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1. Introduction 

1.1 Leukemia 

According to the data presented by the World Health Organization (WHO), 

worldwide the leading cause of death is cancer; accounting for 8.2 million deaths 

at 2012 (WHO 2015). Acute lymphoblastic leukemia (ALL) is the most common 

cancer of children with an incidence rate of about 3 per 100000 populations 

(Grigoropoulos, Petter et al. 2013). Acute lymphoblastic leukemia is a cancer that 

starts from white blood cells called lymphocytes in the bone marrow (the soft inner 

part of the bones, where new blood cells are produced). ALL is characterized by 

the accumulation of immature progenitor cells in different compartments, e.g. 

bone marrow, spleen, peripheral blood and central nervous system (CNS) 

resulting the death of the patient due to anemia, neutropenia, infection, 

thrombocytopenia and bleeding (Loh and Mullighan 2012). About two-thirds of all 

acute leukemia cases are in children and ALL is the most frequent cancer in 

children whereas cancer in central nervous system is in the second place 

(Redaelli, Laskin et al. 2005) (Figure 1).  
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Figure 1: Relative frequencies of malignant diseases in children (Kaatsch 

2010) 

Distribution of different cancers of children (age 0 -14 years) in Europe according 

to the International Classification of Childhood Cancer (ICCC) diagnostic groups.   
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1.1.1 Pathogenesis and molecular epidemiology 

The precise pathogenic cause of acute lymphoblastic leukemia is not clear 

although it is clear that there are a number of factors rather than a single factor 

involved. Only about 5% cases are associated with inherited and predisposing 

genetic causes, such as Down’s syndrome, Bloom’s syndrome, ataxia-

telangiectasia and Nijmegen breakage syndrome, or with ionizing radiation or 

exposure to specific chemotherapeutic drugs (Pui, Robison et al. 2008). In utero 

or prenatal development of ALL has been supported by retrospective identification 

of leukemia-specific fusion genes, hyperdiploidy, or clonotypic rearrangements of 

immunoglobulin or T-cell-receptor loci in archived neonatal blood spots (Guthrie 

cards) and by the studies of leukemia in monozygotic twins (Pui, Robison et al. 

2008). Analysis of cord blood cells established the presence of pre-leukemic TEL-

AML1 (ETV6-RUNX1) clone with altered self renewal and survival properties 

(Hong, Gupta et al. 2008). But, the modest concordance rate for leukemia in 

identical twins (5%) and variable latency in the emergence of leukemia suggests 

that additional postnatal exposure and/or genetic alterations are required for 

clinically overt leukemia development. Screening of neonatal cord bloods 

demonstrated the incidence of 1% TEL-AML1 fusion gene which is approximately 

100 times greater than actual disease incidence further suggest the postnatal 

events in the course of disease development (Mori, Colman et al. 2002).  

 

Another example of postnatal event in ALL development comes from the evidence 

that rearrangement of the MLL gene occurs not only in leukemias of infancy but 

also in leukemias induced by topoisomerase II inhibitory drugs. Wide range of 

synthetic and natural compounds including quinolone antibiotics, benzene 

metabolites, flavonoids present in food and drink, catechins, podophyllin resins, 

benzene metabolites and oestrogens all are the potential topoisomerase II 

inhibitors that act both in vivo and in vitro, and may induce mutations resulting to 

the development of acute leukemias with MLL rearrangements (Pui, Campana et 

al. 2001). A study has been done linking the exposure of DNA damaging drugs to 

the development of leukemias with MLL gene fusion (Alexander, Patheal et al. 

2001). Thus, exposure of topoisomerase II inhibitory drugs to the fetus by different 

means such as, medical, dietary or environmental exposure and the inability of 

the fetus or their mother to detoxify these agents could enhance the susceptibility 
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of leukemia development (Pui, Relling et al. 2004, Pui, Robison et al. 2008) 

(Figure 2). 
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Figure 2: Models of overt leukemia development in childhood 

Genetic predisposition, endogenous and exogenous exposure and mutation 

caused by chance contribute to childhood leukemia development.  

 

1.1.2 Genetic basis of ALL 

More than 90% ALL cases are associated with specific genetic alterations in the 

blast cells (Rubnitz and Pui 1997). Multiple genetic and epigenetic alterations of 

hematopoietic stem cells (HSCs) or progenitor cells lead to altered cellular 

differentiation, proliferation, self renewal and normal apoptotic activity resulting in 

the development of leukemia (Radtke, Mullighan et al. 2009). Advances in the 

cytogenetics and molecular characterization of ALL facilitated the identification of 

genetic alterations. About 80% of ALL harbor recurrent genetic alterations which 

are detected by fluorescence in situ hybridization (FISH), karyotyping and genome 

wide techniques such as microarrays and next generation sequencing (NSG) 

(Bacher, Kohlmann et al. 2010, Mullighan 2012). According to Pui (2008), being 

activated by translocations, transcription factor genes are developmentally 

regulated and in many cases control cell differentiation rather than cell division. 

These also frequently encode proteins at the apex of important transcriptional 

cascades. These master oncogenic transcription factors are expressed aberrantly 
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in leukemic cells as one gene product or as a unique fusion protein produced by 

the combination of two elements of two different transcription factors (Pui, 

Robison et al. 2008). In B cell precursor ALL these genetic alterations includes 

hypodiploidy with less than 44 chromosomes, hyperdiploidy with more than 50 

chromosomes, rearrangements in chromosomes e.g. ETV6-RUNX1 (TEL-AML1), 

t(9;22), BCR-ABL1, t(12;21) t(1;19) TCF3-PBX1 (E2A-PBX1), and rearrangement 

of MLL at 11q23 to a diverse range of fusion partners (Table 1). 

 

Table 1: Major genetic alterations in B cell precursor acute lymphoblastic 

leukemia (BCP-ALL) 

 

Genetic lesion Frequency 
Associated clinical 

relevance 

Presumed mechanism of 

action 

Hyperdiploidy 

(>50) 
20% 

FLT3 activation; good 

prognosis 

Constitutive tyrosine kinase 

activation 

Hypodiploidy 

(<44) 
1% Good prognosis  

BCR-ABL, 

t(9,22) 
2% 

Associated with IKZF1 or 

CDKN2A deletion, develops 

imatinib ressitance, poor 

prognosis 

Constitutive tyrosine kinase 

activation, interacts with 

RAS, JAK-STAT pathway 

MLL 

rearrangements 
6% Poor outcome 

Aberrant DNA and histone 

methylation 

ETV6-RUNX1, 

t(12,21) 
22% Good prognosis 

Parental translocation, 

chimeric transcription factor, 

AML1 traget gene 

repression 

PAX5 31.7% 

Somatic mutation occurs 

most frequently, not 

associated with outcome 

Impaired DNA binding and 

transcriptional activation, 

roles in leukemogenesis 

E2A-PBX1 

t(1,19) 
4% Good prognosis Chimeric transcription factor 

E2A-HLF  

Aggressive disease, 

hypercalcemia, 

disseminated intravascular 

coagulation 

Dimerization of E2A protein, 

chimeric transcription factor 

with activation of anti-

apoptotic Snail family zinc 

finger 2 protein 
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CRLF2 

5-16% in 

pediatric and 

adult B-ALL, 

50% in DS-ALL 

F232C mutation, 

rearrangements- 

IGH@CRLF2, P2RY8-

CRLF2 fusion gene, 

resulting CRLF2 over 

expression; poor outcome 

 

Cause JAK-STAT and 

mTOR pathway activation 

IKZF1 

15% of 

pediatric 

patients, >80% 

in BCR-ABL 

cases 

Focal deletion, sequence 

mutation; poor outcome 

Transcription factor needed 

for lymphoid development, 

alterations result in 

functional loss or dominant 

negative isoforms 

JAK1/JAK2 

18-35% in 

Downs 

syndrome 

patients 

Kinase domain mutation 
Causes JAK-STAT pathway 

activation 

CREBP 
19% of 

relapsed B-ALL 
Glucocorticoid resistance 

Impaired histone acetylation 

and transcription regulation 

TP53 
12% in B-ALL 

cases 

Deletions and sequence 

mutation, poor outcome 

Functional loss, dominant 

negative 

IL7R 

7% in B-ALL 

and T-ALL 

cases 

In-frame mutation in 

transmembrane domain 

Receptor dimerization, 

constitutive IL7 signaling, 

JAK-STAT signaling 

  

Collected from (Inaba, Greaves et al. 2013, Mullighan 2012, Pui, Relling et al. 

2004, Teitell and Pandolfi 2009). 

 

1.1.3 Diagnosis and risk stratification of ALL 

Much of the improved treatment outcomes of ALL patients are the result of proper 

early diagnosis of the disease. During the last two decades the diagnosis of acute 

lymphoblastic leukemia has been emerged as a bundle of different methods 

rather than cytomorphology alone (Haferlach, Kern et al. 2005). Although many 

ancillary laboratory techniques have emerged for the diagnosis of acute leukemia, 

still morphological examination and cytochemical staining of expertly prepared air-

dried blood smears of peripheral blood or bone marrow are critical in the diagnosis 

and classification of leukemia (Han and Bueso-Ramos 2005). The size of the most 

typical lymphoblast is small to intermediate with oval or round nucleus containing 
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dispersed nuclear chromatin, small or absent nucleoli, and small cytoplasm 

(Kebriaei, Anastasi et al. 2002). Careful morphological examination allows early 

decision making to adopt certain diagnostic procedure and transport of the bone 

marrow specimen to the appropriate laboratory to perform further diagnostic work 

(Han and Bueso-Ramos 2005).   

 

Immunophenotyping of the leukemic blasts by flow cytometry is essential to 

validate the morphological evaluation of the ALL and to establish correct 

diagnosis and cell lineage identification. By immunophenotyping ALL can be 

easily sub-classified into many steps of B and T cell differentiation, but only 

prognostically important are T-cell, mature B-cell and B-cell precursor phenotype. 

Chromosomal analysis is an integral part of initial diagnostic work-flow of acute 

lymphoblastic leukemia. Now, other highly specific and sensitive techniques, for 

examples, real time PCR, fluorescence in situ hybridization (FISH) and flow 

cytometry are increasingly used to detect specific fusion transcript, gain or loss of 

cellular DNA content or specific chromosomal alterations associated with 

prognostic and therapeutic relevance. Gene expression profiling not only can 

identify major subtypes of acute lymphoblastic leukemia but also points to single 

gene or even signaling pathways which is an important determinant of clinical 

outcome (Pui, Robison et al. 2008).   

 

When first cooperative clinical trials of childhood acute lymphoblastic leukemia 

were established in the 1950s, all children were treated equally. Analysis of 

successive trials and registry data led to the identification of infants with 

unfavorable prognosis aged less than a year indicating the importance of certain 

clinical features at diagnosis in the prognosis (Kotecha, Gottardo et al. 2014). 

Today, stratification of the patients into different therapy regimen based on the 

individual risk for relapse using clinical, biological and treatment response is a 

common strategy for the treatment of ALL using contemporary treatment 

protocols. Patients are stratified into different risk-groups (e.g. low-risk, standard-

risk and high-risk) based on their individual risk for relapse. According to Carroll 

(2003), contemporary therapy regimen focused on the intensification of the 

established therapeutic agents rather than the use of new drugs. Despite this 

improvement, many children experience poor outcome while many are being over 
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treated. Current risk-adapted therapy has facilitated augmenting the intensity of 

the therapy that will be benefited by the intensification while using the standard 

intensity to those who will be cured without the intensification thereby reducing the 

toxic side effects. Currently, all the pediatric patients with leukemias are being 

treated according to the risk-adapted treatment protocol (Carroll, Bhojwani et al. 

2003).  

 

1.1.4 Clinical features of acute lymphoblastic leukemia (ALL) 

Historically, many clinical variables including age, sex, race, white blood cell 

(WBC) count, platelet count, hemoglobin, degree of organomegaly and presence 

of mediastinal mass or extramedullary disease have been used in risk 

stratification (Teachey and Hunger 2013). Generally, age and the WBC count at 

diagnosis are the most important clinical factors in predicting risk for relapse 

(Carroll, Bhojwani et al. 2003). Infants of age < 1year and children > 10 years 

associated with worse prognosis (Smith, Arthur et al. 1996) (Figure 3). An inverse 

relationship between age and prognosis exists during infancy with survival of the 

infants under 3 months is half of the infants 9-12 months old (Teachey and 

Hunger 2013).  
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Figure 3: Age in predicting risk for relapse (Pui, Robison et al. 2008, page 

1035) 

Kaplan-Meier survival curve estimating event free survival (EFS) of children with 

ALL according to the age at diagnosis. Reprinted with permission from Elsevier. 

 

Leukocyte count at diagnosis is another variable with increasing count associated 

with poor prognosis (Pui, Robison et al. 2008). An international consensus 

conference divided leukemia patients into two groups according to their leukocyte 

count and age at diagnosis. WBC count with < 50 x 109/l and aged between 1.00 

to 9.99 years belong to the standard risk (SR) group while WBC count ≥ 50 x 109/l 

and/or age ≥ 10.00 years are in the high-risk (HR) group (Teachey and Hunger 

2013). These variables can be measured in all circumstances reliably points to the 

obvious advantage of these variables as a prognostic marker. However, there is 

very little prognostic relevance in case of T-ALL. Other clinical factors such as 

race, gender, obesity proved irrelevant in the prognosis as no concrete data 

supported their relevance in prognosis (Pui, Robison et al. 2008).  
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1.1.5 Biological factors influences prognosis 

Several molecular and cytogenetic factors such as chromosomal ploidy (the 

number of chromosomes of the ALL), pattern of the specific gene expression and 

mutation and deletions of the individual gene are of critical importance in the 

prognosis. Hypodiploidy (chromosome number < 46) or near haploidy 

(chromosome number 23-29) is associated with poor prognosis with 20-30% 

survival rate (Margolin 2011). Generally BCR-ABL gene fusion also known as 

Philadelphia positive (Ph+) ALL, t(4;1) translocation with MLL-AF4 fusion and 

hypodiploidy (less than 44 chromosomes) all confer to the poor outcome. On the 

other hand hyperdiploidy (more than 50 chromosomes), ETV6-RUNX1 fusion, 

E2A-PBX1 fusion and trisomy 4, 10 and 17 are associated with favorable 

prognosis (Pui, Robison et al. 2008). In recent times it has been shown that IKZF1 

deletion and alterations in CRLF2 are associated with poor patient outcome 

(Attarbaschi, Morak et al. 2012, Van Der Veer, Zaliova et al. 2014). 

 

1.1.6 Response to treatment 

In addition to the clinical and biological factors prednisone response (PR) is an 

important prognostic variable which is defined by the cytoreduction (rapid 

morphological clearance of blasts in peripheral blood) to a 7 days prednisone pre-

phase and 1 intrathecal dose of methoteraxate on day 1. Less than 1000 blasts/µl 

blood is associated with prednisone good response (PGR) while blasts ≥ 1000/ul 

blood is associated with prednisone poor response (PPR) (Dordelmann, Reiter et 

al. 1999). Several studies have demonstrated the prognostic importance of 

prednisone response which is used for almost two decades as a tool for risk 

stratification (Campana 2012, Dordelmann, Reiter et al. 1999, Miller, Coccia et al. 

1989, Miller, Leikin et al. 1983).  

 

After about 20 years of development and several prospective clinical trials, the 

detection of minimal residual disease (MRD) has been emerged as a state-of-art 

tool to assess the initial therapy response of childhood as well as adult acute 

lymphoblastic leukemia. Although several methods for MRD detection are 

available, for ALL two are widely used. One method uses cytometry to detect 

aberrant expression of leukemia specific antigens while other utilizes quantitative 
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PCR to detect specific rearrangement of the TCR or immunoglobulin (Ig) gene 

(Schrappe 2012). According to the MRD, detection of residual leukemia cells at 

the end of induction therapy indicates poor prognosis and high-risk for relapse as 

shown by several studies (Conter, Bartram et al. 2010, Flohr, Schrauder et al. 

2008, Silverman and Sallan 2003, Steinherz, Gaynon et al. 1996).     

 

However, despite all these efforts in the stratification of patients into different 

therapy regimens based on individual risk for relapse, the majority of relapsed 

patients were initially stratified into non-high risk group. In the ALL-BFM 90 study, 

patients were stratified into standard risk (SR), medium risk (MR) and high risk 

(HR) according to leukemic cell mass estimate and treatment response but about 

67% of relapsed patients were stratified in the non-high risk (non-HR) group 

(Schrappe, Reiter et al. 2000) (Table 2). In the AIEOP BFM-ALL 2000 study 

patients were stratified according to MRD criteria but still more than two-thirds of 

the relapsed patients were stratified into non-high risk group (Conter, Bartram et 

al. 2010) (Table 3).  

 

Table 2: Treatment outcome of ALL-BFM 90 study (Schrappe, Reiter et al. 

2000) 

CCR, complete clinical remission 

 

 all 
patients 

CCR total 
relapse 

relapse (% of 
total) 

% of 
relapse 

% of relapse 
(non-

HR/HR) 
 

Total 2178 1687 385 17.7 100  

SR 636 545 75 11.8 19.5 67.3 

MR 1299 1058 184 14.2 47.8 

HR 243 84 126 51.9 32.7 32.7 
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Table 3: Outcome of AIEOP-BFM ALL 2000 study (Conter, Bartram et al. 2010) 

CCR, complete clinical remission  

 

 all 
patients 

CCR total 
relapse 

relapse (% 
of total) 

% of 
relapse 

% of relapse 
(non-

HR/HR) 
 

Total 3184 2729 387 12.1 100  

MRD-SR 1348 1267 61 4.5 15.8 84.5 

MRD-IR 1647 1359 266 16.2 68.7 

MRD-HR 189 103 60 31.7 15.5 15.5 

 

 

1.1.7 Current therapy and outcome 

Intensification of multiagent chemotherapy regimens and advances in supportive 

care have resulted improved long-term survival of ALL patients with approximately 

80% cure rate (Conter, Arico et al. 2010, Pui and Evans 2006, Pui and Jeha 2007, 

Salzer, Devidas et al. 2010) (Figure 4). But still 20% of ALL patients encounter 

relapse associated with poor prognosis especially if occurring early (Henze, 

Fengler et al. 1991). Treatment of acute lymphoblastic leukemia typically consists 

of remission-induction therapy, an intensification (consolidation) phase followed 

by continuation therapy to eradicate residual disease. CNS directed therapy is 

also given early in the clinical course to prevent relapse with leukemic cells 

sequestered into the CNS (Pui, Robison et al. 2008).  
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Figure 4: Cure rate of ALL patients during the period of 1962-2005 (Pui and 

Evans 2006, page 169) 

5 year event-free survival in 2628 newly diagnosed ALL patients participated in 

the St. Jude Children’s Research Hospital from 1962 to 2005. Reprinted with 

permission from (scientific reference citation), Copyright Massachusetts Medical 

Society. 

 

The goal of remission-induction therapy is to eradicate more than 99 percent of 

the initial leukemia burden thereby restoring normal hematopoiesis and 

performance. In most of the studies the goal is achieved in approximately 98% of 

the patients at the end of remission-induction therapy (Carroll and Raetz 2012, 

Stanulla and Schrappe 2009). Remission-induction therapy is followed by the 

consolidation/intensification therapy. The primary goal of the 

consolidation/intensification therapy is to eradicate the residual leukemic blasts in 

the patients who have achieved remission. For instance, patients with ETV6-

RUNX1 fusion gene have good outcome in clinical trials of intensive post-

remission therapy with corticosteroids, vincristine and asparaginase (Pui, Robison 

et al. 2008). Without consolidation/intensification therapy, patients achieved 

remission usually encounter relapses within few months (Stanulla and Schrappe 

2009).    
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As described by Stanulla (2009), for the successful treatment of childhood ALL, 

CNS directed therapy has emerged as a prerequisite. Before introduction of the 

CNS directed therapy in the 1960s, more than 50% childhood ALL patients 

suffered disease recurrence originating from the CNS. The introduction of cranial 

irradiation, intrathecal chemotherapy with methotrexate alone or in combination 

with other drugs (cytarabine, hydrocortisone), and systemic application of 

chemotherapeutics with adequate penetration into the CNS can reduce this 

recurrence rate to less than 5% (Stanulla and Schrappe 2009). Generally, ALL 

patients require prolonged continuation treatment due to reasons which is not 

understood fully (Pui and Evans 2006). In theory, maintenance therapy aims at 

further stabilization of the remission suppressing the reemergence of resistant 

clone by continuously reducing the pool of residual leukemic blasts (Stanulla and 

Schrappe 2009).   

 

1.1.8 Future perspectives/treatment with novel agents 

With the advances in the technologies our knowledge of the unique biology of the 

ALL reaches more precision; future treatment strategies may include additional 

drugs targeting specific signaling pathways. Many drugs that target important 

cellular pathways are currently investigated in the clinical trials such as tyrosine 

kinase inhibitors (TKI), gamma secretase inhibitor, the proteosome inhibitor 

bortezomib, mammalian target of rapamycin (mTOR) inhibitors such as sirolimus 

and temsirolimus (Carroll and Raetz 2012). Certain specific ALL patient groups 

may benefit from these targeted therapies for instance Ph+ ALL. In recent years, 

patients with Ph+ ALL receiving tyrosine kinase inhibitor imatinib in combination 

with chemotherapy experienced superior event free survival without any 

appreciable increase in toxicity compared to patients received no imatinib (Biondi, 

Schrappe et al. 2012, Schultz, Bowman et al. 2009). Other genetic alterations with 

potential drug targets are shown in table 4. 
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Table 4: Genetic alterations with potential drug targets (Harrison 2013)  

 

Abnormality Agents Mode of action 

 

BCR-ABL  like   

   ABL1 partner genes Imatinib or derivatives Tyrosine kinase inhibitor 

   PDGFRB partner Imatinib or derivatives Tyrosine kinase inhibitor 

   CRLF2 rearrangement Ruxolitinib JAK inhibitor 

   

Others   

   CREBP   

Mutations in  

Ras/RTK and PI3K 

pathway genes 

Rapamycin mTOR inhibitor 

   MLL rearrangements EPZ2676, lestaurtinib, 

PKC412 

Histone methyltransferase 

inhibitor, FLT3 kinase 

inhibitor 

      

 

1.2 mTOR pathway 

The target of rapamycin (TOR) is a 289-KDa evolutionary conserved serine 

threonine kinase that forms the catalytic core of two distinct functional complexes; 

TOR complex 1 (TORC1) and TOR complex 2 (TORC2) (Foster and Fingar 2010, 

Laplante and Sabatini 2009). These two complexes contains number of proteins 

with some of them are shared by TORC1 and TORC2 and control a myriad of 

cellular processes in response to diverse environmental stimuli (Foster and Fingar 

2010). mTORC1 is constituted by five distinct molecules that include mTOR, the 

catalytic subunit of the complex; regulatory-associated protein of mTOR (Raptor); 

mammalian lethal with Sec13 protein 8 (mLST8, also known as GβL); proline-rich 

AKT substrate 40 kDa (PRAS40); and DEP-domain-containing mTOR-interacting 

protein (Deptor) (Laplante and Sabatini 2009). On the other hand mTOR complex 

2 (mTORC2) is composed of mTOR, the rapamycin-insensitive companion of 

mTOR (RICTOR), mSin1, Protor (protein observed with Rictor), and mLST8 (Oh 

and Jacinto 2011). mTORC2 is resistant to rapamycin and its related signaling 
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mechanism is less understood although it appears to regulate metabolism and 

survival through activation of AKT, as well as mTORC1, through protein kinase C 

(PKC), and also plays a role in cytoskeletal organization (Hutt-Cabezas, 

Karajannis et al. 2013, Oh and Jacinto 2011, Yang, Yang et al. 2008). 

 

1.2.1 Upstream regulation of mTORC1 

A variety of upstream signals, cytokines, growth factors, amino acids, mitogens 

and cell stress regulate the mTORC1 activity. mTORC1 regulation by upstream 

signaling occurs primarily by two mechanisms: the direct modification of mTORC1 

components or the regulation by the small GTPase, RHEB (ras homologue 

enriched in brain) which directly interacts with and activates mTORC1 in its GTP 

bound form (Sengupta, Peterson et al. 2010). How different upstream signaling 

affects mTORC1 function described below. 

 

1.2.1.1 Insulin/PI3K signaling 

The insulin/PI3K pathway is one of the best characterized mTOR pathway 

activator. The binding of insulin to its receptor stimulates autophosphorylation and 

results in the activation of the insulin receptor intrinsic tyrosine kinase, leading to 

the recruitment and phosphorylation of members of the insulin receptor substrate 

(IRS) protein family (IRS1–4), which recruit and activate the PI3K (Magnuson, 

Ekim et al. 2012, Saltiel and Pessin 2002). According to Courtney (2010), PI3K 

phosphorylates PIP2 on the 3′OH position to produce PI(3,4,5)P3. The tumor 

suppressor phosphatase and tensin homolog deleted on chromosome 10 (PTEN) 

is a negative regulator of PI3K signaling which dephosphoryates PIP3 to PIP2, 

resulting in the termination of PI3K-dependent signaling (Courtney, Corcoran et al. 

2010). PIP3 propagates intracellular signaling by directly recruiting various 

signaling proteins to the membrane where they are activated (Cantley 2002). Two 

pleckstrin homology (PH) domain-containing serine/threonine kinases, 

phosphoinositide-dependent kinase 1 (PDK1) and AKT are brought into close 

proximity by PI(3,4,5)P3 (Courtney, Corcoran et al. 2010). PDK1 activates AKT by 

phosphorylating at threonine 308 whereas mTORC2 activates AKT by 

phosphorylating at serine 473 (Courtney, Corcoran et al. 2010, Magnuson, Ekim 

et al. 2012). PI3K-AKT signaling promotes cell growth and survival by several 
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mechanisms. As described by Courtney (2010), AKT promotes cell survival by 

inhibiting proapoptotic Bcl-2 family members BAD and BAX. AKT also disrupts the 

negative regulation of the transcription factor NF-κB, resulting in increased 

transcription of anti-apoptotic and prosurvival genes. AKT also phosphorylates 

Mdm2 to antagonize p53-mediated apoptosis, and additionally AKT negatively 

regulates forkhead transcription factors, resulted in reduced production of cell 

death-promoting proteins (Courtney, Corcoran et al. 2010). Activated AKT then 

phosphorylates TSC2 (tuberous sclerosis) in several sites disrupting its interaction 

with TSC1 resulting in the suppression of inhibitory effect of TSC1-TSC2 complex 

on mTORC1 thereby activates mTORC1 signaling (Inoki, Li et al. 2002) (Figure 5).  
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Figure 5: The mammalian target of rapamycin (mTOR) pathway is activated 

by PI3K-AKT signaling 

Growth factors bind to the receptor to recruit phosphatidylinositol 3-kinase (PI3K) 

to the membrane. At the membrane, PI3K generates PtdIns(3,4,5)P3 (PIP3) by 

phosphorylating PtdIns(4,5)P2. The tumor suppressor PTEN, a lipid phosphatase, 

negatively regulates PI3K by dephosphorylating PIP3. Active PDK triggers the 

activation of S6K1 and AKT kinases which are key effectors of cell proliferation 

and survival pathway. Activated AKT phosphorylates TSC to disrupt the TSC1-

TSC2 complex which in turn allows the RHEB to activate mTORC1. Activated 

mTORC1 has two main downstream targets, S6K1 and 4EBP1, the inhibitor of 

cap dependent translation. Upon activation by mTORC1, S6K1 induces 

translation and ribosomal biosynthesis. Additionally, S6K1 also acts as a negative 

feedback activator of PI3K-AKT-mTOR pathway by down-regulation of insulin 

receptor substrates 1 (IRS-1). mTORC1 phosphorylates 4EBP1 to initiate cap 

dependent translation. 

 

1.2.1.2 Ras/MAPK signaling 

The mitogen-activated Ras/MEK (MAPK/ERK kinase) signaling cascade activates 

mTOR by converging on TSC1/TSC2 independent of the insulin/PI3K/AKT 

pathway (Magnuson, Ekim et al. 2012). Mitogen stimuli or oncogenic Ras 

stimulates the Raf-Ras1/2-Erk1/2 signaling cascade leading to phsosphorylation 

of TSC in multiple sites (Ser540, Ser644 and Ser1789) and subsequent functional 

inactivation of TSC1-TSC2 complex resulting in RHEB mediated mTORC1 

activation (Ma, Chen et al. 2005). Also, the Ras/MAPK pathway activation 

phosphorylates rapator, on proline directed sites (Ser8, Ser696, and Ser863) to 

activate mTORC1. Raptor is a scaffolding protein that directly binds to mTOR and 

recruits mTORC1 substrates (Carriere, Cargnello et al. 2008, Carriere, Romeo et 

al. 2011). Thus, mTORC1 can be activated by Ras/MAPK signaling pathway that 

phosphorylates TSC2 or raptor, independent of PI3K-AKT pathway activation. 

 

1.2.1.3 Phospholipase D (PLD) signaling 

Emerging evidences suggest the involvement of PLD and its product phosphatidic 

acid (PA) in the regulation of mTOR pathway activity. Phosphatidic acid (PA), a 
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lipid second messenger produced by PLD mediated hydrolysis of 

phosphatidylcholine, participates in various intracellular signaling events and 

regulates a number of signaling proteins, including many phosphatases and 

protein kinases (English, Cui et al. 1996). PA activates the mTOR signaling by 

binding to the FKBP12-rapamycin binding (FRB) domain of mTOR protein (Liu, 

Kach et al. 2013). It has been reported that, PLD plays essential role in the 

formation of mTORC1 and mTORC2 complexes and its activation (Toschi, Lee et 

al. 2009). Interestingly rapamycin-FKB12 competes with PA for the binding with 

mTOR and much higher rapamycin concentration is required for PA-mTORC2 

than PA-mTORC1 competition (Magnuson, Ekim et al. 2012, Toschi, Lee et al. 

2009). This phenomenon also explains the rapamycin insensitivity of mTORC2 in 

comparison to mTORC1.  

 

1.2.1.4 Cytokine signaling 

Cytokines and growth factors initiate mTOR pathway activity mainly through 

PI3K/AKT signaling activity (Chiarini, Evangelisti et al. 2014). Interleukin-22 (IL22, 

a cytokine of IL-10 family) induced proliferation of normal human epidermal 

keratinocytes (NHEK) cells through PI3K-AKT-mTOR pathway (Mitra, 

Raychaudhuri et al. 2012). However, inflammatory cytokine such as TNFα 

activates mTOR pathway in AKT independent manner in certain cells and some 

cancer cells (Chen, Liu et al. 2010, Dan and Baldwin 2008). TNFα initiates 

mTORC1 signaling by activating IKKβ that phosphorylates TSC1 resulting in 

TSC1-TSC2 dissociation, mTORC1 activation and insulin resistance (Lee, Kuo et 

al. 2007).  

 

1.2.1.5 Nutrients regulate mTORC1 

Amino acids are the building blocks of proteins that promote cell growth by the 

synthesis of nucleic acid, glucose and ATP and are absolutely required for 

mTORC1 activity and can not be compensated by other stimuli (Zoncu, Efeyan et 

al. 2011). In vertebrates amino acids are sensed intracellularly by the bidirectional 

amino acid permease SLC7A5-SLC3A2 (SLC, solute carrier family), a system 

essential for mTORC1 activity (Magnuson, Ekim et al. 2012). The system imports 

leucine, a key amino acid for mTORC1 activity across the plasma membrane into 

the cell (Zoncu, Efeyan et al. 2011). Although it is unclear by which biochemical 
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mechanisms cells sense amino acids, several candidate mediators downstream of 

amino acids have emerged, including hVPS34, a class 3 lipid kinase known to 

function in vacuolar sorting and autophagy in yeast, the MAP43K (MAPK kinase 

kinase kinase 3), the Rag GTPase and the RalA GTPase (Magnuson, Ekim et al. 

2012).     

      

1.2.2 Downstream cellular processes of mTORC1 

Among many functions protein synthesis is far most the best-characterized 

process, controlled by mTORC1. mTORC1 plays a very important role in 

translation control by phosphorylating a number of translation regulators that 

include 4E(eIF4E)-binding protein 1 (4EBP1) and p70S6K1 (Yuan, Xiong et al. 

2013). By sensing sufficient nutrients and growth factors, mTORC1 activates S6 

kinase activity which phosphorylates ribosomal protein S6, a component of 40s 

ribosomal subunit. Ribosomal protein S6, being phosphorylated facilitates 

recruitment and translation of specific mRNA containing a 5´-polypyrimidine tract 

(5´-TOP) (Carrera 2004). Additionally, both the initiation and elongation phases of 

translation are also regulated by mTORC1 through phosphorylation of 4EBP1 

(Bahrami, Ataie-Kachoie et al. 2014). Phosphorylation of 4EBP1 disrupts its 

association with cap binding protein eIF4E, thereby releasing it to take part in the 

formation of eIF4F complex which is required for cap-dependent translation 

initiation (Laplante and Sabatini 2012). In addition to protein synthesis, activated 

mTORC1 plays important role in cell cycle progression, cellular growth, cell 

motility, gene transcription, adipose differentiation, synaptic plasticity and 

homeostasis (Bahrami, Ataie-Kachoie et al. 2014) (Figure 6).  
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Figure 6: Downstream targets of mTOR C1 (Bahrami, Ataie-Kachoie et al. 

2014, page 1021) 

mTORC1 regulates a number of cellular process through the phosphorylation of 

several proteins. S6K and 4EBP1 is the best-characterized mTORC1 substrate 

which perform the translation. In addition S6K promotes a variety of cellular 

processes. Reprinted with permission from BMJ Publishing Group Ltd.  

 

1.3 NOD/SCID mouse xenograft model for leukemia research 

The inabilities of primary leukemia cells to be propagated in vitro, has prompted 

the scientists to develop model for leukemia transplantation into mouse and 

progression of leukemia recapitulating many clinical features of the human 

disease. About 30 years earlier, discovery of the Prkdcscid (protein kinase, DNA 

activated, catalytic polypeptide; severe combined immunodeficiency, abbreviated 

scid) mutation in CB17 mice led to the successful transplantation (Bosma, Custer 

et al. 1983). As described by Dick (1992), the homozygous SCID mutation carried 

on the chromosome 16 prevents the production of mature B and T lymphocytes 
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whereas all other hematopoietic lineages including hematopoietic cells, natural 

killer (NK) cells, and myeloid progenitor cells are normal. The gene product does 

not impair normal lymphoid development and although susceptible for infection, 

the mice harboring SCID mutation has a normal life span and appears normal in 

all other aspects (Dick 1992). The developed SCID mouse allowed the 

engraftment of leukemia cells recapitulating the clinical features of the disease 

without graft rejection (Cesano, O'connor et al. 1991, Kamel-Reid, Letarte et al. 

1989). However, limited engraftment occurred in the SCID mice due to the 

presence of the adaptive immune system, as known as leakiness, and this 

phenomenon increases with the increased age of the mice.  

 

The next advance of mouse model was the development of nonobese diabetic-

severe combined immunodeficiency (NOD-SCID) mice. In 1980 the nonobese 

diabetic (NOD) strain of mouse was developed in Japan after sib mating of the 

mice displaying severe glucosuria (Makino, Kunimoto et al. 1980).  As described 

by Shultz (1995), NOD-SCID mice were developed by crossing the mice harboring 

a SCID mutation with the mice harboring a NOD mutation resulting in more 

immunodeficient strain due to the multiple defects in adaptive as well as innate 

immunity resulting from the absence of T cells, lack of functional lymphoid cells 

and absence of immunoglobulin in the serum with the increase of the age. 

Additionally, it maintains insulitis- and diabetes-free state throughout the life 

(Shultz, Schweitzer et al. 1995). The resulting NOD-SCID strain exhibited superior 

engraftment over the SCID mice and has been widely used as 

xenotransplantation model for leukemia (Lock, Liem et al. 2002, Nijmeijer, 

Mollevanger et al. 2001, Shultz, Schweitzer et al. 1995).  

 

The third breakthrough was the development of NOD/LtSz-scid 

(NOD/SCID/IL2Rγnull, NSG) mouse strain lacking natural killer (NK) cells due to 

the additional homozygous mutation at the interleukin-2 receptor (IL2-R) γ-chain 

locus resulting in almost complete absence of the host immunity (Meyer and 

Debatin 2011, Shultz, Lyons et al. 2005). In addition to this, mature NSG mice 

survive more than 16 months and do not develop lymphoma even after sublethal 

irradiation (Shultz, Lyons et al. 2005). The NSG mice were developed by back 

cross matings of C57BL/6JγC
null and NOD/shi-scid mice (Ito, Hiramatsu et al. 
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2002). NSG mice exhibited higher engraftment rate of leukemia samples 

compared to NOD/SCID mice as shown by different studies (Agliano, Martin-

Padura et al. 2008, Diamanti, Cox et al. 2012, Sanchez, Perry et al. 2009).  

 

However, despite the development of more immunodeficient mice, the successful 

transplantation and the overall engraftment depend not only on the chosen mouse 

strain but also influenced by a number of factors e.g. (i) source and 

preconditioning of the leukemic cells, (ii) conditioning of the recipient animal and 

transplantation procedure, (iii) the recipient and (vi) the definition of leukemia 

manifestation (Figure 7) (Meyer and Debatin 2011).       

 

 

 

Figure 7: Factors influence the leukemia engraftment into recipient animal 

(Meyer and Debatin 2011, page 7142) 

Primary patient materials are transplanted into recipient animals by different 

methods. Several factors of the patient material, recipient animal as well as the 

criteria set to engraftment monitoring influence the leukemia engraftment. 

Reprinted with permission from American Association of Cancer Research.  
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Mice as an animal model have been playing a tremendous important role in 

biomedical research since its first discovery in 1960s. In leukemia research 

xenotransplantation of leukemic cells into immunodeficient mouse circumvented 

the bottleneck of limited primary cell proliferation in vitro. Xenotransplantation of 

leukemia cells onto immunodeficient mouse leads to leukemia manifestation 

recapitulating the human leukemia in the recipient animal thereby providing great 

opportunity for functional analysis of primary leukemia cells and also preclinical 

evaluation of novel therapies in vivo.  

 

1.4 Aim of the study 

Previously, we investigated engraftment properties in a series of primary patient 

ALL samples transplanted onto NOD/SCID mice and described a short time to 

leukemia manifestation (time to leukemia short, TTLshort) and a longer time to 

leukemia manifestation (time to leukemia long, TTLlong) in the recipient animals. 

Patients associated with TTLshort phenotype had poor patient outcome indicating 

strong impact of TTL phenotypes for early relapse prognostication (Meyer, Eckhoff 

et al. 2011). Importantly, this engraftment phenotype is characterized by a specific 

gene expression profile pointing to pathways regulating cellular growth and 

proliferation. In particular, this gene signature shows low expression of molecules 

inhibiting mTOR and high transcript levels of modulators activating mTOR in 

TTLshort signature suggesting increased mTOR signaling activity in this high-risk 

ALL subgroup.  

 

It is clear that novel therapies targeting key pathways that promote 

leukemogenesis are necessary to improve the leukemia patient outcome. Based 

on our previous findings, the aim of this study was: 

(i) Investigation of this key survival pathway functionally by evaluating the 

constitutive activity of the mTOR pathway.  

(ii) Study the effect of mTOR pathway inhibition using in vitro, ex vivo and 

in vivo settings.  

(iii) To investigate the mTOR pathway inhibition alone and also in 

combination with chemotherapy in an in vivo preclinical model setting. 
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2. Material and Methods 

2.1 Material 

2.1.1 Cell lines 

G40 Kindly provided by Dr. Andrew 

Westhoff, Ulm 

Jurkat DSMZ, Germany 

KOPN-8 DSMZ, Germany 

Nalm-6 DSMZ, Germany 

Primary patient materials and 

xenografts 

Ulm University, Germany 

 

2.1.2 Reagents, chemicals and kits 

7-Aminoactinomycin D (7-AAD) EMD Chemicals, USA 

Annexin V Roche Diagnostics GmbH, Germany 

Biocoll Separating Solution Biochrom GmbH, Germany 

Aqueous Mounting medium Dako North America, Inc., USA 

Citrate Sigma Aldrich, Germany 

Chemiluminescence detection kit Thermo Scientific, Germany 

Dako Real Detection System Dako North America, Inc., USA 

Dimethyl Sulfoxide (DMSO) Serva, Germany  

Ethanol VWR International, Germany 

Erythrocyte lysis buffer Becton Dickinson, Germany 

FCS Gibco Life Technologies, Germany 

FACS Flow Becton Dickinson, Germany 

FACS Clean Becton Dickinson, Germany 

FACS Rinse Becton Dickinson, Germany 

HBSS Gibco Life Technologies, Germany 

Glycine Sigma Aldrich, Germany 

Heparin Ratiopharm, Germany 

Hydrochloric Acid Sigma Aldrich, Germany 

Ki67 Becton Dickinson, Germany 
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L-glutamine 200 mM Gibco Life Technologies, Germany 

Mayer’s Hematoxylin Dako North America, Inc., USA 

Methanol VWR International, Germany 

Normal Goat Serum (NGS) Sigma Aldrich, Germany 

NVP-BEZ235 LC laboratories, USA 

Paraformaldehyde 16% Dako North America, Inc., USA 

PBS Gibco Life Technologies, Germany 

Penicillin/Streptomycin Gibco Life Technologies, Germany 

Popidium Iodide (PI) Sigma Aldrich, Germany 

Rapamycin LC laboratories, USA 

RNase A Gibco Life Technologies, Germany 

SALSA MLPA P335-A3 ALL-
IKZF1 probemix (MLPA kit) 

MRC, Holland 

Saponin Sigma Aldrich, Germany 

SDS Sigma Aldrich, Germany 

Sodium Azide Sigma Aldrich, Germany 

Sodium Chloride Sigma Aldrich, Germany 

Sodium Hydroxide Sigma Aldrich, Germany 

Staurosporine Sigma Aldrich, Germany 

Tris Base Sigma Aldrich, Germany 

Triton X Sigma Aldrich, Germany 

Trypan Blue Sigma Aldrich, Germany 

Xylol VWR International, Germany 
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2.1.3 Reagents used for protein electrophoresis and western blot analysis 

Ammoniumpersulfate Serva, Germany 

BCA Protein Assay Reagent Kit Thermo Scientific, Germany 

ß-Glycerophosphate Sigma Aldrich, germany 

Bovine Serum Albumin  PAA, Austria 

DTT Sigma-Aldrich, Germany 

Enhanced Chemiluminescence Thermo Scientific, Germany 

Hybond ECL Nitrocellulose 

membrane 

GE Healthcare, Germany 

Hyperfilm ECL GE Healthcare, Germany 

Milk powder Roth, Germany 

Polyacrylamid Rotiphorese 30 Merck KGaA, Germany 

Protease inhibitor cocktail Roche Diagnostics, Germany 

Protein Marker PageRuler Thermo Scientific, Germany 

Sodiumorthovanadate Sigma-Aldrich, Germany 

Temed Serva, Germany 

 

2.1.4 Antibodies 

2.1.4.1 Primary antibodies used for western blots 

Rabbit p-S6 Cell Siganling, USA 

Mouse-S6 Cell Siganling, USA 

Rabbit p-AKT (T308) Cell Siganling, USA 

Rabbit p-AKT (S473) Cell Siganling, USA 

Mouse AKT Becton Dickenson, Germany 

mTOR Cell Siganling, USA 

Rabbit LC3 Thermo Scientific, Germnay 

Rabbit Caspase 3 Cell Siganling, USA 

Mouse β-Actin Sigma-Aldrich, Germany 

Rabbit-mTOR Cell Siganling, USA 
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2.1.4.2 Secondary antibodies used for western blots 

Goat anti-mouse IgG conjugated to HRP Santa Cruz Biotechnology, USA 

Goat anti-rabbit IgG conjugated to HRP Santa Cruz Biotechnology, USA 

 

2.1.4.3 Phosphoflow antibodies 

Alexa Flour 647 conjugated p-S6 Cell Siganling, USA 

Alexa Flour 488 conjugated p-4EBP1 Cell Siganling, USA 

Alexa Flour 488 conjugated p-AKT (T308) Cell Siganling, USA 

Alexa Flour 647 conjugated p-STAT5 Cell Siganling, USA 

 

2.1.4.4 Antibodies used for monitoring leukemia engraftment 

APC-Human CD19 Becton Dickinson, Germany 

PerCP-Human CD45 Becton Dickinson, Germany 

FITC-Human CD7 Becton Dickinson, Germany 

PE-Mouse CD45 (Ly5) Becton Dickinson, Germany 

 

2.1.4.5 Immunohistochemistry antibodies 

Caspase 3 polyclonal antibody Abcam, UK 

CD19 Dako, USA 

Goat-α-Rabbit-AP secondary antibody JIR, USA 

Ki67 Dako, USA 

 

2.1.5 Consumables 

Cell culture flasks Sarstedt, Germany 

Falcons (15 ml, 50 ml) Becton, Dickenson, Germany 

FACS Tube Sarstedt, Germany 

Needle  B. Braun, Germany 

Nunc Cryotube  Sarstedt, Germany 

Nylon Cell Sieves Becton Dickenson, Germany 

Pasteur pipette (glass) VWR international, Germany 

Pipette tips Sarstedt, Germany 

Safe-lock tubes Eppendorf, Germany 
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Serological pipettes (5, 10, 25 ml) Sarstedt, Germany 

Syringe 1.0 ml BD Plastipak, Germany 

 

2.1.6 Instruments 

ABI-3130 Genetic Analyzer Applied Biosystems, Italy 

Centrifuge 5417R Eppendorf, Germany  

Centrifuge Varifuge 3.0 R Heraeus, Germany 

Developer Optimax Protec medical Systems, Germany 

Electrophoresis Power Supply EPS 

300 

Pharmacia Biotech, Sweden 

Elisa Reader EL800 BioTek, USA 

GS Junior 454 next generation 

sequencer 

454 Sequencing, USA 

LSSR II flow cytometer Becton Dickinson, Germany 

Incubator  Heraeus, Germany 

Laminar Air Flow Hera Safe Heraeus, Germany 

Microscope  Leica, Germany 

Microscope Keyence, Germany 

Neubauer Improved Counting 

Chamber 

Marienfeld Superior, Germany 

Pipetboy Pipette Controller VWR International, Germany 

Pipettes 1 – 1000 µl   Gilson, Germany 

qRT-PCR LightCycler 2.0 Roche Diagnostics GmbH, Germany 

Thermomixer comfort  Eppendorf, Germany 

Transblot SD BioRad, Germany 

Water bath Julabo, Germany 
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2.1.7 Software 

Adobe Illustrator CS3 Adobe Systems Incorporated, USA 

Coffalyser.Net MRC, Holland 

Cytobank.org Cytobank, Inc., USA 

Excel 2003 Microsoft, USA 

FACSDIVATM BD Bioscience, USA 

Flowjo 8.7 TreeStar Inc. USA 

GS Amplicon variant analyzer 454 Sequencing, USA 

GS Rub Browser 454 Sequencing, USA 

Image J 1.45s NIH Image, USA 

SPSS 19.0 IBM, Germany 

 

 

2.2 Methods 

2.2.1 Analysis of gene expression data 

Gene set enrichment analysis (GSEA) was applied to the gene expression data of 

individual patient derived 5 TTLshort and 7 TTLlong xenograft samples (Meyer, 

Eckhoff et al. 2011) (http://www.ncbi.nlm.nih.gov/geo; GSE13576). Gene set 

enrichment analysis (GSEA, v2.0.14; http://www.broadinstitute.org/gsea) (Mootha, 

Lindgren et al. 2003, Subramanian, Tamayo et al. 2005) was performed using the 

189 gene sets belonging to the “C6 oncogenic signatures” database within the 

Molecular Signature Database (MSigDB) collection. Only gene sets with NOM p-

value ≤ 0.05 and FDR q-value ≤ 0.05 were considered significant. Connectivity 

Map analysis (cmap build 02, http://www.broadinstitute.org/cmap) (Lamb 2007, 

Lamb, Crawford et al. 2006) of our previously generated TTL signature was 

performed using the top 398 genes ranked according to q-value ≤ 0.25. As a 

result, the CMAP provides a “permutated results” table that showed the 

“perturbagens” positively or negatively connected with the uploaded signature 

ranked according to a connectivity score. A high positive connectivity score 

indicates that the corresponding perturbagen induced the expression of the query 

signature. A high negative connectivity score indicates that the corresponding 

perturbagen reversed the expression of the query signature. 
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2.2.2 Patient sample characteristics 

2.2.2.1 Patient characteristics  

Leukemia samples of pediatric patients diagnosed with de novo BCP-ALL were 

obtained after informed consent in accordance with the institution’s ethical review 

board. Leukemic cells from pediatric patients at diagnosis were used to establish 

xenografts according to the previously described method (Meyer, Eckhoff et al. 

2011, Queudeville, Seyfried et al. 2012). Animal experiments were conducted 

upon approval by respective authority (Regierungspräsidium Tübingen, Versuch-

Nr. 980). After transplantation, time to leukemia (TTL) was calculated for each 

patient in weeks from the date of transplantation to the overt leukemia. Xenograft 

ALL cells were isolated from splenic cell suspensions obtained from leukemia 

bearing animals at disease onset and further transplanted onto subsequent 

recipients in order to amplify cells for ex vivo analyses or for in vivo evaluation in a 

preclinical model setting. Characteristics of patients and xenografts are 

summarized in Table 8. 

 

2.2.2.2 Detection of leukemia engraftment  

After transplantation of xenograft leukemia cells onto NOD/SCID mice, blood 

samples were collected from the mouse once in a week and evaluated for the 

presence of human leukemia cells. Approximately 50 µl of peripheral blood were 

taken from the tail vein and mixed with heparin (500 IU per 50 µl blood) in the 

FACS tube. Blood samples were stained with allophycocyanin (APC)-conjugated 

anti-human B-cell antigen (CD19), Percp conjugated human leukocyte common 

antigen (CD45) and phycoerythrin (PE)-conjugated anti-murine leukocyte common 

antigen (Ly-5) for 20 minutes at room temperature followed by the addition of the 

lysis buffer to lyse the erythrocytes. Cells were washed with BSA supplemented 

PBS, and analyzed by BD LSRII multiparameter flow cytometry. The proportion of 

human CD19-positive BCP-leukemia cells was calculated reflecting the leukemic 

burden in the mouse.  

 

2.2.2.3 Manifestation of leukemia  

After transplant the general condition and well-being of the mice were examined 

regularly. Manifestation of disease was assessed by clinical signs of overt 
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leukemia such as severely impaired general condition, lethargy, ruffled fur and 

impaired posture. Upon clear evidence for leukemia related morbidity, mice were 

killed and autopsy was performed. At autopsy cell suspensions from spleen and 

bone marrow were prepared. Spleen tissue was minced and passed through 

nylon cell sieves (70 µm) followed by ficoll gradient centrifugation for 20 minutes 

at 1300 rpm at room temperature. Bone marrow cells were isolated flushing the 

femoral cavity with HBSS. Cell suspension from spleen and bone marrow were 

stained with allophycocyanin (APC)-conjugated anti-human B-cell antigen (CD19), 

Percp conjugated human leukocyte common antigen (CD45) and phycoerythrin 

(PE)-conjugated anti-murine leukocyte common antigen (Ly-5) for 20 minutes at 

4º C followed by washing with BSA washing solution. Blood staining was done 

according to the same protocol described in the previous section. Cells have been 

acquired by BD LSRII multiparameter flow cytometry. Time to leukemia (TTL) was 

determined for each patient sample transplanted as weeks from the date of 

transplant to the date of clinical manifestation of the disease. 

 

2.2.3 Cell culture  

Human BCP-ALL leukemia cell lines Nalm-6, KOPN8 and T-ALL cell line Jurkat 

were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum 

(FBS) and 1 mmol/L L-glutamine. All cells were maintained in a 37° C incubator 

with 5% CO2 and harvested in the logarithmic phase of growth.  

 

2.2.4 Analysis of protein phosphorylation by flow cytometry 

Isolated leukemia cells from the spleen of leukemia bearing animal was inoculated 

either with 100 nM rapamycin and 100 nM NVP-BEZ235 or DMSO as vehicle 

control. The level of phosphorylated ribosomal protein S6 (p-S6) was measured 

by flow cytometry according to the published method (Krutzik and Nolan 2003). 

Briefly, cells were fixed by paraformaldehyde (PFA, 1.5% final concentration) and 

permeabilized by 70% methanol. Staining of the phospho-proteins was performed 

using fluorochrome conjugated p-S6 (Ser235/236) and p-4EBP1 (T37/38), p-AKT 

(Thr308) and p-STAT5 (Y694) antibodies. Flow cytometry was performed in BD 
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LSRII flow cytometry and data were analyzed using FlowJow 8.7 version software 

(TreeStar Inc, USA) and cytobank.org (Kotecha, Krutzik et al. 2010). 

 

2.2.5 Cell cycle analysis and detection of apoptosis and proliferation  

Cell cycle analysis was done staining the cells with 7-Aminoactinomycin D (7-

AAD). Cells were fixed in 100% methanol on ice for 30 minutes. 50 µl of RNase 

(100 µg/ml) was added and incubated at room temperature for 15 minutes in the 

dark followed by the addition of 200 µl 7-AAD (25 µg/ml) and 15 minutes 

incubation at room temperature (RT). Detection of apoptotic cells by flow 

cytometry was performed using Annexin V according to the manufacturer’s 

instructions. Briefly, cells were rinsed with ice-cold binding buffer and 100 µl of 

Annexin V solution was added to the cells and incubated for 15 min at RT 

followed by immediate acquisition. Cell proliferation was detected by ki67 and 

human CD19 co-staining of the isolated leukemia cells. Cells were stained with 

APC-CD19 followed by fixation with 4% PFA and permeabilization with 0.2% 

saponin. Cells were stained with Ki67 antibody for 30 minutes at room 

temperature followed by washing with PBS.  

 

2.2.6 Western blot 

2.2.6.1 Protein extraction and concentration determination 

Protein extraction and quantification was performed on ice. After harvesting, cells 

were washed with PBS and resuspended with protein lysis buffer containing 30 

mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton-X 100, 10% glycerol, 2 mM DTT 

and 200 µM PMSF and incubated for 15 minutes on ice. Whole cell lysates were 

centrifuged at 14000 rpm for 20 minutes at 4°C and the supernatant was collected 

to a fresh eppendorp tube. Quantification of the whole protein lysate was 

performed using the BCATM Protein Assay Reagent Kit according to the 

manufacturer’s instruction.  

 

2.2.6.2 Western blot 

To perform western blot proteins were separated using SDS polyacrylamide gel 

electrophoresis. 6X protein loading dye (60 mM Tris/HCl pH 6.8, 1% SDS, 5% 
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glycerol, 0.01 mg/ml bromphenolblue and 0.34 M β-Mercaptoethanol) was added 

to 20 µg whole protein lysate and denatured at 95°C for 15 minutes. Proteins were 

loaded to 10-15% polyacrylamide gels and were separated by applying 120 volts 

using a running buffer containing 125 mM TrisBase, 1.25 M Glycin and 0.1% SDS. 

Molecular weight protein marker was used to distinguish the proteins according to 

their molecular weight. After the separation, semidry blotting method was used to 

transfer the proteins into ECL nitrocellulose membrane. Membrane and the 

Whatman paper were cut according to the size of the gel and soaked in the 

blotting buffer containing 48 mM Tris Base, 39 mM Glycin, 0.037% SDS and 20% 

Methanol. Then two Whatman papers, ECL membrane, gel and again two 

Whatman papers were piled together and constant current of 1 mAmp/cm2 of the 

membrane was applied for 60 minutes, except for LC3; 1.5 mAMp/cm2 for 30 

minutes. After the blotting, the membrane was blocked with 5% nonfat dry milk 

solution in PBS containing 0.1% Tween for 1 hour at room temperature. Then 

membranes were washed three times for 15 minutes with the washing buffer 

containing PBS and 0.1% Tween. Membranes were incubated overnight at 4°C 

with primary antibody diluted in PBS containing 0.1% Tween, 2% BSA and 0.02% 

Sodium Azide. After washing three times with washing solution, the membrane 

was incubated with horseradish peroxidase (HRP) conjugated secondary antibody 

diluted into 5% milk solution followed by washing for three times. After that 

membrane was incubated with ECL solution and developed using Hyperfilm in a 

Protec optimax developer. Densitometric quantification of the protein bands was 

performed using ImageJ 1.45s software. 

 

2.2.7 Immunohistochemistry 

Immunostaining for Ki67 and CD19 was performed according to standardized 

protocols using the Dako Real Detection system based on alkaline phosphatase 

and permanent red chromogen for detection of bound antibody (Dako, CA, USA) 

as described previously (Barth, Martin-Subero et al. 2003). Briefly, deparaffinized 

serial sections of decalcified bone tissue were fixed in buffered formalin for 10 

minutes. For antigen retrieval, slides were heated in EDTA (pH 8.0) and incubated 

with the primary anti CD19 and Ki-67 antibody (Dako, CA, USA). Immunostaining 

for active caspase 3 was performed using previously described method (Hipp, 
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Christner et al. 2014). Briefly, deparafinized tissue sections were pressure cooked 

in 10 mM citrate buffer (pH 6.0) and probed with active caspase 3 (Abcam, UK) 

antibody.  

 

2.2.8 In vivo treatment 

All experimental animal studies were conducted according to the national animal 

welfare law and were approved by the appropriate authority. Establishment of the 

xenograft and leukemia progression monitoring were done according to the 

previously described method (Meyer, Eckhoff et al. 2011). When the proportion of 

human CD19+ cells reached approximately 5% in mouse peripheral blood, mice 

were randomized into four groups and treated with (a) rapamycin, (b) vincristine, 

dexamethasone, asparaginase [VDA], (c) vincristine, dexamethasone, 

asparaginase, rapamycin [VDA+R] and (d) DMSO as vehicle control. All drug 

administration was done by intraperitoneal injection, and consisted of vincristine 

(0.075 mg/kg, once in a week), dexamethasone (2.5 mg/kg, 5 days in a week), 

asparaginase (500 IU/kg, 5 days in a week), rapamycin (2.5 mg/kg, 5 days in a 

week). All drugs were dissolved in 75% DMSO and treatment was continued for 2 

weeks. Mice were monitored regularly for the clinical signs of leukemia and were 

sacrificed upon leukemia manifestation. Upon sacrifice, high leukemia infiltration 

was confirmed detecting ALL cells in bone marrow, spleen and peripheral blood 

by flow cytometry. Time to reoccurrence (TTR) was determined in weeks from the 

date of treatment to the date of leukemia related morbidity.  

 

2.2.9 Detection of CRLF2 alterations 

CRLF2 transcript over expression (20-fold above median expression of cohort of 

464 BCP-ALL patients) and the detection of P2RY8-CRLF2 fusion transcript were 

performed according to the previously described method (Palmi, Vendramini et al. 

2012). IGH@CRLF2 translocation was analyzed by PCR using primers designed 

in the first exon of IGH (5´-AATACTTCCAGCACT-3´) and the third exon of CRLF2 

(5´-GTCCCATTCCTGATGGAGAA-3´). PCR conditions were as follows: initial 

denaturation at 94° C for 2 min; 30 PCR cycles: denaturation at 94° C for 30 sec, 

annealing at 59° C for 30 sec, extension at 72° C for 1min and final extension at 
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72° C for 10 min. JAK2 (R683G) and CRLF2 (F232C) mutation were analyzed by 

JS Junior 454 platform (454 Sequencing, USA) as described previously 

(Kohlmann, Klein et al. 2011).  

 

2.2.10 Detection of IKZF1 deletion 

Detection of IKZF1 was performed by Dr. Chiara Palmi of Monza, Italy. Multiplex 

Ligation-dependent Probe Amplification (MLPA; SALSA MLPA P335-A3 ALL-

IKZF1 probemix, MRC-Holland, Amsterdam, The Netherlands) was used 

according to the manufacturer’s instruction to detect IKZF1 deletion. DNA of 

pediatric ALL patients at remission was used as wild type control. The separation 

of the fragments was performed on ABI-3130 Genetic Analyzer instrument. Data 

were analyzed using Coffalyser.Net software.  

 

2.2.11 Statistical analysis 

Statistical analyses were carried out using SPSS19.0 software (IBM, Munich, 

Germany) using the respective tests indicated. P values of <0.05 were considered 

significant in all the tests performed in this study. Unless otherwise stated, Mann-

Whitney U test was performed to compare difference between two independent 

groups. Survival analyses were performed by Kaplan-Meier method and log-rank 

test was used to compare therapy response. 
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3. Results 

3.1 Analysis of gene set enrichment and chemical genomics point to mTOR 

signaling  

Previous study of our group reported differential expression of transcripts coding 

for regulators of the mTOR. In this study, gene set enrichment analysis of 

previously generated gene expression data (Meyer, Eckhoff et al. 2011) 

(http://www.ncbi.nlm.nih.gov/geo; GSE13576) was performed in order to 

investigate associations of pathway annotated gene sets with the TTL profile. 

GSEA is a tool that helps linking prior knowledge to newly generated data to 

uncover the collective behavior of genes in disease (Subramanian, Tamayo et al. 

2005). Interestingly, two mTOR annotated gene sets (Majumder, Febbo et al. 

2004, Wei, Twomey et al. 2006) were identified to be significantly associated 

(FDR q-value ≤ .01) with the TTL phenotype, emphasizing the significance of 

mTOR signaling in leukemia engraftment on NOD/SCID/huALL model system and 

patient outcome (Figure 8A, Table 5). 

 

Additionally, a chemical genomics approach (connectivity map analysis, CMAP) 

was used to analyze similarities of TTL signature with genome wide expression 

profiles obtained by CMAP. CMAP is a hypothesis generating tool 

(http://www.broadinstitute.org/cmap/) allowing finding connections between the 

gene expression modifications caused by 164 different small molecules (i.e. 

perturbagens) in 4 different cancer cell lines and diseases (Lamb 2007, Lamb, 

Crawford et al. 2006). Among the top-ranked compounds with negative 

connectivity score, mTOR inhibitor sirolimus (rapamycin) and a PI3K inhibitor LY-

294002 were identified. This indicates the potential of mTOR inhibition to revert 

the TTLshort phenotype into TTLlong phenotype (Figure 8B, Table 6).  
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Figure 8: The association of TTL expression profile with mTOR signaling 

and potential of mTOR inhibition 

(A) Two mTOR annotated gene sets in the TTLshort profile (Gene Set Enrichment 

Analysis, FDR q-value ≤ .01) are enriched significantly. Green lines depict the 

enrichment score. Members of the annotated gene sets (black vertical lines) 

appear in the enrichment plot along the gene list ranked from TTLshort (red) to 

TTLlong (blue). (B) Connectivity map analysis (CMAP) shows negative connection 

of the genes of TTLshort phenotype with sirolimus (rapamycin, mTOR inhibitor) and 

LY-294002 (PI3K inhibitor) induced gene sets. In the bar view, each drug 

treatment instances is represented by the black lines (sirolimus, n=44 or LY-

294002, n=61) which are ordered by their corresponding connectivity score as 

depicted by different colors (green, positive; gray, null; red, negative). 
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Table 5: The TTL profile is significantly enriched in mTOR pathway 

annotated gene sets 

Gene set enrichment analysis using our previously generated TTL gene 

expression data set. Three gene sets with a FDR q-value of ≤ .01 are identified 

including two mTOR pathway annotated data sets (Molecular Signatures 

Database, MSigDB; collection 6: oncogenic signatures). NES, normalized 

enrichment score; NOM p-val, nominal p-value; FDR q-val, false discovery rate q-

value. 

 

Gene set  NES NOM p-val FDR q-val 

IL2_UP.V1_UP  1.915 0.000 0.007 

MTOR_UP.V1_UP  1.792 0.000 0.010 

MTOR_UP.N4.V1_UP  1.817 0.000 0.014 

LTE2_UP.V1_DN  1.693 0.000 0.020 

CSR_LATE_UP.V1_UP  1.641 0.000 0.029 

IL15_UP.V1_UP  1.592 0.002 0.040 

STK33_NOMO_DN  1.440 0.007 0.136 

BCAT_GDS748_UP  1.605 0.007 0.039 

RPS14_DN.V1_UP  1.475 0.007 0.107 

CSR_LATE_UP.V1_DN  1.483 0.008 0.114 

STK33_SKM_UP  1.399 0.009 0.148 

HOXA9_DN.V1_UP  1.405 0.011 0.163 

RELA_DN.V1_UP  1.377 0.013 0.158 

HOXA9_DN.V1_DN  1.403 0.016 0.154 

STK33_UP  1.343 0.016 0.175 

E2F1_UP.V1_DN  1.391 0.017 0.147 

CRX_NRL_DN.V1_DN  1.371 0.029 0.149 

P53_DN.V1_DN  1.330 0.034 0.188 

BMI1_DN_MEL18_D

N.V1_UP  

1.358 0.036 0.160 

SIRNA_EIF4GI_UP  1.372 0.038 0.155 

RAF_UP.V1_DN  1.327 0.040 0.184 
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Table 6: The TTL signature is negatively connected with mTOR inhibitor 

induced gene sets 

Connectivity map analysis employing our previously identified TTL expression 

profile. Within the top four gene sets showing significant association with the TTL 

profile (top three with negative connection), two gene sets induced by sirolimus 

(rapamycin) and the PI3K inhibitor LY-294002 were identified to be negatively 

connected indicating potential to revert the TTLshort phenotype.  

 

Rank CMAP name Mean 

connectivity 

score 

Number of 

instances 

p-value Specificity 

1 adiphenine 0.743 5 0.000 0.000 

2 tanespimycin -0.455 62 0.000 0.261 

3 LY-294002 -0.436 61 0.000 0.319 

4 sirolimus -0.366 44 0.000 0.295 

5 finasteride 0.568 6 0.000 0.014 

6 Prestwick-692 0.703 4 0.000 0.012 

7 etiocholanolone 0.459 6 0.000 0.000 

8 pargyline -0.736 4 0.001 0.000 

9 PHA-00745360 0.380 8 0.001 0.027 

10 podophyllotoxin 0.673 4 0.001 0.029 

11 calcium folinate 0.668 5 0.001 0.017 

12 vancomycin 0.674 4 0.001 0.000 

13 biperiden 0.645 5 0.001 0.018 

14 trifluoperazine -0.485 16 0.002 0.164 

15 metyrapone -0.731 4 0.002 0.005 

16 GW-8510 -0.670 4 0.002 0.176 

17 fludrocortisone 0.323 8 0.002 0.065 

18 alpha-estradiol -0.451 16 0.002 0.093 

19 trazodone -0.718 3 0.002 0.023 

20 promazine -0.664 6 0.003 0.000 

21 phthalylsulfathiazole -0.669 5 0.003 0.035 

22 meticrane -0.692 5 0.003 0.015 

23 colistin 0.668 4 0.003 0.006 

24 CP-320650-01 0.292 8 0.003 0.041 

25 sulfadimethoxine 0.550 5 0.004 0.040 
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26 2-

aminobenzenesulfonamid

e 

0.600 4 0.004 0.006 

27 quinostatin -0.817 2 0.004 0.092 

28 8-azaguanine -0.787 4 0.004 0.014 

29 metrifonate -0.627 5 0.004 0.005 

30 apigenin -0.714 4 0.004 0.038 

31 ceforanide 0.664 4 0.004 0.028 

32 famprofazone -0.628 6 0.004 0.012 

33 oxybuprocaine -0.650 4 0.005 0.011 

34 Prestwick-983 0.650 3 0.005 0.012 

35 furazolidone 0.565 4 0.005 0.039 

36 diloxanide 0.605 4 0.005 0.017 

37 isometheptene 0.617 4 0.005 0.012 

38 vinblastine 0.629 3 0.005 0.039 

39 ginkgolide A -0.692 4 0.005 0.020 

40 nadolol 0.472 4 0.006 0.071 

41 nortriptyline -0.649 4 0.006 0.029 

42 levonorgestrel -0.561 6 0.006 0.066 

43 isocarboxazid 0.463 5 0.006 0.006 

44 tobramycin -0.602 4 0.007 0.006 

45 dapsone 0.498 5 0.007 0.011 

46 lycorine 0.356 5 0.007 0.124 

47 gentamicin 0.429 4 0.007 0.019 

48 lisuride 0.362 5 0.007 0.084 

49 practolol -0.621 4 0.007 0.000 

50 atractyloside 0.383 5 0.007 0.117 

51 thioridazine -0.395 20 0.007 0.323 

52 ribavirin 0.429 4 0.008 0.019 

53 karakoline 0.352 6 0.008 0.005 

54 clomipramine -0.647 4 0.009 0.061 

55 chlorpromazine -0.415 19 0.009 0.032 

56 ethisterone 0.358 6 0.009 0.013 

57 guanadrel 0.561 5 0.009 0.052 

 

Originally published in Oncotarget; Hasan MN, Queudeville M, Trentin L, Eckhoff SM, Bronzini I, 
Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: Targeting of hyperactivated 
mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-clinical model. Oncotarget 6(3): 
1382-1395 (2015). 
 

Thus, these findings indicate the relevance of mTOR signaling in rapid in vivo 

leukemia engraftment resulting in TTLshort phenotype and the potential of mTOR 

pathway inhibition by signal transduction inhibitors e.g. rapamycin to effectively 

target high-risk ALL.  
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3.2 Patient-derived ALL xenograft samples  

Individual patient-derived fourteen B-cell precursor (BCP) ALL xenograft samples 

(TTLshort, n=7, S1-7; TTLlong, n=7, L1-7) were investigated in this study utilizing the 

NOD/SCID/huALL xenotransplant mouse model. All the xenografts were derived 

from de novo diagnosed pediatric B-cell precursor ALL. After transplantation 

recipient animals were monitored regularly for the onset of leukemia assessing 

human CD19+ cells in murine peripheral blood and were sacrificed at leukemia 

manifestation. Upon sacrifice high leukemia infiltration was confirmed in the 

peripheral blood, bone marrow and spleen detecting human CD19+ cells by flow 

cytometry indicating advanced human ALL in the mice. The time to leukemia 

(TTL) for individual ALL was calculated from the date of transplantation to the date 

of leukemia manifestation (Figure 9).  
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Figure 9: Schematic representation of NOD/SCID/huALL xenotransplant 

model 

Pediatric BCP-ALL cells at diagnosis are transplanted into NOD/SCID mice 

intravenously and leukemia progression is monitored regularly. When recipient 

animals show clinical signs of leukemia manifestation, they are sacrificed and 

leukemia infiltration in different compartments is confirmed by flow cytometry. 

Time to leukemia (TTL) for each BCP-ALL patient is calculated from the date of 

transplant to the date of leukemia related morbidity.  
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The TTL of all the ALL samples investigated in this study were consistent with the 

previous passages (Table 7). Most importantly, short NOD/SCID/huALL 

engraftment was associated with inferior relapse free patient survival in the patient 

cohort used in this study (log rank test p= .013) (Figure 10). 

 

Table 7: Consistency of TTL phenotype  

Time to leukemia (TTL) of individual patient derived xenografts in 1st recipient (P0) 

and in the passage (P) used in this study. TTL, time to leukemia; P, passage. 

 

Leukemia TTL of 1
st

 recipient 

(P0) (weeks) 

Passage (P) used in this 

study 

TTL of passages used 

in this study (weeks) 

S1 8,8 P3 6 

S2 9,1 P3 7 

S3 9,1 P3 8 

S4 9 P8 6 

S5 9 P9 5,5 

S6 10 P4 7,5 

S7 8,6 P4 8 

L1 27,7 P1 11,5 

L2 26,9 P0 27 

L3 36,6 P0 36,5 

L4 16,9 P2 17 

L5 11,9 P3 12,5 

L6 19,1 P4 15,5 

L7 22 P5 25 
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Figure 10: Poor outcome of patients associated with TTLshort phenotype 

Patients associated with long engraftment phenotype (TTLlong, n=7) show superior 

relapse free survival in contrast to the patients associated with short engraftment 

phenotype (TTLshort, n=7); Kaplan-Meier analysis; log rank test; p, significance. 

 

Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
Eckhoff SM, Bronzini I, Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: 
Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 
 

The TTL phenotypes of the leukemias used in this study were not associated with 

intrinsic leukemia characteristics and prognostic subgroups. Most of the samples 

used in this study carried no known genetic alterations. An MLL/AF4 gene fusion 

was carried by one TTLshort leukemia and an ETV6/RUNX1 gene fusion was 

carried by one TTLlong leukemia. Recently, alterations of cytokine receptor-like 

factor 2 (CRLF2) have been described to be associated with hyperactivated 

mTOR signaling (Tasian, Doral et al. 2012). Alterations in CRLF2 include 

P2RY8/CRLF2 gene fusions or IGH@/CRLF2 translocation and point mutations 

(CRLF2, F232C) (Chen, Harvey et al. 2012). Altered CRLF2 alone or in 

combination with Janus kinase 2 mutations (JAK2, R683G) are frequently 

associated with CRLF2 over expression resulting in aberrant PI3K/mTOR 

signaling (Chapiro, Russell et al. 2010, Hertzberg, Vendramini et al. 2010, 

Mullighan, Collins-Underwood et al. 2009, Russell, Capasso et al. 2009, Tasian, 

Doral et al. 2012). Importantly, no alterations in CRLF2 and JAK2 genes or high 
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CRLF2 transcript or TSLPR protein expression was detected in any of the 

samples analyzed in this study (Table 8).     

 

Table 8: Characteristics of patients and derived ALL xenografts  

 

 total TTL
short

 TTL
long 

N % N % N % 

Total  14 100 7 100 7 100 

Gender Female 6 43 2 29 4 57 

Male 8 57 5 71 3 43 

Age 1-9 years 10 71 4 57 6 86 

0-1 and >9 years 4 29 3 43 1 14 

Immunophenotype pro-B ALL 1 7 1 14 0 - 

c-ALL 10  

72 

3 43 7 100 

pre-B ALL 3 21 3 43 0 - 

Genetic alterations ETV6/RUNX1 1 7 0 - 1 14 

MLL/AF4 1 7 1 14 0 - 

BCR/ABL 0 - 0 - 0 - 

P2RY8/CRLF2 0 - 0 - 0 - 

IGH@/CRLF2 0 - 0 - 0 - 

CRLF2F232C 0 - 0 - 0 - 

JAK2R683G 0 - 0 - 0 - 

IKZF1 deletion 2 14 02 29 0 - 

CRLF2/TSLPR 

expression 

CRLF2 transcript high 0 - 0 - 0 - 

TSLPR positive 

(FACS) 

0 - 0 - 0 - 

Hyperleukocytosis <50 (1000/µl) 7 50 4 57 3 43 

>50 (1000/µl) 7 50 3 43 4 57 

Prednisone response 

day 8 

Good 13 93 7 100 6 86 

Poor 1 7 0 - 1 14 

Remission at day 33 Yes 14 100 7 100 7 100 

MRD risk group MRD-HR 0 - 0 - 0 - 

MRD-non-HR 13 93 7 100 6 86 

No MRD available 1 7 0 - 1 14 

final risk group Non-HR 12 86 6 86 6 86 

HR 2 14 1 14 1 14 
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Originally published in Oncotarget; Hasan MN, Queudeville M, Trentin L, Eckhoff SM, Bronzini I, 
Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: Targeting of hyperactivated 
mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-clinical model. Oncotarget 6(3): 
1382-1395 (2015). 
 

3.3 Higher mTOR pathway activity in TTLshort leukemia 

3.3.1 Higher mTOR expression in TTLshort leukemia compared to TTLlong 

leukemia 

In our previous study, the TTLshort engraftment phenotype has been characterized 

by expression profiling pointing to differential expression of molecules (FRAP1, 

RHEB and DDIT4L) regulating mTOR signaling. Since FRAP1 encodes for 

mTOR, the central molecule to form the mTORC1 complex, mTOR protein 

expression was assessed in a cohort of TTLshort and TTLlong phenotype. Primary 

leukemia cells were isolated from the leukemia bearing recipients at disease onset 

and proteins were extracted to perform western blot analysis. Higher mTOR 

protein expression was observed in TTLshort leukemia compared to TTLlong 

leukemia (Figure 11).   
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Figure 11: Higher mTOR protein expression in TTLshort ALL compared to 

TTLlong ALL 

(A) Analysis of mTOR protein expression by western blot showing higher mTOR 

expression in TTLshort (S1-7) leukemia compared to TTLlong (L1-7) leukemia. (B) 

Significantly higher mTOR expression in TTLshort ALL compared to TTLlong ALL 

quantified by ImageJ densitometric analysis. Each data point represents mTOR 

expression relative to ACTIN; Mann-Whitney U test; p, significance. 

 

In our previous study, higher mTOR transcript was detected in TTLshort ALL 

compared to TTLlong ALL. Concomitantly, in this study, higher mTOR protein 

expression was detected in TTLshort ALL indicating necessity for functional 

analysis of mTOR signaling activity.  

 

3.3.2 Higher constitutive p-S6 in TTLshort ALL compared to TTLlong ALL  

To identify constitutive activation of the mTOR pathway phosphorylation of 

ribosomal protein S6, a molecule downstream of mTOR that facilitates recruitment 

and translation of mRNA (Carrera 2004) was assessed. Leukemia cells were 

isolated from the spleen of leukemia bearing mice at disease onset containing at 

least 80% leukemic blasts and p-S6 was measured by phospho flow cytometry. 

Higher S6 phosphorylation was detected in TTLshort leukemia in contrast to low p-

S6 level in TTLlong leukemia pointing to higher constitutive mTOR activity in 

TTLshort leukemia (Figure 12A, B, C). S6 phosphorylation was also assessed by 

western blot to validate phospho flow cytometry technique using the same cohort 

of TTLshort and TTLlong leukemia. In line with phospho flow cytometry data, higher 

S6 phosphorylation was detected in TTLshort ALL compared to TTLlong ALL 

confirming the phospho flow cytometry data (Figure 12D, E). 
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Figure 12: Higher p-S6 level in TTLshort compared to TTLlong ALL 

(A, B) High constitutive S6 phosphorylation in TTLshort (S1-7) compared to TTLlong 

(L1-7) individual patient derived xenograft ALL cells. Histogram represents median 

fluorescence intensity (MFI) where black and yellow in colorimetric scale 

represents low and high MFI respectively. (C) Higher p-S6 in TTLshort compared to 

TTLlong xenograft ALL. Diagram represents MFI relative to cellular 

autofluorescence of p-S6 and each data point represents mean values of triplicate 

measurement of each sample. Bars represent median values of TTLshort and 

TTLlong samples; Mann-Whitney U test; p, significance. (D) Western blot analysis 

showing higher constitutive S6 phosphorylation in TTLshort (n=7) compared to 

TTLlong (n=7) ALL. (E) Significantly higher S6 phosphorylation in TTLshort ALL 

compared to TTLlong ALL as quantified by ImageJ densitometric analysis; relative 

to S6. Bars represent median values of TTLshort and TTLlong samples, Mann-

Whitney U test; p, significance). 
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Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
Eckhoff SM, Bronzini I, Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: 
Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 
 

3.3.3 Similar constitutive 4EBP1 phosphorylation among TTLshort and TTLlong 

ALL 

mTOR exerts its effect to initiate 5´-cap dependent mRNA translation by 

phosphorylating 4EBP1 resulting in the release of eIF4E to initiate translation 

(Carrera 2004). To investigate the translation initiation activity by 4EBP1 in 

TTLshort and TTLlong ALL, 4EBP1 phosphorylation was also assessed by phospho 

flow cytometry using the same subset of ALL samples used to assess S6 

phosphorylation. In contrast to S6 activity, no significant difference in the 

constitutive p-4EBP1 level was observed among the TTL phenotypes (Figure 13).  
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Figure 13: Similar constitutive p-4EBP1 level in TTLshort compared to TTLlong 

ALL 

(A, B) Similar constitutive 4EBP1 phosphorylation in TTLshort (S1-7) compared to 

TTLlong (L1-7) individual patient derived xenograft ALL cells. Histogram represents 
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median fluorescence intensity (MFI), yellow and black in colorimetric scale 

represents high and low MFI respectively. Diagram represents MFI relative to 

cellular autofluorescence of p-4EBP1 and each data point represents mean 

values of triplicate measurement of each sample. Bars represent median values of 

TTLshort and TTLlong samples; Mann-Whitney U test; n.s., not significant. 

 

3.3.4 Higher mTOR signaling activity in TTLshort ALL in contrast to TTLlong 

ALL after ex vivo culture 

In addition to the constitutive mTOR pathway activation assessing p-S6 and p-

4EBP1, also S6 and 4EBP1 phosphorylation of the xenograft ALL cells was 

assessed after ex vivo culture in serum containing medium. Freshly isolated ALL 

cells were cultured for 3 hours and p-S6 and p-4EBP1 levels were assessed by 

phospho flow cytometry. Interestingly, high levels of p-S6 were detected in TTLshort 

ALL in contrast to low p-S6 in TTLlong ALL after ex vivo culture (Figure 14). 

Consistent with constitutive p-4EBP1 levels, no significant difference in 4EBP1 

phosphorylation was observed among TTL phenotypes although slightly higher p-

4EBP1 was detected in TTLshort ALL (Figure 15). 
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Figure 14: Higher p-S6 level in TTLshort compared to TTLlong ALL after ex vivo 

culture 

(A, B, C) High S6-phosphorylation maintained in TTLshort (S1-7) ALL upon ex vivo 

culture in contrast to low p-S6 in TTLlong (L1-7) individual patient derived ALL. 

Histogram represents median fluorescence intensity (MFI), yellow and black in 

colorimetric scale represents high and low MFI respectively. Diagram represents 

MFI relative to cellular autofluorescence of p-S6 where each data point represents 

mean values of triplicate measurement of each sample. Bars represent median 

values of TTLshort and TTLlong samples; Mann-Whitney U test, p, significance. 

 

Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
Eckhoff SM, Bronzini I, Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: 
Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 



Results 

 51

S1 S2 S3 S4 S5 S6 S7 L1 L2 L3 L4 L5 L6 L7

0 750 1500

p-4EBP1 (MFI)

S1 S2 S3 S4 S5 S6 S7 L1 L2 L3 L4 L5 L6 L7

0

5

10

15

20

TTLshort

n=7
TTLlong

n=7

p
-4

E
B

P
1

A

B

C

p-4EBP1

n.s.

S1 S2 S3 S4 S5 S6 S7 L1 L2 L3 L4 L5 L6 L7

0 750 15000 750 1500

p-4EBP1 (MFI)

S1 S2 S3 S4 S5 S6 S7 L1 L2 L3 L4 L5 L6 L7S1 S2 S3 S4 S5 S6 S7 L1 L2 L3 L4 L5 L6 L7

0

5

10

15

20

TTLshort

n=7
TTLlong

n=7

p
-4

E
B

P
1

A

B

C

p-4EBP1

n.s.

 

 

Figure 15: Similar 4EBP1 activity in TTLshort and TTLlong ALL after ex vivo 

cultures 

(A, B, C) 4EBP1-phosphorylation maintained in both TTLshort (S1-7) and TTLlong 

(L1-7) ALL upon ex vivo culture of individual patient derived xenograft cells. 

Histogram represents median fluorescence intensity (MFI), yellow and black in 

colorimetric scale represents high and low MFI respectively. Diagram represents 

MFI relative to cellular autofluorescence of p-4EBP1 where each data point 

represents mean values of triplicate measurement of each sample. Bars represent 

median values of TTLshort and TTLlong samples; Mann-Whitney U test, n.s., not 

significant. 

 

3.3.5 No constitutive AKT activation in either TTLshort or TTLlong ALL 

In addition to assessing activity of the downstream molecules of the mTOR 

signaling, AKT activity was also assessed. Being activated by Phosphatidylinositol 

3-kinase (PI3K), AKT triggers the mTOR signaling. In many cancers, the mTOR 

pathway is activated via the PI3K-AKT pathway. AKT phosphorylation was 

assessed from freshly isolated xenograft ALL cells by phospho flow cytometry 
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showing very low levels of AKT phosphorylation in both TTLshort and TTLlong ALL 

samples. Importantly, there was no difference in p-AKT levels between TTLshort 

and TTLlong ALL (Figure 16A, B, C). Phospho flow cytometry data was validated 

using western blot technique for the detection of AKT phosphorylation showing 

absent AKT phosphorylation in all the ALL samples regardless of their 

engraftment phenotype confirming the phospho flow cytometry data (Figure 16D).  
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Figure 16: No constitutive AKT activation in TTLshort and TTLlong xenograft 

ALL  

(A, B, C) No constitutive AKT-phosphorylation in both TTLshort (S1-7) and TTLlong 

(L1-7) individual patient derived xenograft ALL cells. Histogram represents median 

fluorescence intensity (MFI), yellow and black in colorimetric scale represents high 

and low MFI respectively. Diagram represents MFI relative to cellular 

autofluorescence of p-AKT where each data point represents mean values of 
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triplicate measurement of each sample. Bars represent median values of TTLshort 

and TTLlong samples; Mann-Whitney U test, n.s., not significant. (D) Western blot 

analysis of p-AKT showing no AKT phosphorylation in either TTLshort (n=7) or 

TTLlong (n=7) ALL; P, pervanadate treated cells (positive control).  

 

Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
Eckhoff SM, Bronzini I, Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: 
Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 
 

3.3.6 AKT is not activated after ex vivo culture 

In addition to constitutive AKT phosphorylation, AKT phosphorylation was also 

assessed after ex vivo culture in serum containing medium providing a general 

growth stimulus. Consistent with absent constitutive AKT phosphorylation, p-AKT 

was detected in neither TTLshort nor TTLlong ALL xenografts upon culture (Figure 

17).  
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Figure 17: No AKT activation in TTLshort and TTLlong xenograft ALL upon ex 

vivo culture 

(A, B, C) AKT-phosphorylation is also absent in both TTLshort (S1-7) and TTLlong 

(L1-7) individual patient derived xenograft ALL cells after ex vivo culture. 

Histogram represents median fluorescence intensity (MFI), yellow and black in 

colorimetric scale represents high and low MFI respectively. Diagram represents 

MFI relative to cellular autofluorescence of p-AKT where each data point 

represents mean values of triplicate measurement of each sample. Bars represent 

median values of TTLshort and TTLlong samples; Mann-Whitney U test, n.s., not 

significant. 

 

Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
Eckhoff SM, Bronzini I, Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: 
Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 
 

3.4 Assessment of JAK-STAT5 pathway activation  

In many hematological malignancies the mTOR pathway is activated via 

PI3K/AKT pathway. But, none of the ALL samples used in this study the mTOR 

signaling is not activated via this commonly attributed mTOR activator, the 

PI3K/AKT signaling. A recent study based on genomic profiling of BCP-ALLs 

revealed the association between mTOR and JAK-STAT signaling (Roberts, Li et 

al. 2014). In this context, STAT5 phosphorylation of xenograft ALL cells was 

assessed by phospho flow cytometry constitutively and also after ex vivo culture in 

serum containing medium.  STAT5 is constitutively active in all the xenografts but 

there was no significant difference between the TTLshort and TTLlong xenograft ALL 

cells (Figure 18). Additionally, STAT5 activity was retained after ex vivo culture 

and there was no difference in STAT5 phosphorylation between TTLshort and 

TTLlong ALL (Figure 19).  
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Figure 18: Similar JAK-STAT5 signaling activity in TTLshort and TTLlong ALL  

(A, B, C) Similar constitutive STAT5 phosphorylation in TTLshort (S1-7) compared 

to TTLlong (L1-7) xenograft ALL cells. Histogram represents median fluorescence 

intensity (MFI), yellow and black in colorimetric scale represents high and low MFI 

respectively. Diagram represents MFI relative to cellular autofluorescence of p-

STAT5 where each data point represents mean values of triplicate measurement 

of each sample. Bars represent median values of TTLshort and TTLlong samples; 

Mann-Whitney U test, n.s., not significant. 

 

Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
Eckhoff SM, Bronzini I, Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: 
Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 
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Figure 19: Similar JAK-STAT5 signaling activity in TTLshort and TTLlong ALL 

after ex vivo culture  

(A, B, C) Similar STAT5 phosphorylation in TTLshort (S1-7) compared to TTLlong 

(L1-7) individual patient derived ALL after 3 h ex vivo culture. Histogram 

represents median fluorescence intensity (MFI), yellow and black in colorimetric 

scale represents high and low MFI respectively. Diagram represents MFI relative 

to cellular autofluorescence of p-STAT5 where each data point represents mean 

values of triplicate measurement of each sample. Bars represent median values of 

TTLshort and TTLlong samples; Mann-Whitney U test, n.s., not significant. 

 
Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
Eckhoff SM, Bronzini I, Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: 
Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 
 

 

Taken together, a constitutively highly activated mTOR pathway is a characteristic 

feature of TTLshort/high risk leukemias where the mTOR pathway activity is 

maintained upon ex vivo culture in contrast to TTLlong leukemias associated with 

constitutively low mTOR activity which diminish further upon ex vivo culture. No 

PI3K-AKT pathway activation was detected constitutively or after ex vivo culture 
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suggesting that mTOR activation in the ALL samples used in this study is not 

activated by upstream PI3K-AKT signaling. Additionally, in line with absent JAK 

mutation, no significant difference in the activity of JAK-STAT5 pathway between 

TTLshort and TTLlong phenotypes was observed.  

 

3.5 Effective inhibition of mTOR pathway 

3.5.1 mTOR pathway activity associated with TTLshort ALL can be inhibited 

ex vivo by mTOR inhibitors 

Since the results indicate that TTLshort leukemia is associated with hyperactivated 

mTOR signaling, PI3K and mTOR signaling activity was addressed in response to 

pathway inhibition by two different inhibitors; rapamycin, an allosteric mTOR 

inhibitor and the dual PI3K/mTOR inhibitor NVP-BEZ235, which is currently 

evaluated in clinical studies on different malignancies. Freshly isolated xenograft 

ALL cells were incubated for 3 hours with rapamycin and BEZ235 and DMSO as 

vehicle control and p-S6 and p-4EBP1 were assessed by phospho flow cytometry. 

S6 phosphorylation in TTLshort leukemias were clearly reduced in response to both 

inhibitors while p-S6 levels in TTLlong leukemias remained unaffected. 

Interestingly, parallel inhibition of the PI3K and mTOR by NVP-BEZ235 did not 

show superior repression of pathway activity compared to repression by 

rapamycin (Figure 20A, B). To validate the phospho flow cytometry data for p-S6 

measurement, S6 phosphorylation of the same sample cohort was also assessed 

using western blot which showed reduced S6 phosphorylation upon mTOR 

inhibition in TTLshort leukemia confirming our phospho flow cytometry data (Figure 

20C). On the other hand, BEZ235 reduced 4EBP1 phosphorylation to similar 

extent in both TTLshort and TTLlong leukemias. In contrast rapamycin had no effect 

on p-4EBP1 activity (Figure 21).      
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Figure 20: Effective inhibition of hyperactivated mTOR signaling in TTLshort 

ALL 

(A) Rapamycin (R) and NVP-BEZ235 (B) reduce S6-phosporylation with equal 

effectivity in TTLshort but not TTLlong ALL as shown by representative histogram; V, 

vehicle. Histograms represent median fluorescence intensities (MFI), arcsinh-

transformed data and reduced (negative, blue) phosphorylation according to the 

colorimetric scales. (B) Diagrams show specific reduction of S6 phosphorylation of 

TTLshort (n=7) or TTLlong (n=7) samples. Columns represent mean values of 

triplicate measurements of each sample with corresponding standard deviations; 

Mann-Whitney U test; p, significance. (C) Western blot analysis of representive 

TTLshort and TTLlong leukemia showing reduction of S6 phosphorylation upon 

mTOR inhibition in TTLshort leukemia; V, vehicle; R, rapamycin; B, BEZ235; P, 

pervanadate incubated ALL cells (positive control).  

 

Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
Eckhoff SM, Bronzini I, Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: 
Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 
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Figure 21: Reduction of 4EBP1 phosphorylation by BEZ235 

(A) ATP competitive inhibitor NVP-BEZ235 (B), not the allosteric inhibitor 

rapamycin (R) reduces 4EBP1-phosphorylation in TTLshort and TTLlong ALL as 

shown by representative histogram; V, vehicle. Histograms represent median 

fluorescence intensities (MFI), arcsinh-transformed data, reduced (negative, blue) 

phosphorylation according to the colorimetric scales. (B) Diagrams show specific 

reduction of 4EBP1 phosphorylation of TTLshort (n=7) or TTLlong (n=7) samples. 

Columns represent mean values of triplicate measurements of each sample with 

corresponding standard deviations; Mann-Whitney U test; n.s., not significant. 

 

3.5.2 No AKT activation upon mTOR pathway inhibition  

Previously, it has been shown that the PI3K-AKT pathway is activated by 

feedback activation in response to mTOR inhibition (O'reilly, Rojo et al. 2006, 

Rodrik-Outmezguine, Chandarlapaty et al. 2011). To investigate feedback 

activation of the AKT in response to mTOR inhibition, AKT phosphorylation was 

assessed upon mTOR inhibition by rapamycin and NVP-BEZ235. Corresponding 

to inactive upstream PI3K-AKT signaling, rapamycin or BEZ235 did not affect p-

AKT in both TTL phenotypes, therefore confirming the absence of feedback 

activation upon mTOR inhibition in these ALL samples and also explaining equal 

effectivity of the mTOR inhibitor rapamycin with dual PI3K-mTOR inhibitor 

BEZ235 (Figure 22).   
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Figure 22: No feedback AKT activation or reduction of its activity upon 

mTOR inhibition 

(A, B) Neither rapamycin (R) nor NVP-BEZ235 (B) reduces AKT activity or 

activates it by feedback mechanism in TTLshort and TTLlong ALL as shown by 

representative histogram and western blot; V, vehicle; R, rapamycin; B, BEZ235; 

P, pervanadate incubated ALL cells (positive control). Histograms represent 

median fluorescence intensities (MFI), arcsinh-transformed data; blue color 

(negative value) indicates reduced phosphorylation according to the colorimetric 

scales. (C) Diagrams show specific reduction of AKT phosphorylation of TTLshort 

(n=7) or TTLlong (n=7) samples. Columns represent mean values of triplicate 

measurements of each sample with corresponding standard deviations; Mann-

Whitney U test; n.s., not significant. 

 

Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
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Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 
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3.5.3 Effect of mTOR inhibition on BCP-ALL cell lines and xenograft cells ex 

vivo 

3.5.3.1 mTOR inhibition reduces S6 phosphorylation in vitro 

Two BCP-ALL cell lines (Nalm-6, KOPN-8) were used to address effects of mTOR 

inhibition on cell proliferation, cell cycle and apoptosis in vitro since it is difficult to 

culture and expand primary cells ex vivo. To check whether mTOR inhibition in 

vitro also abrogate signaling activity, S6 phosphorylation was assessed in 

response to mTOR inhibition by phospho flow cytometry and western blot using 

Nalm-6 and KOPN-8 cells. Consistent with the findings in primary xenograft ALL 

samples, rapamycin and NVP-BEZ235 reduced S6 phosphorylation in both cell 

lines while constitutive p-AKT was absent and remained unaffected upon 

treatment. To show AKT activation in a system using our methodology the T-ALL 

cell line (Jurkat) was treated in the same way as was done for other two BCP-ALL 

cell lines. In all the cell lines, mTOR inhibition by rapamycin and dual PI3K-mTOR 

inhibitor BEZ235 reduced the p-S6 levels whereas only BEZ235 reduced AKT 

phosphorylation in Jurkat cells (Figure 23).  
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Figure 23: Rapamycin and BEZ235 inhibits mTOR pathway in vitro 

(A, B) Nalm-6, KOPN-8 and Jurkat cells were treated with rapamycin and BEZ235 

for 3 hours and p-S6 and p-AKT level was assessed by phospho flow cytometry 

and western blot. Constitutive S6 phosphorylation but no AKT phosphorylation in 

BCP-ALL cell lines Nalm-6 and KOPN-8 in contrast T-ALL cells (Jurkat) show 

constitutive AKT phosphorylation. Rapamycin (R) and BEZ235 (B) reduce p-S6 

but not p-AKT in Nalm-6 and KOPN-8. In Jurkat cells, p-AKT is reduced by 

BEZ235; V, vehicle; P, pervanadate treated cells (positive control). Heatmaps 

represent median fluorescence intensities (MFI); arcsinh-transformed data; yellow 

represents increased phosphorylation and blue represents decreased 

phosphorylation according to the colorimetric scales.  

 

Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
Eckhoff SM, Bronzini I, Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: 
Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 
 

3.5.3.2 In vitro mTOR inhibition suppresses cell proliferation 

To assess the effect of mTOR inhibition on cell proliferation, two BCP-ALL cell 

lines (Nalm-6 and KOPN-8) were treated with mTOR inhibitors and proliferation 

was assessed counting the cells by trypan blue exclusion and intracellular Ki67 

staining which is a marker for cell proliferation (Kee, Sivalingam et al. 2002, 

Urruticoechea, Smith et al. 2005). Both inhibitors suppressed the proliferation as 

shown by the reduced cell number and low Ki67+ cells in response to rapamycin 

and NVP-BEZ235 treatment (Figure 24A, B). Additionally, cell cycle was analyzed 

by staining the DNA with 7-Aminoactinomycin D (7-AAD). Both inhibitors arrested 

the cell cycle in G0/G1 phase as demonstrated by an increase in G0/G1 cell 

population upon mTOR inhibition (Figure 24C).  
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Figure 24: In vitro mTOR inhibition suppresses cell proliferation 

Nalm-6 and KOPN-8 cells were treated with rapamycin and BEZ235 for 3 hours 

and cell proliferation was assessed counting the cells by trypan blue exclusion 

method and intracellular Ki67 staining. (A) Decreased cell growth and (B) 

decreased Ki67+ cells upon rapamycin (R) and BEZ235 (B) treatment; V, vehicle. 

(C) Rapamycin and BEZ235 arrest cell cycle in G0/G1 phase in both the cell lines; 

V, vehicle; R, rapamycin; B, BEZ235. Data points and columns represent mean 

values of triplicate measurement with corresponding standard deviations; 

Student’s T test compared to vehicle; *< .05, **< .01, ***< .001.  

 

Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
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Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 
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3.5.3.3 mTOR inhibition does not induce cell death or apoptosis in vitro or 

ex vivo 

Cell death was assessed using TTLshort xenograft ALL cells in response to mTOR 

inhibition ex vivo. No cell death was observed in xenograft ALL cells as 

determined by forward scatter/side scatter (FSC/SSC) criteria (Figure 25A). 

Additionally, to assess whether mTOR inhibition induces apoptosis, xenograft ALL 

cells, Nalm-6 and KOPN-8 cells were treated with rapamycin and NVP-BEZ235 

and the cell death/apoptosis was assessed by annexin V/Popidium Iodide (PI) 

staining. Consistently, no apoptosis was detected in both the cell lines as well as 

TTLshort xenograft cells in response to both the inhibitors (Figure 25B). Proteins 

were extracted from the same experiments and caspase 3 activity was assessed 

by western blot. No caspase 3 activation was detected in response to mTOR 

inhibition by rapamycin and BEZ235 whereas active caspase 3 was detected 

upon staurosporine treatment (Figure 25C). These data indicate that, despite 

reduction in cellular proliferation, mTOR inhibition does not induce cell death or 

apoptosis in vitro.  
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Figure 25: mTOR inhibition does not induce apoptosis in vitro or ex vivo 

(A) No induction of cell death upon rapamycin (R) and NVP-BEZ235 (B) treatment 

in xenograft ALL cells ex vivo as determined by forward scatter/side scatter 

(FSC/SSC) criteria; V, vehicle. Staurosporine (S) treated cells were used as a 

positive control for cell death induction. (B) Rapamycin (R) and NVP-BEZ235 (B) 

do not induce cell death in Nalm-6 and KOPN-8 cell lines and also in xenograft 

ALL cells (S6 and S7) ex vivo as indicated by the absence of annexin V positivity. 

Staurosporine (S) treated cells were used as a positive control for apoptosis 

induction; V, vehicle. Data points and columns represent mean values of triplicate 

measurement with corresponding standard deviations. (C) No apoptosis upon 

mTOR inhibition shown by the absence of active caspase 3. Staurosporine (S) 

treated cells were used as a positive control for apoptosis induction; V, vehicle.  
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Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
Eckhoff SM, Bronzini I, Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: 
Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 
 

3.5.3.4 In vitro mTOR inhibition does not induce autophagy 

Earlier reports showed that mTOR inhibition led to autophagy induction in different 

cancer cell lines (Crazzolara, Cisterne et al. 2009, Fan, Cheng et al. 2010, Neri, 

Cani et al. 2014). To assess autophagy induction upon mTOR inhibition Nalm-6 

and KOPN-8 cells were treated with rapamycin and NVP-BEZ235 for indicated 

times and conversion of LC3I to LC3II was detected by western blot. No 

conversion was LC3 was detected in response to mTOR inhibition indicating no 

autophagy induction upon mTOR inhibition in BCP-ALL cell lines whereas G40 

glioblastoma cells showed autophagy upon mTOR inhibition. In line, no autophagy 

was detected in TTLshort (S5, S6, and S7) xenograft ALL cells upon ex vivo mTOR 

pathway inhibition (Figure 26).  
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Figure 26: mTOR inhibition does not induce autophagy in vitro or ex vivo 

Inhibition of mTOR signaling for indicated time with Rapamycin (R) and NVP-

BEZ235 (B) does not induce autophagy in Nalm-6 and KOPN-8 cell lines in vitro 

and also in xeonograft ALL cells (S5, S6 and S7) ex vivo as indicated by the 

absence of LC3 conversion. G40 glioblastoma cells were used as positive control 

for autophagy induction upon mTOR inhibition.  

 

Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
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Taken together, both inhibitors showed an anti-proliferative effect on BCP-ALL cell 

lines in vitro but no induction of cell deaths either by apoptosis or autophagy was 

detected. Interestingly, the dual PI3K-mTOR inhibitor NVP-BEZ235 did not show a 

superior anti-proliferative effect compared to the mTOR inhibitor rapamycin and 

no feedback activation of the PI3K-AKT signaling was detected. These findings 

prompted us to use rapamycin in further in vivo testing. 

 

3.5.4 Effects of in vivo mTOR pathway inhibition in high-risk ALL  

To assess the in vivo effectivity of rapamycin on high-risk ALL, mice were 

transplanted with a TTLshort (S7) leukemia cells and treatment was initiated when 

leukemia cells reached 5% in the mouse peripheral blood. Mice were treated with 

rapamycin or DMSO as vehicle control for five consecutive days and mice were 

sacrificed on day 6. Leukemia cells were isolated from the spleens of the recipient 

animals and used for further ex vivo analyses.  

 

3.5.4.1 In vivo rapamycin treatment reduces mTOR activity   

Upon in vivo rapamycin treatment a significant reduction in S6 phosphorylation 

was observed compared to vehicle treated mice. However, very low levels of 

constitutive p-AKT were found in both treatment groups and likewise no reduction 

in AKT activity was found upon rapamycin treatment (Figure 27). These findings 

are consistent with the previous observation of absent PI3K-AKT activity in all the 

xenografts used in this study and BCP-ALL cell lines.  
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Figure 27: In vivo rapamycin treatment reduces mTOR signaling activity in 

TTLshort ALL 

(A, B, C) High constitutive p-S6 is reduced upon rapamycin (R) treatment, while p-

AKT remains low constitutively and no reduction upon rapamycin treatment. 

Assessment of protein phosphorylation by cytometry (n=3/group) and western blot 

(n=2/group); P, pervanadate. Histograms represent median fluorescence 

intensities (MFI) of p-S6 and p-AKT, arcsinh-transformed data; reduced 

phosphorylation according to the colorimetric scale as depicted by blue color. 

Diagrams show MFI relative to cellular autofluorescene of p-S6 or p-AKT. Data 

points and columns represent mean values of triplicate measurement with 

corresponding standard deviations. Student’s T test compared to vehicle; p, 

significance.  

 
Originally published in Oncotarget; Hasan MN, Queudeville M, Trentin L, Eckhoff SM, Bronzini I, 
Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: Targeting of hyperactivated 
mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-clinical model. Oncotarget 6(3): 
1382-1395 (2015). 
 

3.5.4.2 In vivo rapamycin treatment reduces cell proliferation 

In order to assess the effect of rapamycin treatment on the cellular proliferation in 

vivo, the cells isolated from the splenic cell suspension were co-stained with Ki67 

and human CD19 followed by flow cytometric analysis. Significantly decreased 
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Ki67 positive cells were observed in rapamycin treated mice compared to vehicle 

treated mice indicating anti-proliferative effect of rapamycin treatment in vivo 

(Figure 28A). Additionally, immunohistochemical staining for Ki67 and human 

CD19 of bone marrow sections of rapamycin and vehicle treated mice were 

performed. Consistent with the results obtained with the splenic cells, bone 

marrow sections of rapamycin treated mice had less Ki67 positive cells compared 

to the vehicle treated mice although in both treatment groups CD19 positive cells 

were present to a similar extent of high leukemia infiltration (Figure 28B). 

Additionally, cell cycle analysis of the splenic cells showed significant increase in 

the G0/G1 population in rapamycin treated mice compared to vehicle treated 

mice; in line with the results of the less proliferating cells in rapamycin treated 

mice (Figure 28C).  
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Figure 28: In vivo rapamycin treatment stops cellular proliferation 

TTLshort leukemia (S7) bearing mice were treated with rapamycin (R) or vehicle (V) 

for 5 days. (A) Decreased Ki67-positive cells in the spleen of rapamycin treated 

mice compared to vehicle treated mice. (B) Hematoxylin/eosin (HE), human CD19 

(CD19), and Ki67 staining of bone marrow sections of vehicle (upper row) or 

rapamycin treated (lower row) ALL bearing recipients, showing reduced Ki67-

positivity upon in vivo rapamycin treatment. (C) Increased proportions of cells in 
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G0/G1 phase in rapamycin treated mice compared to vehicle treated mice. V, 

vehicle; R, rapamycin; columns represent mean values of triplicate measurements 

with corresponding standard deviations, Student’s T test compared to vehicle; p, 

significance. 

 

Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
Eckhoff SM, Bronzini I, Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: 
Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 
 

 

3.5.4.3 In vivo rapamycin treatment does not induce cell death/apoptosis 

Previous experiments demonstrated no cell death or apoptosis induction upon in 

vitro or ex vivo mTOR inhibition. Here, apoptosis induction was assessed in vivo 

by annexin V staining of spleen cells and detection of caspase 3 cleavage by 

western blot. No difference in annexin positivity or caspase 3 activities between 

rapamycin and vehicle treatment was observed indicating no apoptosis induction 

upon rapamycin treatment in vivo (Figure 29A, B). Detection of apoptosis ex vivo 

might be influenced due to the loss of apoptotic cells during the isolation of 

leukemia cells by ficoll gradient centrifugation and subsequent washing. To 

circumvent this problem, immunohistochemical stainings for active caspase 3 of 

spleen sections of rapamycin and vehicle treated mice were performed. No 

caspase 3 cleavage were observed in the rapamycin or vehicle treatment group 

whereas strong caspase 3 cleavage was observed in chemotherapy treated mice 

used as positive control for apoptosis induction (Figure 29C). These results 

indicate that rapamycin treatment does not induce apoptosis in vivo. 
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Figure 29: mTOR inhibition does not induce apoptosis in vivo 

(A, B) No difference in annexin V positivity and caspase3 activity between 

rapamycin and vehicle treated mice indicating no apoptosis induction upon in vivo 

rapamycin treatment. Staurosporin (S) treated cells were used as positive control 

for caspase 3 activation; V, vehicle; R, rapamycin. Columns represent mean 

values of triplicate measurements with corresponding standard deviations, 

Student’s T test; n.s., not significant. (C) Spleen sections of ALL bearing recipients 

treated with vehicle, rapamycin or remission induction chemotherapy (vincristine, 

dexamethasone asparaginase, VDA; one dose) stained for cleaved caspase 3. 

Presence of cleaved caspase 3 indicates apoptosis induction upon remission 

induction chemotherapy but not rapamycin treatment in vivo.  

 

Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
Eckhoff SM, Bronzini I, Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: 
Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 
  

3.5.4.4 mTOR inhibition does not induce autophagy in vivo 

In addition to apoptosis, autophagy induction upon mTOR inhibition in vivo was 

assessed. Proteins were isolated from splenic cell suspension of two rapamycin 

and two vehicle treated mice and conversion of LC3I to LC3II was detected by 
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western blot. No conversion of LC3 was detected in response to mTOR inhibition 

in contrast clear LC3 conversion detected in G40 glioblastoma cells upon 

rapamycin and NVP-BEZ235 treatment, used as a positive control for autophagy 

induction (Figure 30).    
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Figure 30: No autophagy induction upon in vivo rapamycin treatment  

No LC3 conversion in TTLshort ALL upon in vivo rapamycin treatment but clear LC3 

conversion in G40 glioblastoma cells upon mTOR inhibition (n=2/group); V, 

vehicle; R, rapamycin; B, BEZ235. 

 

Originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, Eckhoff SM, 
Bronzini I, Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: Targeting of 
hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-clinical model. 
Oncotarget 6(3): 1382-1395 (2015). 
 

3.6 mTOR inhibition as a targeted therapy for the TTLshort/early relapse ALL 

in a preclinical setting 

By gene expression analysis it was previously shown that molecules of the mTOR 

pathway were differentially regulated among TTL phenotypes indicating potential 

association of activated mTOR pathway in high-risk/TTLshort leukemia. 

Additionally, ex vivo data also showed that leukemia with a rapid engraftment 

phenotype was characterized by a hyperactivated mTOR pathway which can be 

inhibited my mTOR inhibitors. Hence, the potential effectivity of the mTOR 

inhibition on TTLshort and TTLlong leukemia was addressed in a preclinical in vivo 

setting. Leukemia cells were transplanted into NOD/SCID mice intravenously and 

leukemia progression was monitored weekly in the peripheral blood (PB) of 

recipient mice detecting huCD19+ cells by flow cytometry. Treatment was initiated 

when leukemia cells reached approximately 5% in mouse PB and treatment was 
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continued for 10 days in two weeks. Mice were monitored regularly for the clinical 

signs of leukemia and sacrificed upon leukemia onset. High infiltration of human 

leukemia cells were detected in mouse peripheral blood, bone marrow and 

spleen. Time to reoccurrence (TTR) was calculated for each recipient animal from 

the date of treatment to the date of leukemia related morbidity.   

 

3.6.1 Dose optimization for in vivo mTOR inhibition  

In order to optimize the amount of rapamycin administration, different doses of 

rapamycin were tested in vivo. A TTLshort leukemia (S6) was transplanted and 

treated with 5 mg/kg and 2.5 mg/kg of rapamycin for 2 weeks and TTR was 

calculated for both doses. No superior delay in post treatment leukemia growth 

with high dose as compared to the lower dose of rapamycin was observed 

(difference of median survival between vehicle and rapamycin treated groups, 

1.75 weeks for both the doses) (Figure 31). This result prompted us to use the 

lower dose (2.5 mg/kg) for the future in vivo experiments since higher dose might 

induce toxicity especially if combined with other agents.    
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Figure 31: Dose optimization for the targeting of mTOR hyperactivation in 

vivo by rapamycin  

In TTLshort (S6) leukemia, lower dose of rapamycin (R) showed similar post 

treatment leukemia free survival of the recipient animals as compared to the 

higher dose of rapamycin. Arrows indicate treatment intervals (2 weeks); 5 to 8 
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animals per treatment group; TTR, time to leukemia reoccurrence; Kaplan Meier 

analysis, log rank test; p, significance. 

 

Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
Eckhoff SM, Bronzini I, Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: 
Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 
 

3.6.2 In vivo mTOR inhibition by rapamycin delays leukemia onset in 

TTLshort/early relapse ALL 

Three individual patient derived TTLshort leukemias (S5, S6 and S7) and two 

TTLlong leukemias (L6 and L7) were investigated to analyze mTOR signaling 

inhibition by rapamycin in vivo. Upon manifestation of leukemia as determined by 

the presence of 5% ALL cells in peripheral blood, mice were treated either with 

rapamycin (R) and vehicle (V) for two weeks and time until leukemia reoccurrence 

(Time to reoccurrence, TTR) was calculated for each recipient animal. Upon 

rapamycin administration, in all the three TTLshort ALL a significant post treatment 

delay of leukemia growth was observed. In contrast, rapamycin treatment did not 

show significant post treatment delay of leukemia growth in the TTLlong leukemias. 

Only a very small delay of post treatment leukemia growth observed in one TTLlong 

ALL (Figure 32, Table 9).  
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Figure 32: Targeting of hyperactivated mTOR signaling in vivo by rapamycin 

prolongs survival of mice transplanted with TTLshort ALL  

Superior leukemia free survival of recipient animals transplanted with TTLshort (S5, 

S6, and S7) leukemia, but not TTLlong leukemia (L6 and L7) in response to in vivo 
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rapamycin (R) treatment compared to vehicle (V) treatment. Two weeks treatment 

interval is indicated by arrows; 5 to 8 animals per treatment group; TTR, time to 

leukemia reoccurrence; Kaplan Meier analysis, log rank test; p, significance; n.s., 

not significant).  

 

Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
Eckhoff SM, Bronzini I, Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: 
Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 
 

 

Table 9: Probability of leukemia free survival of recipient animals engrafted 

with TTLshort or TTLlong ALL in response to rapamycin treatment. 

LFS, leukemia free survival; SE, standard error; Cl, confidence interval; p, 

significance (log rank test); and -, not applicable. 

 

Leukemia Treatment Total Censored Events Median LFS 

[[[[weeks]]]] 

SE Cl p 

S5 vehicle 5 0 5 2.00 .085 1.83-2.16  

.002 rapamycin 5 0 5 5.00 .078 4.85-5.15 

S6 vehicle 8 0 8 1.57 .12 1.33-1.8  

.00004 rapamycin 8 0 8 3.29 - - 

S7 vehicle 7 0 7 2.00 .26 1.49-2.50  

.0002 rapamycin 7 0 7 5.43 .18 5.06-5.79 

L6 vehicle 8 0 8 6.00 .29 5.42-6.57  

.34 rapamycin 8 0 8 7.28 .13 7.02-7.5 

L7 vehicle 7 1 6 19.14 6.38 6.62-31.66  

.9 rapamycin 7 0 7 20.28 .37 19.55-21.02 

 

 

Originally published in Oncotarget; Hasan MN, Queudeville M, Trentin L, Eckhoff SM, Bronzini I, 
Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: Targeting of hyperactivated 
mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-clinical model. Oncotarget 6(3): 
1382-1395 (2015). 
 

3.6.3 mTOR inhibition in combination with chemotherapy results in 

superior leukemia free survival of mice engrafted with TTLshort/early 

relapse ALL 

The effectiveness of rapamycin in combination with chemotherapy was 

investigated since in a clinical setting it is unlikely to treat leukemia with a single 
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agent. Vincristine, dexamethasone and asparaginase are the agents generally 

used in remision induction therapy for the treatment of ALL. Combination of the 

above-mentioned agents were used as chemotherapy resembling induction 

regimen and used alone or in combination with rapamycin for the combination 

therapy. Individual patient derived a TTLshort (S6) and a TTLlong (L6) leukemia were 

treated with chemotherapy alone (VDA) or in combination with rapamycin 

(VDA+R). In TTLshort leukemia, a superior post treatment leukemia free survival in 

response to combination therapy compared to chemotherapy alone was 

observed. On the other hand, combination therapy showed very short delay of 

post treatment leukemia growth in the TTLlong leukemia with a median survival of 

64 and 67 days respectively for the mice treated with chemotherapy alone 

compared to combination of chemotherapy and rapamycin (Figure 33, Table 10).  
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Figure 33: Rapamycin in combination with chemotherapy yield superior 

survival in TTLshort ALL 

Superior leukemia free survival of recipient animals transplanted with TTLshort (S6) 

leukemia, but not TTLlong leukemia (L6) in response to combination of remission 

induction chemotherapy and rapamycin (vincristine, dexamethasone, 

asparaginase and rapamycin; VDA+R) compared to chemotherapy (VDA) alone. 

Arrows indicate treatment intervals (2 weeks); 8 animals per treatment group; 



Results 

 80

TTR, time to leukemia reoccurrence; Kaplan Meier analysis, log rank test; p, 

significance. 

 

Modified from originally published article in Oncotarget; Hasan MN, Queudeville M, Trentin L, 
Eckhoff SM, Bronzini I, Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: 
Targeting of hyperactivated mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015). 
 

Table 10: Probability of leukemia free survival of recipient animals engrafted 

with TTLshort or TTLlong ALL in response to combination of rapamycin and 

chemotherapy used in remission induction therapy. 

LFS, leukemia free survival; SE, standard error; Cl, confidence interval; p, 

significance (log rank test). 

 

Leukemia Treatment Total Censored Events Median LFS 

[[[[weeks]]]] 

SE Cl p 

S6 VDA 8 1 7 3.14 .056 3.03-3.25  

.0003 VDA+R 8 1 7 6.42 .374 5.69-7.16 

L6 VDA 8 0 8 9.00 .50 8.01-9.99  

.008 VDA+R 8 0 8 9.57 .40 8.78-10.36 

 

Originally published in Oncotarget; Hasan MN, Queudeville M, Trentin L, Eckhoff SM, Bronzini I, 
Palmi C, Barth T, Cazzaniga G, te Kronnie G, Debatin KM, Meyer LH: Targeting of hyperactivated 
mTOR signaling in high-risk acute lymphoblastic leukemia in a pre-clinical model. Oncotarget 6(3): 
1382-1395 (2015). 
 

3.7 Assessment of mTOR at diagnosis as a prognostic marker 

In order to improve the treatment outcome of high-risk/early relapse patients, it is 

quite clear that new treatment strategies, ideally molecular targeted therapies are 

in dire need. Since the data presented in this study indicate association of 

hyperactivated mTOR pathway with high-risk ALL and its potential to be targeted 

with signal transduction inhibitors in combination with chemotherapy; now the 

challenge is to identify patients upfront at diagnosis who will benefit by mTOR 

targeted therapy. Two samples from primary ALL patients at diagnosis were 

investigated to assess the mTOR pathway activation using phospho flow 

cytometry analyzing S6 phosphorylation. One patient had an MLL and other an 

ETV6-RUNX1 rearrangement. According to risk stratification by cytogenetics, 

ETV6-RUNX1 is associated with good prognosis whereas MLL rearrangement is 
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associated with poor prognosis (Teitell and Pandolfi 2009). ALL cells of the patient 

with MLL rearrangement showed higher mTOR activity in contrast to low mTOR 

activity in the patient with ETV6-RUNX1 rearrangement. Importantly, mTOR 

pathway activity could be repressed in the leukemic cells with MLL rearrangement 

but not in the cells with ETV6-RUNX1 rearrangement (Figure 34). This result 

indicates that patients associated with hyperactivated mTOR signaling can be 

identified upfront at diagnosis providing options for treatment with compounds 

targeting mTOR signaling activity. 
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Figure 34: Higher mTOR signaling activity in high-risk ALL patient 

(A, B) High mTOR signaling and significant reduction in signaling activity upon 

mTOR inhibition in patient 1 (MLLr) but not in patient 2 (ETV6-Runx1). V, vehicle; 

R, rapamycin; B, NVP-BEZ235; pt, patient. Histograms represent median 

fluorescence intensities (MFI), arcsinh-transformed data, reduced (negative, blue) 

phosphorylation according to the colorimetric scales. Columns represent mean 

values of triplicate measurement with corresponding standard deviations; 

Student’s T test compared to vehicle; **< .01, ***< .001; n.s., not significant. 
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4. Discussion 

In children and adolescents the most frequent malignant disorder is acute 

lymphoblastic leukemia (ALL) with 80% cure rates, largely due to the improvement 

of multiagent chemotherapy regimen although 20% of patients encounter relapse 

(Conter, Arico et al. 2010, Pui and Evans 2006, Pui and Jeha 2007, Schrappe, 

Nachman et al. 2010, Schrappe, Reiter et al. 2000). Most of the conventional 

drugs used to treat ALL either target DNA, or inhibit nucleic acid synthesis, or 

interfere with the mitotic spindle formation and possess a narrow therapeutic index 

(Pui and Jeha 2007). On the other hand, the major cause of treatment failure is 

relapse for which a number of causes have been identified and inadequate 

therapy is the main cause (Pui and Evans 2006, Schrappe, Hunger et al. 2012). 

This dismal treatment outcome warrants for alternative strategies for the early 

identification of high-risk ALL as well as for therapies targeting aberrant signal 

transduction pathways. Previously, it has been identified that in vivo proliferation 

of patient leukemia cells transplanted onto NOD/SCID mice is indicative of poor 

patient outcome and characterized by a specific transcript profile involving survival 

pathways (Meyer, Eckhoff et al. 2011). The present study addresses activity of 

mTOR, a key survival pathway, in xenograft ALL cells on a functional level 

including preclinical evaluation of therapy targeting this key cellular pathway.  

 

4.1 NOD/SCID/huALL xenotransplant mouse model 

Previously, a NOD/LtSz-scid/scid (NOD/SCID) xenotransplantation mouse model 

was established by our research group in order to study the molecular 

characteristics of ALL (Meyer, Eckhoff et al. 2011). Also in the present study, 

NOD/SCID xenotransplantation mouse model was used to address mTOR 

pathway activation and its potential as a molecular target for alternative treatment 

for TTLshort/high-risk ALL. Leukemia cells engrafted in our NOD/SCID model 

retained the intrinsic clinical and immunophenotypic characteristics (Meyer, 

Eckhoff et al. 2011), in line to the previous reports (Borgmann, Baldy et al. 2000, 

Lock, Liem et al. 2002, Nijmeijer, Mollevanger et al. 2001). Also the infiltration of 

leukemic blasts into different organs correlates with the proportion of leukemic 

cells present in the mouse peripheral blood (Lock, Liem et al. 2002, Nijmeijer, 
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Mollevanger et al. 2001). Unique to other studies, the xenotransplantation model 

used by our group described a short engraftment phenotype (time to leukemia 

short, TTLshort) and a long engraftment phenotype (time to leukemia short, TTLlong) 

upon transplantation of a series of primary ALL samples. Importantly, the TTL 

phenotype correlates with patient outcome. Patients with a TTLlong phenotype had 

superior survival compared to the patients with a TTLshort phenotype (Meyer, 

Eckhoff et al. 2011).   

 

4.2 In silico prediction for the association of mTOR pathway with TTL 

phenotype 

Earlier, a specific gene expression profile pointed differential regulation of 

molecules of the mTOR pathway between TTL phenotypes. In this study, gene set 

enrichment analysis (GSEA) identified enrichment of the TTL profile in mTOR 

annotated data sets further supporting involvement of the mTOR signaling in rapid 

leukemia engraftment in NOD/SCID mice and early patient relapse. Additionally, 

connectivity map analysis (CMAP) was performed to connect genes underlying 

rapid engraftment phenotype and potential drugs to revert the phenotype. CMAP 

analysis identified very strong similarity between the TTL signature with gene 

expression profile of mTOR pathway inhibitors further pointing to the association 

of mTOR pathway in driving rapid leukemia engraftment. Importantly, it points to 

the effectiveness of mTOR inhibition in TTLshort/high-risk ALL to revert the 

phenotype. In line to these findings, hyperactivated mTOR signaling activity was 

detected in xenograft ALL cells derived from patients associated with 

TTLshort/high-risk phenotype. Importantly, this activated pathway could be targeted 

by mTOR inhibitor rapamycin ex vivo and in vivo. Chemical genomic screening 

have been used to predict mTOR as a potential target in cancer such as breast 

cancer (Zhang, Cohen et al. 2014) and AML (Hassane, Sen et al. 2010). 

Additionally, this approach has been used to identify rapamycin as a potential 

agent to reverse the glucocorticoid resistance in ALL via down-regulating anti-

apoptotic protein MCL1 (Wei, Twomey et al. 2006) further supporting the 

usefulness of chemical genomics approach in understating molecular mechanism 

of disease or a given phenotype.  
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4.3 mTOR pathway as a potential therapeutic target 

4.3.1 mTOR pathway in cancer 

mTOR signaling is a central pathway that controls cellular growth, proliferation 

and survival (Soliman 2013). mTOR is regulated by the AKT dependent PI3K 

pathway as well as by AKT independent mechanisms such as hypoxia, the 

Ras/MEK/ERK pathway, energy sensing and amino acids (Memmott and Dennis 

2009). In addition to PI3K-AKT, Notch signaling positively regulates mTOR 

pathway in T-ALL (Chan, Weng et al. 2007). Phosphatase and tensin homolog 

(PTEN) is a lipid phosphatase that dephosphorylates PtdIns(3,4,5)P3 to 

PtdIns(4,5)P2 to negatively regulate the PI3K-AKT-mTOR pathway (Martelli, 

Chiarini et al. 2012). Mutational or functional loss of PTEN promotes the activation 

of PI3K-AKT signaling resulting in the development of T-ALL (Guo, Lasky et al. 

2008, Hales, Taub et al. 2014, Palomero, Sulis et al. 2007, Silva, Yunes et al. 

2008). In most AML patients PI3K-AKT-mTOR signaling is activated due to 

mutations of upstream receptor tyrosine kinases such as FLT3 and c-Kit (Vu and 

Fruman 2010). Also IGF-1/IGF-1R signaling and mutation of Ras family genes, N-

RAS and K-RAS activate the PI3K-AKT signaling in AML (Park, Chapuis et al. 

2010). Additionally, in Philadelphia-chromosome positive (Ph+) B-lineage ALL, 

activated PI3K/mTOR signaling is induced by BCR-ABL tyrosine kinase activity 

(Cilloni and Saglio 2012, Janes, Limon et al. 2010, Kharas, Janes et al. 2008, 

Redig, Vakana et al. 2011, Skorski, Kanakaraj et al. 1995).  

 

Recently, it has been shown that a subtype of B-ALL, cytokine receptor-like factor 

2 (CRLF2) rearranged ALL is associated with hyperactivated mTOR signaling 

(Maude, Tasian et al. 2012, Tasian, Doral et al. 2012). Being the ligand of CRLF2, 

thymic stromal-derived lymphopoietin (TSLP) binds to CRLF2 and activates 

mTOR pathway (Brown, Hulitt et al. 2007). TSLP also plays important role in early 

B-cell proliferation and differentiation (Scheeren, Van Lent et al. 2010). About 

50% CRLF2 rearranged ALL also harbor JAK2 mutation, the most common of 

which is JAK2 (R683G) whereas almost all the JAK2 mutated ALL are associated 

with CRLF2 alterations (Tasian, Doral et al. 2012). All the samples used in this 

study did not carry any BCR-ABL gene fusion. Additionally, no alterations of 

CRLF2 gene, high CRFL2 transcript or TSLP receptor complex (TSLPR) 
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expression and JAK2 mutation were detected. These findings indicate that 

hyperactivated mTOR pathway in all the samples used in this study is not due to 

BCR-ABL kinase activity or aberrant CRLF2 and JAK2 activity.  

 

The Philadelphia chromosome-like ALL (Ph-like ALL) has been identified by gene 

expression profiling studies which have a kinase activating gene expression 

profile similar to that of BCR-ABL1 rearranged ALL (Den Boer, Van Slegtenhorst 

et al. 2009, Mullighan, Su et al. 2009). A recent study performed genomic profiling 

of a large number of BCP-ALL and described that kinase-activating alterations in 

ALL with Ph-like expression profile are associated with STAT5 activation (Roberts, 

Li et al. 2014). STAT5 is also activated in CRLF2 rearranged and JAK2 mutated 

leukemia (Tasian, Doral et al. 2012). Additionally, JAK2-STAT5 activity has been 

described to reduce the efficacy of mTOR inhibitors in breast cancer cells 

(Britschgi, Andraos et al. 2012). In this study, no difference in STAT5 activity was 

detected between TTLshort and TTLlong xenograft ALL indicating no cross-talk 

between STAT5 and mTOR signaling in all samples used in this study.  

 

4.3.2 4EBP1 phosphorylation is insensitive to rapamycin 

Despite being the downstream molecule of mTORC1, 4EBP1 phosphorylation in 

AML blasts is shown to be independent of mTORC1 activity (Tamburini, Green et 

al. 2009). Additionally, the phosphorylation of 4EBP1 is largely resistant to 

rapamycin although S6k1 phosphorylation is inhibited by rapamycin and rapalogs 

(Chiarini, Evangelisti et al. 2014, Wander, Hennessy et al. 2011). Both, mTORC1 

and mTORC2 have been attributed for the phosphorylation of 4EBP1 as dual 

inhibitors of mTORC1 and mTORC2 reduced 4EBP1 phosphorylation but not the 

allosteric mTORC1 inhibitors in BCR-ABL or TEL-ABL (ETV6-ABL) positive ALL 

(Badura, Tesanovic et al. 2013). In line to these findings, in all the samples used 

in this study, p-4EBP1 was resistant to the allosteric mTORC1 inhibitor rapamycin 

but was sensitive to dual PI3K-mTOR inhibitor NVP-BEZ235 which also inhibits 

mTORC2 activity. However, only rapamycin was used for in vivo treatment 

experiments as no PI3K-AKT pathway activity was observed in any of the samples 

used in this study.  
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4.3.3 In BCP-ALL mTOR is not activated by PI3K-AKT signaling  

In majority of cancers including breast cancer, prostate cancer, cancer of bladder, 

lung cancer, melanoma, renal cell carcinoma, ovarian cancer and glioblastoma 

(brain cancer) the mTOR signaling is activated by AKT activation (Guertin and 

Sabatini 2005). Activation of mTOR in hematological malignancies e.g. CML, AML 

and T-ALL is also triggered by AKT (Guertin and Sabatini 2005, Vu and Fruman 

2010). However, in CRLF2 wild type and the majority of Ph-negative BCP-ALL 

patient samples no AKT activation was observed (Morishita, Tsukahara et al. 

2012, Tasian, Doral et al. 2012). In line with these results, no AKT activation was 

observed in any of the samples used in this study. Concomitantly, dual PI3K-

mTOR inhibition by BEZ235 did not show greater repression of the signaling 

activity compared to mTOR inhibition alone by rapamycin in xenograft ALL cells 

ex vivo, regardless of the TTL phenotype. Additionally, in BCP-ALL cell lines no 

superior repression of cellular proliferation was observed by BEZ235 compared to 

rapamycin. In contrast, BEZ235 induced greater reduction of cellular proliferation 

compared to rapamycin in renal cell carcinoma which is characterized by activated 

AKT (Cho, Cohen et al. 2010). In line, AKT inhibition by specific AKT inhibitor 

(GSK690693) induced no superior survival of BCP-ALL xenografts, in contrast 

significant increase in survival in solid tumors e.g. osteosarcoma, glioblastoma 

were observed in response to AKT inhibition (Carol, Morton et al. 2010). Thus, 

unlike solid tumors and some other hematological malignancies, BCP-ALL 

samples used in this study are characterized by an inactivated AKT signaling.  

 

It has been described that in malignancies, including acute myeloid leukemia with 

constitutive PI3K-AKT pathway activity, mTOR inhibition leads to feedback 

activation of the PI3K/AKT pathway (O'reilly, Rojo et al. 2006, Tamburini, Chapuis 

et al. 2008). In line with absent constitutive PI3K-AKT activity in our xenograft 

samples, no feedback PI3K-AKT activation was observed in response to mTOR 

inhibition. Additionally, no PI3K-AKT activation as well as feedback activation in 

response to mTOR inhibition was observed in BCP-ALL cell lines in contrast to 

constitutively active PI3K-AKT pathway in T-ALL cell line.     
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4.4 mTOR inhibition decreases cellular proliferation but does not induce 

apoptosis and autophagy 

Inhibition of mTOR signaling by rapamycin or rapalogs decreases cellular 

proliferation in BCP-ALL cell lines (Brown, Fang et al. 2003, Neri, Cani et al. 

2014). Concomitantly, in this study, decreased cellular proliferation was observed 

upon in vitro mTOR inhibition using two BCP-ALL cell lines. More importantly, 

decreased proliferation was detected upon in vivo mTOR inhibition in line with 

previous findings showing reduced in vivo growth of leukemic cells upon mTOR 

inhibition (Crazzolara, Cisterne et al. 2009, Maude, Tasian et al. 2012, Teachey, 

Obzut et al. 2006). Despite the reduced proliferation upon mTOR inhibition, no cell 

death was observed in BCP-ALL cell lines, xenograft ALL cells ex vivo as well as 

upon in vivo treatment. However, divergent findings of apoptosis induction by 

mTOR inhibition have been reported. No apoptosis was detected in primary AML 

cells upon ex vivo treatment with rapamycin (Ryningen, Reikvam et al. 2012). 

Additionally, in vitro mTOR inhibition by rapamycin did not induce apoptosis in T-

ALL cell lines (Guo, Zhou et al. 2013). In contrast, apoptosis was detected in 

about half of 15 pediatric primary BCP-ALL samples upon rapamycin treatment 

(Avellino, Romano et al. 2005). In line to these findings, no apoptosis induction 

was observed in lymphoma cell lines (Mallya, Fitch et al. 2014) and BCP-ALL cell 

lines (Crazzolara, Cisterne et al. 2009) in response to mTOR signaling inhibition. 

 

Alike apoptosis, no autophagy was detected upon in vitro, ex vivo and in vivo 

mTOR signaling inhibition. Conflicting findings have been reported about 

autophagy induction in response to mTOR inhibition as well as the role of 

autophagy in cell death. Appearance of double or multiple vesicles engulf bulk 

cytoplasm or cytoplasmic organelles resulting in autophagic cell death (Gozuacik 

and Kimchi 2004). However, other evidences indicate that autophagy is primarily a 

pro-survival rather than a cell death mechanism at least in cells with intact 

apoptotic machinery (Levine and Yuan 2005). In BCP-ALL cell lines, mTOR 

inhibition has been reported to induce autophagy (Crazzolara, Cisterne et al. 

2009, Neri, Cani et al. 2014). In contrast, in AML cells autophagy has been 

reported to promote cell survival with inhibition of autophagy resulting in more 

potent anti-leukemic effect of mTOR inhibition (Altman, Szilard et al. 2014). Thus, 
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the absence of autophagy upon mTOR inhibition in BCP-ALL cells might induce 

more potent anti-leukemic effect when treated with mTOR inhibitors.  

 

4.5 In vivo mTOR inhibition 

In this study, a significant delay of post-treatment leukemia reoccurrence upon 

mTOR inhibition was observed in recipients engrafted with TTLshort/high-risk ALL 

consistent with reduced cellular proliferation upon mTOR signaling inhibition in 

vitro. Similarly, mTOR inhibitors led to post-treatment delay of leukemia growth in 

xenografted B-lineage ALL samples (Crazzolara, Cisterne et al. 2009, Houghton, 

Morton et al. 2008, Maude, Tasian et al. 2012, Teachey, Obzut et al. 2006) 

although incidences of no effect or less effect of mTOR inhibition were observed 

(Crazzolara, Cisterne et al. 2009, Houghton, Morton et al. 2008, Teachey, Obzut 

et al. 2006). However, no survival benefit or delay in post-treatment leukemia 

reoccurrence was observed in recipients engrafted with TTLlong ALL. This explains 

the low or no effectivity of in vivo mTOR inhibition as reported by earlier reports in 

contrast to the current study.   

 

In a clinical setting, the major questions to treat acute leukemia are to define the 

risk-adapted alternative therapy and to determine whether current chemotherapy 

is sufficient for the treatment (Schiller 2013). It is unlikely to treat leukemia with a 

single agent targeting aberrant signaling activity. To efficiently establish rapamycin 

in a clinical setting for the treatment of high-risk ALL, it would be necessary to 

combine it with multiagent chemotherapy. In the current study, a clear post 

treatment delay of leukemia reoccurrence was observed in TTLshort/high-risk ALL 

in response to combination treatment compared to chemotherapy alone. Likewise, 

in vivo mTOR inhibition with temsirolimus in combination with cyotostatic drug 

methotrexate was synergistic for ALL (Teachey, Sheen et al. 2008). Also, 

everolimus in combination with vincristine increased overall survival of mice 

engrafted with ALL over the single agents (Crazzolara, Cisterne et al. 2009). 

Additionally, positive interaction between mTOR inhibitors and different 

chemotherapeutic agents has been reported for solid tumors (Houghton, Morton 

et al. 2008, Mondesire, Jian et al. 2004, Stromberg, Dimberg et al. 2004). 

However, in TTLlong ALL, combination treatment did not exert superior effect over 
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the chemotherapy alone. Therefore, mTOR inhibitors in combination with 

chemotherapy may provide an excellent strategy for the treatment of TTLshort/high-

risk ALL.  

 

4.6 Assessment of mTOR pathway activation at diagnosis 

Since TTLshort/high-risk ALL is associated with hyperactivated mTOR signaling, it 

is necessary to identify patients at diagnosis who will benefit of mTOR directed 

therapy. Study consisting appropriate sample size is necessary to address this 

issue. However, in order to get preliminary insight, mTOR pathway activation of 

primary cells derived from bone marrow aspirates of two BCP-ALL patient’s 

employing phospho flow cytometry was investigated. Higher constitutive mTOR 

activity was detected in cells carrying MLL rearrangement in contrast cells with 

ETV6-RUNX1 gene fusion showed low mTOR activity. Moreover, upon pathway 

inhibition, signaling activity was repressed in cells carrying MLL rearrangement in 

contrast no repression of signaling activity in cells carrying E/R gene fusion. In 

recent years few reports demonstrated the successful use of phospho flow 

cytometry to assess mTOR pathway (Tasian, Doral et al. 2012), PI3K-AKT 

pathway and JAK2-STAT5 pathway activation (Gomes, Soares et al. 2014, 

Tasian, Doral et al. 2012) of BCP-ALL patient primary material. Kotecha and 

colleagues successfully used phospho flow cytometry to monitor the disease 

status of juvenile myelomonocytic leukemia (JMML) patients at diagnosis, 

remission, relapse and transformation and detected the abnormal signaling profile 

(Kotecha, Flores et al. 2008). Phospho flow cytometry was also used to identify 

JMML patients by p-STAT5 profiling, although it was not used to stratify the 

patients into different risk-groups (Hasegawa, Bugarin et al. 2013). The phospho 

flow cytometry technique was successfully used to discover the disrupted 

relationship between pSYK/pPLCγ2 in chronic lymphocytic leukemia (CLL) 

indicating potential of phospho flow cytometry to further classify subtypes of CLL 

(Palomba, Piersanti et al. 2014). Thus, evaluation of mTOR signaling activity 

including pretreatment evaluation of different inhibitors at diagnosis by phospho 

flow cytometry technique is a feasible strategy for early identification of patients 

with high-risk for relapse. Therefore, phospho flow cytometry technique can be 

implemented into current routine immunophenotypic diagnostic work-up.  
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In addition to the reports discussed here, clinical trials are currently ongoing to 

evaluate the efficacy of mTOR inhibition by different substances to treat leukemia. 

The clinicaltrials.gov database currently enlists 8 clinical trials employing different 

mTOR inhibitors to treat leukemia. However, rational strategy of using mTOR 

inhibitors alone or in combination with chemotherapy is necessary. The preclinical 

data of mTOR inhibition alone or in combination with chemotherapy point to its 

efficacy only in high-risk/TTLshort ALL, not in TTLlong/low-risk ALL providing rational 

of using mTOR inhibitors in treating leukemia. Patients associated with TTLshort 

phenotype encountered poor treatment outcome are not associated with classical 

high-risk criteria (Meyer, Eckhoff et al. 2011) which emphasize the importance of 

upfront identification of patients who will benefit from mTOR directed therapy. The 

current study provides an excellent strategy for early identification of ALL patients 

high-risk for relapse and thereby providing opportunity for novel therapeutic 

strategy targeting aberrant signaling activity.  
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5. Summary 

In order to improve the dismal treatment outcome of acute lymphoblastic leukemia 

(ALL) patients with high-risk for relapse, novel treatment strategies targeting 

aberrant signaling that promotes leukemogenesis are necessary. A previous study 

of our group showed that a short engraftment phenotype is indicative for high-risk 

for relapse or poor treatment outcome. In this study, the involvement of mTOR 

pathway in rapid leukemia engraftment was investigated functionally. In 

TTLshort/high-risk ALL, hayperactivation of the mTOR pathway with effective 

repression of signaling activity upon mTOR inhibition was detected. But, unlike to 

other cancer types, mTOR pathway in BCP-ALL is not activated by upstream 

PI3K-AKT pathway with no superior reduction in signaling activity upon treatment 

with dual PI3K-mTOR inhibitor BEZ235 compared to only mTOR inhibition by 

rapamycin. Additionally, reduced in vitro and in vivo cellular proliferation upon 

mTOR inhibition was observed although no apoptosis or autophagy detected.   

 

Rapamycin was used for in vivo mTOR pathway inhibition using a series of 

individual patient-derived xenograft with both TTLshort and TTLlong phenotypes, to 

confirm the efficacy of mTOR inhibition as a potential therapeutic strategy. In line 

to the ex vivo data, in vivo rapamycin administration resulted in superior survival 

of mice engrafted with TTLshort ALL, but not with TTLlong leukemia. The anti-

proliferative activity of rapamycin without any apoptotic activity provides the 

rational of combining rapamycin with chemotherapy to enhance the anti-leukemic 

effect. Combination of rapamycin with chemotherapy prolonged the survival of 

mice engrafted with TTLshort leukemia in contrast mice engrafted with TTLlong 

leukemia showed no superior survival upon combination treatment.  

 

It is of utmost important to identify patients associated with TTLshort phenotype or 

high-risk for relapse upfront who will benefit of the mTOR directed therapy. 

Investigation of primary ALL cells from pediatric leukemia patients at diagnosis 

indicated the possibility to identify patients upfront for the association of the mTOR 

pathway activation. However, a study employing larger cohort of patients is 

necessary to validate initial results of the current study which will provide strong 



Summary 

 92

basis of using phospho flow cytometry to identify high-risk patients upfront by 

assessing mTOR activity. 

 

Taken together, ALL patients with high-risk for relapse are characterized by 

hyperactivated mTOR signaling which can be successfully targeted by signal 

transduction inhibitors; more efficiently in combination with remission induction 

multi-agent chemotherapy. This preclinical evidence of effectiveness of mTOR 

targeted therapy may provide opportunity for novel therapeutic options for the 

treatment of high-risk ALL patients.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



References 

 93 

6. References 

1. Agliano A, Martin-Padura I, Mancuso P, Marighetti P, Rabascio C, Pruneri G, 
Shultz LD, Bertolini F: Human acute leukemia cells injected in nod/ltsz-scid/il-
2rgamma null mice generate a faster and more efficient disease compared to 
other nod/scid-related strains. Int J Cancer 123(9):2222-2227 (2008). 

2. Alexander FE, Patheal SL, Biondi A, Brandalise S, Cabrera ME, Chan LC, 
Chen Z, Cimino G, Cordoba JC, Gu LJ, Hussein H, Ishii E, Kamel AM, Labra S, 
Magalhaes IQ, Mizutani S, Petridou E, de Oliveira MP, Yuen P, Wiemels JL, 
Greaves MF: Transplacental chemical exposure and risk of infant leukemia with 
mll gene fusion. Cancer Res 61(6):2542-2546 (2001). 

3. Altman JK, Szilard A, Goussetis DJ, Sassano A, Colamonici M, Gounaris E, 
Frankfurt O, Giles FJ, Eklund EA, Beauchamp EM, Platanias LC: Autophagy is a 
survival mechanism of acute myelogenous leukemia precursors during dual 
mtorc2/mtorc1 targeting. Clin Cancer Res 20(9):2400-2409 (2014). 

4. Attarbaschi A, Morak M, Cario G, Cazzaniga G, Ensor HM, te Kronnie T, 
Bradtke J, Mann G, Vendramini E, Palmi C, Schwab C, Russell LJ, Schrappe M, 
Conter V, Mitchell CD, Strehl S, Zimmermann M, Potschger U, Harrison CJ, 
Stanulla M, Panzer-Grumayer R, Haas OA, Moorman AV: Treatment outcome of 
crlf2-rearranged childhood acute lymphoblastic leukaemia: A comparative analysis 
of the aieop-bfm and uk ncri-cclg study groups. Br J Haematol 158(6):772-777 
(2012). 

5. Avellino R, Romano S, Parasole R, Bisogni R, Lamberti A, Poggi V, Venuta S, 
Romano MF: Rapamycin stimulates apoptosis of childhood acute lymphoblastic 
leukemia cells. Blood 106(4):1400-1406 (2005). 

6. Bacher U, Kohlmann A, Haferlach T: Gene expression profiling for diagnosis 
and therapy in acute leukaemia and other haematologic malignancies. Cancer 
Treat Rev 36(8):637-646 (2010). 

7. Badura S, Tesanovic T, Pfeifer H, Wystub S, Nijmeijer BA, Liebermann M, 
Falkenburg JH, Ruthardt M, Ottmann OG: Differential effects of selective inhibitors 
targeting the pi3k/akt/mtor pathway in acute lymphoblastic leukemia. PLoS One 
8(11):e80070 (2013). 

8. Bahrami BF, Ataie-Kachoie P, Pourgholami MH, Morris DL: P70 ribosomal 
protein s6 kinase (rps6kb1): An update. J Clin Pathol 67(12):1019-1025 (2014). 

9. Barth TF, Martin-Subero JI, Joos S, Menz CK, Hasel C, Mechtersheimer G, 
Parwaresch RM, Lichter P, Siebert R, Mooller P: Gains of 2p involving the rel 
locus correlate with nuclear c-rel protein accumulation in neoplastic cells of 
classical hodgkin lymphoma. Blood 101(9):3681-3686 (2003). 

10. Biondi A, Schrappe M, De Lorenzo P, Castor A, Lucchini G, Gandemer V, 
Pieters R, Stary J, Escherich G, Campbell M, Li CK, Vora A, Arico M, Rottgers S, 
Saha V, Valsecchi MG: Imatinib after induction for treatment of children and 
adolescents with philadelphia-chromosome-positive acute lymphoblastic 



References 

 94 

leukaemia (esphall): A randomised, open-label, intergroup study. Lancet Oncol 
13(9):936-945 (2012). 

11. Borgmann A, Baldy C, von Stackelberg A, Beyermann B, Fichtner I, Nurnberg 
P, Henze G: Childhood all blasts retain phenotypic and genotypic characteristics 
upon long-term serial passage in nod/scid mice. Pediatr Hematol Oncol 17(8):635-
650 (2000). 

12. Bosma GC, Custer RP, Bosma MJ: A severe combined immunodeficiency 
mutation in the mouse. Nature 301(5900):527-530 (1983). 

13. Britschgi A, Andraos R, Brinkhaus H, Klebba I, Romanet V, Muller U, 
Murakami M, Radimerski T, Bentires-Alj M: Jak2/stat5 inhibition circumvents 
resistance to pi3k/mtor blockade: A rationale for cotargeting these pathways in 
metastatic breast cancer. Cancer Cell 22(6):796-811 (2012). 

14. Brown VI, Fang J, Alcorn K, Barr R, Kim JM, Wasserman R, Grupp SA: 
Rapamycin is active against b-precursor leukemia in vitro and in vivo, an effect 
that is modulated by il-7-mediated signaling. Proc Natl Acad Sci U S A 
100(25):15113-15118 (2003). 

15. Brown VI, Hulitt J, Fish J, Sheen C, Bruno M, Xu Q, Carroll M, Fang J, 
Teachey D, Grupp SA: Thymic stromal-derived lymphopoietin induces proliferation 
of pre-b leukemia and antagonizes mtor inhibitors, suggesting a role for 
interleukin-7ralpha signaling. Cancer Res 67(20):9963-9970 (2007). 

16. Campana D: Minimal residual disease monitoring in childhood acute 
lymphoblastic leukemia. Curr Opin Hematol 19(4):313-318 (2012). 

17. Cantley LC: The phosphoinositide 3-kinase pathway. Science 
296(5573):1655-1657 (2002). 

18. Carol H, Morton CL, Gorlick R, Kolb EA, Keir ST, Reynolds CP, Kang MH, 
Maris JM, Billups C, Smith MA, Houghton PJ, Lock RB: Initial testing (stage 1) of 
the akt inhibitor gsk690693 by the pediatric preclinical testing program. Pediatr 
Blood Cancer 55(7):1329-1337 (2010). 

19. Carrera AC: Tor signaling in mammals. J Cell Sci 117(Pt 20):4615-4616 
(2004). 

20. Carriere A, Cargnello M, Julien LA, Gao H, Bonneil E, Thibault P, Roux PP: 
Oncogenic mapk signaling stimulates mtorc1 activity by promoting rsk-mediated 
raptor phosphorylation. Curr Biol 18(17):1269-1277 (2008). 

21. Carriere A, Romeo Y, Acosta-Jaquez HA, Moreau J, Bonneil E, Thibault P, 
Fingar DC, Roux PP: Erk1/2 phosphorylate raptor to promote ras-dependent 
activation of mtor complex 1 (mtorc1). J Biol Chem 286(1):567-577 (2011). 

22. Carroll WL, Bhojwani D, Min DJ, Raetz E, Relling M, Davies S, Downing JR, 
Willman CL, Reed JC: Pediatric acute lymphoblastic leukemia. Hematology Am 
Soc Hematol Educ Program:102-131 (2003). 



References 

 95 

23. Carroll WL, Raetz EA: Clinical and laboratory biology of childhood acute 
lymphoblastic leukemia. J Pediatr 160(1):10-18 (2012). 

24. Cesano A, O'Connor R, Lange B, Finan J, Rovera G, Santoli D: Homing and 
progression patterns of childhood acute lymphoblastic leukemias in severe 
combined immunodeficiency mice. Blood 77(11):2463-2474 (1991). 

25. Chan SM, Weng AP, Tibshirani R, Aster JC, Utz PJ: Notch signals positively 
regulate activity of the mtor pathway in t-cell acute lymphoblastic leukemia. Blood 
110(1):278-286 (2007). 

26. Chapiro E, Russell L, Lainey E, Kaltenbach S, Ragu C, Della-Valle V, 
Hanssens K, Macintyre EA, Radford-Weiss I, Delabesse E, Cave H, Mercher T, 
Harrison CJ, Nguyen-Khac F, Dubreuil P, Bernard OA: Activating mutation in the 
tslpr gene in b-cell precursor lymphoblastic leukemia. Leukemia 24(3):642-645 
(2010). 

27. Chen C, Liu Y, Zheng P: Mammalian target of rapamycin activation underlies 
hsc defects in autoimmune disease and inflammation in mice. J Clin Invest 
120(11):4091-4101 (2010). 

28. Chen IM, Harvey RC, Mullighan CG, Gastier-Foster J, Wharton W, Kang H, 
Borowitz MJ, Camitta BM, Carroll AJ, Devidas M, Pullen DJ, Payne-Turner D, 
Tasian SK, Reshmi S, Cottrell CE, Reaman GH, Bowman WP, Carroll WL, Loh 
ML, Winick NJ, Hunger SP, Willman CL: Outcome modeling with crlf2, ikzf1, jak, 
and minimal residual disease in pediatric acute lymphoblastic leukemia: A 
children's oncology group study. Blood 119(15):3512-3522 (2012). 

29. Chiarini F, Evangelisti C, McCubrey JA, Martelli AM: Current treatment 
strategies for inhibiting mtor in cancer. Trends Pharmacol Sci  (2014). 

30. Cho DC, Cohen MB, Panka DJ, Collins M, Ghebremichael M, Atkins MB, 
Signoretti S, Mier JW: The efficacy of the novel dual pi3-kinase/mtor inhibitor nvp-
bez235 compared with rapamycin in renal cell carcinoma. Clin Cancer Res 
16(14):3628-3638 (2010). 

31. Cilloni D, Saglio G: Molecular pathways: Bcr-abl. Clin Cancer Res 18(4):930-
937 (2012). 

32. Conter V, Arico M, Basso G, Biondi A, Barisone E, Messina C, Parasole R, De 
Rossi G, Locatelli F, Pession A, Santoro N, Micalizzi C, Citterio M, Rizzari C, 
Silvestri D, Rondelli R, Lo Nigro L, Ziino O, Testi AM, Masera G, Valsecchi MG: 
Long-term results of the italian association of pediatric hematology and oncology 
(aieop) studies 82, 87, 88, 91 and 95 for childhood acute lymphoblastic leukemia. 
Leukemia 24(2):255-264 (2010). 

33. Conter V, Bartram CR, Valsecchi MG, Schrauder A, Panzer-Grumayer R, 
Moricke A, Arico M, Zimmermann M, Mann G, De Rossi G, Stanulla M, Locatelli F, 
Basso G, Niggli F, Barisone E, Henze G, Ludwig WD, Haas OA, Cazzaniga G, 
Koehler R, Silvestri D, Bradtke J, Parasole R, Beier R, van Dongen JJ, Biondi A, 
Schrappe M: Molecular response to treatment redefines all prognostic factors in 



References 

 96 

children and adolescents with b-cell precursor acute lymphoblastic leukemia: 
Results in 3184 patients of the aieop-bfm all 2000 study. Blood 115(16):3206-
3214 (2010). 

34. Courtney KD, Corcoran RB, Engelman JA: The pi3k pathway as drug target in 
human cancer. J Clin Oncol 28(6):1075-1083 (2010). 

35. Crazzolara R, Cisterne A, Thien M, Hewson J, Baraz R, Bradstock KF, 
Bendall LJ: Potentiating effects of rad001 (everolimus) on vincristine therapy in 
childhood acute lymphoblastic leukemia. Blood 113(14):3297-3306 (2009). 

36. Dan HC, Baldwin AS: Differential involvement of ikappab kinases alpha and 
beta in cytokine- and insulin-induced mammalian target of rapamycin activation 
determined by akt. J Immunol 180(11):7582-7589 (2008). 

37. Den Boer ML, van Slegtenhorst M, De Menezes RX, Cheok MH, Buijs-
Gladdines JG, Peters ST, Van Zutven LJ, Beverloo HB, Van der Spek PJ, 
Escherich G, Horstmann MA, Janka-Schaub GE, Kamps WA, Evans WE, Pieters 
R: A subtype of childhood acute lymphoblastic leukaemia with poor treatment 
outcome: A genome-wide classification study. Lancet Oncol 10(2):125-134 
(2009). 

38. Diamanti P, Cox CV, Blair A: Comparison of childhood leukemia initiating cell 
populations in nod/scid and nsg mice. Leukemia 26(2):376-380 (2012). 

39. Dick JE: Animal models of normal and leukemic human hematopoiesis 
Haematology and Blood Transfusion 35:77-82 (1992). 

40. Dordelmann M, Reiter A, Borkhardt A, Ludwig WD, Gotz N, Viehmann S, 
Gadner H, Riehm H, Schrappe M: Prednisone response is the strongest predictor 
of treatment outcome in infant acute lymphoblastic leukemia. Blood 94(4):1209-
1217 (1999). 

41. English D, Cui Y, Siddiqui RA: Messenger functions of phosphatidic acid. 
Chem Phys Lipids 80(1-2):117-132 (1996). 

42. Fan QW, Cheng C, Hackett C, Feldman M, Houseman BT, Nicolaides T, 
Haas-Kogan D, James CD, Oakes SA, Debnath J, Shokat KM, Weiss WA: Akt 
and autophagy cooperate to promote survival of drug-resistant glioma. Sci Signal 
3(147):ra81 (2010). 

43. Flohr T, Schrauder A, Cazzaniga G, Panzer-Grumayer R, van der Velden V, 
Fischer S, Stanulla M, Basso G, Niggli FK, Schafer BW, Sutton R, Koehler R, 
Zimmermann M, Valsecchi MG, Gadner H, Masera G, Schrappe M, van Dongen 
JJ, Biondi A, Bartram CR: Minimal residual disease-directed risk stratification 
using real-time quantitative pcr analysis of immunoglobulin and t-cell receptor 
gene rearrangements in the international multicenter trial aieop-bfm all 2000 for 
childhood acute lymphoblastic leukemia. Leukemia 22(4):771-782 (2008). 

44. Foster KG, Fingar DC: Mammalian target of rapamycin (mtor): Conducting the 
cellular signaling symphony. J Biol Chem 285(19):14071-14077 (2010). 



References 

 97 

45. Gomes AM, Soares MV, Ribeiro P, Caldas J, Povoa V, Martins LR, Melao A, 
Serra-Caetano A, de Sousa AB, Lacerda JF, Barata JT: Adult b-cell acute 
lymphoblastic leukemia cells display decreased pten activity and constitutive 
hyperactivation of pi3k/akt pathway despite high pten protein levels. 
Haematologica 99(6):1062-1068 (2014). 

46. Gozuacik D, Kimchi A: Autophagy as a cell death and tumor suppressor 
mechanism. Oncogene 23(16):2891-2906 (2004). 

47. Grigoropoulos NF, Petter R, Van 't Veer MB, Scott MA, Follows GA: 
Leukaemia update. Part 1: Diagnosis and management. BMJ 346:f1660 (2013). 

48. Guertin DA, Sabatini DM: An expanding role for mtor in cancer. Trends Mol 
Med 11(8):353-361 (2005). 

49. Guo W, Lasky JL, Chang CJ, Mosessian S, Lewis X, Xiao Y, Yeh JE, Chen 
JY, Iruela-Arispe ML, Varella-Garcia M, Wu H: Multi-genetic events collaboratively 
contribute to pten-null leukaemia stem-cell formation. Nature 453(7194):529-533 
(2008). 

50. Guo X, Zhou CY, Li Q, Gao J, Zhu YP, Gu L, Ma ZG: Rapamycin sensitizes 
glucocorticoid resistant acute lymphoblastic leukemia cem-c1 cells to 
dexamethasone induced apoptosis through both mtor suppression and up-
regulation and activation of glucocorticoid receptor. Biomed Environ Sci 
26(5):371-381 (2013). 

51. Haferlach T, Kern W, Schnittger S, Schoch C: Modern diagnostics in acute 
leukemias. Crit Rev Oncol Hematol 56(2):223-234 (2005). 

52. Hales EC, Taub JW, Matherly LH: New insights into notch1 regulation of the 
pi3k-akt-mtor1 signaling axis: Targeted therapy of gamma-secretase inhibitor 
resistant t-cell acute lymphoblastic leukemia. Cell Signal 26(1):149-161 (2014). 

53. Han X, Bueso-Ramos CE: Advances in the pathological diagnosis and biology 
of acute lymphoblastic leukemia. Ann Diagn Pathol 9(4):239-257 (2005). 

54. Harrison CJ: Targeting signaling pathways in acute lymphoblastic leukemia: 
New insights. Hematology Am Soc Hematol Educ Program 2013:118-125 (2013). 

55. Hasegawa D, Bugarin C, Giordan M, Bresolin S, Longoni D, Micalizzi C, 
Ramenghi U, Bertaina A, Basso G, Locatelli F, Biondi A, Te Kronnie G, Gaipa G: 
Validation of flow cytometric phospho-stat5 as a diagnostic tool for juvenile 
myelomonocytic leukemia. Blood Cancer J 3:e160 (2013). 

56. Hassane DC, Sen S, Minhajuddin M, Rossi RM, Corbett CA, Balys M, Wei L, 
Crooks PA, Guzman ML, Jordan CT: Chemical genomic screening reveals 
synergism between parthenolide and inhibitors of the pi-3 kinase and mtor 
pathways. Blood 116(26):5983-5990 (2010). 

57. Henze G, Fengler R, Hartmann R, Kornhuber B, Janka-Schaub G, 
Niethammer D, Riehm H: Six-year experience with a comprehensive approach to 



References 

 98 

the treatment of recurrent childhood acute lymphoblastic leukemia (all-rez bfm 
85). A relapse study of the bfm group. Blood 78(5):1166-1172 (1991). 

58. Hertzberg L, Vendramini E, Ganmore I, Cazzaniga G, Schmitz M, Chalker J, 
Shiloh R, Iacobucci I, Shochat C, Zeligson S, Cario G, Stanulla M, Strehl S, 
Russell LJ, Harrison CJ, Bornhauser B, Yoda A, Rechavi G, Bercovich D, 
Borkhardt A, Kempski H, te Kronnie G, Bourquin JP, Domany E, Izraeli S: Down 
syndrome acute lymphoblastic leukemia, a highly heterogeneous disease in which 
aberrant expression of crlf2 is associated with mutated jak2: A report from the 
international bfm study group. Blood 115(5):1006-1017 (2010). 

59. Hipp NI, Christner L, Wirth T, Mueller-Klieser W, Walenta S, Schrock E, 
Debatin KM, Beltinger C: Mycn and survivin cooperatively contribute to malignant 
transformation of fibroblasts. Carcinogenesis 35(2):479-488 (2014). 

60. Hong D, Gupta R, Ancliff P, Atzberger A, Brown J, Soneji S, Green J, Colman 
S, Piacibello W, Buckle V, Tsuzuki S, Greaves M, Enver T: Initiating and cancer-
propagating cells in tel-aml1-associated childhood leukemia. Science 
319(5861):336-339 (2008). 

61. Houghton PJ, Morton CL, Kolb EA, Gorlick R, Lock R, Carol H, Reynolds CP, 
Maris JM, Keir ST, Billups CA, Smith MA: Initial testing (stage 1) of the mtor 
inhibitor rapamycin by the pediatric preclinical testing program. Pediatr Blood 
Cancer 50(4):799-805 (2008). 

62. Hutt-Cabezas M, Karajannis MA, Zagzag D, Shah S, Horkayne-Szakaly I, 
Rushing EJ, Cameron JD, Jain D, Eberhart CG, Raabe EH, Rodriguez FJ: 
Activation of mtorc1/mtorc2 signaling in pediatric low-grade glioma and pilocytic 
astrocytoma reveals mtor as a therapeutic target. Neuro Oncol 15(12):1604-1614 
(2013). 

63. Inaba H, Greaves M, Mullighan CG: Acute lymphoblastic leukaemia. Lancet 
381(9881):1943-1955 (2013). 

64. Inoki K, Li Y, Zhu T, Wu J, Guan KL: Tsc2 is phosphorylated and inhibited by 
akt and suppresses mtor signalling. Nat Cell Biol 4(9):648-657 (2002). 

65. Ito M, Hiramatsu H, Kobayashi K, Suzue K, Kawahata M, Hioki K, Ueyama Y, 
Koyanagi Y, Sugamura K, Tsuji K, Heike T, Nakahata T: Nod/scid/gamma(c)(null) 
mouse: An excellent recipient mouse model for engraftment of human cells. Blood 
100(9):3175-3182 (2002). 

66. Janes MR, Limon JJ, So L, Chen J, Lim RJ, Chavez MA, Vu C, Lilly MB, 
Mallya S, Ong ST, Konopleva M, Martin MB, Ren P, Liu Y, Rommel C, Fruman 
DA: Effective and selective targeting of leukemia cells using a torc1/2 kinase 
inhibitor. Nat Med 16(2):205-213 (2010). 

67. Kaatsch P: Epidemiology of childhood cancer. Cancer Treat Rev 36(4):277-
285 (2010). 



References 

 99 

68. Kamel-Reid S, Letarte M, Sirard C, Doedens M, Grunberger T, Fulop G, 
Freedman MH, Phillips RA, Dick JE: A model of human acute lymphoblastic 
leukemia in immune-deficient scid mice. Science 246(4937):1597-1600 (1989). 

69. Kebriaei P, Anastasi J, Larson RA: Acute lymphoblastic leukaemia: Diagnosis 
and classification. Best Pract Res Clin Haematol 15(4):597-621 (2002). 

70. Kee N, Sivalingam S, Boonstra R, Wojtowicz JM: The utility of ki-67 and brdu 
as proliferative markers of adult neurogenesis. J Neurosci Methods 115(1):97-105 
(2002). 

71. Kharas MG, Janes MR, Scarfone VM, Lilly MB, Knight ZA, Shokat KM, 
Fruman DA: Ablation of pi3k blocks bcr-abl leukemogenesis in mice, and a dual 
pi3k/mtor inhibitor prevents expansion of human bcr-abl+ leukemia cells. J Clin 
Invest 118(9):3038-3050 (2008). 

72. Kohlmann A, Klein HU, Weissmann S, Bresolin S, Chaplin T, Cuppens H, 
Haschke-Becher E, Garicochea B, Grossmann V, Hanczaruk B, Hebestreit K, 
Gabriel C, Iacobucci I, Jansen JH, te Kronnie G, van de Locht L, Martinelli G, 
McGowan K, Schweiger MR, Timmermann B, Vandenberghe P, Young BD, 
Dugas M, Haferlach T: The interlaboratory robustness of next-generation 
sequencing (iron) study: A deep sequencing investigation of tet2, cbl and kras 
mutations by an international consortium involving 10 laboratories. Leukemia 
25(12):1840-1848 (2011). 

73. Kotecha N, Flores NJ, Irish JM, Simonds EF, Sakai DS, Archambeault S, 
Diaz-Flores E, Coram M, Shannon KM, Nolan GP, Loh ML: Single-cell profiling 
identifies aberrant stat5 activation in myeloid malignancies with specific clinical 
and biologic correlates. Cancer Cell 14(4):335-343 (2008). 

74. Kotecha N, Krutzik PO, Irish JM: Web-based analysis and publication of flow 
cytometry experiments. Curr Protoc Cytom Chapter 10:Unit10 17 (2010). 

75. Kotecha RS, Gottardo NG, Kees UR, Cole CH: The evolution of clinical trials 
for infant acute lymphoblastic leukemia. Blood Cancer J 4:e200 (2014). 

76. Krutzik PO, Nolan GP: Intracellular phospho-protein staining techniques for 
flow cytometry: Monitoring single cell signaling events. Cytometry A 55(2):61-70 
(2003). 

77. Lamb J: The connectivity map: A new tool for biomedical research. Nat Rev 
Cancer 7(1):54-60 (2007). 

78. Lamb J, Crawford ED, Peck D, Modell JW, Blat IC, Wrobel MJ, Lerner J, 
Brunet JP, Subramanian A, Ross KN, Reich M, Hieronymus H, Wei G, Armstrong 
SA, Haggarty SJ, Clemons PA, Wei R, Carr SA, Lander ES, Golub TR: The 
connectivity map: Using gene-expression signatures to connect small molecules, 
genes, and disease. Science 313(5795):1929-1935 (2006). 

79. Laplante M, Sabatini DM: Mtor signaling at a glance. J Cell Sci 122(Pt 
20):3589-3594 (2009). 



References 

 100

80. Laplante M, Sabatini DM: Mtor signaling in growth control and disease. Cell 
149(2):274-293 (2012). 

81. Lee DF, Kuo HP, Chen CT, Hsu JM, Chou CK, Wei Y, Sun HL, Li LY, Ping B, 
Huang WC, He X, Hung JY, Lai CC, Ding Q, Su JL, Yang JY, Sahin AA, 
Hortobagyi GN, Tsai FJ, Tsai CH, Hung MC: Ikk beta suppression of tsc1 links 
inflammation and tumor angiogenesis via the mtor pathway. Cell 130(3):440-455 
(2007). 

82. Levine B, Yuan J: Autophagy in cell death: An innocent convict? J Clin Invest 
115(10):2679-2688 (2005). 

83. Liu Y, Kach A, Ziegler U, Ong AC, Wallace DP, Arcaro A, Serra AL: The role 
of phospholipase d in modulating the mtor signaling pathway in polycystic kidney 
disease. PLoS One 8(8):e73173 (2013). 

84. Lock RB, Liem N, Farnsworth ML, Milross CG, Xue C, Tajbakhsh M, Haber M, 
Norris MD, Marshall GM, Rice AM: The nonobese diabetic/severe combined 
immunodeficient (nod/scid) mouse model of childhood acute lymphoblastic 
leukemia reveals intrinsic differences in biologic characteristics at diagnosis and 
relapse. Blood 99(11):4100-4108 (2002). 

85. Loh ML, Mullighan CG: Advances in the genetics of high-risk childhood b-
progenitor acute lymphoblastic leukemia and juvenile myelomonocytic leukemia: 
Implications for therapy. Clin Cancer Res 18(10):2754-2767 (2012). 

86. Ma L, Chen Z, Erdjument-Bromage H, Tempst P, Pandolfi PP: 
Phosphorylation and functional inactivation of tsc2 by erk implications for tuberous 
sclerosis and cancer pathogenesis. Cell 121(2):179-193 (2005). 

87. Magnuson B, Ekim B, Fingar DC: Regulation and function of ribosomal protein 
s6 kinase (s6k) within mtor signalling networks. Biochem J 441(1):1-21 (2012). 

88. Majumder PK, Febbo PG, Bikoff R, Berger R, Xue Q, McMahon LM, Manola J, 
Brugarolas J, McDonnell TJ, Golub TR, Loda M, Lane HA, Sellers WR: Mtor 
inhibition reverses akt-dependent prostate intraepithelial neoplasia through 
regulation of apoptotic and hif-1-dependent pathways. Nat Med 10(6):594-601 
(2004). 

89. Makino S, Kunimoto K, Muraoka Y, Mizushima Y, Katagiri K, Tochino Y: 
Breeding of a non-obese, diabetic strain of mice. Jikken Dobutsu 29(1):1-13 
(1980). 

90. Mallya S, Fitch BA, Lee JS, So L, Janes MR, Fruman DA: Resistance to mtor 
kinase inhibitors in lymphoma cells lacking 4ebp1. PLoS One 9(2):e88865 (2014). 

91. Margolin JF: Molecular diagnosis and risk-adjusted therapy in pediatric 
hematologic malignancies: A primer for pediatricians. Eur J Pediatr 170(4):419-
425 (2011). 

92. Martelli AM, Chiarini F, Evangelisti C, Cappellini A, Buontempo F, Bressanin 
D, Fini M, McCubrey JA: Two hits are better than one: Targeting both 



References 

 101

phosphatidylinositol 3-kinase and mammalian target of rapamycin as a 
therapeutic strategy for acute leukemia treatment. Oncotarget 3(4):371-394 
(2012). 

93. Maude SL, Tasian SK, Vincent T, Hall JW, Sheen C, Roberts KG, Seif AE, 
Barrett DM, Chen IM, Collins JR, Mullighan CG, Hunger SP, Harvey RC, Willman 
CL, Fridman JS, Loh ML, Grupp SA, Teachey DT: Targeting jak1/2 and mtor in 
murine xenograft models of ph-like acute lymphoblastic leukemia. Blood 
120(17):3510-3518 (2012). 

94. Memmott RM, Dennis PA: Akt-dependent and -independent mechanisms of 
mtor regulation in cancer. Cell Signal 21(5):656-664 (2009). 

95. Meyer LH, Debatin KM: Diversity of human leukemia xenograft mouse models: 
Implications for disease biology. Cancer Res 71(23):7141-7144 (2011). 

96. Meyer LH, Eckhoff SM, Queudeville M, Kraus JM, Giordan M, Stursberg J, 
Zangrando A, Vendramini E, Moricke A, Zimmermann M, Schrauder A, Lahr G, 
Holzmann K, Schrappe M, Basso G, Stahnke K, Kestler HA, Te Kronnie G, 
Debatin KM: Early relapse in all is identified by time to leukemia in nod/scid mice 
and is characterized by a gene signature involving survival pathways. Cancer Cell 
19(2):206-217 (2011). 

97. Miller DR, Coccia PF, Bleyer WA, Lukens JN, Siegel SE, Sather HN, 
Hammond GD: Early response to induction therapy as a predictor of disease-free 
survival and late recurrence of childhood acute lymphoblastic leukemia: A report 
from the childrens cancer study group. J Clin Oncol 7(12):1807-1815 (1989). 

98. Miller DR, Leikin S, Albo V, Sather H, Karon M, Hammond D: Prognostic 
factors and therapy in acute lymphoblastic leukemia of childhood: Ccg-141. A 
report from childrens cancer study group. Cancer 51(6):1041-1049 (1983). 

99. Mitra A, Raychaudhuri SK, Raychaudhuri SP: Il-22 induced cell proliferation is 
regulated by pi3k/akt/mtor signaling cascade. Cytokine 60(1):38-42 (2012). 

100. Mondesire WH, Jian W, Zhang H, Ensor J, Hung MC, Mills GB, Meric-
Bernstam F: Targeting mammalian target of rapamycin synergistically enhances 
chemotherapy-induced cytotoxicity in breast cancer cells. Clin Cancer Res 
10(20):7031-7042 (2004). 

101. Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J, 
Puigserver P, Carlsson E, Ridderstrale M, Laurila E, Houstis N, Daly MJ, 
Patterson N, Mesirov JP, Golub TR, Tamayo P, Spiegelman B, Lander ES, 
Hirschhorn JN, Altshuler D, Groop LC: Pgc-1alpha-responsive genes involved in 
oxidative phosphorylation are coordinately downregulated in human diabetes. Nat 
Genet 34(3):267-273 (2003). 

102. Mori H, Colman SM, Xiao Z, Ford AM, Healy LE, Donaldson C, Hows JM, 
Navarrete C, Greaves M: Chromosome translocations and covert leukemic clones 
are generated during normal fetal development. Proc Natl Acad Sci U S A 
99(12):8242-8247 (2002). 



References 

 102

103. Morishita N, Tsukahara H, Chayama K, Ishida T, Washio K, Miyamura T, 
Yamashita N, Oda M, Morishima T: Activation of akt is associated with poor 
prognosis and chemotherapeutic resistance in pediatric b-precursor acute 
lymphoblastic leukemia. Pediatr Blood Cancer 59(1):83-89 (2012). 

104. Mullighan CG: The molecular genetic makeup of acute lymphoblastic 
leukemia. Hematology Am Soc Hematol Educ Program 2012:389-396 (2012). 

105. Mullighan CG, Collins-Underwood JR, Phillips LA, Loudin MG, Liu W, Zhang 
J, Ma J, Coustan-Smith E, Harvey RC, Willman CL, Mikhail FM, Meyer J, Carroll 
AJ, Williams RT, Cheng J, Heerema NA, Basso G, Pession A, Pui CH, Raimondi 
SC, Hunger SP, Downing JR, Carroll WL, Rabin KR: Rearrangement of crlf2 in b-
progenitor- and down syndrome-associated acute lymphoblastic leukemia. Nat 
Genet 41(11):1243-1246 (2009). 

106. Mullighan CG, Su X, Zhang J, Radtke I, Phillips LA, Miller CB, Ma J, Liu W, 
Cheng C, Schulman BA, Harvey RC, Chen IM, Clifford RJ, Carroll WL, Reaman 
G, Bowman WP, Devidas M, Gerhard DS, Yang W, Relling MV, Shurtleff SA, 
Campana D, Borowitz MJ, Pui CH, Smith M, Hunger SP, Willman CL, Downing 
JR: Deletion of ikzf1 and prognosis in acute lymphoblastic leukemia. N Engl J Med 
360(5):470-480 (2009). 

107. Neri LM, Cani A, Martelli AM, Simioni C, Junghanss C, Tabellini G, Ricci F, 
Tazzari PL, Pagliaro P, McCubrey JA, Capitani S: Targeting the pi3k/akt/mtor 
signaling pathway in b-precursor acute lymphoblastic leukemia and its therapeutic 
potential. Leukemia 28(4):739-748 (2014). 

108. Nijmeijer BA, Mollevanger P, van Zelderen-Bhola SL, Kluin-Nelemans HC, 
Willemze R, Falkenburg JH: Monitoring of engraftment and progression of acute 
lymphoblastic leukemia in individual nod/scid mice. Exp Hematol 29(3):322-329 
(2001). 

109. O'Reilly KE, Rojo F, She QB, Solit D, Mills GB, Smith D, Lane H, Hofmann F, 
Hicklin DJ, Ludwig DL, Baselga J, Rosen N: Mtor inhibition induces upstream 
receptor tyrosine kinase signaling and activates akt. Cancer Res 66(3):1500-1508 
(2006). 

110. Oh WJ, Jacinto E: Mtor complex 2 signaling and functions. Cell Cycle 
10(14):2305-2316 (2011). 

111. Palmi C, Vendramini E, Silvestri D, Longinotti G, Frison D, Cario G, Shochat 
C, Stanulla M, Rossi V, Di Meglio AM, Villa T, Giarin E, Fazio G, Leszl A, 
Schrappe M, Basso G, Biondi A, Izraeli S, Conter V, Valsecchi MG, Cazzaniga G, 
Te Kronnie G: Poor prognosis for p2ry8-crlf2 fusion but not for crlf2 over-
expression in children with intermediate risk b-cell precursor acute lymphoblastic 
leukemia. Leukemia 26(10):2245-2253 (2012). 

112. Palomba ML, Piersanti K, Ziegler CG, Decker H, Cotari JW, Bantilan K, Rijo 
I, Gardner JR, Heaney M, Bemis D, Balderas R, Malek SN, Seymour E, Zelenetz 
AD, van den Brink MR, Altan-Bonnet G: Multidimensional single-cell analysis of 



References 

 103

bcr signaling reveals proximal activation defect as a hallmark of chronic 
lymphocytic leukemia b cells. PLoS One 9(1):e79987 (2014). 

113. Palomero T, Sulis ML, Cortina M, Real PJ, Barnes K, Ciofani M, Caparros E, 
Buteau J, Brown K, Perkins SL, Bhagat G, Agarwal AM, Basso G, Castillo M, 
Nagase S, Cordon-Cardo C, Parsons R, Zuniga-Pflucker JC, Dominguez M, 
Ferrando AA: Mutational loss of pten induces resistance to notch1 inhibition in t-
cell leukemia. Nat Med 13(10):1203-1210 (2007). 

114. Park S, Chapuis N, Tamburini J, Bardet V, Cornillet-Lefebvre P, Willems L, 
Green A, Mayeux P, Lacombe C, Bouscary D: Role of the pi3k/akt and mtor 
signaling pathways in acute myeloid leukemia. Haematologica 95(5):819-828 
(2010). 

115. Pui CH, Campana D, Evans WE: Childhood acute lymphoblastic leukaemia--
current status and future perspectives. Lancet Oncol 2(10):597-607 (2001). 

116. Pui CH, Evans WE: Treatment of acute lymphoblastic leukemia. N Engl J 
Med 354(2):166-178 (2006). 

117. Pui CH, Jeha S: New therapeutic strategies for the treatment of acute 
lymphoblastic leukaemia. Nat Rev Drug Discov 6(2):149-165 (2007). 

118. Pui CH, Relling MV, Downing JR: Acute lymphoblastic leukemia. N Engl J 
Med 350(15):1535-1548 (2004). 

119. Pui CH, Robison LL, Look AT: Acute lymphoblastic leukaemia. Lancet 
371(9617):1030-1043 (2008). 

120. Queudeville M, Seyfried F, Eckhoff SM, Trentin L, Ulrich S, Schirmer M, 
Debatin KM, Meyer LH: Rapid engraftment of human all in nod/scid mice involves 
deficient apoptosis signaling. Cell Death Dis 3:e364 (2012). 

121. Radtke I, Mullighan CG, Ishii M, Su X, Cheng J, Ma J, Ganti R, Cai Z, 
Goorha S, Pounds SB, Cao X, Obert C, Armstrong J, Zhang J, Song G, Ribeiro 
RC, Rubnitz JE, Raimondi SC, Shurtleff SA, Downing JR: Genomic analysis 
reveals few genetic alterations in pediatric acute myeloid leukemia. Proc Natl 
Acad Sci U S A 106(31):12944-12949 (2009). 

122. Redaelli A, Laskin BL, Stephens JM, Botteman MF, Pashos CL: A systematic 
literature review of the clinical and epidemiological burden of acute lymphoblastic 
leukaemia (all). Eur J Cancer Care (Engl) 14(1):53-62 (2005). 

123. Redig AJ, Vakana E, Platanias LC: Regulation of mammalian target of 
rapamycin and mitogen activated protein kinase pathways by bcr-abl. Leuk 
Lymphoma 52 Suppl 1:45-53 (2011). 

124. Roberts KG, Li Y, Payne-Turner D, Harvey RC, Yang YL, Pei D, McCastlain 
K, Ding L, Lu C, Song G, Ma J, Becksfort J, Rusch M, Chen SC, Easton J, Cheng 
J, Boggs K, Santiago-Morales N, Iacobucci I, Fulton RS, Wen J, Valentine M, 
Cheng C, Paugh SW, Devidas M, Chen IM, Reshmi S, Smith A, Hedlund E, Gupta 
P, Nagahawatte P, Wu G, Chen X, Yergeau D, Vadodaria B, Mulder H, Winick NJ, 



References 

 104

Larsen EC, Carroll WL, Heerema NA, Carroll AJ, Grayson G, Tasian SK, Moore 
AS, Keller F, Frei-Jones M, Whitlock JA, Raetz EA, White DL, Hughes TP, Guidry 
Auvil JM, Smith MA, Marcucci G, Bloomfield CD, Mrozek K, Kohlschmidt J, Stock 
W, Kornblau SM, Konopleva M, Paietta E, Pui CH, Jeha S, Relling MV, Evans 
WE, Gerhard DS, Gastier-Foster JM, Mardis E, Wilson RK, Loh ML, Downing JR, 
Hunger SP, Willman CL, Zhang J, Mullighan CG: Targetable kinase-activating 
lesions in ph-like acute lymphoblastic leukemia. N Engl J Med 371(11):1005-1015 
(2014). 

125. Rodrik-Outmezguine VS, Chandarlapaty S, Pagano NC, Poulikakos PI, 
Scaltriti M, Moskatel E, Baselga J, Guichard S, Rosen N: Mtor kinase inhibition 
causes feedback-dependent biphasic regulation of akt signaling. Cancer Discov 
1(3):248-259 (2011). 

126. Rubnitz JE, Pui CH: Childhood acute lymphoblastic leukemia. Oncologist 
2(6):374-380 (1997). 

127. Russell LJ, Capasso M, Vater I, Akasaka T, Bernard OA, Calasanz MJ, 
Chandrasekaran T, Chapiro E, Gesk S, Griffiths M, Guttery DS, Haferlach C, 
Harder L, Heidenreich O, Irving J, Kearney L, Nguyen-Khac F, Machado L, Minto 
L, Majid A, Moorman AV, Morrison H, Rand V, Strefford JC, Schwab C, Tonnies 
H, Dyer MJ, Siebert R, Harrison CJ: Deregulated expression of cytokine receptor 
gene, crlf2, is involved in lymphoid transformation in b-cell precursor acute 
lymphoblastic leukemia. Blood 114(13):2688-2698 (2009). 

128. Ryningen A, Reikvam H, Nepstad I, Paulsen Rye K, Bruserud O: Inhibition of 
mammalian target of rapamycin in human acute myeloid leukemia cells has 
diverse effects that depend on the environmental in vitro stress. Bone Marrow Res 
2012:329061 (2012). 

129. Saltiel AR, Pessin JE: Insulin signaling pathways in time and space. Trends 
Cell Biol 12(2):65-71 (2002). 

130. Salzer WL, Devidas M, Carroll WL, Winick N, Pullen J, Hunger SP, Camitta 
BA: Long-term results of the pediatric oncology group studies for childhood acute 
lymphoblastic leukemia 1984-2001: A report from the children's oncology group. 
Leukemia 24(2):355-370 (2010). 

131. Sanchez PV, Perry RL, Sarry JE, Perl AE, Murphy K, Swider CR, Bagg A, 
Choi JK, Biegel JA, Danet-Desnoyers G, Carroll M: A robust xenotransplantation 
model for acute myeloid leukemia. Leukemia 23(11):2109-2117 (2009). 

132. Scheeren FA, van Lent AU, Nagasawa M, Weijer K, Spits H, Legrand N, 
Blom B: Thymic stromal lymphopoietin induces early human b-cell proliferation 
and differentiation. Eur J Immunol 40(4):955-965 (2010). 

133. Schiller GJ: High-risk acute myelogenous leukemia: Treatment today ... And 
tomorrow. Hematology Am Soc Hematol Educ Program 2013:201-208 (2013). 



References 

 105

134. Schrappe M: Minimal residual disease: Optimal methods, timing, and clinical 
relevance for an individual patient. Hematology Am Soc Hematol Educ Program 
2012:137-142 (2012). 

135. Schrappe M, Hunger SP, Pui CH, Saha V, Gaynon PS, Baruchel A, Conter 
V, Otten J, Ohara A, Versluys AB, Escherich G, Heyman M, Silverman LB, Horibe 
K, Mann G, Camitta BM, Harbott J, Riehm H, Richards S, Devidas M, 
Zimmermann M: Outcomes after induction failure in childhood acute lymphoblastic 
leukemia. N Engl J Med 366(15):1371-1381 (2012). 

136. Schrappe M, Nachman J, Hunger S, Schmiegelow K, Conter V, Masera G, 
Pieters R, Pui CH: 'educational symposium on long-term results of large 
prospective clinical trials for childhood acute lymphoblastic leukemia (1985-2000)'. 
Leukemia 24(2):253-254 (2010). 

137. Schrappe M, Reiter A, Ludwig WD, Harbott J, Zimmermann M, Hiddemann 
W, Niemeyer C, Henze G, Feldges A, Zintl F, Kornhuber B, Ritter J, Welte K, 
Gadner H, Riehm H: Improved outcome in childhood acute lymphoblastic 
leukemia despite reduced use of anthracyclines and cranial radiotherapy: Results 
of trial all-bfm 90. German-austrian-swiss all-bfm study group. Blood 95(11):3310-
3322 (2000). 

138. Schrappe M, Reiter A, Zimmermann M, Harbott J, Ludwig WD, Henze G, 
Gadner H, Odenwald E, Riehm H: Long-term results of four consecutive trials in 
childhood all performed by the all-bfm study group from 1981 to 1995. Berlin-
frankfurt-munster. Leukemia 14(12):2205-2222 (2000). 

139. Schultz KR, Bowman WP, Aledo A, Slayton WB, Sather H, Devidas M, Wang 
C, Davies SM, Gaynon PS, Trigg M, Rutledge R, Burden L, Jorstad D, Carroll A, 
Heerema NA, Winick N, Borowitz MJ, Hunger SP, Carroll WL, Camitta B: 
Improved early event-free survival with imatinib in philadelphia chromosome-
positive acute lymphoblastic leukemia: A children's oncology group study. J Clin 
Oncol 27(31):5175-5181 (2009). 

140. Sengupta S, Peterson TR, Sabatini DM: Regulation of the mtor complex 1 
pathway by nutrients, growth factors, and stress. Mol Cell 40(2):310-322 (2010). 

141. Shultz LD, Lyons BL, Burzenski LM, Gott B, Chen X, Chaleff S, Kotb M, 
Gillies SD, King M, Mangada J, Greiner DL, Handgretinger R: Human lymphoid 
and myeloid cell development in nod/ltsz-scid il2r gamma null mice engrafted with 
mobilized human hemopoietic stem cells. J Immunol 174(10):6477-6489 (2005). 

142. Shultz LD, Schweitzer PA, Christianson SW, Gott B, Schweitzer IB, Tennent 
B, McKenna S, Mobraaten L, Rajan TV, Greiner DL, et al.: Multiple defects in 
innate and adaptive immunologic function in nod/ltsz-scid mice. J Immunol 
154(1):180-191 (1995). 

143. Silva A, Yunes JA, Cardoso BA, Martins LR, Jotta PY, Abecasis M, Nowill 
AE, Leslie NR, Cardoso AA, Barata JT: Pten posttranslational inactivation and 
hyperactivation of the pi3k/akt pathway sustain primary t cell leukemia viability. J 
Clin Invest 118(11):3762-3774 (2008). 



References 

 106

144. Silverman LB, Sallan SE: Newly diagnosed childhood acute lymphoblastic 
leukemia: Update on prognostic factors and treatment. Curr Opin Hematol 
10(4):290-296 (2003). 

145. Skorski T, Kanakaraj P, Nieborowska-Skorska M, Ratajczak MZ, Wen SC, 
Zon G, Gewirtz AM, Perussia B, Calabretta B: Phosphatidylinositol-3 kinase 
activity is regulated by bcr/abl and is required for the growth of philadelphia 
chromosome-positive cells. Blood 86(2):726-736 (1995). 

146. Smith M, Arthur D, Camitta B, Carroll AJ, Crist W, Gaynon P, Gelber R, 
Heerema N, Korn EL, Link M, Murphy S, Pui CH, Pullen J, Reamon G, Sallan SE, 
Sather H, Shuster J, Simon R, Trigg M, Tubergen D, Uckun F, Ungerleider R: 
Uniform approach to risk classification and treatment assignment for children with 
acute lymphoblastic leukemia. J Clin Oncol 14(1):18-24 (1996). 

147. Soliman GA: The role of mechanistic target of rapamycin (mtor) complexes 
signaling in the immune responses. Nutrients 5(6):2231-2257 (2013). 

148. Stanulla M, Schrappe M: Treatment of childhood acute lymphoblastic 
leukemia. Semin Hematol 46(1):52-63 (2009). 

149. Steinherz PG, Gaynon PS, Breneman JC, Cherlow JM, Grossman NJ, 
Kersey JH, Johnstone HS, Sather HN, Trigg ME, Chappell R, Hammond D, Bleyer 
WA: Cytoreduction and prognosis in acute lymphoblastic leukemia--the 
importance of early marrow response: Report from the childrens cancer group. J 
Clin Oncol 14(2):389-398 (1996). 

150. Stromberg T, Dimberg A, Hammarberg A, Carlson K, Osterborg A, Nilsson K, 
Jernberg-Wiklund H: Rapamycin sensitizes multiple myeloma cells to apoptosis 
induced by dexamethasone. Blood 103(8):3138-3147 (2004). 

151. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, 
Paulovich A, Pomeroy SL, Golub TR, Lander ES, Mesirov JP: Gene set 
enrichment analysis: A knowledge-based approach for interpreting genome-wide 
expression profiles. Proc Natl Acad Sci U S A 102(43):15545-15550 (2005). 

152. Tamburini J, Chapuis N, Bardet V, Park S, Sujobert P, Willems L, Ifrah N, 
Dreyfus F, Mayeux P, Lacombe C, Bouscary D: Mammalian target of rapamycin 
(mtor) inhibition activates phosphatidylinositol 3-kinase/akt by up-regulating 
insulin-like growth factor-1 receptor signaling in acute myeloid leukemia: Rationale 
for therapeutic inhibition of both pathways. Blood 111(1):379-382 (2008). 

153. Tamburini J, Green AS, Bardet V, Chapuis N, Park S, Willems L, Uzunov M, 
Ifrah N, Dreyfus F, Lacombe C, Mayeux P, Bouscary D: Protein synthesis is 
resistant to rapamycin and constitutes a promising therapeutic target in acute 
myeloid leukemia. Blood 114(8):1618-1627 (2009). 

154. Tasian SK, Doral MY, Borowitz MJ, Wood BL, Chen IM, Harvey RC, Gastier-
Foster JM, Willman CL, Hunger SP, Mullighan CG, Loh ML: Aberrant stat5 and 
pi3k/mtor pathway signaling occurs in human crlf2-rearranged b-precursor acute 
lymphoblastic leukemia. Blood 120(4):833-842 (2012). 



References 

 107

155. Teachey DT, Hunger SP: Predicting relapse risk in childhood acute 
lymphoblastic leukaemia. Br J Haematol 162(5):606-620 (2013). 

156. Teachey DT, Obzut DA, Cooperman J, Fang J, Carroll M, Choi JK, Houghton 
PJ, Brown VI, Grupp SA: The mtor inhibitor cci-779 induces apoptosis and inhibits 
growth in preclinical models of primary adult human all. Blood 107(3):1149-1155 
(2006). 

157. Teachey DT, Sheen C, Hall J, Ryan T, Brown VI, Fish J, Reid GS, Seif AE, 
Norris R, Chang YJ, Carroll M, Grupp SA: Mtor inhibitors are synergistic with 
methotrexate: An effective combination to treat acute lymphoblastic leukemia. 
Blood 112(5):2020-2023 (2008). 

158. Teitell MA, Pandolfi PP: Molecular genetics of acute lymphoblastic leukemia. 
Annu Rev Pathol 4:175-198 (2009). 

159. Toschi A, Lee E, Xu L, Garcia A, Gadir N, Foster DA: Regulation of mtorc1 
and mtorc2 complex assembly by phosphatidic acid: Competition with rapamycin. 
Mol Cell Biol 29(6):1411-1420 (2009). 

160. Urruticoechea A, Smith IE, Dowsett M: Proliferation marker ki-67 in early 
breast cancer. J Clin Oncol 23(28):7212-7220 (2005). 

161. van der Veer A, Zaliova M, Mottadelli F, De Lorenzo P, Te Kronnie G, 
Harrison CJ, Cave H, Trka J, Saha V, Schrappe M, Pieters R, Biondi A, Valsecchi 
MG, Stanulla M, den Boer ML, Cazzaniga G: Ikzf1 status as a prognostic feature 
in bcr-abl1-positive childhood all. Blood 123(11):1691-1698 (2014). 

162. Vu C, Fruman DA: Target of rapamycin signaling in leukemia and lymphoma. 
Clin Cancer Res 16(22):5374-5380 (2010). 

163. Wander SA, Hennessy BT, Slingerland JM: Next-generation mtor inhibitors in 
clinical oncology: How pathway complexity informs therapeutic strategy. J Clin 
Invest 121(4):1231-1241 (2011). 

164. Wei G, Twomey D, Lamb J, Schlis K, Agarwal J, Stam RW, Opferman JT, 
Sallan SE, den Boer ML, Pieters R, Golub TR, Armstrong SA: Gene expression-
based chemical genomics identifies rapamycin as a modulator of mcl1 and 
glucocorticoid resistance. Cancer Cell 10(4):331-342 (2006). 

165. WHO, http://www.Who.Int/mediacentre/factsheets/fs297/en/, (25.05.2015). 

166. Yang X, Yang C, Farberman A, Rideout TC, de Lange CF, France J, Fan 
MZ: The mammalian target of rapamycin-signaling pathway in regulating 
metabolism and growth. J Anim Sci 86(14 Suppl):E36-50 (2008). 

167. Yuan HX, Xiong Y, Guan KL: Nutrient sensing, metabolism, and cell growth 
control. Mol Cell 49(3):379-387 (2013). 

168. Zhang H, Cohen AL, Krishnakumar S, Wapnir IL, Veeriah S, Deng G, Coram 
MA, Piskun CM, Longacre TA, Herrler M, Frimannsson DO, Telli ML, Dirbas FM, 
Matin AC, Dairkee SH, Larijani B, Glinsky GV, Bild AH, Jeffrey SS: Patient-derived 



References 

 108

xenografts of triple-negative breast cancer reproduce molecular features of patient 
tumors and respond to mtor inhibition. Breast Cancer Res 16(2):R36 (2014). 

169. Zoncu R, Efeyan A, Sabatini DM: Mtor: From growth signal integration to 
cancer, diabetes and ageing. Nat Rev Mol Cell Biol 12(1):21-35 (2011). 
 
 
 
 
 
 
 
 
 
 



 

 

Parts of this dissertation have been published in the following journal article- 

[Hasan, Md. Nabiul; Queudeville, Manon; Trentin, Luca; Eckhoff, Sarah 
Mirjam; Bronzini, Ilaria; Palmi, Chiara; Barth, Thomas; Cazzaniga, Giovanni; te 
Kronnie, Geertruy; Debatin, Klaus-Michael; Meyer, Lüder Hinrich. Targeting of 
hyperactivated mTOR signaling of high-risk acute lymphoblastic leukemia in a pre-
clinical model. Oncotarget 6(3): 1382-1395 (2015).] 
 

DOI: 10.18632/oncotarget.2842 

License: Creative Commons Attribution 3.0 Unported (CC by 3.0) 

Link to license: http://creativecommons.org/licenses/by/3.0/legalcode 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Acknowledgment 

I would like to express my gratitude to Professor Dr. Klaus-Michael Debatin for the 

opportunity to work in the Department of Pediatrics & Adolescent Medicine and for 

the fruitful suggestions to pursue the project. I would like to thank PD. Dr. Lüder 

Hinrich Meyer for the opportunity to work in this project as well as his supervision 

and guidance throughout the study.  

 

Thanks to the member of thesis advisory committee Professor Dr. Peter Gierschik 

for his constructive suggestion throughout the study. Thanks to Dr. Geertuy te 

Kronnie for her suggestions as a member of thesis advisory committee and also 

for hosting me in her lab to analyze the samples for CRLF2 alterations. Also 

thanks to Silvia and Ilaria for their helps during my stay in Padua.  

 

I would like to acknowledge the assistance of Professor Thomas Barth in 

immunohistochemical staining. Also thanks to Professor Dr. Giovanni Cazzaniga 

and Dr. Chiara Palmi for their efforts in analyzing the samples for the presence of 

IKZF1 alterations. 

 

Thanks to the International Graduate School in Molecular Medicine Ulm for the 

opportunity to participate in the PhD program and the scholarship that I received.  

 

I also appreciate the efforts of Luca in performing in silico anlysis. Thanks to 

Manuel, Simone, Sandra and Sussi for their excellent technical support. Thanks to 

all the former and current lab members especially Vera, Felix, Sebastian, Mathias, 

Salih, Stefanie, Melanie, Helen and Lars for their cooperation. Also, thanks to all 

the friends and colleagues in the department of Pediatrics and Adolescent 

Medicine. 

 

I pay gratitude to my parents and brother who inspired me throughout my study 

and for their love and faith on me. Also thanks to my in law for her continuous 

support, encouragement and being with me in Germany which helped me to finish 

the journey. 

 
 



 

 

Declaration 

 

I hereby declare that I wrote the present dissertation with the topic: 

 

“Targeting of hyperactivated mTOR signaling in high-risk acute 

lymphoblastic leukemia as a novel treatment strategy” 

 

independently and used no other aids other than those cited. In each individual 

case, I have clearly identified the source of the passages that are taken word for 

word or paraphrased from other works. 

 

I also hereby declare that I have carried out my scientific work according to the 

principles of good scientific practice in accordance with the current rules of the 

University of Ulm for assuring good scientific practice. 

 

 

Ulm 

 

 

 

Md. Nabiul Hasan 

 


