation NOTCH1 mutational status. 
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