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Abstract 

Title: Study of the effect of HSP90 inhibitors in the treatment of T-ALL and B-ALL, by 

suppressing the LCK and LYN signaling pathways 

Key words: Acute T-cell and B-cell Lymphoblastic Leukemias, HSP90 Inhibitors, NVP-BEP800, 

LCK signaling pathway, LYN signaling pathway. 

Abstract: My PhD work relates to T-cell and B-cell acute lymphoblastic leukemia. This project 

allowed us to identify a novel therapeutic strategy to treat ALL, by using an HSP90 inhibitor, that 

suppresses LCK and LYN pathways in T-ALL and B-ALL. 

Due to the crucial role of both HSP90 and SRC kinases in tumor development, several molecules 

that inhibit SRC or HSP90 have been developed in order to block cancer cell proliferation. 

  Our work showed that HSP90 is overexpressed in ALL cells compared to resting B and T cells. 

Moreover, we showed that HSP90 overexpression is accompanied by an overexpression of LYN 

kinase in B-ALL and LCK kinase in T-ALL. we found that HSP90 is an important regulator of SRC 

kinases(LCK and LYN), which are involved in the intracellular signaling pathways required for the 

growth and proliferation of T-ALL, B-ALL and other types of leukemic cells. The inhibition of HSP90 

by NVP-BEP800 induces dissociation of the aberrant HSP90-LYN complex in B-ALL cells and 

disrupts the entire BCR signaling pathway. LYN and NFϰB lose phosphorylation and become 

inactive, and the latter leave the nucleus, which leads to inhibition of the survival, growth and 

maintenance of B-ALL cells. We also showed that treating T-ALL cells ,with NVP-BEP800, leads to 

the calcium / NFAT pathway inactivation, and LCK dephosphorylation, whereas NFAT1 becomes 

phosphorylated (inactive) and leaves the nucleus leading to inhibition of survival, growth and 

maintenance of T-ALL cells. These results were published in Blood Cancer Journal in March 2021. 
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Résumé 

Titre : Étude de l'effet des inhibiteurs de HSP90 dans le traitement des leucémies 

lymphoïdes aiguës T et B, en inhibant les voies signalétiques LCK et LYN 

Mots clés : Leucémies Aiguës Lymphoblastiques T et B, Inhibiteurs d’HSP90, NVP-BEP800, Voie 

signalétique LCK, Voie signalétique LYN. 

Résumé : Mon travail de thèse porte sur les leucémies aiguës lymphoblastiques T et B. Ce projet 

nous a permis d'identifier une nouvelle stratégie thérapeutique pour traiter différentes types de 

LAL, en utilisant un inhibiteur HSP90, qui inhibe les voies signalétiques LCK et LYN importantes 

dans les LAL-T et LAL-B. 

  En raison du rôle critique des kinases HSP90 et Src dans la progression tumorale, plusieurs 

molécules inhibitrices de SRC ou HSP90 ont été développées afin de bloquer la prolifération des 

cellules cancéreuses. 

  Nos travaux ont montré que HSP90 est surexprimé dans les cellules LALs par rapport aux 

cellules B et T contrôles. De plus, nous avons montré que la surexpression de HSP90 

s'accompagne d'une surexpression de la LYN kinase dans la LAL-B et de la LCK kinase dans la 

LAL-T. Nous avons constaté que HSP90 est un régulateur important des kinases SRC (LCK et 

LYN), qui sont impliquées dans les voies de signalisation intracellulaires nécessaires à la 

croissance et à la prolifération des cellules LAL-T, LAL-B et d'autres types de cellules 

leucémiques. L'inhibition de HSP90 par NVP-BEP800 induit la dissociation du complexe aberrant 

HSP90-LYN dans les cellules LAL-B et perturbe l'ensemble de la voie de signalisation "B-cell 

receptor (BCR)". LYN et NFϰB perdent leur phosphorylation et deviennent inactifs, et NFϰB quitte 

le noyau, ce qui conduit à une inhibition de la survie, de la croissance et du maintien des cellules 

LAL-B. Nous avons également montré que le traitement des cellules LAL-T, avec NVP-BEP800, 

conduit à l'inactivation de la voie calcium / NFAT et à la déphosphorylation de LCK, alors que 

NFAT1 devient phosphorylé (inactif) et quitte le noyau entraînant une inhibition de la survie, de la 

croissance et du maintien des cellules LAL-T. Ces résultats ont été publiés dans Blood Cancer 

Journal en mars 2021.  
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Definitions/Abbreviations 

A 

 

ABL: Tyrosine-protein kinase ABL1                             AML1/RUNX1: runt related transcription                                                                                                                                                                   

.                                                                                     factor1 

ADP: adenosine diphosphate                                        An1 B: anergic B cell 

AF4:ALL1-fused gene from chromosome 4 protein      Ang1: angiopoietin 1 

Akt/PKB: Protein kinase B                                            APCs: antigen presenting cells 

ALL: Acute lymphoblastic leukemia                              ARID5B: AT rich interaction domain 5B 

ALL1: Leukemia, acute lymphocytic, susceptibility       ATP: adenosine triphosphate 

to, 1 

AML: acute myeloid leukemia 

   
B 

 

BAD: BCL-2- associated agonist of cell death               BLNK: B Cell Linker protein                               

B-ALL: B-cell acute lymphoblastic leukemia                  BLK: B-cell lymphocyte kinase                     

BALL-1: B-cell Acute Lymphoblastic Leukemia-1          BIM : BCL-2 like protein 11                           

BAX: BCL-2-associated X protein                                  B-NHL: B-Non Hodgkin lymphoma                      

B cell: B lymphocyte                                                       BRK: breast tumor kinase                                 

BCL2L1: Bcl-2-like protein 1                                           BTK: Bruton's tyrosine kinase                                 

BCR-ABL1: Philadelphia chromosome                                                                                                     

BMI1 : B lymphoma Mo-MLV insertion region 1                                                                                 

homolog 

 

C 

CAR-T-cells: T cells engineered to express                  c-Kit: tyrosine-protein kinase KIT 

chimeric antigen receptors 

CBC: complete blood count                                            CLL: chronic lymphocytic leukemia               

Cbl: ubiquitin ligase                                                        CLP: common lymphoid progenitors             

CD3: cluster of differentiation 3                                      CML: chronic myeloid leukemia                    

CD4: cluster of differentiation 4                                      CMP: common myeloid progenitors              

CD8: cluster of differentiation 8                                      C-Myc: Myc proto-oncogene protein            

CD19: cluster of differentiation 19                                  C-Myb: Transcriptional activator Myb           

CD28: cluster of differentiation 28                                  CNS: central nervous system                         

CD45: cluster of differentiation 45                                  CSF-1: colony stimulating factor 1                   

CD79: cluster of differentiation 79                                  CSF: cerebrospinal spinal fluid                          

CD81: cluster of differentiation 81                                  Csk: C-terminal SRC Kinase                    

CDKN1A: cyclin-dependent kinase inhibitor1A             CT: computerized tomography                       

CDK4: Cyclin-dependent kinase 4                                   CXCL4 :chemokine (C-X-C Motif) ligand 4   

CDK6:Cyclin-dependent kinase 6                                    CXCL12 :C-X-C chemokine motif 12 
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CD22: cluster of differentiation 22                                   CD34: cluster of differentiation 34 

CEBPE: CCAAT enhancer binding protein epsilon         C/EBPα : CCAAT-enhancer binding   

                                  protein α                   

CTLA-4: cytotoxic T lymphocyte–associated protein 4                                                                              

CVAD: cyclophosphamide, vincristine, Adriamycin and dexamethasone 

 

D 

 
DAG: diacylglycerol                                                         DN: double negative 

DCs: dendritic cells                                                          DP: double positive                                           

DDiT4: DNA damage-induced transcript 4                      DUSP6: Dual Specificity Phosphatase 6 

 

E 

EAHP: European association of hematopathology         EPO:Erythropoietin 

EBF1: early B cell factor 1                                              ErP: erythroid progenitors                               

EGFR: epidermal growth factor receptor                         ETS family :E-twenty six  

EGR1: early growth response protein 1                         ETV6 : ETS variant                                                                                                                                                                                                    

EphA2: ephrin type-A receptor 2                                                                                                                

ERK1/2: extracellular signal‑regulated protein kinase                                                                            

ETP-ALL/LBL: Early T-cell Precursor Acute Lymphoblastic                                                       

Leukemia 

  
 

F 

 

FAB: French-American-British classification system       FO: follicular mature B cells                                

FISH: fluorescence in situ hybridization                           FOXP1: forkhead box P1                                       

Flt3: Fms-like tyrosine kinase 3 

G 
 
GADS: Grb2-related adaptor downstream of Shc           GMP: granulocyte-macrophage                                                                                                 

.                                                                                         progenitors 

GATA-2:GATA binding protein 2                                     GRB2: growth factor receptor-bound 
.                                                                                         protein 2 
GATA-3:GATA binding protein 3                                     GRP-94: glucose-regulated protein 94 
G-CSF: granulocyte colony-stimulating factor 
 

 
 

https://en.wikipedia.org/wiki/Cyclophosphamide
https://en.wikipedia.org/wiki/Vincristine
https://en.wikipedia.org/wiki/Dexamethasone
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H 

 
HER2: human epidermal growth factor receptor 2          HSP60: heat shock protein 60      
HIF1: hypoxia-inducible factor 1                                      HSP70: heat shock protein 70         
HSCT: hematopoietic stem cell transplantation               HSP90: heat shock protein 90    
HSC: hematopoietic stem cell                                          HSP110: heat shock protein 110           
HSP: heat shock protein                                                   HTLV-1: human T cell leukemia virus 
HSP27: heat shock protein 27      

 

I 

 
IgM: immunoglobulin                                                       IL-10: interleukin-10           
IKZF1: IKAROS family zinc finger 1                                IL-13: interleukin-13 
IL-2 : interleukin 2                                                            INFA: interferon alpha         
IL-3: interleukin 3                                                             INFB: interferon beta        
IL-4: interleukin-4                                                             iNKT: invariant natural killer T cells 
IL-5: interleukin-5                                                             IP3: inositol triphosphate   
IL-6: interleukin 6                                                              IS: immune synapse      
IL-7: interleukin 7                                                             IR: ionizing radiation                             
IL-10: interleukin-10                                                          IRF-4: interferon regulatory factor 4                                               
IL-13: interleukin-13                                                           ITAMs: immunoreceptor tyrosine-                                               
.                                                                                          based activation motifs   
 

 
J 

JAK2: janus kinase 2 
 
 

K 
 

KSHV: Kaposi Sarcoma-associated herpesvirus             KS: Kaposi Sarcoma                     
  

 
L 

 
LANA: latency associated nuclear antigen                        LINE-1: Long Interspersed Element1                                                                                                  
LAT: linker for activation of T cells                                     LMPP: lymphoid primed multipotent                                                                     
.                                                                                          progenitors       .                                                                                     
LCK: lymphocyte cell-specific protein-tyrosine kinase      LYN: LCK/Yes novel tyrosine kinase 
LICs: leukemia-initiating cells                                            LP: lumbar puncture        
  

M 
 

MAPK: Mitogen-activated protein kinase                          MRD: minimal residual disease                          

MEK: Mitogen-activated protein kinase                            MRI: magnetic resonance 

.                                                                                          imaging  

MEP: megakaryocyte-erythroid progenitors                     mTOR:  mechanistic target of                                                  
.                                                                                          Rapamycin kinase 
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MHC: major histocompatibility complex                            MTSI:  multiple tumor-suppressor                                                   
.                                                                                         gene 1        
MLL: mixed-lineage leukemia                                          MTS2: multiple tumor-suppressor                                           
.                                                                                          gene 2 
MPN: Myeloproliferative Neoplasm                                    MZ : marginal zone B cell 
MPP: multipotent progenitors 
 

N 
 
NFAT: nuclear factor of activated T cells                           NOTCH-1: Notch homolog 1 
NFϰB: nuclear factor-kappa B                                           NSG: NOD/SCID/γc−/−        
NK: natural killer                                                                 NTD: N-terminal domain          
NCI- high risk category: National Cancer Institute 
- high risk category 

 
P 

 
 
PAX5: paired box 5                                                            PP2A: protein phosphatase 2                   

PCR: polymerase chain reaction                                        PTEN: phosphatase and tensin                                 

.                                                                                          homolog       

PDX: patient derived xenografts                                        PUM1 / 2: pumilio RNA binding                               
.                                                                                           family member 1/2)             
PD-1: programmed cell death protein 1                              PU.1: purine rich box 1         
Pi: inorganic Phosphate                                                      p21: cyclin-dependent kinase                                      
.                                                                                            inhibitor 1          
PIs: proteasome inhibitors                                                   p27: cyclin-dependent kinase                            
.                                                                                            inhibitor 1B                          
PIP2: phosphatidylinositol biphosphate             
PI3K: phosphatidylinositol 3-kinase   
PKC: protein kinase C          

PLC-γ1: phospholipase C gamma 1               

PLC-γ2: Phospholipase C-γ2  

PLZF: Promyelocytic leukemia zinc finger           

 

R 

 

RAF: Rapidly Accelerated Fibrosarcoma                           RAS: rat sarcoma viral oncogene                                                           
.                                                                                         homolog 
RAG-1: recombination-activating gene 1                          RBC: red blood cell    

RAG-2: recombination-activating gene 2 

 
S 
 

SCF: stem cell factor                                                         SLP-76: Lymphocyte cytosolic                                   
.                                                                                           protein 2  
SCL: stem cell leukemia                                                    SP-1: specificity protein 1 
SCT: stem cell transplantion                                               SPI-1: spleen focus forming virus                                                              
.                                                                                            proviral integration site 1 
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SFKs: SRC family kinases SFKs                                       SRC: proto-oncogene tyrosine-            .                                                                                                        
.                                                                                          protein kinase       
SH: SRC homology                                                           Syk: spleen tyrosine kinase                                     
SHP-1: Protein-Tyrosine Phosphatase SHP-1 
SHP-2: Protein-Tyrosine Phosphatase 2C 
 

T 

T-ALL: T-cell acute lymphocytic leukemia                        TGF-β: transforming growth factor beta                          
TAL-1: T-cell acute lymphocytic leukemia protein 1          Th: T helper cell            

Tc: T cell lineage                                                                TKIs: Tyrosine kinase inhibitors                              
T cell: T lymphocyte                                                           TLX1: T cell leukemia homeobox 1                                                      
TCF3: transcription factor 3                                               TPO: thrombopoietin  
TCR: T cell receptor                                                          TRAP1: TNF receptor associated               
.                                                                                           protein-1 
TCR δ chain: TCR zeta-chain                                           Treg: regulatory T cell        
TEL/ETV6: ETS Variant Transcription Factor 6 
 

U 

UV: ultraviolet 

V 

Vav1: Vav Guanine Nucleotide Exchange Factor 1            VM: Vasculogenic mimicry    

VEGFR1: Vascular endothelial growth factor receptor 1     
VEGFR2: Vascular endothelial growth factor receptor 2 
 

W 
   

WBC: white blood cell                                                         Wnt: wingless-related integration site   

WHO: world health organization classification system      

Z 

ZAP-70: Zeta-chain-associated protein kinase 70            

Others 

6-MP: 6-mercaptopurine                                                      β-Catenin: beta-catenin 
γ, δ, and ε chains: gamma, delta and  epsilon chains       γδ T cells : Gamma delta T cells                     
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  Leukemia is a group of malignant disorders affecting the blood and blood-forming tissues in the 

bone marrow, lymphatic system, and spleen. The word leukemia literally means ―white blood‖ 

because it is a neoplastic proliferation of one type of blood cell, typically a leukocyte or white blood 

cell. Leukocytosis, an increased white blood cell count, is a normal response to infection, but when 

leukocytosis becomes chronic or progressively elevates without obvious cause, then it may 

indicate malignancy. About 5,000 children in Europe are diagnosed with ALL each year 

(Roganovic J et al. 2013). In France, as it is the case in other industrialized countries, acute 

leukemia (AL) is the most frequent cancer in children aged less than 15 years. Acute lymphoblastic 

leukemia (ALL) affects mostly children aged between 2 to 5 years old, with 75% of patients under 

the age of 18, and accounts for 32% of childhood cancers. ALL is a heterogeneous disease that 

affects T or B lymphocyte precursors in 25% and 75% of cases, respectively. T-ALL and B-ALL 

development requires multi-step genetic alterations of crucial oncogenes and tumor 

suppressors via different recurrent mechanisms, such as chromosomal translocations, 

intrachromosomal rearrangements, and mutations in protein-coding genes or enhancer elements, 

as well as epigenetic abnormalities. These alterations commonly affect survival, proliferation and 

differentiation of leukemic cells (T-lymphocyte and B-lymphocyte).   

  Remission rate in children exceeds 80% due to the evolution of the treatments quality. On the 

other hand, with the current treatment regimens in affected adults, the survival rate is about 60% 

among those under 55 years of age, and under 30% for patients over 55 years old (Huguet F et 

al. 2018). Although these regimens induce high rates of complete remission (80 to 90%), an 

estimated 40% to 50% of adult patients with ALL experience relapse (Jabbour E et al. 2018 and 

Kantarjian H et al. 2010). Thus, the overall cure rate is around 40%, and the five-year overall 

survival rate is less than 10% with relapsed or refractory ALL (National Comprehensive Cancer 

Network, 2019). It is therefore necessary to improve the knowledge of this pathology in order to 

discover new therapeutic strategies that would reduce the intensity of cytotoxic chemotherapy and 

improve the prognosis of patients after a relapse.  

  It is with this objective that my thesis work falls. The article ―HSP90 inhibitor NVP-BEP800 affects 

stability of SRC kinases and growth of T-cell and B-cell acute lymphoblastic leukemia‖, allowed us 

to identify the interaction between HSP90 and the SRC kinases (LCK, LYN) that are important for 

the proliferation of leukemic cells. Also it has enabled us to demonstrate that the HSP90 inhibitor 

(NVP-BEP800), by inhibiting these kinases, decreases the proliferation of leukemic cells and 

causes them to undergo apoptosis. These results allow us to consider an innovative therapeutic 

strategy to treat ALL. 
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  This manuscript includes a general introduction which covers all the notions and concepts 

discussed below: normal hematopoiesis and the regulation of hematopoietic differentiation, 

different subtypes of leukemia, current treatments for acute lymphoblastic leukemia, the role and 

importance of chaperone protein HSP90 and SRC family kinase in the progression of leukemia 

and the HSP90 inhibitors (specifically NVP-BEP800). NVP-BEP800 is a candidate to play a major 

role in treating acute lymphoblastic leukemia. The results part includes the publication 

corresponding to the research projects i carried out during my thesis. Finally, the discussion and 

conclusion parts make it possible to take stock of the work carried out and to discuss the results. 

1 Hematopoiesis 
 

  Hematopoiesis (/hɪˌmætoʊpɔɪˈiːsɪs, ˈhiːmətoʊ-, ˌhɛmə-/ from Greek αἷμα, "blood" and ποιεῖν "to 

make", is the formation of blood cellular components. All cellular blood components are derived 

from hematopoietic stem cells  according to body needs. In a healthy adult, approximately one 

trillion new blood cells are produced daily in order to maintain stable state levels in blood 

circulation.  

  Due to the importance of red blood cells in the delivery of oxygen to tissues and the 

development of vascular channels during embryogenesis, blood formation started at the first week 

of embryonic life. It occurs first in yolk sac of the embryo from where it migrates to the liver, 

spleen and lymph node and finally to the bone marrow where the definitive hematopoiesis 

initiates. Although most of the development of lymphocytes in mammals occurs in the bone 

marrow, however, maturation and proliferation of some lymphoid cells occurs in the spleen, lymph 

nodes and thymus (like T cells). 

  After birth, and during early childhood, hematopoiesis occurs in the red marrow of the bone. In 

adults, hematopoiesis occurs in the red marrow of the skull, ribs, sternum, clavicles, vertebrae, 

and pelvis.  

 

1.1 Hematopoietic lineages 

 

  Blood is made up of different types of mature cells: lymphocytes, granulocytes (neutrophils, 

basophils and eosinophils), monocytes, red blood cells and platelets, which are the terminal and 

functional elements of the two main hematopoietic lineages: the lymphoid lineage and the myeloid 

https://en.wikipedia.org/wiki/Help:IPA/English
https://en.wikipedia.org/wiki/Ancient_Greek
https://en.wikipedia.org/wiki/Blood
https://en.wikipedia.org/wiki/Hematopoietic_stem_cell
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lineage. These cells allow in particular the setting in place of immune responses and oxygen 

transport. While polymorphonuclear cells have a shelf life of a few hours, platelets are viable for 7-

10 days and red blood cells live for around 120 days. In order to be present in constant quantities 

in the blood of a human (Homo sapiens) adult, hematopoiesis must generate 250 billion red blood 

cells, 150 billion platelets and 100 billion neutrophils every day. 

  In the early 1960s, James Till and Ernest McCulloch demonstrated in mice that a single cell in 

the bone marrow was capable of producing the progenitors of different lineages (Haas S et al. 

2018). Subsequently, the concept of hematopoietic stem cell (HSC) was defined. 

HSCs are able to maintain quiescence, to renew themselves and to differentiate in order to 

produce all of the hematopoietic lineages (lymphoid and myeloid). This implies a highly regulated 

process that maintains balance. However, the population of HSC is not homogeneous since not 

all of them contribute to hematopoiesis in the same way (Karamitros D et al. 2018). There is still 

controversy over the characterization of hierarchies leading to the production of new 

hematopoietic cells in mammals. Within the framework of the blood hierarchy, several models 

have been proposed in which four main compartments are described: multipotent HSCs, 

hematopoietic progenitors, precursors and mature cells. 

 

  The classic model (Figure 1) describes a differentiation from the most immature cells to the 

most mature cells (Orkin S. 2000). HSCs are first able to generate MPP (multipotent progenitors), 

which differentiate into CMP (common myeloid progenitors) or CLP (common lymphoid 

progenitors). The CMP then give other, more differentiated progenitors which are MEP 

(Megakaryocyte / Erythroid progenitors) and GMP (granulocyte / monocyte progenitors). The 

GMPs will then generate the monocytic and granulocytic progenitors respectively giving the 

precursors of monocytes / macrophages and granulocytes. The MEPs form the megakaryocytic 

and erythroid progenitors respectively producing the precursors of platelets and red cells (Luis T 

et al. 2012). 

  CLPs differentiate into Pro-B, Pro-T or Pro-NK (natural killer) cells, giving respectively B, T and 

NK lymphocytes (Reya T et al. 2001). This model therefore proposes a strict separation between 

the myeloid and lymphoid lineages and describes a loss of multipotentiality of the cells during 

successive differentiations. 

 

  Over the past ten years, this model has been modified thanks to the introduction of new 

techniques such as individual cell analysis systems (Nimmo R et al. 2015). The ―revised‖ model 

presented in figure 2 results from the identification of a new type of multipotent progenitor called 
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LMPP (lymphoid primed multipotent progenitors) and the implementation evidence of the ability of 

HSC to differentiate directly in MEP (Sanjuan-Pla A et al. 2013). It suggests that MPPs can 

differentiate into MEP or LMPP, the latter being capable of giving GMP and CLP. In this second 

model as in the first, the capacity for self-renewal is only observed in HSC, at the first level of the 

hierarchy. Currently, the second model is the most recognized. However, the "purity" of the 

populations which he describes on the one hand and the functional and transcriptional properties 

which distinguish them on the other hand, are still discussed. Many studies have been published 

in renowned journals on this subject. Thus, the existence of a continuum between HSC and their 

immediate descendants is now accepted and calls into question the existence of 

compartmentalized populations (Velten L et al. 2017). In addition, the functional and 

transcriptional heterogeneities of cells within the populations of LMPP and GMP have recently 

been demonstrated (Sanjuan-Pla A et al. 2013 and Karamitros D et al. 2018). 

  Following the study of the gene expression of individualized cells, the authors identified a 

majority of unipotent progenitors, but also bipotent progenitors and a small proportion of 

multipotent progenitors, calling into question the uniformity of these populations described in the 

models of hematopoietic hierarchy. In adults, the majority of HSCs are localized in the bone 

marrow, where their differentiation takes place. 

 

Figure 1: The classical model of hematopoiesis. HSCs reside at the top of the hierarchy; they generate a number of multipotent 
progenitors (MPPs) which then differentiate into CMP and CLP that develop into myeloid cells and lymphoid cells. B-cell: B 
lymphocyte, CLP : common lymphoid progenitors, CMP : common myeloid progenitors, GMP : granulocyte/monocyte 
progenitors, HSC : hematopoietic stem cell, LMPP : lymphoid primed multipotent progenitors, MEP : megakaryocyte/erythroid 
progenitors, , MPP : multipotent progenitors, T-cell :T lymphocyte ,NK: natural killer cells ,DCs: dendritic cells . Drawn with 
information from (Luis TC et al. 2012). 
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Figure 2: The revised model of hematopoiesis. HSCs reside at the top of the hierarchy, they generate a number of multipotent 
progenitors (MPPs) which then differentiate into MEP or LMPP, the latter being capable of giving CMP and CLP that develop into 
myeloid cells and lymphoid cells.B-cell: lymphocyte B, CLP : common lymphoid progenitors, CMP : common myeloid progenitors, 
GMP : granulocyte/monocyte progenitors, HSC : hematopoietic stem cell, LMPP : lymphoid primed multipotent progenitors, 
MEP : megakaryocyte/erythroid progenitors, , MPP : multipotent progenitors, T-cell : lymphocyte T,NK: natural killer cells. 
Drawn with information from (Sanjuan-Pla A et al. 2013 and Karamitros D et al. 2018). 

 

1.2 Hematological microenvironments and signals involved in blood cell 

differentiation 

 

  Within the bone marrow, HSCs benefit from a particular microenvironment in areas called 

niches. The bone marrow stroma is made up of different types of cells: osteoblasts, fibroblasts, 

endothelial cells, spinal macrophages, perivascular cells and adipocytes, which first provide 

physical support for HSCs. These cells also control the fate of HSCs by regulating their 

quiescence, their self-renewal, their survival, their proliferation and their entry into differentiation 

thanks to different factors (Becerra J et al. 2011 and Anthony B et al. 2014). 

  There are two types of hematopoietic niches (Figure 3): the endosteal niche, irrigated by 

arterioles, which keeps HSCs in quiescence and protects them from genotoxic stresses, and the 

sinusoidal niche where cells are close to the vascular endothelium in spinal sinuses and 
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proliferate (Kunisaki Y et al. 2013; Calvi L and Link D. 2015). The endosteal niche provides a 

hypoxic environment and contains different types of cells. Osteoblasts produce cytokines involved 

in maintaining quiescent HSCs such as thrombopoietin (TPO), angiopoietin 1 (Ang1) and CXCL12 

(C-X-C chemokine motif 12). Endothelial cells and arteriolar pericytes produce stem cell factor 

(SCF), CXCL12 and E-selectin. Finally, glial cells are able to secrete TGF-β (transforming growth 

factor beta) (Boulais P and Frenette P. 2015). It has also been shown that this niche is 

particularly important for the development of lymphoid progenitors (Ding L and Morrison SJ. 

2013; Yu V et al. 2015). The sinusoidal niche, meanwhile, contains more active HSCs. The 

megakaryocytes associated with the sinusoidal epithelium control their proliferation and 

differentiation by producing CXCL4, TGF-β and FGF-1 (fibroblast growth factor 1). There is 

probably continuous exchange between the endosteal and sinusoidal niches, making it possible to 

maintain a balance between quiescence and proliferation of HSCs, especially when the 

hematopoietic niches evolve in response to stress. The key factors being produced by different 

types of stromal cells, the existence of some functional redundancy is possible (Wei Q and 

Frenette P. 2018). 

  The fate of HSCs is also controlled by the expression of a transcription program specific to each 

lineage, involving transcription factors. For example, thanks to mouse models in which it was 

repressed or overexpressed, Bmi-1 (Bmi1 proto-oncogene, polycomb ring finger1) has been 

described as being involved in the self-renewal of HSCs (Park IK et al. 2003 and Iwama A et al. 

2004). GATA3 is also involved in their entry into the cycle (Ku CJ et al. 2012). c-Myc and c-Myb 

control the balance between self-renewal and differentiation (Wilson et al.2004). In contrast, 

EGR1 (early growth response protein 1) keeps HSC quiescent in the niche by inducing the 

expression of a specific genetic program (Min I et al. 2008). MLL (mixed-lineage leukemia) keeps 

HSC in quiescence but also promotes the proliferation of myeloid lineage progenitors (Jude, 

Climer et al. 2007). Several studies have described the role of TAL1 (T-cell acute lymphocytic 

leukemia 1) also called SCL (stem cell leukemia) in the survival and self-renewal of HSC 

(Reynaud D et al. 2005; Brunet de la Grange P et al. 2006; Souroullas GP et al. 2009 and 

Lacombe J et al. 2010). This transcription factor works by controlling the expression of many 

target genes, including DDiT4 (DNA damage-induced transcript 4), an inhibitor of the mTOR 

(mechanistic target of Rapamycin kinase) signaling pathway (Benyoucef A et al. 2015). In 

addition, FOXP1 (forkhead box P1) is activated by PUM1 / 2 (pumilio RNA binding family member 

1/2) and is also involved in the proliferation of HSC by decreasing the expression of p21 and p27 

(Naudin C et al. 2017). 
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Figure 3: The two medullary niches have complementary functions. The endosteal niche (left) keeps HSC in quiescence thanks to 
the production of several factors and a hypoxic environment. The sinusoidal niche (right) induces the proliferation of HSCs. The 
balance between quiescence and proliferation is maintained thanks to continuous exchanges of  factors between the two niches 
,especially when niches evolve in response to stress.IL7:Interleukin 7,SCF:Stem cell factor.Ang-1:Angiopoetin 
1,TPO:Thrombopoeitin, G-CSF: Granulocyte colony stimulating ,HSC:hematopoietic stem cell.  Adapted from (Wei Q and Frenette 
P. 2018). 

Globally, in bone marrow, most HSCs are quiescent and only 20% of them are active and are in 

the G1 phase of the cell cycle (Kunisaki Y et al. 2013). In order to maintain their numbers 

constant throughout life, HSCs have the potential to divide asymmetrically. One of the two 

daughter cells then remains in contact with the niche and retains its primitive character while the 

second embarked on a path of differentiation (Inaba M and Yamashita Y. 2012; Ting SB et al. 

2012). Hematopoietic differentiation is therefore a finely regulated process. 

 

1.3 Development of T cells (T lymphocytes)    

  T cells are derived from hematopoietic stem cells that are found in the bone marrow. Lymphoid 

progenitors which have developed from hematopoietic stem cells in the bone marrow migrate to 

the thymus and undergo a series of maturation steps that can be identified based on the 
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expression of different cell surface markers, to become functional T cells (Brown G et al. 2018 

and Krueger A et al. 2017). In the thymus, thymocytes express their specific T cell markers, 

including TCR, CD3, CD4 or CD8, and CD2. T cells also undergo thymic education through 

positive and negative selection. 

  The thymus is made up of an outer cortex and an inner medulla region. Developing thymocytes 

interact with the thymus stromal (cortical epithelial) cells, and undergo proliferation. The 

developmental stages of thymocytes started in the cortex and continue in medullary thymic areas 

after migration of thymocytes into the latter.  The earliest developing thymocytes begin to express 

CD2 but lack the expression of CD4 and CD8 (the markers for Th and Tc lineages) and are 

termed double negative (DN) cells. The figure below (Figure 4) shows the ordered expression of 

these markers. The majority of DN cells in the thymus give rise to mature αβ T cells, and 

approximately 5% bear the γδ T cell receptor (TCR). 

  DN cells undergo a TCR β gene rearrangement (Franchini DM et al. 2009). The coupling of TCR 

β chain with pre-Tα and CD3 molecules to form the pre-TCR complex, represents a critical 

checkpoint in T cell differentiation known as β-selection. Indeed, cells that fails to generate a 

functionally rearranged TCR β chain at this stage of development and do not undergo successfully 

β selection will die by apoptosis. Signals derived from the pre-TCR complex, rescue thymocytes 

from apoptosis. It also stimulates them to proliferate, differentiate and express CD4 and CD8 to 

become double positive cells (Rothenberg E et al. 2008).  

  DP cells rearrange their TCR-α chain loci, to produce an αβ-TCR .Double positive αβ cells move 

into the cortico-medullary junction, where they undergo a ―thymocyte selection‖, negative and 

positive selection. Selection depends on the affinity of the thymocyte expressed TCRs for self-

peptides bound to major histocompatibility complex (pMHC) class I or class II molecules.  Positive 

selection occurs in the cortex, when the TCR–self-pMHC interactions that are between a minimum 

and maximum affinity threshold result in the transduction of sufficient TCR signals that promote the 

survival of DP cells and their maturation. However, if the TCR–self-pMHC interactions are below 

the minimum affinity threshold and cannot generate the TCR signals sufficient for positive 

selection, than DP cell undergoes death by neglect (Gaud G et al. 2018). Thymocytes then 

migrate into the medulla to undergo negative selection. Negative selection occurs, when the TCR–

self-pMHC interactions that are of maximum affinity threshold, transduce strong signals leading to 

cell death by apoptosis (Klein L et al. 2014).  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Rothenberg%20EV%5BAuthor%5D&cauthor=true&cauthor_uid=18097446
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  Following selection, down-regulation of co-receptor produces either naïve CD4+ or CD8+ single 

positive cells that exit the thymus and circulate the periphery. Positive selection on MHC Class I 

will produce a CD8 Tc cell, while positive selection on MHC Class II will yield a CD4 Th cell.  

 

 

Figure 4: Overall scheme of T-cell development in the thymus. Committed lymphoid progenitors arise in the bone marrow and 
migrate to the thymus. The earliest developing thymocytes begin to express CD2 but lack the expression of CD4 and CD8, and 
are termed double negative (DN). DN thymocytes can be further subdivided into four stages of differentiation (DN1, 
CD44+CD25− ; DN2, CD44+CD25+; DN3, CD44− CD25+; and DN4, CD44− CD25− . As cells progress through the DN2 to DN4 stages, 
they express the preTCR, which is composed of the non-rearranging pre-Tα chain and a rearranged TCR β-chain. Successful pre-
TCR expression leads to substantial cell proliferation during the DN4 to double positive (DP) transition and replacement of the 
pre-TCR α-chain with a newly rearranged TCR α-chain, which yields a complete αβ TCR.Double positive T cells interact with self-
antigens in the context of major histocompatibility complex (MHC) class I or class II molecules. The fate of the DP thymocytes 
depends on signaling that is mediated by interaction of the TCR with these self-peptide–MHC ligands. Too much signaling can 
promote acute apoptosis (negative selection). The appropriate, intermediate level of TCR signaling initiates effective maturation 
(positive selection). Thymocytes that express TCRs that bind self-peptide–MHC-class-I complexes become (SP) CD8+ T cells, 
whereas those that express TCRs that bind self-peptide–MHC-class-II ligands become (SP) CD4+ T cells, which exit the thymus 
and circulate the periphery. SP: single positive, DP: double positive, DN: double negative. Drawn according to information from 
(Germain RN. 2002). 
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1.4 Development of B cells (B lymphocytes) 

  B cells develop from hematopoietic stem cells (HSCs) that originate from bone marrow. HSCs 

first differentiate into multipotent progenitor (MPP) cells, then common lymphoid progenitor (CLP) 

cells then B cells (Kondo M. 2010). B cell development begins in the fetal liver and continues in 

the bone marrow .The bone marrow is the primary location for early B cell development from stem 

cell to  immature B cell while the  development from immature to mature B cell takes place in 

secondary lymphoid organs such as the spleen and lymph nodes (Lim VY et al. 2017). 

Development progresses through the pro-B-cell, pre-B-cell and immature-B-cell stages. Each of 

them is characterized by different gene expression patterns and immunoglobulin H chain and L 

chain gene loci arrangements, the latter due to B cells undergoing V(D)J recombination during 

their development. 

  So during this differentiation, rearrangements at the immunoglobulin locus result in the generation 

and surface expression of the pre-B-cell receptor (pre-BCR), which is comprised of an Igµ heavy 

chain and surrogate light chains (VpreB or Vλ5) and finally a mature BCR (comprised of 

rearranged heavy- and light-chain genes) that is capable of binding antigen. At this immature stage 

of development, B cells undergo positive selection when the pre-B receptor binds its ligand and 

they undergo negative selection when they bind strongly to multivalent ligands. The BCRs of 

immature B cells are tested for self-reactivity by the surrounding tissue in the bone marrow. If the 

BCR can bind strongly to self-antigen, then the B cell undergoes one of these fates: clonal 

deletion, receptor editing or anergy (Crosby L and Elliott A. 2019). Together these mechanisms 

create so called central tolerance in which the mature B cells don't bind with self-antigens present 

in the bone marrow. Also there are similar mechanisms in the periphery to induce tolerance to 

remaining self-reactive B cells and these mechanisms are responsible for peripheral tolerance 

(Rice J et al. 2005). 

  To complete development, immature B cells which successfully transit negative selection in the 

bone marrow are able to home via the blood to peripheral lymphoid organs such as the spleen. 

Immature B cells in the spleen are termed transitional B cells because  they are transitioning from 

immature to mature B cells .They  are subdivided into three distinct subsets based on termed 

transitional 1 (T1), transitional 2 (T2), and transitional 3 (T3). These cell types are differentiated 

based on differential surface expression of AA4, CD23, IgM and CD21/35 (Allman D and Pillai S. 

2008).  

https://en.wikipedia.org/wiki/Hematopoietic_stem_cell
https://en.wikipedia.org/wiki/Multipotent_progenitor
https://en.wikipedia.org/wiki/Common_lymphoid_progenitor


31 
 

  T1 B cells transition to T2 B cells , T2 B cells which undergo proliferation and differentiation into 

follicular mature (FO) B cells, or into marginal zone (MZ) B cells depending on signals received 

through the BCR and other receptors (Cerutti A et al.2013). (T3) B cells are thought to represent 

primarily self-reactive anergic B cells (also known as An1 B cells) (Figure5) (Cambier J et 

al.2007) . 

 

Figure 5: Overall scheme of B-cell development in the bone marrow and the periphery. The bone marrow is the primary location 
for early B cell development from stem cell to immature B cell while the development from immature to mature B cell takes 
place in secondary lymphoid organs such as the spleen and lymph nodes. Development progresses through the pro-B-cell, pre-B-
cell and immature-B-cell stages. During this differentiation, rearrangements at the immunoglobulin locus result in the 
generation and surface expression of the pre-B-cell receptor (pre-BCR, which is comprised of an Igµ heavy chain and surrogate 
light chains (VpreB or Vλ5)) and finally a mature BCR (comprised of rearranged heavy- and light-chain genes) that is capable of 
binding antigen. At this immature stage of development, B cells undergo positive and negative selection. Cells successfully 
completing this checkpoint leave the bone marrow as transitional B cells, eventually maturing into mature follicular B cells (or 
marginal-zone B cells). Following an immune response, antigen-specific B cells develop into either plasma (antibody-secreting) 
cells or memory B cells. Transitional 3 (T3) B cells, once thought to be part of the linear development from immature to mature B 
cells, are now thought to represent primarily self-reactive anergic B cells (also known as An1 B cells). Adapted from (Cambier JC 
et al.  2007). 

 

1.5 Regulation of hematopoietic differentiation 

  Numerous studies have been carried out to characterize the transcription factors and cytokines 

involved in hematopoietic differentiation. New techniques for studying individual cells make it 

possible to refine the analyzes by overcoming the heterogeneity of the population studied in order 

to better establish the role of these elements at the cellular level. This section presents a non-
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exhaustive list of the most important transcription factors and growth factors implicated in 

hematopoiesis and leukemia. 

  

1.5.1  Transcription factors 

  Because of their ability to regulate the expression of genes encoding cytokines or cytokine 

receptors, transcription factors control the proliferation and differentiation of progenitors into 

hematopoietic cells (Figure 6). 

  The transcription factor TAL1 is one of the main regulators of hematopoiesis. It is required for 

erythroid progenitors differentiation and megakaryocytic progenitors differentiation. An abnormal 

high level of TAL1 expression was found in approximately 60% of T-ALL. The deletion or the lack 

of expression of TAL1, results in impaired homeostasis and even in early embryonic death. 

Moreover, the inhibition of TAL1 expression induces the apoptosis of blast cells of T-cell leukemia 

(Vagapova E et al. 2018).   

  

  RUNX1 (runt related transcription factor 1) controls the expression of many genes specific to 

hematopoietic lineages, involved in the differentiation and function of hematopoietic cells. High 

levels of RUNX1 are frequently observed in AML, T-ALL and B-ALL (Michael Lie-a-ling et 

al.2020). Deletion of RUNX1 in hematopoietic stem/progenitor cells causes defects in lymphoid 

and megakaryocytic (MK) development (Chou BK et al. 2015 and de Bruijn M and Dzierzak E. 

2017). 

 

  BCL11B plays roles in the brain and many other tissues, in addition to T cells, where it plays an 

important role in their development, proliferation, differentiation, and survival (Huang X et 

al.2012). High levels of BCL11B have been reported in the majority of T-ALL and T-cell lymphoma 

cell lines. Accordingly, deletion of BCL11B selectively induces apoptosis in malignant T cells while 

normal mature T cells remain unaffected (Grabarczyk P et al. 2007).  

 

  GATA-2 is expressed by HSC, MPP, MEP and ErP (erythroid progenitors). It is a key regulator of 

HSC engagement in the MEP lineage (Nimmo R et al. 2015; Katsumura K and Bresnick E. 

2017). GATA2 was found highly expressed in 87% of AML patients (Vicente C et al. 2012). 

Consequently, GATA2 knockdown impedes cell proliferation and induces apoptosis of THP1 AML 

cells (Menendez-Gonzalez et al. 2019).  
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  C / EBPα (CCAAT-enhancer binding protein) participates in maintenance of HSC but is mainly 

involved in the differentiation of myeloid cells. By inducing the expression of a specific genetic 

program for this lineage, it initiates the engagement of HSCs in myeloid differentiation (Avellino R 

and Delwel R. 2017). It is downregulation contributes to the development of AML (Song G et 

al.2015). 

  PLZF is expressed at early stages of brain development and involved in the formation of deep 

layer cortical neurons. It is essential for the development of innate T cells (natural killer T 

cells) (Puszyk W et al. 2013). In T-ALL, PLZF was highly expressed in 50% of patients (Jeon Y et 

al. 2012), while, it was downregulated in 90% of B cell chronic lymphocytic leukemia (B-CLL) 

patients (Parrado A et al. 2000). 

  PU.1 (purine rich box 1), also called SPI-1 (spleen focus forming virus proviral integration site 1) 

belonging to the ETS family (E-twenty six) is a key regulator of hematopoietic differentiation. It has 

a more important role for the fate of HSC and progenitor populations than for the final stages of 

maturation of hematopoietic cells (Burda P et al. 2010). PU.1 acts in combination with other 

transcription factors such as GATA-1, RUNX-1, SP-1 (specificity protein 1), C / EBPα or IRF-4 

(interferon regulatory factor 4), controlling the expression of many genes involved in myelopoiesis. 

The deletion or the reduction in PU.1 expression leads to the development of AML (Takei H et al. 

2019). 

  NOTCH1 is a receptor which, following its cleavage and association with transcription factors, can 

regulate them. NOTCH1 consists of a long extracellular heterodimerization (HD) domain, a 

transmembrane domain and an intracytoplasmic domain. Its extracellular part is capable of binding 

to two families of transmembrane proteins: Jagged1 / 2 and Delta-like (DLLA, DLL3 and DLL4), 

expressed in particular by the cells of the bone marrow and the thymic cortex (Radtke F et al. 

2004; Koch, Fiorini et al. 2008). Force generation is required for Notch receptor proteolysis with 

the γ-secretase enzyme ultimately freeing the NICD (NOTCH intra cellular domain) from the 

membrane (Kovall et al. 2017). NICD is translocated in the nucleus where it binds to RBPJκ and 

proteins of the MAML family (Mastermind-like family) in order to form a transcription activator 

complex capable of inducing the expression of several target genes specific for the T lymphocyte 

lineage (Hosokawa and Rothenberg E et al. 2020).  

  Thus, the NOTCH1 pathway is one of the important signaling pathways required for T cell 

development, and the thymus has crucial role of providing NOTCH ligands to progenitor T cells. 

Deletion of NOTCH1 in Hematopoietic stem/progenitor cells (HSPCs), or of the gene encoding the 
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Notch ligand Delta-like 4 (Dll4) in thymic epithelium, leads to a complete block of T cell 

development accompanied by the appearance of B cells in the thymus. 

  Ikaros (IKZF1) functions as tumor suppressors and to enforce developmental checkpoints 

specifically by making the activation and repression of different waves of regulatory genes more 

switch-like, rather than gradual, from one developmental stage to the next during the development 

of T and B lymphocytes (Heizmann B et al. 2018). Deletions of IKZF1 (ΔIKZF1) resulted in human 

malignancies like pediatric B-cell precursor acute lymphoblastic leukemia (BCP-ALL) and T-ALL 

(Olsson L and Johansson B.2015). 

  Finally, PAX5 (paired box 5) is exclusively expressed by B lymphocytes. Acting in collaboration 

with EBF1 (early B cell factor 1) and TCF3 (transcription factor 3), it represses genes specific for 

other lineages such as NOTCH1 and induced the expression of a genetic program necessary for 

the development of B lymphocytes (Medvedovic J et al. 2011). PAX5 deletion leads to B-ALL 

development in humans, It activates the cell cycle of B cells and increases their ability to initiate 

leukemia (Liu GJ et al. 2014). 

1.5.2 Growth factors 

  Hematopoiesis is also regulated by growth factors belonging to the cytokine family. They are 

produced by spinal cord cells, lymphocytes and monocytes, with the exception of erythropoietin 

(EPO) secreted mainly by renal peritubular cells. 

  Cytokines generally activate survival and proliferation signals. Some act in a broad way, on the 

cells of several lineages at different stages of maturation, this is the case of the SCF (stem cell 

factor) which regulates the HSCs and the progenitors. Others like IL-7 or GM-CSF (granulocyte / 

macrophage colony stimulating factor), IL-6 and IL-3 have a more limited effect. G-CSF 

(granulocyte-CSF) has an action only on granulocyte differentiation. M-CSF (macrophage-CSF) 

and CSF-1 (colony stimulating factor 1) act on the differentiation of monocytes, EPO on the 

erythroid lineage and the thrombopoietin (TPO) on HSCs and on the megakaryocyte lineage. By 

attaching to their specific receptors, growth factors induce signals essential for hematopoiesis.            

  Deregulation of one of these signaling pathways can lead to malignant hemopathies such as 

Myeloproliferative Neoplasms (MPNs). 
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Figure 6: Transcription and growth factors involved in hematopoiesis. The fate of HSCs is regulated by the expression of 
transcription factors (in blue) and growth factors (in red) that control their differentiation. CLP: common lymphoid progenitors, 
CMP: common myeloid progenitors, DN: double negative, ErP: erythroid progenitors GMP: granulocyte / monocyte progenitors, 
HSC: hematopoietic stem cell, LMPP: lymphoid primed multipotent progenitors, MEP: megakaryocyte / erythroid progenitors, 
MkP: megakaryocyte-committed progenitors, MPP: multipotent progenitors. Drawn with information from (Grabher C et al. 
2006, Ho I et al. 2009, Nimmo R et al. 2015, Burda, Avellino R and Delwel R. 2017,  de Bruijn  M and Dzierzak  E.2017, Heizmann B 
et al. 2018)    

2 Leukemia  
 

  As we mentioned in the ―hematopoietic lineages‖ section, blood is a specialized body fluid which 

contains several broad categories of cells: Red Blood Cells (RBCs), White Blood Cells (WBCs), 

and platelets. Generally, leukemia refers to cancers of the WBCs. Leukemic WBCs suffer from a 

proliferation and differentiation disorder so they divide too quickly. However, these abnormal cells 

can‘t fight infection as normal white blood cells do. Also they are resistant to apoptosis and they go 

into an unlimited process of self-renewal.  

2.1 Types of leukemia                



36 
 

  Leukemia is classified by the type of white blood cells affected (Ciesla B. 2007) and by how 

quickly the disease progresses (Bain BJ. 2010). The first group, classified according by how fast it 

develops, is divided into acute and chronic leukemia. Acute leukemia (fast-growing) is rapidly 

progressing and results in the accumulation of immature cells (blasts) in the bone marrow, which 

prevent the bone marrow from producing healthy hematopoietic cells. Chronic leukemia (slow-

growing) progresses more slowly and results in the accumulation of cells with various levels of 

differentiation beyond the blast stage, even if these cells are relatively mature white blood cells but 

are abnormal. 

  The second group, classified according to which type of white blood cells is affected, is divided 

into lymphocytic and myelogenous leukemia. Lymphocytic (or lymphoblastic) is a malignant 

transformation of lymphoid progenitor cells and can be classified into B-cell and T-cell neoplasms. 

Myelogenous (or myeloid) leukemia is a very heterogeneous disease caused by malignant 

transformation of myeloid progenitor cells that create red blood cells, platelets and other kinds of 

white blood cells (granulocytes and macrophages). 

The four main types of leukemia are:  

  Acute lymphocytic leukemia (ALL), also called acute lymphoblastic leukemia, is a blood 

cancer that results when abnormal white blood cells (leukemic cells) accumulate in the bone 

marrow. ALL progresses rapidly, replacing normal blasts that produce functional lymphocytes with 

leukemic cells that are immature. Blood carries the leukemic cells to the brain, liver and spleen 

where they continue to divide and spread (www.LLS.org). 

  ALL affects B cells more than T cells. ALL is the most common type of leukemia in young children 

(under 15) but it can also occurs in adults (more than 45).  

  Acute myeloid leukemia (AML), also known as acute myeloblastic leukemia, acute granulocytic 

leukemia or acute no lymphocytic leukemia is a fast-growing form of cancer of the blood and bone 

marrow. 

  AML is the second most common form of childhood leukemia and one of the most common forms 

for adults. It progresses rapidly, replacing normal blasts that produce functional red, white blood 

cells and platelets with immature leukemic cells that are unable to fend off infection. 

https://www.cancercenter.com/cancer-types/leukemia
https://www.cancercenter.com/blood-cancers
https://www.cancercenter.com/blood-cancers
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  AML has eight different subtypes, which are based on the cell that the leukemia developed from. 

The types of acute myelogenous leukemia include (Setiawan A et al. 2018): 

 Myeloblastic (M0)  

 Myeloblastic (M1)  

 Myeloblastic (M2)  

 Promyelotic (M3) 

 Myelomonocytic (M4) 

 Monocytic (M5) 

 Erythroleukemia (M6) 

 Megakaryocytic (M7) 

  Chronic lymphocytic leukemia (CLL) is a very common form of adult leukemia; it progresses 

slowly, replacing normal blasts that produce functional lymphocytes with leukemic cells that are 

immature. In CLL, the abnormal lymphocytes take longer to develop and multiply, which is why 

some cases stay stables for years and don‘t need treatment.  

  Chronic myeloid leukemia (CML) also known as chronic myelogenous leukemia, it is the most 

common form of leukemia for elderly people. CML is a form of cancer that affects the bone marrow 

and blood. It begins in the myeloid cells of the bone marrow and then, over time, spreads to the 

blood and to other areas of the body. CML has been shown to be associated with an abnormal 

chromosome known as the Philadelphia chromosome (Ph chromosome) (Kang ZJ et al.2016). 

  In my thesis, I worked on T-cell and B-cell acute lymphoblastic leukemia, so I chose to highlight 

only Acute Lymphoblastic Leukemia. 

2.2 Clinical presentation of ALL  

  Patients with acute lymphocytic leukemia (ALL) appear with signs and symptoms related to 

direct infiltration of bone marrow and other organs by leukemic cells, or in connection with a 

decrease in the production of normal hematopoietic elements. The duration of symptoms in 

patients with ALL can range from a few days to several months. 

  Figure 7 shows the common symptoms of acute lymphoblastic leukemia that could affect the, 

muscles, skin, bones, spleen, liver, testicles and CNS (Paul S et al. 2016). 

https://www.cancercenter.com/cancer-types/leukemia
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Figure 7: Clinical presentation of acute lymphoblastic leukemia. 

 

2.3 Risk Factors for Acute Lymphocytic Leukemia (ALL) 

  Environmental, biological and genetic factors play a role in leukemia susceptibility and 

development. Exposure to infections has been widely studied as causal mechanisms for the 

leukemia development: lack of infections during early life cause dysregulation in immune system, 

which leads to an abnormal response to common infections later in childhood (Greaves M. 2018). 

Abdominal discomfort 

Splenomegaly 

Leukemic meningitis, signs of involvement 

of CNS, headache 

Fever 
Anemia’s symptoms:   
Fatigue, paleness, dyspnea                     

Lymphadenopathy 

Hepatomegaly 

 

Bleeding within the skin: 

Purpura, Petechiae 

Bone marrow examination 

ALL: Hypercellularity with 

lymphoid blast count greater 

than 20% 

Bone pain 

Testicular enlargement 

Systemic symptoms: 

Weight loss 

Frequent infections 
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In addition, a virus called HTLV-1 (human T cell leukemia virus) increases the risk of developing 

the adult T-cell leukemia (ATL). Also, Epstein-Barr virus has been definitively linked to the 

development of ALL. 

  Several studies have examined possible genetic, infectious, and environmental risk factors to 

determine the etiology of acute lymphoblastic leukemia. In general, benzene and ionizing radiation 

are two environmental exposures strongly associated with the development of AML or ALL 

(Belson M et al. 2007; Cangerana Pereira F et al. 2017 and Zhao J et al. 2020). Even though 

leukemia is not considered as an inheritable disease, there are some genetic factors that 

contribute to disease onset, like Down‘s syndrome, Fanconi anemia, ataxia telangiectasia and 

Bloom syndrome (McGee RB et al. 2016). There are also a number of genes whose mutation 

predisposes carriers to ALL development (e.g. ARID5B, CEBPE, GATA3, ETV6, IKZF1 and PAX5) 

(Inaba H et al. 2020). 

2.4 Diagnosis of Acute Lymphoblastic Leukemia  

  An accurate diagnosis of acute leukemia is crucial to help the doctor assess the progression of 

the disease and determine the appropriate treatment. First, the patient must undergo a routine 

physical examination and if signs and symptoms suggest that the person may have leukemia, 

doctors perform several laboratory tests. Tests and procedures used to diagnose acute 

lymphocytic leukemia include: 

2.4.1 Complete Blood Count with Differential (CBC w/ diff)  

  This test measures the number of red blood cells, white blood cells and platelets in a sample of 

blood. It also measures the percentage of the different types of white blood cells (differential WBC 

count) in the sample and show the presence of immature blast cells normally found in the bone 

marrow. People with ALL may have several signs of bone marrow failure like anemia, abnormal 

leukocyte and differential counts, and thrombocytopenia (Table1). 
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.  

Table1: Complete blood count in healthy people and in patients with ALL. 

 

2.4.1 Bone Marrow Aspiration and Biopsy  

 
  During bone marrow aspiration, a specialized needle is used to remove a sample of bone marrow 

from the hipbone or breastbone (Pui C et al. 2015). Bone marrow aspirates are used to evaluate 

cell morphology and perform a cell count of different marrow elements, including blasts. 

  Bone marrow biopsy removes a small amount of bone filled with marrow. The biopsy allows the 

pathologist to visualize the microstructure of the marrow and describe overall cellularity, stromal 

elements, and the proportion and maturation of hematopoietic cells (Ridgeway J A et al. 2017). 

 

2.4.2  Immunophenotyping  

  Beside cell assessment, immunophenotyping is performed using flow cytometry. It is a 

complement essential in order to confirm the cell lineages involved in ALL. The antigens, or 

markers/proteins, on the surface of the cells are sought (Table 2) (Herold NC and Mitra P. 2020). 

This examination helps to determine at what stage the blasts are blocked and assess their level of 

differentiation as well as determine if there is a B-cell lineage or T-cell lineage ALL. The results of 

the immunophenotyping will condition the treatment therapy, disease monitoring and evaluation of 

residual disease. 

Parameters
Reference interval in 

Healthy people
Results in ALL patients

Hemoglobin (HGB) 12.9 - 18.4 g/dL <12 g/dL (Anemia)

Leukocytes (WBCs) 4.5 - 11.0 x109/L  > 11 x109/L (Hyperleukocytosis)

Neutrophils 2.0 - 6.0 x109/L <1.2 x109/L (Neutropenia)

Platelets 150 - 450 x109/L <150 x109/L (Thrombocytopenia) 
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High specificity Medium specificity Low specificity 

B cell lineage 
CD79a  

cyto IgM    
cyto CD22  

CD19 
CD20  
CD10 

TdT  
CD24 

T cell lineage 

CD3                        
 T cell receptor αβ   
T cell receptor γδ 

  

CD2                            
CD5 
CD7 
CD8 

  CD10 

TdT  
  

  CD1a 

Myeloid lineage MPO 

CD13 
 CD33 

 CD65w             
CD117 

CD14 
CD15 
CD64 

Megakaryocytic 
markers 

- 
CD41                  
CD61 

- 

Monocytic markers - 

CD14                  
CD11b               
 CD64                 
 CD36     

- 

Hematopoietic 
precursor markers 

- 
CD34                   

HLA-DR                   
TdT           

CD45 

                                                                                                                                                                       

Table 2: Antigens commonly used for flow cytometric lineage assignment 

 

2.4.3 Genetic Tests 

  Genetics tests are other types of laboratory tests used for leukemia diagnosis (Wan T et al. 

2014). Among these tests we can cite: 

 Cytogenetic Analysis (Karyotyping) used to search for abnormal changes in leukemia cell 

chromosomes in ALL patients, and it also provides important information to determine the 

best treatment options for a patient. 

 Fluorescence in situ Hybridization (FISH) used to detect certain abnormal changes in the 

chromosomes and genes of leukemia cells. 
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 The Polymerase Chain Reaction (PCR) is mainly used. Its sensitivity is very high and this 

makes it possible to assess the prognosis of each patient. In fact, more than 50% of ALL 

exhibit translocations inducing gene fusions that induce the appearance of abnormal 

proteins (Figure 8) (Duployeza N and Preudhomme C. 2015). Their identification makes 

it possible to determine the most suitable therapeutic management. 

                                              

2.4.4 Imaging tests 

  Imaging tests such as MRI, computerized tomography (CT) scan, Ultrasonography and 

echocardiogram may help determine whether cancer has spread to the brain, spinal cord, liver, 

spleen or other parts of the body.  

 

2.4.5 Spinal fluid test 

 

  A lumbar puncture test is used to collect cerebrospinal spinal fluid (CSF), which is a fluid that 

flows around the brain and spinal cord. The cerebrospinal fluid sample is tested to determine 

whether or not acute lymphocytic leukemia has spread to this region (Del Principe MI et al.2014).  

 

2.5 Classification of ALL    

  In addition to morphology, immunophenotypic, cytogenetic and molecular analyses are needed to 

classify leukemia into different subtypes. Moreover, there are two classification systems which use 

laboratory hematology to categorize acute leukemia: The French-American-British (FAB) 

Classification System and World Health Organization classification system (WHO). 

2.5.1 Immunophenotypic Subtype Classification of ALL 

  The immunophenotyping is very important for the diagnosis and classification of T-ALL and B-

ALL. It helps to determine the cell lineage, degree of maturity and characteristics of the abnormal 

phenotype. 

2.5.1.1 B-ALL classification 

  In the case of B-ALL, antibodies against human leukocyte antigen-DR (HLA-DR), CD19, CD10, 

CD20, Cµ and surface immunoglobulin M (IgM) are used to subdivide B-ALL into three subgroups: 

B-precursor ALL, pre- B ALL and B-ALL (Table 3). 
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  CD19, Cµ and surface Ig are used to distinguish between subgroups of B-ALL. B-ALL express 

CD19 and surface Ig, pre-B ALL express expresses CD19 and Cµ, while B-precursor ALL express 

only CD19. The nuclear enzyme Terminal deoxynucleotidyl transferase (TdT), CD10 and CD34 are 

used to determine the nature of ALL cells. TdT is seen in all B-Precursor ALL cases, and in some 

Pre-B ALL but not in B-ALL, CD10 is seen in all B-ALL cases, while CD34 is found in  all B- 

precursor ALL and in B-ALL but not in Pre B-ALL. Many other antibodies and markers are used to 

classify B-ALL, including HLA-DR, CD20, CD24, CD22 and CD79/b (Ramyar A et al. 2008) 

 

Table 3: Immunophenotypic classification of T-ALL. 

 

2.5.1.2 T-ALL classification 

  In the case of T-ALL, antibodies against CD1, CD2, cytoplasmic CD3 (cCD3), surface CD3 

(sCD3), CD4, CD5, CD7, CD8 and TdT are used to subdivide T-ALL into four immunophenotypes: 

pre-T cells, early cortical, late cortical and the medullary (mature) T cell phenotype (Borowitz M et 

al. 2008) (Table 4). 

  The pre T- cells express CD7, cCD3 and TdT only. The early cortical T cells express CD2, CD5, 

CD7 and TdT; however, the late cortical T cells show CD1, CD2, CD5, CD7 and dual CD4/CD8 

with low expression of sCD3. The mature T cells reveal CD2, CD5, CD7 and CD4 or CD8, without 

expressing TdT (Follini E et al. 2020). In addition, human leukocyte antigen-DR (HLA-DR) and 

CD10 were expressed more in adult T-ALL phenotypes than in children T-ALL phenotypes.  

 

Surface 

Ig
Cyto-µ CD19 CD20 CD22 CD24 CD34 CD79a/b HLA-DR CD10 TdT

B-Precursor 

ALL
No No Yes Yes/No No Yes Yes Yes Yes Yes Yes

Pre-B ALL No Yes Yes Yes/No No Yes No Yes Yes Yes Yes/No

B-ALL Yes No Yes Yes Yes Yes Yes Yes Yes Yes/No No
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Table 4: Immunophenotypic classification of T-ALL. 

 

  Recently, a new subgroup, ETP-ALL (Early-T Precursor), was represented, which shows distinct 

immunophenotypic features, namely impaired expression of CD5, expression of myeloid and/or a 

stem cell marker such as CD34, CD13 and CD33 without expression of CD1 and CD8 (Chiaretti S 

et al.2014). 

2.5.2 Cytogenetic abnormalities in ALL 

  There is less information on the cytogenetic abnormalities in marrow cells of patients with ALL 

than on abnormalities in other leukemias; nonetheless, some patterns of karyotypic change in ALL 

are evident. More than 50% of patients appear to have abnormal karyotype (Perez-Vera P et al. 

2004). ALL can be classified by numerical or structural cytogenetic features (Figure 8). 

2.5.2.1 B-ALL abnormalities 

t (9;22)(q34;q11.2)/BCR-ABL1  

  The Philadelphia chromosome was first described by Nowell and Hungerford in 1960. It is found 

in Ph (+) B-cell acute lymphoblastic leukemia. t (9;22)(q34;q11.2)/BCR-ABL1, is the most frequent 

abnormality among adults with B-ALL which is detected in around 29% of patients (Kang ZJ et al. 

2016 and Mancini M et al. 2005). In contrast, the incidence of t (9; 22) in childhood is low (3-5%) 

(Schultz KR et al. 2009). Patients (both adults and children) with B-ALL and BCR-ABL 

translocation treated with chemotherapy and Dasatinib or Imatinib showed a better 

prognosis(Takeuchi A et al. 2021). 

 

CD1 CD2 cCD3 sCD3 CD4 CD5 CD7 CD8 TdT

Pre-T No No Yes No No No Yes No Yes

Early cortical No Yes Yes No No Yes Yes No Yes

Late cortical Yes Yes Yes Yes Yes Yes Yes Yes Yes

Medullary No Yes Yes Yes Yes/No Yes Yes Yes/No Yes/No
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High hyperdiploidy  

  High hyperdiploidy is characterized by a non-random pattern of chromosomal gains (51 to 67 

chromosomes), comprises the largest cytogenetic subgroup of B-cell acute lymphoblastic leukemia 

and is one of the most common malignancies in children (de Smith A et al. 2016). The 

chromosomes most frequently gained are X, 4, 6, 10, 14, 17, 18 and 21 (Chilton L et al. 2014). 

The incidence of high hyperdiploidy in childhood B-ALL ranges from 16% to 27%. In adults the 

incidence of high hyperdiploidy is remarkably lower and accounts for between 5% and 6% of the 

diagnostic cases (Woo JS et al. 2014). This group is associated with good risk factors: age 2-9 

years, leukocyte counts less than 10x109/L, female sex, C-ALL immunophenotype, FAB type L1. 

Patients with high hyperdiploidy enjoy the best prognosis. An average event-free survival of 5 

years is achieved in 72% of children. An initial report showed that the presence of structural 

chromosomal abnormalities (translocations, deletions and duplications) in addition to high 

hyperdiploidy have an adverse impact on prognosis, but this was not confirmed in a more recent 

report from the same group (Pui CH et al.1989). 

t (12; 21) (p13; q22)/ETV6-RUNX1 

  t (12; 21) (p13; q22) translocation leading to ETV6-RUNX1 fusion is found in B-cell precursor 

acute lymphoblastic leukemia (BCP-ALL). It occurs in 25% of pediatric cases, but its incidence is 

very low in adults (Al-Shehhi H et al. 2012). The prognosis of children with t (12; 21) is excellent 

(Forestier E et al. 2008) 

t (4; 11)(q21; q23)/MLL-AF4   

  t (4; 11)(q21; q23)/MLL-AF4 is found in newly diagnosed B-cell acute lymphoblastic leukemia. 

The incidence of this translocation has been reported as 9 and 13% in children and adults 

(Duployeza N and Preudhomme C. 2015; Moorman AV et al. 2007). The t (4; 11) predicts a 

poor prognosis in both children and adults. 

Hypodiploidy 

  Hypodiploidy is defined as a clonal loss of at least one chromosome. In B-ALL it occurs in 

between 5% and 8% of childhood patients. It may be subdivided into high hypodiploidy (40–45 

chromosomes) and low hypodiploidy (33–39 chromosomes) with distinct genetic and clinical 

features. In some surveys hypodiploidy cases have shown a better prognosis than average others 

they have had a worse prognosis (Harrison CJ et al. 2004). 
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Near Triploidy/Tetraploidy  

  Near-triploidy is defined as the presence of more than 65 chromosomes (66-80 chromosomes) 

and near-tetraploidy (81-102 chromosomes). It is strongly associated with the ETV6-RUNX1 fusion 

in B-lineage leukemic cells (Coccé M et al. 2015). The frequency of Near Triploidy/Tetraploidy was 

respectively 7% in adults and only 2% of children with ALL. The prognosis in adults and in children 

is good (Charrin C et al. 2004).  

 t(1; 19) (g23; p13) and der(19)t(1; 19)(q23; p13)/E2A-PBX1 

  Translocation (1; 19) (q23; p13.3)/TCF3 (E2A)-PBX1 is one of the most frequent translocations in 

B-acute lymphoblastic leukemia (B-ALL). This translocation can occur in a balanced t (1; 

19)(q23;p13) or unbalanced der(19)t(1;19)(q23; p13) form and can result in the fusion 

of TCF3 (transcription factor 3) found at 19p13 and PBX1 (pre-B cell leukemia homeobox 1) found 

at 1q23 to form a chimeric gene whose protein product alters cell differentiation arrest, among 

other cellular processes (Tirado C et al. 2015). This translocation is found in between 2% and 9% 

of ALL (Burmeister T et al. 2010). It occurs in 3% of adult (Moorman AV et al.2007) and in 6% of 

pediatric ALL. The prognostic significance of this abnormality was unclear. However, a recent 

study has suggested that an intensive treatment with CVAD regimen could markedly improve 

prognosis (Garg R et al. 2009). 

Near haploidy 

  Near haploidy is defined as a chromosomal gain from the haploid number of 23 chromosomes. 

The chromosomes frequently gained are 10,14,18,21. Both sex chromosomes are frequently 

present. The incidence of near haploidy in B-ALL is between 0.5% and 2.5%. The prognosis for 

cases with near haploidy is poor (Raimondi SC et al. 2003). 

 

2.5.2.2 T-ALL abnormalities  

Pseudodiploidy 

  Pseudodiploidy is defined as the presence of 46 chromosomes and a structural change or loss of 

1 or more chromosomes complemented by gain of the same number of other chromosomes. 

Pseudodiploidy can be identified only through rigorous karyotype analysis. In T- ALL, the majority 

of patients have pseudodiploid karyotypes (Mrózek K et al. 2008). 



47 
 

t (1; 7) (p32; q35) ,  t (7; 9) (q34; q34) , t (7;11) (q35; p13) and t (7; 19)(q35 ;p13) 

  These translocations are found in T- ALL, the translocations share a common breakpoint at 7q 

32-36, at the site of the T-cell receptor genes. In the t (1; 7) (p32; q35) the gene involved is TAL-1, 

in the t (7; 9) (q34; q34) the gene involved is NOTCH1, in the t (7; 11) (q35; p13) the TTG2 gene is 

involved and in the t (7; 19) (q35; p13) the LYL1 gene is involved. The incidence of t (1; 7), t (7; 11) 

and t (7; 19) has been reported as less than 1% to each incidence in adults and children. However, 

the incidence of t (7; 9) NOTCH1 translocation has been reported as 1% of T-ALL patients, while 

NOTCH1 activation is detected in about 60% of T-ALL (Tosello V et al. 2013) 

t(1; 14) (p33; q11) , t (8; 14) (q24; q11) , t (10;14) (q24; q11.2) and t(11 ;19) (q23 ;p13) 

  These translocations are also found in T- ALL, they share a common breakpoint at 14q11, at the 

site of the T-cell receptor genes TCRA. In the t (1; 14) (p33; q11) the gene involved is TAL-1, in the 

t (8; 14) (q24; q11) the gene involved is the oncogene c-MYC, while in t (10; 14) (q24; q11.2) 

the HOX11 (TLX1) gene is involved and in t (11; 19) (q23; p13) the MLL gene is involved (Ballerini 

P et al. 2002). The incidence of t (1; 14) has been reported as 3 and 2.5 % in children and adults, 

the incidence of t (8; 14) has been reported as 2 and 4 % in children and adults. In contrast, the 

incidence of t (10; 14) in childhood is very low (0.5%), while in adults the incidence of this 

translocation is around 8%. The incidence of t (11; 19) is very low in children (0.3%) and adults 

(0.5%). Prognosis for the patients with t (1; 14) and t (8, 14) translocations is poor while t (10; 14) 

is associated with a favorable outcome. 

 

2.5.2.3 Abnormalities common in T-ALL and B-ALL 

 
Del 6q, Del 9p and Del 12p 

  Del 6q: Deletion of 6q is found in T and early B-lineage ALL. It involves breakpoints between 

6q13-6q21 and 6q21-6q23. 

  Del 9p: the deletion of the short arm of chromosome 9 (9p) is found in T and early B-lineage ALL. 

The deletion is associated with the loss of the interferon genes INFA, INFB and the multiple tumor 

suppresser genes MTSI and MTS2. This abnormality has been associated with ―lymphomatous 

disease‖: lymphadenopathy, splenomegaly, CNS involvement and high leukocyte count (Nahi H et 

al. 2008). Also, 9p deletions can result in the loss of CDKN2A and CDKN2B genes (Girardi T et 

al. 2017). It is present in up to 70% of pediatric T-ALL cases.  
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  Del 12p: The abnormalities of 12p include deletions, balanced and unbalanced translocations. It 

is now becoming clear that a proportion of the 12p deletions may now be reclassified as 

translocations. t (12; 21) translocation results in the fusion of the AML1 gene located at 21q22 and 

the TEL gene located at 12p13. It is associated with a very good prognosis. The projected event-

free survival has been shown to be 74% at 3 years (Wiemels JL et al. 2008). 

 

 

Figure 8: Molecular abnormalities of ALL. Adapted from (Duployeza N and Preudhomme C .2015). 

 

2.6 ALL Treatment          

   The treatment options of acute lymphoblastic leukemia are dependent on several important 

factors that should be taken into consideration to establish a treatment plan including cytogenetic 

abnormalities of the blasts as well as clinical features e.g. the patient‘s age and involvement of the 

central nervous system (CNS) (Pui P et al. 2003). The main current treatment for ALL is typically 

long-term chemotherapy (for 2-3 years) and for patients with CNS diseases they are given cranial 

irradiation and they receive more intense and prolonged chemotherapy. 

Treatment of ALL typically takes place in three phases: 

https://www.cancer.org/cancer/acute-lymphocytic-leukemia/treating/chemotherapy.html
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2.6.1 Remission induction  

  Remission induction includes intensive chemotherapy for a month and is intended to eliminate the 

bulk of disease in bone marrow along with the normal marrow cells return, and the return of blood 

counts to normal levels. Various combinations of chemotherapy drugs can be used to target 

multiple major pathways that play an important role in tumorigenesis and progression of cancer. 

Combinations may include: Prednisolone or Dexamethasone, Cyclophosphamide, Doxorubicin, 

Vincristine and L-asparaginase. These drug combinations interfere with PI3K/AKT/mTOR and 

extracellular-signal-regulated kinase (ERK) signaling pathways (Hassanein EHM et al. 2020)Song 

P et al. 2015). The AKT/mTOR and ERK signaling pathways are involved in autophagy and 

apoptosis induced by chemotherapy drugs in cancer cells (Zhang M et al. 2016 and Song P et al. 

2015). 

  High risk patients may receive additional Daunorubicin. For BCR-ABL1 ALL and CML patients 

whose leukemic cells have the Philadelphia (Ph) chromosome, they also receive a tyrosine kinase 

inhibitor like Imatinib, Dasatinib, Nilotinib and Bosutinib (Fielding AK. 2015 and Hochhaus et al. 

2020). For elderly patients, or patients with chronic conditions, medication doses may need to be 

reduced. In children, about 85 to 90% with AML and 80% with ALL will recover with induction 

chemotherapy. Whereas, in adults with AML and ALL, about half of them go into remission after 

induction because leukemic cells may still be hiding somewhere in the body, further treatment is 

needed. 

2.6.2 Intensification (consolidation)  

  The next phase after remission is the consolidation which often eliminates any remaining disease 

by using the same combination of chemotherapeutic agents that were used for induction therapy. 

This phase typically lasts for around 3 months (Enshaei A et al. 2013). Usually the drugs are 

given in high doses so that the treatment is still fairly intense. CNS prophylaxis/treatment is given 

to eliminate CNS disease. For BCR-ABL1 ALL patients, a tyrosine kinase inhibitor like Imatinib or 

Dasatinib is also continued for patients. For patients in remission, who are still at high risk for the 

leukemia relapsing, an allogeneic stem cell transplant (SCT) can be recommended at this time. 

  Stem cell transplantation (SCT) involves replacing the hematopoietic stem cells in the bone 

marrow of patients with new healthy blood cells from donor‘s bone marrow to replace the cells that 

were killed by chemotherapy. 
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2.6.3 Maintenance 

  After consolidation, the patient is generally put on a maintenance chemotherapy program of 

parenteral Methotrexate (MTX) and oral 6-mercaptopurine (6-MP). Maintenance phase usually last 

over a period of 2-3 years (Schmiegelow K et al. 2014). For BCR-ABL1 ALL patients, a tyrosine 

kinase inhibitor like Imatinib or Dasatinib is often included as well. CNS prophylaxis continues 

during maintenance (Jabbour E et al. 2010). Careful monitoring of drug toxicities and compliance 

to drugs is essential for the whole duration of maintenance therapy. 

 

2.6.4 CNS treatment or prophylaxis 

  CNS prophylaxis is recommended in patients with highly aggressive non-Hodgkin lymphoma 

(NHLs), such as Burkitt lymphoma and diffuse large B-cell lymphoma (DLBCL) (Hall K et al. 

2018). Since ALL can spread to the area around the brain and spinal cord (CNS), so central 

nervous system (CNS) prophylaxis treatment has become an important part of ALL treatment. 

  The initial CNS prophylaxis consisted of cranio-spinal irradiation. However, due to its toxicity, 

radiation use has now been reserved for patients at high risk for central nervous system relapse 

(Richards S et al. 2013). 

  Treatment is given either as prevention, to prevent leukemic cells from spreading to the CNS or to 

treat the leukemia if it has spread in the CNS. CNS prophylaxis may include Intrathecal 

chemotherapy, where chemotherapeutic agents like Methotrexate, Cytarabine or Prednisone are 

injected directly into the cerebrospinal fluid. It may also include high-dose IV Methotrexate, 

Cytarabine, or other chemotherapeutic drugs and a radiation therapy to the brain and spinal cord 

(Qualls  D and Abramson J. 2019). 

 

2.7 Toxicity of ALL therapy  

  Chemotherapy has increased the chances of survival in ALL patients, but it also has a host of 

side effects, such as infection, organ damage, hematological diseases and others (malnutrition, 

hair loss). Chemotherapeutic agents that suppress immunity increase the risk of bacterial, viral and 

fungal infections. Infection remains a leading cause of death in ALL children (Hao K et al. 2020). 

Each organ may be affected by ALL treatment; however, the most common complications other 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Qualls%20D%5BAuthor%5D&cauthor=true&cauthor_uid=30573511
https://www.ncbi.nlm.nih.gov/pubmed/?term=Abramson%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=30573511
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than infection (32.3%) are hepatotoxicity (28.2%), gastrointestinal toxicity (20.4%), central and/or 

peripheral neuropathy (2.9%) and cardiac dysfunction (2.7%) (Zawitkowska  J et al. 2019).  

 

2.8 ALL Relapse 

  Relapse in ALL is the return of ALL in patients who have already undergone treatment and 

reached complete remission. ALL will return in 15 to 20 percent of the children treated for this 

disease and have achieved an initial complete remission, while about 50% of adult patients have 

experienced a relapse (Cooper S and Brown P. 2015). Poor prognosis correlates with features 

such as (National Cancer Institute) NCI- high risk category, early relapse, age >10 years, CNS 

disease at diagnosis, male gender, T-cell immunophenotype, high risk cytogenetics (Masurekar A 

et al. 2014) and MRD at the end of induction (Raetz E et al. 2008). 

The main relapses found are listed below, usually they are located at the bone marrow level, but 

extra medullary forms can be observed at the level of testicles or meninges most often. 

2.8.1 Spinal cord relapses 

 

  This is the main relapse observed, affecting one in three children and mainly occurring during 

treatment. Early relapse is a poor prognosis. Bone marrow relapses are primarily treated with 

allogeneic bone marrow transplantation. 

2.8.2 Meningeal relapses 

 

  Meningeal relapses are found in 5 to 10% of cases (Hu S et al. 2020).Certain karyotypic 

abnormalities (in particular t (9; 22)), the presence of blasts in the CSF at the initiation of treatment, 

a high number of WBCs at the time of diagnosis are factors favoring this type of relapse. 

Meningeal relapse in ALL patients is accompanied often with the following neurological signs: 

 Intracranial hypertension 

 Facial paralysis (which shows damage to the cranial nerves) 

 The presence of blast in the CSF found in control Lumbar Puncture (LP) 

 Significant weight gain linked to overeating of central origin. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=ZAWITKOWSKA%20J%5BAuthor%5D&cauthor=true&cauthor_uid=31280227
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  Regular clinical examinations as well as the control Lumbar Puncture allow early detection of a 

meningeal relapse of ALL. Consolidation chemotherapy with Methotrexate by intrathecal route will 

be proposed to treat this type of relapse. 

 

2.8.3 Testicular relapses 

 

  This type of relapse is rare and affects 5% of boys. Testicular relapse may occur as mono- or 

bilateral painless testicular enlargement with infiltration of leukemic lymphoblasts.A puncture or 

biopsy of the testis can confirm the relapse (Ceppi F et al. 2014). These relapses are treated with 

a new course of chemotherapy as well as testicular irradiation. This irradiation must be bilateral 

even if only one testicle is affected. 

  Treatment of relapsed ALL is usually more intense than the newly diagnosed ALL. Recently, new 

targeted therapies have been tested and found to be important in improving outcomes in patients 

with relapsed ALL. These targeted therapies include: Novel combinations of chemotherapy drugs, 

Antibody-targeted therapies like (Blinatumomab and Inotuzumab)and the Chimeric antigen 

receptor (CAR) T-cell therapy, which involves genetically engineering the patient‘s own immune 

cells (T-cells) to target and kill leukemic cells. In addition to the aforementioned targeted therapies, 

Venetoclax and Navitoclax, which are potent, highly selective and orally bioavailable BCL-XL/BCL2 

inhibitors, promote lymphoblastic apoptosis by directly inhibiting their inducible targets, releasing 

proapoptotic proteins, and triggering mitochondrial outer membrane permeabilization and caspase 

activation (Pullarkat VA et al.2021). 

2.9   Prognostic factors in ALL     

  Prognosis is the predicted outcome of the disease and the chances of recovery (Lee J and Cho 

B. 2017). Several factors determine the prognosis and survival of patients in ALL such as: 

 Age of the patient: Younger adults, usually those younger than 50 years of age, have a 

more favorable prognosis than older adults. Among children ,approximately 85% of patients 

aged 1 to 18 years with newly diagnosed ALL treated on current regimens are expected to 

be long-term event-free survivors, with 5-year overall survival rates, reaching more than 

90%. More precisely, 98% of children in the age group of 3 to 7 attain a complete remission 

(Pieters Ret al. 2016; Vora A et al. 2013 and Möricke A et al. 2016). 
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 Gender: Male gender is associated with poor prognosis compared to girls in ALL (Li S et 

al. 2015). 

 WBCs count at presentation: The white blood cell (WBC) count at the time of diagnosis is a 

prognostic factor for ALL. People with a WBC less than 30,000 for B-cell ALL and less than 

100,000 for T-cell ALL tend to have a more favorable prognosis. 

  Cancer spread to brain and other body organs: The presence or absence of CNS leukemia 

at diagnosis has prognostic significance. Patients with ALL who present with CNS disease 

(CNS3) at diagnosis are at a higher risk of treatment failure and poor prognosis. In addition, 

patients with ALL that has spread to other organs like liver, spleen and testicles have a less 

favorable prognosis. 

 Morphological, immunological, and genetic Subtypes: High hyperdiploidy generally occurs 

in cases with clinically favorable prognostic factors and is an independent favorable 

prognostic factor (Paulsson K, Johansson B. 2009 and Dastugue N et al. 2013). Within 

the hyperdiploid range of 51 to 65 chromosomes, patients with higher modal numbers (58–

66) appeared to have a better prognosis. The Ph chromosome (BCR-ABL ALL) was 

associated with an extremely poor prognosis, and its presence had been considered an 

indication for allogeneic hematopoietic stem cell transplantation (HSCT) in patients. 

 Race and ethnicity: studies showed that survival rates in black and Hispanic children with 

ALL have been somewhat lower than the rates in white children with ALL (Bhatia S.2004 

and Kahn J et al. 2018). The factors associated with race and ethnicity and that influence 

survival are: ALL subtype, treatment adherence and ancestry-related genomic variations. 

 Initial response to the treatment: The prognosis is better if you have no evidence of 

leukemia 4 to 5 weeks after starting treatment. 

3 Signaling in Lymphocyte Activation  

3.1 TCR signaling    

  T cells are a major component of the adaptive immune response, playing a central role in 

pathogen elimination and tumor surveillance. More than two decades ago, several groups 

identified the receptor responsible for antigen recognition, the multisubunit T cell receptor (TCR) 

(Sharpe M et al. 2015). T-cell receptors are located only on the cell membrane and are present as 

two types consisting of two polypeptide chains. In human cells, the most common type of receptor 
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(95%) is called alpha-beta (αβ) because it consists of two different chains, α (alpha) chain and β 

(beta) chain. Each chain contains two folded domains, one constant and one variable, and the 

variable domains of the chains form an antigen-binding site. The least common type is (γδ) 

gamma-delta receptors (5%), which contain a different set of chains, namely γ (gamma) chain and 

one δ (delta). 

  TCR signaling  plays a critical role in the lineage specification and development of specialized T 

cell subsets, including γδ T cells, invariant natural killer T (iNKT) cells and regulatory T (Treg) cells, 

by promoting a number of signaling cascades that ultimately regulate cytokine production, cell 

survival, proliferation, and differentiation. The involvement of TCR by stimulatory peptide 

associated with MHC initiates TCR signals and results in the formation of the immune synapse (IS) 

between T cells and Antigen Presenting Cells (APCs) (Huppa J and Davis M. 2003). T-cell 

interaction with APC also engages stimulatory signaling receptors such as CD28, and leads to the 

employment of CD8 or CD4 co receptors that bind to the regions preserved in MHC class I or MHC 

class II complexes, respectively (Podojil J and Miller S. 2009). The intracellular domains of CD4 

and CD8 bind to LCK tyrosine kinase and their co-clustering with the TCR promotes LCK-mediated 

phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) in the cytoplasmic 

domains of CD3 subunits (γ, δ, ε and δ), which then serve as docking sites for Syk-family  kinases 

(Love PE et al. 2010).  

  Phosphorylation of CD3 subunit ITAM tyrosines by LCK allows recruitment of the Syk family 

kinase, ZAP-70, to the TCR and facilitates activation of ZAP70 by LCK. Activated ZAP-70 then 

phosphorylates the scaffolding transmembrane adaptor linker for activation of T cells (LAT). LAT is 

a transmembrane protein with 9 sites of potential tyrosine phosphorylation (Lo W et al. 2018). 

Tyrosine phosphorylation of the C-terminal four sites of  LAT leads to the recruitment of adaptor 

molecules such as growth factor receptor-bound protein 2 (GRB2), GRB2-related adaptor 

downstream of Shc (GADS), adhesion and degranulation promoting adaptor protein (ADAP) and 

SH2-domain-containing leukocyte protein of 76 kDa (SLP76). Tyrosine phosphorylation of LAT 

also recruits and activates the effector signaling molecules including phospholipase Cγ1 (PLC-γ1), 

IL-2-inducible T cell kinase (ITK) and Vav Guanine Nucleotide Exchange Factor 1 (VAV1), 

resulting in the formation of the LAT signalosome (Gaud G et al. 2018). Activated PLC-γ1 cleaves 

phosphatidylinositol biphosphate (PIP2) to the second messengers diacylglycerol (DAG) and 

inositol triphosphate (IP3), which triggers an increase in intracellular calcium via the release of 

Ca2+ from endoplasmic reticulum storage sites and the influx of extracellular Ca2+.The calcium-

bound calmodulin (Ca2+/CaM) activates the protein phosphatase calcineurin by disrupting the 
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inhibitory effects of calmodulin. Activation of calcineurin leads to the dephosphorylation of its 

substrates, including NFAT transcription factors (NFAT), allowing their nuclear translocation.  Also, 

DAG activates protein kinase C (PKC), which in turn leads to the nuclear translocation of the 

transcription factor NFϰB (Figure 9). Recruitment of GRB2 and VAV1 leads to activation of RAS 

and ERK–MAPK signaling, resulting in actin polymerization and the  activation of the transcription 

factors FOS, JUN and activator protein 1 (AP-1). These outcomes together with co-stimulatory 

receptor and cytokine receptor signals, orchestrate multiple T cell responses, including 

proliferation, migration, cytokine production and effector functions.  

  Indeed, TCR signal transduction is very complex. There is a described pathway for TCR signals 

that is not LAT dependent, which is the p38 dependent pathway (Salvador J et al.2005). The p 38 

dependent pathway includes activation of p38 kinase, which can be phosphorylated directly by 

ZAP-70. P38-dependent TCR signals seem to favor the mostly Th2 response, characterized by the 

synthesis of cytokines such as interleukin-4 (IL-4), IL-5, IL-13, and especially IL-10 (Dodeller F et 

al. 2006). 

  There are also a number of additional molecules that play roles as positive or negative regulators 

of TCR signaling at three critical nodes centered on LCK, ZAP70 and LAT. 

LCK kinase activity is controlled by phosphorylation or dephosphorylation of the key regulatory 

tyrosines, Y394 (activation) and Y505 (inactivation). CSK promotes phosphorylation of Y505 and 

exerts negative regulatory control on LCK activity; also, SHP-1 and SHP-2 phosphatase have been 

reported to dephosphorylate Y394 and inhibit LCK activity and suppress TCR signals (Pao L et al. 

2007). 

  However, the transmembrane tyrosine phosphatase CD45 dephosphorylates pY505 renders the 

LCK active (Riley J et al. 2005). CD45 knockout T cell lines contain Lck that are highly 

phosphorylated at negative regulatory tyrosines (Y505) and exhibit a drastic reduction in TCR-

stimulated phosphotyrosine induction. CD45 knockout mice have few peripheral T cells because 

TCR signaling during thymic development is impaired (Palacios E and Weiss A. 2004). 

Likewise, TCR signaling could be regulated at the ZAP70 node by  ubiquitin ligase CbI that recruits 

ubiquitin associating tyrosine phosphatases suppressor of T cell signaling 1 (STS1) and STS2 

which were shown to dephosphorylate ZAP70 and inhibit TCR signaling (Luis BS and Carpino N. 

2014 ; Zhou X et al. 2021). Mice lacking both STS1 and STS2 are shown to be hyper-responsive 

to T cell receptor stimulation, resulting in an increase in both cytokine production and susceptibility 

to autoimmunity (Zhang J et al. 2015). 
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Figure 9: TCR and LCK Signaling pathways. T Cell Receptor (TCR) activation promotes a number of signaling cascades that 
ultimately determine cell fate through regulating cytokine production, cell survival, proliferation, and differentiation. An early 
event in TCR activation is phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) on the cytosolic side of 
the TCR/CD3 complex by lymphocyte protein tyrosine kinase (LCK). The CD45 receptor tyrosine phosphatase modulates the 
phosphorylation and activation of LCK and other SRC family tyrosine kinases. Zeta-chain associated protein kinase (Zap-70) is 
recruited to the TCR/CD3 complex where it becomes activated. Activated ZAP-70 then phosphorylates the scaffolding 
transmembrane adaptor linker for activation of T cells (LAT). LAT leads to the recruitment of phospholipase C γ1 (PLC-
γ1).Activated PLC-γ1 cleaves phosphatidylinositol biphosphate (PIP2) to diacylglycerol (DAG) and inositol triphosphate (IP3), 
which triggers an increase in intracellular calcium via the release of Ca2+ from endoplasmic reticulum storage sites and the influx 
of extracellular Ca2+.The calcium-bound calmodulin (Ca2+/CaM) activates the protein phosphatase calcineurin by disrupting the 
inhibitory effects of calmodulin. Activation of calcineurin leads to the dephosphorylation of nuclear factor of activation T cell 
(NFAT), allowing it to enter the nucleus. Also, DAG activates protein kinase C (PKC), which in turn leads to the nuclear 
translocation of the transcription factor NFϰB. The activity of these transcription factors results in T cell proliferation, migration, 
cytokine production and effector functions. Drawn with information from (Gaud G et al. 2018). 
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3.2 BCR Signaling   

  B cells mediate the humoral immune response, which is a component of the adaptive immune 

system activity. B cells have several receptors that transduce external signals and influence the 

fate of the B cell. However, the principal signaling pathway in B cell activity is the B Cell Antigen-

Receptor (BCR) pathway (Figure 10), because it facilitates a variety of signaling results such as 

survival, proliferation, differentiation and apoptosis. Also, any disruption in the regulation of BCR 

signaling leads to autoimmunity and cancer. 

  The B-cell Receptor Complex is composed of a membrane immunoglobulin (IgM) disulfide-

bonded to the heterodimers CD79a and CD79b (Woyach J et al. 2012).  IgM is composed of two 

identical heavy chains and two identical light chains. The cytoplasmic regions of CD79a and 

CD79b are called ITAMs (immunoreceptor tyrosine-based activation motif) (Packard T and 

Cambier J. 2013). 

  Upon engagement of the IgM molecules, the cytoplasmic tails of CD79a and b are 

phosphorylated by LYN, a SRC family kinase. This leads to binding and phosphorylation of Syk. 

Syk phosphorylates Vav-1, in addition to BTK and PLCγ2, which are assembled by BLNK (SLP-65) 

.Phospholipase C-γ2 (PLC-γ2) cleaves phosphatidylinositol 4,5-biphosphate (PIP2) to form 

diacylglycerol (DAG) and inositol triphosphate (IP3) (Kadamur G and Ross E. 2013) which 

triggers an increase in intracellular calcium via the release of Ca2+ from endoplasmic reticulum 

storage sites and the influx of extracellular Ca2+ (Mattson M and Chan S. 2003). Ca2+ and DAG 

activate protein kinase C (PKCβ) which in turn leads the nuclear translocation of the transcription 

factor NFϰB, that plays a central role in regulating many aspects of B cell differentiation and 

function (Lim P et al. 2015). Cytosolic Ca2+ facilitates the activation of calcineurin by calmodulin, 

which directly activates NFAT. NFAT involved in the development of mature B cells regulates the 

expression of many genes (Scharenberg A et al. 2007). PLCγ2 also activates the mitogen-

activated protein kinase (MAPK) pathways, including (ERK1/2), (JNK) and p38 MAPK.Vav1 

recruits PI3K, which in turn activates AKT, leading to increased cell survival and proliferation. 

Other membrane proteins, such as CD19, complex with LYN and assist in B cell activation by 

lowering the receptor‘s threshold for antigen stimulation (Merolle M et al. 2018).                                                                         

  BCR signaling is balanced by positive and negative regulators at the level of Syk, LYN, PI3K, and 

ERK activity (Packard T and Cambier J. 2013). For example, the phosphatase SHP1 

downregulates Syk activity, Csk downregulates LYN, PTEN downregulates PI3K, and DUSP6 

downregulates ERK. While The CD19/CD81 upregulates PI3K. 
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Figure 10: BCR and LYN signaling pathways. The B-cell receptor (BCR) signaling pathway in normal B-cells induces apoptosis, 
proliferation, migration or survival. Antigen (Ag) binding to surface immunoglobulins (sIg) triggers BCR (B-Cell Receptor) 
activation by inducing its translocation to lipid rafts, where the co-stimulating immunoglobulins heterodimer (CD79a/b) is 
phosphorylated by Syk and LYN kinases. This leads to binding and phosphorylation of Syk. Syk phosphorylates BTK and PLCγ2, 
which are assembled by BLNK (SLP-65) .Phospholipase C-γ2 (PLC-γ2) cleaves phosphatidylinositol 4,5-biphosphate (PIP2) to form 
diacylglycerol (DAG) and inositol triphosphate (IP3) which triggers an increase in intracellular calcium via the release of Ca

2+
 from 

endoplasmic reticulum storage sites and the influx of extracellular Ca
2+

 . Cytosolic Ca2+ facilitates the activation of calcineurin by 
calmodulin, which triggers the nuclear translocation of Nuclear Factor of Activated T-cells (NFAT). Ca

2+
 and DAG activate protein 

kinase C (PKCβ).Downstream signaling of PKC, leads the nuclear translocation of the transcription factor Nuclear Factor-kB 
(NFϰB) that plays a central role in regulating many aspects of B cell differentiation and function. Adapted from (Bojarczuk K et 
al. 2015). 

4 SRC family kinase   
 

  The SRC family kinase is a family of non-receptor tyrosine kinases; these protein kinases are 

present in essentially all metazoan cells. While their activation is critical for generating an 

appropriate cellular response to external stimuli, many members of SRC family kinase have also 

been implicated as being hyperactive in various diseases including the neoplastic transformation of 
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cancer/leukemia (Warmuth M et al. 2003). These prompted scientists to target these kinases to 

develop therapeutic inhibitors to treat Human cancer and leukemia (Warmuth M et al. 2003). 

  The prototype member of the SRC family protein tyrosine kinases was first identified as the 

transforming protein (v-SRC) of the oncogenic retrovirus, Rous sarcoma virus (RSV) (Simatou A 

et al. 2020). SRC family kinases are regulatory proteins; they have been heavily implicated in the 

regulation of metabolism, viability, proliferation, differentiation and migration within many different 

cell lineages (Frame MC et al. 2002). This wide range of activities is a result of the ability of these 

kinases to associate with various classes of cellular receptors and many distinct cellular targets. 

  In addition, these members can be subdivided into three groups based on their general pattern of 

expression, those that are SRC related (SRC, Yes, Fyn and Fgr), those that are LYN related (LYN, 

Hck, LCK and Blk) and those that are Frk related (Brk, Frk and Srm) kinases (Table 5). 

  The members of first group, SRC, Fyn, Yes and Fgr are expressed in most tissues. Although 

SRC is expressed everywhere, however, platelets, neurons, and bone cells express a 5- to 20-fold 

higher protein level than most other cells (Roskoski R. 2004). 

  The members of second group, Blk, Hck, LCK, and LYN, are found primarily in hematopoietic 

cells (Wang J and Zhuang S. 2017). Both LCK and LYN have also been detected in brain, LCK 

expression has been detected in distinct brain regions including the hippocampus and cerebellum, 

LYN appeared in both embryonic and adult brain. Frk-related kinases are expressed predominantly 

in epithelial-derived cells (Ahluwalia M et al. 2010; Ogunbolude Y et al. 2017). 

 

 

 

 

 

 

https://www.annualreviews.org/doi/10.1146/annurev.cellbio.13.1.513
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SRC family 

member 

Pattern of      

expression 
Oncogenic forms 

Blk B cells Overexpressed in B-cell acute lymphocytic leukemia 

Fgr Myeloid cells, B cells Overexpressed in some leukemias and lymphomas 

Fyn Ubiquitous - 

Hck Myeloid cells - 

Lck 
T cells, NK cells, 

brain 
Overexpressed in T-cell acute lymphocytic leukemia 

Lyn 
B cells , brain, 
Myeloid cells, 

Overexpressed in B-cell acute lymphocytic leukemia 

Src Ubiquitous 
Overexpressed in mammary ,pancreatic and other 

cancers 

Yes Ubiquitous 
Highly expressed in colon, malignant melanoma and 

other cancers. 

Table 5: Characteristics of SRC family kinases 

  

4.1 Structural Domains of SRC Kinases 

  SRC family kinase members are 52–62 kDa proteins; they share the same domain arrangement: 

a large catalytic C-terminal domain, Src 1 homology (SH1), Src 2 homology (SH2), Src 3 homology 

(SH3) domains preceded by a ~80 residue region of low conservation called the Unique (U) 

domain and a SH4 region at the N terminus. While the structured domains (SH3, SH2 and SH1) 

are highly homologous, the SH4 domains and unique domains share very little sequence similarity 

among the family (Figure 11).        
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SH4 domain 

  The SH4 domain spans the first 10–15 residues and drives membrane association via three 

distinct features: N-terminal myristoylation (in all SFKs), an SFK-dependent number of palmitoyl 

groups (in all but SRC and BLK), and a lysine rich stretch of amino acids that augments lipid 

binding and directs SFKs to negatively charged membranes.  

Unique domain 

  The unique domain (UD) of each individual SFK member is well conserved between different 

organisms suggesting a more specific role than that of a simple spacer. It has been proposed to be 

important for mediating interactions with receptors or proteins that are specific for each family 

member. For example, the unique domain of LCK is known to mediate association with the 

cytoplasmic tails of T cells coreceptors of: CD4 and CD8 (Kim et al. 2003). 

SH3 domain 

The SH3 domain directs specific association with proline rich motifs related to the PXXP 

consensus, it is important for intra- as well as intermolecular interactions that regulate SRC 

catalytic activity, SRC localization, and recruitment of substrates 

SH2 domain 

  The SH2 domain controls the group of proteins interacting with SRC tyrosine kinases, it allows 

proteins containing those domains to dock to phosphorylated tyrosine residues on other proteins. 

SH1 domain 

  The SH1 is the last domain; it is responsible for the enzymatic activity. In case of c-SRC, SH1 

domain possesses the classical kinase activation loop tyrosine 419 (Tyrosine site Y 419) which is 

phosphorylated in the active state. Also it possesses a short C-terminal tail, which bears an auto-

inhibitory phosphorylation site (Tyrosine site Y 527) that is phosphorylated by Csk in the inactive 

state (Byeon SE et al. 2012).  

https://www.nature.com/articles/1208081#ref-CR32
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4.2 SRC family members      

4.2.1  LCK  

  The human LCK gene is located on chromosome lq35-34.3 and has 12 exons distributed across 

~14kb of genomic DNA. The expression of the gene is regulated by 2 promoters: a proximal and a 

distal promoter. The LCK gene encodes p56 (LCK) protein. LCK (leukocyte-specific tyrosine 

kinase) is a 56 kDa protein found mainly in hematopoietic cells. It is most commonly expressed in 

T cells, NK T cells and to a lesser extent in B cells. LCK expressed on the cell membrane of T 

cells, plays a major role in signaling of the T-cell antigen receptor (TCR). LCK activation is 

required for the proliferation and differentiation of T cells. 

Figure 11: The domain structure of SRC family kinases and the sequence comparison of SFK. (1)The SRC kinase architecture 
consists of 5 domains: the SH4 domain and unique region, which varies among family members, followed by the SH3, SH2, and 
tyrosine kinase domains. The approximate extent of each domain is indicated, with the SH4, UD, SH3, SH2, and SH1 colored 
green, white, blue, yellow and red purple, respectively. SH4 domain is important for membrane localization. The unique domain 
has been proposed to be important for mediating interactions with receptors or proteins that are specific for each family 
member. SH3 which directs specific association with proline rich motifs related to the PXXP.SH2 controls the group of proteins 
interacting with SRC tyrosine kinases.SH1 which is responsible for the enzymatic activity .The activation loop of the kinase 
domain, the activating (Tyr 419) and autoinhibitory (Tyr 527) phosphorylation sites are indicated. N: N-terminal sequence. C: C-
terminal sequence. (2) Low sequence conservation of human SFKs in the SH4-U region. Adapted from (Pond MP et al.2020)  
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  LCK is also essential for thymocyte development (Rudd ML et al. 2006) and may play a role in 

mitochondrial apoptosis independent of its principle function in TCR signaling (Samraj  A et al. 

2006).  

4.2.1.1 LCK’s protein structure and activation  

 

  The N-terminus is a short sequence for lipid attachment mediated by myristoylation and 

palmitylation, which are involved in the distribution and localization of kinases to the membrane. In 

the inactive state, closed conformation of LCK is stabilized when the C-terminal tail is 

phosphorylated at the tyrosine site 505 (equivalent to tyrosine site Y 530 of c-SRC) by C-terminal 

SRC kinase (Csk) (Okada M. 2012). The active conformation is promoted by phosphorylation of a 

tyrosine (Y394 in LCK) in the activation loop of the kinase domain (equivalent to tyrosine site Y 419 

in c-SRC) which leads to an increase in LCK‗s catalytic activity (Figure 12) (Nika K et al. 2010). 

This activation of LCK in fibroblasts and in T-lymphocytes (in vitro) is due to CD4 T-cell surface 

antigen which physically binds to LCK tyrosine protein kinase and mediates its rapid enzymatic 

activation, after antibody-mediated cross-linking.  

 

 

Figure 12: Representation of LCK structure and regulation of its kinase activity. LCK conformation and regulation of LCK activity. 
Phosphorylation of the inhibitory tyrosine (Y505) by Csk results in a close/inactive conformation .Auto- trans-phosphorylation of 
Y394 results in an open/active conformation. Dephosphorylation of Y394 by phosphatases reverts active LCK back to the primed 
conformation. Adapted from (Bommhardt U et al. 2019) 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Bommhardt%20U%5BAuthor%5D&cauthor=true&cauthor_uid=31315298
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4.2.1.2 LCK expression in cancer and leukemia 

  From many years ago, LCK was overexpressed in lymphocytic leukemia of the B-cell lineage 

such as B-cell precursor form of ALL (BCP-ALL) (Cazzaniga V et al. 2015) and in AML (Marhäll A 

et al. 2017); in addition to be overexpressed, LCK was found to be hyperactivated. Additionally, 

LCK expression was detected in a number of solid cancers including breast cancer (Vahedi S et 

al. 2015) colorectal cancer (Clarke CN et al. 2017) and lung carcinoma (Meng Y et al. 2021). 

Recently, phosphoproteomic profiling analyses of newly diagnosed pediatric T-ALL patients were 

performed by using reverse-phase protein arrays (RPPA) and it has shown that the lymphocyte 

cell-specific protein-tyrosine kinase (LCK) was hyperactivated in these patients. Also, LCK was 

identified as aberrantly active in prednisone poor responders (PPR) patients and that it could be 

responsible for the glucocorticoid resistance observed in some cases of T-ALL (Serafin V et al. 

2017). These observations have led to the hypothesis that LCK may have cancer promoting 

functions and hence may represent a potential diagnostic biomarker and therapeutic target for 

cancers.   

  Consequently current therapeutic efforts have focused on targeting LCK activity using SRC family 

kinase inhibitors like Dasatinib and Saracatinib. The results have shown that these inhibitors 

diminish LCK activation and impair maintenance of human T-ALL (Buffière A et al. 2018). 

Moreover, the results showed that the combination of Dasatinib with Dexamethasone reveals 

synergistic effects on resistant T-ALL cells (Shi Y et al. 2020). 

  The inhibition of LCK, by preventing its phosphorylation, is an important strategy for the treatment 

of malignant hematopoiesis such as T-ALL, particularly with the use of Bosutinib, Dasatinib or 

Saracatinib, which affect proliferation of leukemic cells (Serafin V et al. 2017 and Buffière A et al. 

2018). However, no work has been performed to examine the effect of HSP90 inhibitors on the 

inhibition of SRC kinases and on the treatment of T-ALL cells. 

 

4.2.2 LYN   

  The abbreviation LYN is derived from LCK/Yes novel tyrosine kinase. LYN is one of the members 

of the SRC kinase family of non-receptor protein tyrosine kinases, which is mainly expressed 

in hematopoietic cells (Erythroid/Myeloid and B lymphoid origin) (Ingley E. 2012). It has also been 

detected in neural tissues, adipose tissue, liver, prostate and colon cells (Goldenberg-Furmanov 

M et al. 2004 and Bates R et al. 2001). LYN was involved in the transmission of signals from a 

https://en.wikipedia.org/wiki/Haematopoiesis
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number of receptors such as Epo, c-Kit, B cell antigen receptor (BCR) (Lennartsson J et al. 2005), 

CD19, CD40 and c-Mpl receptors (Bates R et al. 2001). LYN also has been emerged as a 

key enzyme involved in the regulation of B cell activation. It is a protein that is encoded in humans 

by the LYN gene, this gene is localized on the human chromosome 8q13.  

4.2.2.1  LYN’s protein structure and activation 

  LYN has two splice variants (via exon 2) that result in the generation of p53 and p56 kDa protein 

isoforms, designated as LYN A (p56) and LYN B (p53), which differ by a 20 amino acid region in 

the SH4 domain that encompasses a pY motif (pY32) (Ingley E. 2012). As already mentioned LYN 

structure is very similar to other SRC kinase family members. Whilst this N terminus of each 

member is unique, the SRC family shares significant homology in the kinase domain, as well as 

the SH2/SH3 protein interaction domains. LYN is regulated by protein interactions through its 

SH2/SH3 domains as well as via Tyrosine phosphorylation. In the inactive state, the C-terminal tail 

is phosphorylated at the tyrosine site 508(equivalent to tyrosine site 527 of c-SRC) in LYN, by C-

terminal SRC kinase (Csk) (Ingley E et al. 2008). In contrast, in the active state the C-terminal 

tyrosine (Tyr 508) is dephosphorylated by phosphatases such as CD45 and SHP-2 (Masato 

Okada. 2012). Then, LYN can trans-auto phosphorylate within the activation loop, tyrosine site 

Y397 (equivalent to tyrosine site Y 419 of c-SRC) to generate a very active enzyme (Xu Y et al. 

2005).  

 

4.2.2.2 LYN in leukemia 

    Beside its implication in the development of some solid cancers, evidence of a strong role for 

LYN is increasing in several types of leukemia and lymphoma. In chronic lymphocytic leukemia 

(CLL) cells, LYN was aberrantly expressed and highly activated (Kohlhas V et al. 2020). Many 

substrates of LYN were inordinately activated and they supported the aggressiveness and 

apoptosis resistance of CLL cells. 

  In acute myeloid leukemia, Lyn was consistently expressed at a high level and constitutively 

activated. It was found important for survival and proliferation of AML cells. Accordingly, the 

inhibition of Lyn by the SFK inhibitor (PP2) and the specific down regulation of LYN expression by 

small interfering RNA (siRNA) inhibited mTOR pathway and induced apoptosis (in vitro) (Dos 

Santos C et al. 2007).  

https://en.wikipedia.org/wiki/Enzyme
https://en.wikipedia.org/wiki/Protein
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  In chronic myelogenous leukemia, LYN kinase was highly overexpressed and activated. It plays a 

role in CML cells growth and survival. Indeed, the inhibition of LYN kinase by a SRC inhibitor (GP-

76030) reduced proliferation and enhanced apoptosis of CML cells (in vitro) (Donato NJ et al. 

2003).  

  In Ph (+) B-cell acute lymphoblastic leukemia, LYN is involved in BCR-ABL-induced B-lymphoid 

leukemogenesis. It is important for survival and proliferation of B-ALL cells. Indeed, the inhibition of 

SRC kinase by CGP (SFK inhibitor) impaired the proliferation of B-lymphoid cells expressing BCR-

ABL in vitro and prolonged survival of mice with B-ALL (in vivo) (Hu Y et al. 2004).  

  Back to our topic, since LYN appears to have important role in leukemogenesis especially in B-

ALL, targeting and inhibition of LYN by preventing its phosphorylation, could be a promising 

treatment of this disease. Therefore several studies have focused on targeting SRC kinase (LYN) 

activity using kinase inhibitors like Dasatinib  and they found that inhibition of SRC kinase results in 

long-term survival of mice with  B-cell acute lymphoblastic leukemia, and that continuous 

administration of Dasatinib could prevent ALL stem cells from developing into fatal ALL (Hu Y et 

al. 2006 and Li S. 2007). Also, the kinase inhibitor CGP76030 and Imatinib impaired the 

proliferation of  B-lymphoid cells expressing  Bcr-Abl in vitro and prolonged survival of mice with B-

ALL, by targeting important kinases in the BCR pathway like LYN, HCK and FGR (Hu Y et al. 

2004). So targeting LYN in B-ALL, by Imatinib and other tyrosine kinase inhibitors could be a good 

choice in treating these diseases.  

 

4.3 SRC TK inhibitors 

  Given the crucial role of SRC in tumor development and extensive preclinical evidence of 

metastasis suppression by SRC inhibition, several clinically applicable small molecule SRC 

inhibitors have been developed and are undergoing clinical testing, particularly for metastatic 

diseases (Kim L et al. 2009). There are two main categories of SRC inhibitors currently being 

developed: SH2/SH3 blocking inhibitors and ATP-competitive kinase inhibitors.  

  SH2/SH3 blocking inhibitors such as UCS15A, AP22408, and KX239, prevent the SH domain 

mediated interactions and prevent SRC protein-protein interactions. These inhibitors have 

demonstrated poor transport and uptake properties and only inhibit a subset of SRC protein 

interactions, limiting the clinical efficacy of this class of SRC inhibitors. 
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  ATP competitive SRC kinase inhibitors target the active site and prevent ATP from binding and 

initiating the phosphotransferase activity of the enzyme. There is significant homology in the 

structure and sequence of ATP-binding domains of kinases, which has made the narrowing of ATP 

competitors' specificity difficult. 

  However, several ATP competitive inhibitors are currently under various stages of investigation 

as potential therapies for cancer. PP1 and PP2 were among the first SRC kinase inhibitors utilized 

to study the role of SRC activity in cellular events. The use of PP2 has shown that inhibition of 

SRC results in a loss of downstream SRC signaling pathways and elicits anti-tumorigenic 

phenotypes (Chen T et al. 2006). Since it was discovered that inhibition of SRC can lead to anti-

tumorigenic effects in cancer models several ATP-competitive SRC kinase inhibitors such as 

Dasatinib, Saracatinib and Bosutinib have been synthesized and studied.  

  Dasatinib is a tyrosine kinase inhibitor of ABL, SRC and other SFKs. It is approved for the 

treatment of certain types of leukemia, breast cancer, prostate cancer and other cancers (Brave M 

et al. 2008; Finn R et al. 2006 and Koreckij T et al. 2009). Saracatinib is an inhibitor of SFKs, 

EGFR, c-Kit, EphA2 and the SRC-regulator Csk. It showed anti-proliferative activity and anti-

invasive activity in vitro, in several cancer cell lines, including breast, prostate, and colon cancer, 

and in vivo it showed anti-proliferative activity in leukemia cells (Green T et al. 2009; Rikiishi H. 

2012; Chang Y et al. 2008 and Buffière A et al. 2018). Bosutinib has demonstrated activity as an 

inhibitor of SRC, SFKs and BCR-ABL in leukemia and lymphoma cell lines. It also showed 

promising efficacy in prolonging time to progression in locally advanced or metastatic breast 

cancer patients (Campone M et al. 2012 and Puttini M et al. 2006). However, despite the 

important therapeutic activity and the high response rate of SRC inhibitors in various types of 

cancer, adverse events and drug resistance are two major issues that can affect patients' quality of 

life and response to drugs. 

5 Heat Shock Proteins (HSPs)  

  Heat shock proteins (HSPs) are a family of proteins produced by cells exposed to 

stressful conditions like heat, cold, UV light (Hang K et al. 2018), during wound healing or tissue 

remodeling and bacterial or viral infections (Xue J et al. 2016).  Heat shock proteins (HSPs) have 

appeared in all organisms, from humans to bacteria. HSPs have important chaperone functions in 

maintaining cell homeostasis and cellular growth. They prevent the proteins aggregation in folding 

and unfolding of protein, they are involved in the transfer of cellular proteins into subcellular 

https://en.wikipedia.org/wiki/Cell_(biology)
https://en.wikipedia.org/wiki/Stress_(biology)


68 
 

compartments, and they have a regulatory function in cell cycle control, signal transduction and in 

the protection of cells against stress or apoptosis. HSPs have essential anti-apoptotic properties; 

they block both the intrinsic and the extrinsic apoptotic pathways by interacting with essential 

proteins necessary for modulation of signal pathways and for controlling the release of 

apoptogenic molecules (Mjahed H et al. 2012). More recently, it has been found HSPs to be 

essential for antigen presentation with the role of chaperoning and accompanying antigenic 

peptides to the major histocompatibility complexes (MHC)  class I and II molecules (Li  Z et al. 

2002). In addition, extracellular HSPs can stimulate professional antigen presenting cells for the 

immune system, such as macrophages and dendritic cells (Li Z and Srivastava P. 2004). 

  Heat shock proteins (HSPs) are so called because they were first observed in response to 

hyperthermia. They constitute a large family of proteins classified based on their molecular weight, 

such as HSP110 (105-110 kDa), HSP90 (85-90 kDa), HSP70 (68-73 kDa), HSP60 (57-69 kDa) 

and small HSPs (12-43 kDa).The small 8-kilodalton protein ubiquitin, which marks proteins for 

degradation, also has features of a heat shock protein.  

     Table 6 lists common HSPs and summarizes their characteristics including (a) name, (b) 

subcellular localization, (c) known function, (d) chromosome assignment, (e) and brief comments.  

 

 

 

 

Heat-shock 
protein 

Other names 
Subcellular 
localization 

Known functions  Comments 

HSP27 HSPB1, HSP25  Cytosol  
Antiapoptotic, 
cytoprotection 

 

Heat-inducible, 
chaperone activity is 
independent of ATP; 

high expression 
correlated 

https://en.wikipedia.org/wiki/Ubiquitin
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HSP60 
HSPD1, HSP65 

CPN60 
Mitochondria 

Cytoprotection; 
macrophage activator 
possibly through Toll 

like receptors 

 

Functions along with co-
chaperone HSP10; 

linked with 
autoimmunity such as 
rheumatoid arthritis 

HSP70 HSP70s ,DnaK  Cytosol/ nucleus  

Cytoprotection and 
antiapoptotic, HSP70-2 

implicated in 
spermatogenesis 

 

Strongly inducible by 
heat shock; known as 
the inducible form of 

HSP70 

HSP90α 
HSP90, HSP86-1, 

HSP89, HSP4 
Cytosol  

Protein folding, peptide 
chaperone, 

cytoprotection, 
intracellular signaling 
(e.g. steroid receptor), 
cell-cycle control and 
buffering of harmful 

mutations 

 

Small molecule inhibitor 
such as Geldanamycin 
derivatives currently 
under phase I trial as 

anticancer agents 

HSP90β 
HSP84-1, HSP84, 

Hsc90 
Cytosol 

Major cytosol 
chaperone; protein 

folding; cytoprotection; 
intracellular signaling 
(e.g. steroid receptor); 
cell-cycle control; and 
buffering of harmful 

mutations 

 

Constitutively 
expressed; inhibitors 

such as Geldanamycin 
derivatives currently 
under phase I trial as 

anticancer agent 

HSP110 
APG-2, HSP110, 

HSPa4, HSP105α, 
and HSP105β 

Cytosol/ nucleus  

Binds to Hsc70 to form 
high-molecular-weight 
complex; involved in 

protein folding, 
thermotolerance, and 

embryogenesis 

 

Two isoforms in mice; 
heat inducible; also 
induced by human 

papilloma virus 
oncoprotein E7 

Table 6: Common HSPs and their characteristics 

5.1 HSP27     

   Heat shock protein 27 (HSP27) also known as heat shock protein beta-1 (HSPB1), is a 

chaperone of the sHSP (small heat shock protein) group among α-crystallin, HSP20, and others. It 

is a 27-kDa protein ubiquitously expressed by many cell types specially the vascular cells.  
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5.1.1 Genes 

   HSP27 is a protein that in humans is encoded by the HSPB1 gene.  

5.1.2 Proteins 

  The primary structure of HSP27 is highly homologous to other members of the small HSP family, 

containing the conserved α-crystallin domain and differing in the C- and N-terminal regions.  

HSP27 regulates the activity of multiple kinases and activates and inhibits multiple signaling 

pathways. These pathways include MAPK signaling pathway, calcium signaling pathway Wnt 

signaling pathway, insulin signaling pathway, ERB-B signaling pathway, TGF-B signaling pathway, 

JAK-STAT signaling pathway and integrin signaling pathway (Cheng J et al. 2015).  

5.1.3 Expression 

  HSP27 is expressed in all human tissues, including astrocytes and primary neuronal cells but 

mainly in skeletal, smooth and cardiac muscles. It is located mainly in the cytosol, endoplasmic 

reticulum, and nucleus (Wang X et al. 2014). 

 

 

5.1.1 Physiological roles of HSP27 and its genetic deletion 

  Beside the main function of HSP27, which is to provide thermotolerance in vivo, cytoprotection, 

and support of cell survival under stress conditions, HSP27 has additional roles. It is involved in 

embryogenesis, cardioprotection, modulation of inflammation and regulation of apoptosis (Ferns G 

et al. 2006). It also plays a role in the fine-tuning of terminal erythroid differentiation through 

regulation of GATA-1 content and activity (De Thonel A et al. 2010). 

The depletion of HSP27 has been shown to increase the activation of caspase-3, which sensitizes 

cells to cell death and promotes apoptosis. Also, the depletion of HSP27 was associated with 

several diseases in human, including cardia bifida, neuronal disorders and immunity (Gibert B et 

al. 2012).  

 

5.1.2 HSP27 in cancer 

High levels of HSP27 have been reported in various types of cancer, such as breast cancer, 

endometrial cancer, and leukemia. The tumorigenic potential of HSP27 has also been observed in 

https://en.wikipedia.org/wiki/Protein
https://en.wikipedia.org/wiki/Gene
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experimental models. Furthermore, high expression of this chaperone has been shown to correlate 

with drug resistance, metastasis and poor patient outcome, which emphasizes its properties in 

cancer therapy (Wang X et al. 2014). 
  

5.2 HSP60 

  Alternate Names: Heat shock protein 60, HSP-60, P60 lymphocyte protein, CPN60, HSPD1. 

  HSP60 is a family of heat shock proteins originally sorted by their 60kDa molecular mass. HSP60 

family members play essential roles in recovery of denatured proteins under stress conditions and 

also in protein synthesis during cell growth and survival. 

5.2.1 Genes    

  HSP60 proteins are encoded by HSPD1 and HSPE1 genes (Bross P et al. 2007). 

5.2.2 Proteins 

  HSP60 proteins have double-ring-like structures and capture denatured substrate proteins in its 

central cavity. HSP60 regulates the activity of multiple kinases and activates and inhibits multiple 

signaling pathways. These pathways include NFϰB signaling pathway, p38 MAPK pathway and 

insulin-like growth factor-1 (IGF-1) signaling (Zhang D et al. 2020). 

5.2.3 Expression 

  HSP60 is expressed in the reproductive system, particularly in testicles and in the non-

reproductive system mainly in the kidneys, heart, cerebellum, liver, lung, and spleen. Although 

HSP60 is abundant in the mitochondria, its expression can be found in both the cytosol and 

mitochondria under physiological conditions 

 

5.2.4 Physiological roles of HSP60 and its genetic deletion 

HSP60 was found to have both immune-regulatory and inflammatory properties placing it as a 

dominant antigen recognized during infections (Coelho V and Faria A.2012), but with potentially 

harmful effects as well. Indeed, various studies have linked HSP60 

to diabetes, stress response, and certain types of immunological disorders. In addition, it was 

https://en.wikipedia.org/wiki/Heat_shock_proteins
https://en.wikipedia.org/wiki/Diabetes
https://en.wikipedia.org/wiki/Stress_(medicine)
https://en.wikipedia.org/wiki/Immunological
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found that HSP60 plays an essential role in maintaining normal cardiac morphology and function 

by regulating mitochondrial protein homeostasis and mitochondrial function. 

Knockdown of HSP60 in vivo (mice) and in vitro, leads to decreased IL-1β production during 

Japanese encephalitis virus (JEV) infection, which eventually leads to decreased inflammation and 

increased survival of JEV-infected mice (Swaroop S et al.2018). Moreover, by generating a heart-

specific HSP60 knockout mouse model, it has been shown that deletion of HSP60 in adult mice 

hearts altered mitochondrial complex activity, mitochondrial membrane potential, and reactive 

oxygen species (ROS) production, and ultimately led to cardiomyopathy and heart failure (Fan F et 

al.2020). 

5.2.5  HSP60 in cancer 

 HSP60 proteins were highly expressed in tumor cells, such as stomach cancer, colon cancer, liver 

cancer, breast cancer, and lung cancer. Its abnormal expression is associated with tumour cell 

metastasis and drug resistance. Recently, cancer researches focused on HSP60 due to its 

potential as a promising biomarker for diagnosis and a potentially useful target for treatment (Sun 

B et al. 2021 and Michaluart P et al. 2008). 

 

5.3 HSP 70    

  The 70-kDa heat shock protein (HSP70) family of molecular chaperones represents one of the 

most ubiquitous classes of chaperones. They are monomeric proteins that reside in any 

adenosine-5′-triphosphate (ATP)-containing eukaryotic intracellular compartment and can also be 

found in cell membranes and the extracellular milieu as well as in bacteria (Radons J et al.2016). 

5.3.1 Genes 

  The human HSP70 family comprises 13 gene products that differ from each other by expression 

level, subcellular location, and amino acid constitution. The Functional genes encoding human 

HSP70 proteins are: HSPA1A, HSPA1B, HSPA1L, HSPA2, HSPA5, HSPA6, HSPA7, HSPA8, 

HSPA9, HSPA12A, HSPA 12B, HSPA13, HSPA14 (Brocchieri et al. 2008). 
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5.3.2 Proteins 

  Humans and eukaryotic organisms express several slightly different HSP70 proteins, the most 

important of which are: HSP70, HSC70, GRP75, and GRP78. HSP70 family members have three 

major functional domains: an N-terminal ATPase-binding domain (ABD) responsible for substrate 

binding and refolding and a C-terminal substrate-binding domain (SBD) to facilitate the release of 

client protein after ATP hydrolysis. HSC70 (encoded by HSPA8) exhibits essential housekeeping 

functions such as folding and transport of polypeptides across intracellular membranes. HSP70 

(encoded by HSPA1A and HSPA1B) is produced largely by cells in response to hyperthermia, 

oxidative stress, and changes in pH. GRP75 (encoded by HSPA9) regulates the transfer of Ca2+ 

from ER stores into the mitochondrial matrix. GRP78 (encoded by HSPA5) facilitates the transport 

and folding of nascent polypeptides into the ER lumen, and can be upregulated in response to 

stress or starvation. 

  HSP70 proteins regulate the activity of multiple kinases, activate and inhibit multiple signaling 

pathways. They exhibit regulatory functions to c-Jun N-terminal kinases and ERK kinases, as well 

as regulation of the p38MAPK signaling pathway (Lee J et al. 2005 and Fan W et al. 2018) 

5.3.3 Expression 

  Some members of HSP70 family are constitutively expressed in all human cell types like GRP75 

and GRP78. However, HSP70 protein is highly expressed in testis, in brain, kidney, heart, liver and 

muscle (Radons J et al. 2016). HSP70 members can be found in the mitochondria-associated 

membrane (GRP75), in the endoplasmic reticulum (GRP78) and in the cytosol (HSP70). 

5.3.4 Physiological roles of HSP70 and its genetic deletion 

 

  HSP70s were found to have an important role in spermatogenesis and sperm function (Payan-

Carreira R et al. 2020). In addition, evidence suggests HSP70 to have a range of functions in 

muscle biology. HSP70 expression is induced in skeletal muscle in response to a variety of 

physiological injuries, and plays a significant role in protecting cells from damage and dysfunction. 

HSP70 genetic deletion alters skeletal muscle fiber size and quality and impairs muscle 

regeneration and recovery following injury. In addition, HSP70 deletion might induce cardiac 

dysfunction and development of cardiac hypertrophy (Kim YK et al. 2006). 
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5.3.5 HSP70 in cancer 

  HSP70 plays a pivotal role in carcinogenesis acting as a potential tumor biomarker. In cancer 

cells, HSP70 is constitutively overexpressed and participates in cancer cell survival, tumorigenicity, 

and anti-apoptotic activities. Furthermore, it has been shown that high expression of this 

chaperone correlates with increased tumor grade and poor prognosis. HSP70 is overexpressed in 

patients with non-small cell lung carcinoma (NSCLC) (Malusecka E et al. 2001), breast, 

endometrial, and uterine cervical carcinoma (Ciocca DR and Calderwood SK. 2005), as well as 

in patients with acute myeloid leukemia (Thomas X et al. 2005), colorectal carcinoma, prostate 

and hepatocellular carcinoma (Abe M et al. 2004 and Chuma M et al. 2003). Due to the important 

role of HSP70 in cancer, several groups focused on the discovery of HSP70 inhibitors for cancer 

therapy. 

 

5.4 HSP110  

  Heat shock protein 110 (HSP110), also called HSP105 or HSPH1, is a ubiquitous chaperone with 

anti-aggregation capabilities. It is a nucleotide exchange factor for HSP70, this latter relies on it to 

complete the protein folding and contributing to protein homeostasis (Mattoo R et al. 2013). In 

addition, HSP110 enhances certain signaling pathways like the proliferative Wnt/β-Catenin 

pathway (Yu N et al. 2015) and it activates certain transcription factors like STAT3 (Berthenet K 

et al. 2017). Both the protein homeostasis function and the role of HSP110 on proliferative 

pathways may explain how this protein is linked to aggressive tumors. Also a strong direct 

association has also emerged between the nuclear localization of HSP110 and active tumor cells 

(Causse S et al. 2018). 

5.4.1 Genes 

  HSP110 in humans is encoded by the HSPH1 gene 

5.4.2 Proteins 

   HSP110/105 belongs to the HSP110 heat shock protein family, which is known to have diverged 

from the HSP70 family and consists of 3 members: HSP110/105, Apg-1 (ATP and peptide-binding 

protein in germ cells-1) and Apg-2. 

https://www-nature-com.proxy.insermbiblio.inist.fr/articles/s41388-018-0616-2#auth-1
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5.4.3 Expression 

  HSP110 is constitutively expressed in mammals in  various tissues such as liver, ovary, spleen, 

heart, lung, small intestine, and muscles, but it shows particularly significant levels in all cerebral 

neuronal regions, including those in the cerebral cortex and the hippocampus (brain) (Zuo D et al. 

2016). HSP110 members are expressed in the cytoplasm and in the nucleus of cells. 

5.4.4 Physiological roles of HSP110 

  Little is known about the roles of HSP110. Beside its role as chaperone, HSP110 has been 

shown to regulate biogenesis and quality control of misfolded cystic fibrosis transmembrane 

conductance regulator. 

5.4.5 HSP110 in cancer 

  HSP110 is highly expressed in gastric cancer, colorectal cancer and in B-cell lymphoma (Kimura 

A et al. 2016 and Jego G et al. 2019). HSP110 has been shown to be involved in multiple 

neoplastic processes, and its high expression is associated with cancer progression and poor 

prognosis. New studies focus on HSP110 as a promising tumor regression agent and a potentially 

beneficial target for therapy (Gozzi G et al. 2020). 

5.5 HSP90  

  The heat shock protein 90 (HSP90) family of proteins is a cluster of highly conserved ubiquitous 

molecules with an approximate molecular weight of 90-kDa, that are involved in myriad cellular 

processes (Table 7).  

5.5.1 Genes 

HSP90 family includes 17genes that fall into four classes: HSP90AA, HSP90AB, HSP90B and 

TRAP. Six genes, HSP90AA1, HSP90AA2, HSP90N, HSP90AB1, HSP90B1 and TRAP1, were 

recognized as functional, and the remaining 11 genes were considered pseudogenes. 

5.5.2 Proteins 

  Mammalian cells express several HSP90 proteins, which are: HSP90α, HSP90β, GRP94, and 

TRAP1. In mammals, cell proliferation and differentiation are regulated by both HSP90α and 

HSP90β, mainly by HSP90β, the most important member of the HSP90 family (Sreedhar A et al. 
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2004 and Voss A.K. et al. 2000). HSP90 proteins have wide range of client proteins that are 

involved in numerous cellular pathways. The cytoplasmic HSP90 (HSP90α and HSP90β) interact 

with more clients than GRP94 and TRAP1. These clients includes kinases such as Akt2, CDKs, 

PKC, many MAP kinases as well as transcription factors like steroid receptors, BCL-6, CAR, p53, 

Oct4 (Hoter A et al. 2018). 

5.5.3 Expression 

  HSP90 are expressed at low levels in muscle; however they are expressed at highest levels in 

neural regions, in testes, thymus and other tissues such as liver, kidney, heart, and small intestine. 

The constitutively expressed HSP90β (HSP90AB1) and the heat-inducible HSP90α (HSP90AA1) 

are mainly localized in the cytoplasm, while GRP94 (Endoplasmin) and TRAP1 (TNF Receptor-

Associated Protein1) reside in the endoplasmic reticulum and the mitochondria, respectively (Chen 

B et al. 2005) 

 

Table 7: Summary of HSP90 family members and their cellular location and functions. 

5.5.4 Structure of HSP90 

  HSP90 protein is composed of 4 identifiable domains (Pearl L and Prodromou C. 2006) (Figure 

13): 

Family Proteins members Gene encoding Subcellular location Function

HSP90α1 HSP90AA1 Cytosol

HSP90α2 HSP90AA2 Cytosol

HSP90β HSP90AB1 Cytosol

HSP90B GRP94 HSP90B1 Endoplasmic reticulum Immunity regulation

TRAP TRAP1 TRAP1 Mitochondria Cell cycle regulation

HSP90A

growth promotion                    

cell cycle regulation       

cellular transformation 

signal transduction 

long-term cell adaptation
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 The N-Terminal Domain—Nucleotide and Drug Binding: this structure consists of residues 

1-220 (yeast), it is very highly conserved in sequence among the HSP90 family. This 

domain binds adenine nucleotides and is essential for the ATP-dependent function of the 

chaperone in vivo. In the human structure, this pocket was found to be the binding site for 

the HSP90 inhibitors like geldanamycin (antitumor agent), whose binding to HSP90 had 

been shown to disrupt productive complexes with protein kinase and steroid hormone 

receptor clients. 

 "Charged linker" region: a highly charged and proteolytically sensitive segment that 

connect the N-terminal nucleotide-binding domain to the remainder of the protein. 

 The middle Segment—Client Protein Binding and Catalytic Loop(38-44 kDa): this structure 

consists of a large αβα domain at the N terminus of the construct connecting to a small 

αβα domain at the C terminus via a series of short α helices in a tight coil. It is also 

involved in client protein binding. 

 C-terminal domain —Dimerization (~12kDa): provides a strong inherent dimerization 

interface, which is essential for function. It provides the binding site for a subset of HSP90 

co-chaperones. Although it is involvement in function, however its removal has no 

significant effect on the inherent ATPase activity of HSP90 in vitro. 

 

 

Figure 13: Domain structure of HSP90 family members. Schematic representation of the domain structure of HSP90 
and the function of each domain .Drawn according to information from (HU L et al.2020)  
 

5.5.5 Mechanism 

o ATP binding : the region of the protein near the N-terminus has a high-affinity ATP-binding 

site. The ATP binds to a sizable cleft in the side of protein. This cleft has a high affinity for 

ATP, and when given a suitable protein substrate, HSP90 cleaves the ATP into ADP and Pi. 

Direct inhibitors of ATP binding or allosteric inhibitors of either ATP binding or ATPase activity 

can block HSP90 function (Goetz M et al. 2003). 

o Protein binding : the protein-binding region of HSP90 is located toward the C-terminus of the 

amino sequence. The HSP90 protein can adopt two major conformational states. The first is 

https://en.wikipedia.org/wiki/Hsp90#Mechanism
https://en.wikipedia.org/wiki/Hsp90#ATP_binding
https://en.wikipedia.org/wiki/N-terminus
https://en.wikipedia.org/wiki/Adenosine_diphosphate
https://en.wikipedia.org/wiki/Phosphate
https://en.wikipedia.org/wiki/Allosteric
https://en.wikipedia.org/wiki/Hsp90#Protein_binding
https://en.wikipedia.org/wiki/C-terminus
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an open ATP-bound state and the second is a closed ADP-bound state. Thus, ATP hydrolysis 

drives what is commonly referred to as a ―pincer-type‖ conformational change in the protein 

binding site. 

  HSP90 is responsible for the maturation and activation of its client proteins including regulatory 

kinases, steroid hormone receptors and transcription factors, through an ATPase-driven cycle. It 

also plays a role in the degradation of irreparable proteins through involvement in the ubiquitin–

proteasome pathway mediated by the carboxyl terminus of HSP70-interacting protein (Pratt W et 

al. 2010). 

  The HSP90 cycle is controlled by co-chaperones like HOP, AHA1, CDC37 and P23 in various 

ways, such as the inhibition and activation of its ATPase activity in addition to recruitment of 

specific client proteins. A simplified chaperone cycle of HSP90 is represented in figure 14 (Li J et 

al. 2012) 
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Figure 14: The Chaperone Cycle of HSP90. HSP90 functions in concert with a cohort of chaperones and co-chaperones to fold, 
activate and mature its client proteins. The chaperone cycle begins with the binding of co-chaperone Hop to HSP90 in the ‘open’ 
conformation. Hop would then recruit the HSP40-HSP70-client protein complex and assist in loading client protein onto HSP90. 
Subsequent binding of ATP induces dimerization at the N-terminal domain of HSP90 resulting in the ‘closed’ conformation. The 
co-chaperone Activator of HSP90 ATPase 1 (Aha1) binds to the N-terminal domain of HSP90 and stabilizes the ‘closed’ 
conformation promoting the maturation of client protein. Upon the hydrolysis of ATP, HSP90 returns back to the ‘open’ 
conformation and the matured client protein is released. HSP90 also degrades irreparable proteins through involvement in 

the ubiquitin–proteasome pathway .Drawn with information from (Hu Li et al. 2020). 
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5.5.6 HSP 90 and Cancer 

  In normal cells, HSP90α and HSP90β are present in the cytoplasm where they interact with client 

proteins (Sreedhar A et al. 2003 and Hoter A et al. 2018). Their levels are lower in normal cells 

than in neoplastic cells (Sreedhar A et al. 2004). 

Heat-shock protein 90 and other chaperones are found expressed two to ten times greater in many 

solid tumors and hematological malignancies than in normal cells (Solárová Z et al. 2014). HSP90 

expression may in part account for the ability of cancer cells to maintain protein homeostasis, by 

stabilizing mutated and overexpressed oncoproteins, such as BCR-ABL, EGFR, ERK, FLT3, 

HER2, CDK4, CDK6, MEK, RAF, JAK2, STAT3 and SRC even in the hostile hypoxic and acidotic 

microenvironment of the tumor (Whitesell L and Lindquist S.  2005). Figure 15 shows the 

relationship between HSP90 and these client proteins. 

  HSP90 α and β are highly expressed in breast cancer, hepatocellular and pancreatic carcinoma, 

lung cancer and leukemia (Meng J et al. 2017; Rong B and Yan S. 2018). HSP90 expression has 

also been shown to be associated with chronic tumors (Rong B and Yan S. 2018). 

In addition to the fact that HSP90 α and β are essential for proper functioning, facilitating the 

growth and survival of cancer cells, moreover, they also have a specific role in maintenance of 

cancer cell by inhibiting apoptosis and this explains the aggressiveness and the resistance of 

cancer cells to chemotherapy and radiation (particularly HSP90 β) (Sreedhar A et al. 2004 and 

Tanno S et al. 2004). The importance of HSP90 in cancer progression has been demonstrated in 

several studies, showing that deletion or inhibition of HSP90 by HSP90 inhibitors reduces cancer 

cell development and metastasis and induces apoptosis of these cells (Mori M et al. 2015). 

Recently, the inhibition of HSP90 in HER2-positive breast cancer cell lines has been shown to 

prevent tumor growth and angiogenesis and induce apoptosis, by decreasing the expression of 

HER2 (Park J et al. 2020). 

 

 

5.5.7 HSP90 and Leukemia 

  Several studies have reported that HSP90 levels are elevated in CML and AML cells (Khajapeer 

K et al. 2015 and Sanil B et al. 2018), and that these elevated levels of HSP90 could serve as 

prognostic marker in these types of leukemia (Zackova M et al. 2013). Trentin L et al, found that 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Khajapeer%20KV%5BAuthor%5D&cauthor=true&cauthor_uid=26770832
https://www.ncbi.nlm.nih.gov/pubmed/?term=Khajapeer%20KV%5BAuthor%5D&cauthor=true&cauthor_uid=26770832
javascript:;
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HSP90, is overexpressed in B-CLL compared with resting B cells (Trentin L et al. 2008 and Guo 

A et al. 2017). Other studies reported that the expression of HSP90 in patients with ALL was 

significantly higher than that in controls and the presence of a strong HSP90 expression was 

associated with a low survival rate (Hacıhanefioglu A et al. 2011). Furthermore, studies reported 

that plasma HSP90 was validated as a soluble biomarker of ALL, useful for earlier detection of 

leukemia engraftment (Milani M et al.2015 and Pawlik-Gwozdecka D et al. 2020).  

  It has been shown that human UKE-1 leukemia cells expressing an active mutation of JAK2, 

exhibited a higher sensitivity to HSP90 inhibitor (PU-H71),and that treatment with HSP90 inhibitor 

was associated with induction of apoptosis and inhibition of proliferation of leukemic cells by the 

dephosphorylation of JAK2 and its related downstream pathways (Ho N et al. 2012). Another 

study showed that the inhibition of HSP90 by 17AAG (HSP90 inhibitor), induced apoptosis in AML 

blasts expressing a high level of FLT3, via degradation of the latter (George P et al. 2004). 

Furthermore, Chatterjee M et al showed that knockdown of HSP90 by shRNA and its inhibition by 

HSP90 inhibitors alter the level of STAT3 and phospho-ERK and induce the apoptosis of multiple 

myeloma cells (Chatterjee M et al. 2007).  

  In addition to studies mentioned above, it was confirmed that the inhibition of HSP90 leads to 

inhibition and proteasomal degradation of many deregulated oncoproteins that are believed to be 

critical for all fundamental hallmarks of cancer including proliferation, evasion of apoptosis, 

immortalization, invasion, angiogenesis and metastasis (Neckers L and Workman P. 2012). On 

the other side, these observations led us to hypothesize that LCK and LYN, which are included in 

leukemia and tumor formation could rely on HSP90 to chaperon and to maintain the oncogenic 

pathways. 

 

5.5.8 HSP90 and SRC kinases 

  HSP90 has a special role among ―signaling-chaperones‖; it is a key organizer of several 

cytoplasmic complexes. HSP90 binds to steroid receptors and to several serine and tyrosine 

kinases including the SRC, RAF, focal adhesion kinases and protein kinase CK-II, or cyclin 

dependent kinases-4, 6 and 9 (Baker J et al. 2019 and Hoter A et al. 2018), which are central 

players in key signal transduction pathways. Since we are working on T-ALL, we have been 

interested in T lymphocytes.  
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  Studies have shown that activation of T lymphocytes results in the tyrosine phosphorylation of 

numerous CD3 immunoreceptor tyrosine-based activation motifs and a consequent recruitment 

and phosphorylation of downstream substrates, adaptor proteins, and protein kinases (Schnaider 

T et al. 2000). During this process, the SRC family protein tyrosine kinase LCK was found to be 

critical for T-cell receptor (TCR) signaling. The heat shock protein (HSP90) and its cochaperones 

were found necessary to achieve the signal-competent conformation of LCK and other elements 

of T-cell signaling (Schnaider T et al. 2000). The involvement of HSP90 in the synthesis, 

membrane binding, and maintenance of the SRC-kinase LCK was studied using specific inhibitors 

of HSP90, like Geldanamycin and Radicicol. They found that functional HSP90 is essential for the 

stability and function  of LCK, similar results were obtained for other SRC tyrosine kinases like c-

SRC (Bijlmakers MJ and Marsh M. 2000; Giannini A and Bijlmakers MJ. 2004). 

  Since we work also on B-ALL, we have been interested in B lymphocytes. Antigen (Ag) binding 

to surface immunoglobulins (sIg) triggers BCR (B-Cell Receptor) activation by inducing its 

translocation to lipid rafts, where the co-stimulating immunoglobulins heterodimer (CD79a/b) is 

phosphorylated by LYN kinase. Guo A et al demonstrated an association between heat shock 

protein 90 and SRC tyrosine kinase LYN, in a multi-client chaperone complex. Integrity of this 

HSP90-LYN complex appears to be critical for maintenance of tonic BCR signaling (Guo A et al. 

2018).  

  Several studies showed that HSP90 controls function of  LCK and LYN ,which are 

overexpressed in T-cell and B-cell  acute lymphoblastic leukemia, consequently, we decided to 

test the efficacy of NVP-BEP800, a novel HSP90 inhibitor in inhibiting LCK and LYN, and in 

reducing the proliferation of leukemic cells in T-ALL and B-ALL.  
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Figure 15: Role of HSP90 and its clients in cancer progression and metastasis. Relationship between HSP90 and various client 
proteins resulting in cancer cell survival, progression, invasion, and metastasis. Drawn with information from (Khajapeer KV and 
Baskaran R et al. 2015). 

 

6 HSP 90 inhibitors - potential therapeutic agents    

  First, HSP90 is known to facilitate the maturation, stabilization and activation of over 200 client 

proteins, covering all cellular processes (Table 8) (Taipale M et al. 2010 and Normant E et al. 

2011). 

    Huge efforts have been made over the past several decades to develop selective inhibitors that 

directly target HSP90 or HSP90 cancer-related complexes. Structurally, HSP90 inhibitors can be 

roughly categorized into three chemotypes, including (1) HSP90 N-terminal inhibitors (ATP 

Competitive inhibitors), (2) C-terminal HSP90 inhibitors, and (3) competitive HSP90 inhibitors other 

than ATP. However, the majority of HSP90 inhibitors that are currently available, and all that have 
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been clinically assessed, bind to the nucleotide binding pocket of the N-terminal domain and block 

the processing of client   proteins by preventing ATP binding and hydrolysis (Garg G et al. 2016). 

  The first HSP90 inhibitors identified was the bacterial-derived benzoquinone ansamycin 

Geldanamycin (GA). Geldanamycin mimics ATP and binds to the nucleotide-binding pocket on the 

N-terminus of HSP90, blocking the natural substrate ATP binding and destabilizing the client 

protein like ―SRC‖ (Miyata Y. 2005). Although GA exhibits very strongly antitumor activities in vitro, 

it was never evaluated in the clinic because of its poor solubility in aqueous solutions and its 

toxicity (Messaoudi S et al. 2011). Therefore, GA derivatives with comparable antitumor effects 

and even better toxicological properties have entered into the clinical trials (at the beginning of 

2014), and of these derivatives we have: 17-AAG (Tanespimycin) that entered to the third phase of 

the clinical trials, 17-DMAG (Alvespimycin), IPI-504 (Retaspimycin hydrochloride) and most 

recently 17-amino-17-demethoxyGeldanamycin (17-AG). 

  Another intensively studied N-terminal domain binder of HSP90 is Radicicol, a macrocyclic 

natural antibiotic isolated from the fungus Monocillium nordinii and from the plant-associated 

fungus Chaetomium chiversii (Turbyville T et al. 2006). Newly created stable oxime derivatives of 

Radicicol and cykloproparadicicol have shown greater potency and favorable toxicity profile (Soga 

S et al. 2003). Moreover, resorcinol-based synthetic agents like NVP-AUY922 (luminespib; 

Vernalis, formerly Novartis) is currently in Phase II, STA-9090 (Ganetespib, Syntha 

Pharmaceuticals) is currently in Phase III clinical development (Butler L et al. 2015). Additional 

agents are undergoing preclinical development and predicted to enter the clinic in the near future. 

Among these agents, a novel series of orally bioavailable 2-aminothieno [2,3-d]pyrimidine–based 

HSP90 inhibitor was discovered(NVP-BEP800). In my thesis I tried to explore the potency and 

efficacy of this newly discovered HSP90 inhibitor (NVP-BEP800) in treating B-ALL and T-ALL 

patients. 
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Transcription factors  Kinases  Others  

AF9/MLLT3 , BBX ,BCL-6 Akt/PKB, BCR-ABL ,BLK , BTK 
Apaf-1 ,apoB ,APOBEC-3B, 3C, 
3G ,ARD1 , Argonaute-1 (Ago1) 

Steroid receptors (GR, MR, 
ERa, ERb, PR, AR) 

CDK1,CDK2, CDK4, CDK6, CDK9, 
Bcl-2 , Bcl-xL, calcineurin  

,calmodulin 

HSF-1, HsfA1, HsfA2, HsfB 
EGF receptor (mutant and wt) , eIF2-a 

kinases HRI, Gcn2, 
Fibronectin - FliN, Folliculin , 

Gln1 - GLT-1 

c-Myc, NF-KB Flt3,FYN,HCK ,JNK MMP2, MMP3, MMP9 

Notch1 ,NR1H3 , NR1I2  
LCK, LYN and  other SRC related 
tyrosine kinases: fer, fes, fgr, fps, , 

yes 

Nox1, Nox2, Nox3, Nox5 

p53 - p73 
mTOR  , MAP2K5 ,MAP2K7, MAP3K12 

, MAP3K15 

Survivin , SV40 large T-antigen , 
Swr1 , a-synuclein ,TCL1A , 

telomerase 

Stat2, Stat3, Stat5 and others. 
Pim-1 , PIM2 ,PIM3 ,SYK ,ZAP-70  and 

others 
 VIP1 , VPS18, ZMYND10 

Table 8: Different HSP90 client proteins  

6.1 NVP-BEP800   

  NVP-BEP800 represents a novel fully synthetic, orally available 2-aminothieno [2,3-d] pyrimidine 

class  inhibitor that binds to the NH2-terminal ATP-binding pocket of HSP90 (Figure 16) (Brough 

P et al. 2009; Stühmer T et al. 2009; Massey  A et al. 2010). It is a potent inhibitor of HSP90β 

(HSP90AB1) and is 70 times less effective against the related HSPs: GRP94 (HSP90B1) and 

TRAP1 (HSP90L). The compound has favorable pharmaceutical and pharmacological properties. 

It is reported to demonstrate strong antiproliferative activity against various tumor cell lines at 

tolerable doses and primary tumors in vitro and in vivo (Massey A et al. 2010). NVP-BEP800 

causes p23/HSP90 dissociation, client protein degradation as well as the reduction of client protein 

phosphorylation, which leads to growth inhibition and induction of cell death in cancer cells. 
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Additionally, it radiosensitises tumor cells through cell-cycle impairment (Stingl L et al. 2010); and 

directs the proteasomal degradation of viral HSP90 client proteins, including those required for 

latency and infectivity of Kaposi sarcoma-associated herpes virus.  

  Beside its strong antiproliferative activity against tumor cells, NVP-BEP800 has been shown to 

inhibit the proliferation of malignant glioblastoma cells (Wu J et al. 2014) and to induce apoptosis 

of myeloma cells (Stühmer T et al. 2009). However, to date, no study has been performed to test 

the efficacy of NVP-BEP800 in treating acute lymphoblastic leukemia.                                                       

  My present work tested the effect of the novel 2-aminothienopyrimidine class HSP90 inhibitor, 

NVP-BEP800, on the survival of B-ALL and T-ALL cells in vitro and in vivo as preclinical studies. 

    

Figure 16: Chemical structures of NVP-BEP800 (2-aminothienopyrimidine) 
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Objectives of thesis: 

Our main hypothesis is that inhibition of HSP90, the chaperone protein of SRC kinases, by HSP90 

inhibitors could be a more effective approach  in treating acute lymphoblastic than the use of SRC 

inhibitors. 

My thesis has many goals that I will try to achieve. 

First, I will check whether HSP90 and SRC kinases are highly expressed B-ALL and T-ALL cells. 

Second, I will try to demonstrate that HSP90 is a chaperone of LCK and LYN and then I will test 

whether HSP90 inhibitors can inhibit the survival and proliferation of T-ALL and B-ALL cells in vitro, 

on several lymphoid cell lines. Next, I will identify the SRC signaling pathways involved in leukemia 

development and the effect of NVP BEP800 on these pathways. Later, I will study the correlation 

between the presence of LCK and LYN in leukemic cells and their sensitivities to NVP-BEP800. 

Finally, I will evaluate the anti-leukemic effect of NVP-BEP800 in vivo, on several xenografted mice 

models.  
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I. HSP90 inhibitor NVP-BEP800 affects stability of SRC kinases and growth 

of T-cell and B-cell acute lymphoblastic leukemias 

 

This project is part of the objective of discovering innovative therapeutic avenues to treat T-ALL 

and B-ALL. Thanks to a collaboration with people who worked on acute lymphoblastic leukemia, 

we were able to build  T-ALL and B-ALL xenograft models by injecting NSG mice with primary T-

ALL and B-ALL cells obtained from the Biological Resources Center of the CHU of Dijon. 

By proteomic analysis and flow cytometry, we were able to demonstrate that bone marrow cells 

from PDX models of T-ALL and B-ALL express a high level of p-LCK and p-LYN; also both models 

highly express HSP90. Then by fluorescence microscopy and immunoprecipitation we showed that 

LCK binds to HSP90 in PDX T-ALL cells and LYN binds to HSP90 in PDX B-ALL cells. 

Due to these findings we treated ALL cells with NVP-BEP800, an inhibitor of HSP90, and we found 

that NVP-BEP800 affected the ALL cells in vitro and in vivo by affecting the stability of SRC 

kinases involved in signaling pathways necessary for survival, growth and maintenance of ALL 

cells. 

These results, presented in a publication published in Blood Cancer Journal in March 2021, make 

it possible to consider a new therapeutic strategy to treat ALL. 
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HSP90 inhibitor NVP-BEP800 affects stability of SRC
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lymphoblastic leukemias
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Abstract
T-cell and B-cell acute lymphoblastic leukemias (T-ALL, B-ALL) are aggressive hematological malignancies
characterized by an accumulation of immature T- or B-cells. Although patient outcomes have improved, novel
targeted therapies are needed to reduce the intensity of chemotherapy and improve the prognosis of high-risk
patients. Using cell lines, primary cells and patient-derived xenograft (PDX) models, we demonstrate that ALL cells
viability is sensitive to NVP-BEP800, an ATP-competitive inhibitor of Heat shock protein 90 (HSP90). Furthermore, we
reveal that lymphocyte-specific SRC family kinases (SFK) are important clients of the HSP90 chaperone in ALL. When
PDX mice are treated with NVP-BEP800, we found that there is a decrease in ALL progression. Together, these results
demonstrate that the chaperoning of SFK by HSP90 is involved in the growth of ALL. These novel findings provide an
alternative approach to target SRC kinases and could be used for the development of new treatment strategies
for ALL.

Introduction
Acute lymphoblastic leukemia (ALL) is a type of cancer

that leads to the proliferation of immature hematopoietic
cells due to genetic alterations in lymphocyte precursors1–6.
ALL is a heterogeneous disease that affects T- or B-
lymphocyte precursors in 25 and 75% of cases, respec-
tively. ALL accounts for approximately 12% of all cases of
leukemia, which represents about one or two new events
per 100,000 inhabitants per year. ALL mostly affects
children aged two to five years, with 75% of patients under
the age of eighteen. It accounts for approximately 30% of
childhood cancers and for 80% of all leukemia cases in
children. ALL also affects adults but to a lesser extent7,8.
Thanks to improvements in the available treatments for

ALL1–6, complete remission rates have become high,
exceeding 80% in children and 50% in adults. However,
long‐term survival at ten years (event‐free survival) is in
the range of 60–80% for children and 25–35% for adults.
This implies that there is still a significant need for new
therapies to maintain remission and prolong survival. It is
therefore necessary to improve our knowledge of this
condition in order to discover new therapeutic strategies
that would reduce the intensity of cytotoxic chemother-
apy and improve the prognosis of patients after a relapse.
The chaperone Heat shock protein 90 (HSP90) plays a

role in protecting the proper three-dimensional folding of
proteins. HSP90 was found overexpressed in leukemia
cells9, and its high expression was necessary for the sur-
vival and propagation of cancer cells. Treatments using
HSP90 inhibitors that have been developed for solid
tumors10–13 have therefore also been used for hematolo-
gical disorders14. HSP90 inhibition has, for instance, been
shown to be efficient for the treatment of lymphomas15–17.
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Several HSP90 inhibitors can overcome the resistance to
Fms-like tyrosine kinase 3 (FLT3) inhibitors that has been
observed in acute myeloid leukemia (AML)18. For the
treatment of AML, the HSP90 inhibitor NVP-AUY922 has
shown synergistic anti-leukemic activity with Cytarabine
in vivo19, and Ganetespib (STA-9090) has also been tested
in combination with Cytarabine as a potential active
agent20. Alvespimycin (17-DMAG) administered intrave-
nously twice weekly to AML patients was also found
to be effective21. Co-treatments with 17-Allylamino-17-
demethoxygeldanamycin (17-AAG) and FLT3 kinase or
Histone deacetylase inhibitors were highly effective against
human AML cells with mutant FLT322,23. Elevated HSP90
inhibition disrupted JAK-STAT signaling and led to a
reduction in splenomegaly in patients with myeloproli-
ferative neoplasms24. HSP90 inhibitor was synergistic with
JAK2 inhibitor and overcame resistance in human mye-
loproliferative neoplasm cells25. Other studies have also
confirmed that there was an elevated expression of HSP90
in chronic myeloblastic leukemia (CML), suggesting that
HSP90 could serve as a prognostic marker26. This also
explains why several chemical inhibitors of HSP90 have
been tested to treat CML27. In addition, targeting HSP90
dimerization was found effective in imatinib-resistant
CML28.
Regarding ALL, the HSP90 inhibitor PU-H71 has been

shown to be effective in treating T-ALL patients samples
that express a high level of NOTCH1 (Notch receptor
1)29, NVP-AUY922 led to a degradation of Tyrosine
kinase 2 (TYK2) signaling and T-ALL apoptosis30. In a
subset of B-ALL, genetic resistance to Janus kinase 2
(JAK2) inhibition was overcome by HSP90 inhibition31.
HSP90 expression in patients with T-ALL and B-ALL was
significantly higher than those in a control group, and
strong HSP90 expression was associated with a low sur-
vival rate32. Furthermore, plasmatic HSP90 has been
validated as a soluble biomarker of T-ALL and B-ALL,
which can be used for earlier detection of leukemia
engraftment and progression in mice33.
SRC refers to a family of proto-oncogenes encoding the

Lymphocyte-specific SRC family kinases (SFK). In this
family, LCK (for Lymphocyte-specific protein tyrosine
kinase) was highly expressed by T-ALL and was found
essential for T-cell receptor (TCR) signaling34,35. Gluco-
corticoid resistance was reversed by LCK inhibition in
pediatric T-ALL36. The inhibition of LCK, by preventing
its phosphorylation, was an important strategy for the
treatment of malignant hematopoiesis such as T-ALL,
particularly with the use of Bosutinib, Dasatinib, or Sar-
acatinib, which affected the proliferation of leukemia
cells36–38. Its homolog protein LYN (Lck/Yes-related
novel protein tyrosine kinase) was more specifically
expressed by B-ALL and was important for B-cell receptor
(BCR) signaling39,40. The inhibition of LYN was an

important strategy for the treatment of B-ALL, more
particularly with Dasatinib41–43. However, Ibrutinib
inhibited BCR positive B-ALL progression by targeting
important kinases in the BCR pathway44. In leukemia,
HSP90 has been shown to bind to LYN in B-chronic
lymphoblastic leukemia (B-CLL) and the use of 17-AAG
destabilized the binding of HSP90-LYN in vitro, initiating
cell apoptosis45.
Studies have revealed interactions of LCK46 and LYN47

with HSP90. The purpose of this project was first to test
several HSP90 inhibitors in order to study their ability to
deactivate the SFK clients of HSP90 in ALL. While HSP90
inhibitors were often investigated as anti-cancer drugs, we
discovered that NVP-BEP800, which acts as an inhibitor
of the ATP pocket of HSP90β48, can inhibit LCK in
T-ALL and LYN in B-ALL. Also, we found that this drug
reduced the viability of primary T-ALL and B-ALL cells
in vitro. In addition, leukemia cell development and
proliferation were inhibited in NVP-BEP800 treated
xenografted mouse models.

Materials and methods
Patient samples
T-ALL and B-ALL samples, isolated from bone marrow

(BM) or peripheral blood (PB) were collected from two
independent cohorts in Dijon and Paris. For the first
cohort, patients were included at diagnosis or relapse after
giving their informed consent (Hôpital Universitaire
François Mitterrand, CRB Ferdinand Cabanne, Dijon,
France), under the reference number BB-0033-00044, in
accordance with the declaration of Helsinki and under
clinical trial reference nct04437420. Patients from the
second cohort were children or young adults. Samples
were included at diagnosis or relapse from the pediatric
hematological unit (Dr. Paola Ballerini) at the Assistance
Publique Hôpitaux de Paris (APHP, Paris, France), under
the reference number CAALL-F01, in accordance with
the declaration of Helsinki. Translocations, intrachro-
mosomal deletions, and mutations in T-ALL and B-ALL
were identified following specific procedures. The parents
or representatives of patients younger than 18 years old
gave informed consent.

Establishment of xenograft models
The ethics committee for animal welfare of the Uni-

versity of Burgundy and the French ministry of higher
education and research approved all animal experiments
(under reference APAFIS#16187-2018071914379464v3).
We confirm that all experiments were performed
according to the relevant guidelines and regulations of
this committee. NOD/SCID/γc−/− (NSG) mice (Charles
River) were bred and housed in pathogen-free conditions.
Regarding cytogenetic characterization, T-ALL cells
transplanted into PDX mice contain a STIL (SCL/TAL1
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interrupting locus), as well as deletions in LEF1 and
CDKN2A genes. Transplanted B-ALL cells, displayed a
translocation t(2;8) (p11;q24) MYC/IGK. To induce leu-
kemia in mice, we injected 105 T-ALL or B-ALL cells in a
volume of 300 µl of PBS1×, into the tail vein (intravenous;
i.v.) of non-irradiated 7-16-week-old male and female
NSG. Mice were treated with NVP-BEP800 (Sell-
eckChem) at 10 mg/kg, with three i.v. injections on the
days indicated on the figures. NVP-BEP800 was recon-
stituted in 100% ethanol at 10 mg/ml and diluted in 300 µl
of PBS1× just before it was injected into the mice. Ethanol
was the diluent, which served as control “vehicle” in vivo.
Mice were randomly allocated to experimental groups
and no blinding method was followed for injections. For
experiments, we used males and females. There were no
animal exclusion criteria. Mice were euthanized when
moribund or at the indicated time points. After tail vein
PB sampling, hematopoietic cells were counted using a
hemocytometer (Vet ABC+, SCIL).

Bioluminescence imaging
We created PDX models that developed stable biolu-

minescence by infecting T-ALL and B-ALL cells with a
lentivirus expressing both GFP and luciferase. Then, we
transplanted these cells into mice that were used later to
perform bioluminescence imaging. The lentivirus was
produced in HEK293 cells after transduction with Lipo-
fectamin 2000 (Thermo Fisher Scientific) of the pCCLc-
MNDU3-Luciferase-PGK-EGFP-WPRE vector (Addgene,
#89608), as well as PAX2 (Addgene, #12260) and pCMV-
VSV-G (Addgene, #8454) plasmids. After two days, viral
supernatants were recovered, and six-well plates were
incubated 4 h with retronectin (Takara, Ozyme). Viral
supernatants were then spinoculated for 30min at 4,000 g.
Cells were cultured on these plates for three days in
StemMACS media (Miltenyi Biotech). Lentiviral trans-
duced cells (GFP+) were sorted on a FACSAriaIII cell
sorter (BD Biosciences) and transplanted in NSG mice to
generate bioluminescent PDX models. Animals were
injected with potassium salt of D-luciferin (150 mg/kg
body weight). Following isoflurane-induced anesthesia,
animals were imaged 20 min after D-luciferin injection
using an IVIS Lumina III system coupled to Living Image
acquisition and analysis software version 4.0 (Perkin
Elmer).

Statistics
All data were expressed as means ± standard deviation

(SD). Differences between two groups were assessed with
the two-tailed unpaired Student’s t test, two-tailed paired
Student’s t test or the Wilcoxon–Mann–Whitney test. The
one-way Anova with Tukey’s multiple comparison test was
used to assess differences between more than two groups.
Survival curves were assessed using the Mantel–Haenszel

(Log-Rank) test. No statistical methods were used to
predetermine the sample size. The variance was similar
between the groups that were statistically compared. Sta-
tistics were performed using Prism 6 (GraphPad), where
significance is indicated on the figures.
Cell culture and treatment with NVP-BEP800, cell

viability assay (XTT), western blot, immunoprecipita-
tion, flow cytometry, fluorescent-activated cell sorting
(FACS), fluorescence microscopy, immunohistochem-
istry, quantitative reverse transcription PCR, shRNA
lentiviral cloning and viral infection, as well as high-
performance liquid chromatography (HPLC) were
performed as described in the supplementary materials
and methods.

Results
NVP-BEP800 affects viability of lymphoid lines expressing
SRC
HSP90 (Heat shock protein 90) is a chaperone protein

that modulates intracellular signaling and protein folding.
It also stabilizes several other proteins implicated in
tumor growth. Lymphocyte-specific SRC family kinases
(SFK) are important regulators of pathways involved in
the proliferation and growth of lymphoid leukemia cells.
Our aim was therefore to test whether HSP90 inhibitors
had an effect on the stability of SRC proteins. We focused
on inhibitors that target the N-terminal ATP-binding
pocket of HSP90 rather than the C-terminal portion, since
they were more potent inhibitors11. We tested two com-
pounds that target both HSP90α and HSP90β, Lumine-
spib (NVP-AUY922)49 and 17-AAG50. We also tested
NVP-BEP800, an inhibitor that was discovered to target
only HSP90β48. Among the SFK, T-cells expressed more
LCK51, while B-cells expressed more LYN40. When we
examined the effect of the three compounds on the sta-
bility of phosphorylated SRC (active form) and the total
amount of SRC proteins, NVP-BEP800 was the most
efficient (Fig. 1a). Furthermore, loss of LCK and LYN was
observed between 12 and 24 h after the treatment of
Jurkat or Raji cells on a time-course experiment (Sup-
plementary Fig. S1). Using the XTT assay to study the
viability, we found that ALL cells were more sensitive to
NVP-BEP800, than the other two compounds (Fig. 1b).
We next used two T-ALL cell lines, the Jurkat line
expressing LCK and the Rpmi-8402 line that showed no
expression of LCK51. Through western blot, NVP-BEP800
was found to affect the stability of phosphorylated LCK
and the total amount of LCK in the Jurkat line, while both
cell lines were expressing HSP90 (Supplementary Fig.
S2a). The XTT assay showed that cells that expressed
more LCK (Jurkat) were more sensitive (P < 0.001) to
NVP-BEP800, compared to non-expressing cells (Rpmi-
8402) (Supplementary Fig. S2b). Using four B-lymphoid
cell lines (Raji, Daudi, Reh, and BALL-1), western blot
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demonstrated different levels of phosphorylated LYN and
total amounts of LYN, and the protein levels could be
affected by NVP-BEP800 treatment (Supplementary Fig.
S2c). With the XTT assay, we also observed that, after
NVP-BEP800 treatment, the sensitivity of these cell lines
was correlated with the quantity of p-LYN measured by
western blot (R= 0.979) (Supplementary Fig. S2d). All cell
lines expressed the HSP90 chaperone, indicating that
sensitivity to the compound was correlated only with p-
LYN expression. In addition, NVP-BEP800 which is an
ATP-competitive inhibitor specific for HSP90β48 did not
affect the expression levels of neither HSP90α nor β iso-
forms. Also, NVP-BEP800 did not affect the protein level
of the HSP70 chaperone and there was no effect on the
BCL2 protein, which is involved in apoptosis (Supple-
mentary Fig. S3).
In conclusion, using T- and B-lymphoid cell lines, we

observed that NVP-BEP800, a specific inhibitor of
HSP90β, affected the stability of SRC kinases, making
them potential clients of the HSP90 protein in lymphoid
leukemic cells.

Knockdown of SRC affects response of lymphoid lines to
NVP-BEP800
We knocked down LCK or LYN genes’ expression,

respectively in Jurkat and Raji cells using specific shRNA
(shLCK or shLYN), throughout lentiviral infection (Sup-
plementary Figs. S4a and S5a) and observed by western
blot specific downregulation of LCK (Fig. 2a) or LYN
(Fig. 2b). Specificity of the shRNA for LCK or LYN over
other tyrosine kinases was furthermore confirmed (Sup-
plementary Figs. S4b and S5b). Both shLCK and shLYN
cells showed a reduction in the percentage of cells in the
active phase of division (Ki67+ 7-AAD+) and more cells
underwent apoptosis (Annexin-V+) (Supplementary
Figs. S4c and S5c). When we treated shLCK cells or
shLYN cells with NVP-BEP800, they showed a significant
loss of sensitivity to the compound, 48 h after treatment,
compared to shCt control cells (P < 0.0001), as measured
by XTT viability assay (Supplementary Figs. S4d and S5d).
We then analyzed cell growth in vitro during 7 days,
shLCK Jurkat cells (Fig. 2c) and shLYN Raji cells (Fig. 2d)
showed reduced growth capacity compared to their shCt

Fig. 1 Sensitivity of T- and B-lymphoid cell lines to NVP-AUY922, 17-AAG and NVP-BEP800. a Western blot shows that in Jurkat and Raji cells,
levels of phosphorylated SRC and total SRC proteins are more affected after treatment with NVP-BEP800, compared to NVP-AUY922 or 17-AAG.
Western blots after 18 h of treatment are shown on the top panel and quantifications on the bottom panel. b XTT viability assay after 48 h of
treatment shows that Jurkat and Raji cells are more sensitive to NVP-BEP800, compared to the other two compounds. Data are shown as mean; n= 3
biological replicates. P value measured by one-way Anova test with Tukey’s multiple comparison test; **P < 0.01; ***P < 0.001.
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control cells. Since NVP-BEP800 can target several other
clients’ proteins11,52 which went beyond the inhibitory
effect of BEP800 on the SRC family of SFK, thus, shLCK
Jurkat and shLYN Raji cells treated with NVP-BEP800
showed, albeit slightly, a decrease in growth rate com-
pared to the untreated cells (Fig. 2c, d). However, after
treatment with NVP-BEP800, while shCt controls cells
were very sensitive to treatment (P < 0.0001), shLCK
Jurkat cells (Fig. 2c) and shLYN Raji cells (Fig. 2d) were
insensitive (P > 0.05).
In conclusion, the use of shRNA to knock down LCK or

LYN provided evidence that the cytotoxic effects of NVP-
BEP800 were mediated by the degradation of SRC
proteins.

Sensitivity of primary ALL samples to NVP-BEP800
correlates with expression of SRC
The levels of HSP90 expression in flow cytometry in

primary cells isolated from the bone marrow (BM) or
peripheral blood (PB) of patients diagnosed with T- or B-
ALL was higher than in hematopoietic cells (CD45+)
isolated from patients diagnosed with hematological

disorders other than ALL (e.g. anemia or thrombocyto-
penia) (Fig. 3a). We tested the efficiency of the NVP-
BEP800 on primary ALL cells in vitro, and observed that
both T-ALL cells (hCD45+ hCD7+ cells) and B-ALL cells
(hCD45+ hCD19+) were sensitive to the compound, and
2 days after the treatment, a reduction in viability was
observed for the 13 T-ALL samples (P < 0.0001) and 39 B-
ALL samples (P < 0.0001) (Fig. 3b). Primary T-ALL cells
showed specific expression of LCK, while primary B-ALL
cells expressed more LYN (Supplementary Fig. S6). Flow
cytometry of primary ALL cells treated with NVP-BEP800
showed a reduction in tyrosine phosphorylation of LCK
(p-LCK) in T-ALL cells (P < 0.0001) and tyrosine phos-
phorylation of LYN (p-LYN) in B-ALL cells (P < 0.001)
(Fig. 3c). We observed that T-ALL and B-ALL cells
expressing high levels of p-LCK or p-LYN were more
sensitive to NVP-BEP800, and we also noted a correlation
(R= 0.887 for T-ALL and R= 0.756 for B-ALL cells)
between the rates of p-LCK or p-LYN measured by flow
cytometry before treatment and the percentage of
remaining viable cells after treatment (Fig. 3d). No cor-
relation was observed with genetic alterations, and there

Fig. 2 Downregulation of LCK and LYN kinases inhibits NVP-BEP800 efficiency on T and B lymphoblast cell lines. Western blot shows low
levels of expression of p-LCK and total LCK after the viral transduction of Jurkat cells with shLCK (a), or p-LYN and total LYN after the viral transduction
of Raji cells with shLYN (b). Cell growth assay shows no sensitivity of shLCK Jurkat cells (c) and shLYN Raji cells (d) to NVP-BEP800. 2 × 105 viable cells
(trypan blue negative) are seeded. Cells are treated with NVP-BEP800 (1 µM) at days 0 and 5. Data are shown as mean; n= 3 biological replicates for
T-ALL and n= 4 biological replicates for B-ALL. P value measured by one-way Anova test with Tukey’s multiple comparison test; ****P < 0.0001; ns,
non-significant.
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was no difference in sensitivity detected between children
or adults with ALL. However, we observed that sensitivity
could correlate with the stage of B-ALL maturation
(Supplementary Figs. S7 and S8). We found no correlation
between sensitivity to the compound and expression of
HSP90 measured by flow cytometry (Supplementary Fig.
S9a). Moreover, we found no correlation between the
expression levels of HSP90 and SFK proteins (Supple-
mentary Fig. S9b).
In conclusion, primary T-ALL and B-ALL samples

showed sensitivity to NVP-BEP800, and this sensitivity
was related to their expression of SFK.

NVP-BEP800 affects the SRC signaling pathway in ALL cells
recovered from PDX mice
Through the transplantation of primary ALL cells into

immunodeficient NSG mice, we generated PDX models to
study T-ALL and B-ALL in vivo. By flow cytometry, we
detected major expressions of HSP90 and SRC in ALL cells
recovered from the BM of T-ALL (Fig. 4a) and B-ALL PDX
mice (Fig. 4b). HSP90 is known to regulate the stability of
proteins involved in intracellular signaling. Interestingly,
fluorescence microscopy revealed that SRC and HSP90
proteins were colocalized in the cytoplasm of T-ALL

(R= 0.91 ± 0.07) and B-ALL cells (R= 0.89 ± 0.06) that
were recovered ex vivo from the BM of PDX mice (Sup-
plementary Fig. S10). Among the SFK, T-ALL cells expres-
sed more LCK, while B-ALL expressed more LYN, which
was confirmed by western blot (Fig. 4c). Previous studies
revealed that HSP90 can interact physically with LCK and
LYN46,47. When SRC kinases were pulled down with specific
antibodies, HSP90 was found co-immunoprecipitated in the
T-ALL and B-ALL cell lysates, confirming an interaction
between HSP90, with LCK in T-ALL and LYN in B-ALL
(Fig. 4d).
When cells isolated ex vivo from T-ALL PDX mice were

treated with NVP-BEP800, we observed a loss of LCK
phosphorylation in its active site (on tyrosine 416) and a loss
in the total amount of LCK protein (P < 0.001) (Fig. 4e). This
kinase, through the calcium influx pathway, was found
specific to the regulation of Nuclear factor of activated T cell
1 (NFAT1), which was involved in T-ALL cell survival and
proliferation38. When inactivated, NFAT1 was phosphory-
lated (on Serine 54) (Fig. 4e) and left the nucleus to reach the
cytoplasm (Supplementary Fig. S11a). Regarding B-ALL cells
isolated ex vivo from PDX mice and treated with NVP-
BEP800, we observed a loss of LYN phosphorylation in its
active site (on tyrosine 396), and a loss in the total amount of

Fig. 3 Primary T-ALL and B-ALL cells are sensitive to NVP-BEP800. a Flow cytometry on primary T-ALL (CD45+ hCD7+, n= 10), B-ALL (hCD45+

CD19+, n= 29) and non-leukemic (hCD45+, n= 6) shows elevated expression of HSP90 for ALL cells. Examples of median fluorescence intensity (MFI)
observed by flow cytometry and statistics. Data are presented as median (central line), first and third quartiles (bottom and top of boxes, respectively),
and whiskers (extreme values). P-value measured by Wilcoxon-Mann-Whitney test; ***P < 0.001. b Flow cytometry of representative primary ALL cells
treated with NVP-BEP800 (1 µM, for 48 h) shows a decrease in the leukemic cell count of T-ALL cells (hCD45+ hCD7+ cells) and of B-ALL cells (hCD45+

hCD19+). Examples of cytometry dataset are shown on the left panel, data are gated on viable Hoechst negative cells. Statistics is shown on the right
panel. For quantification, primary cells are fully recorded by flow cytometry. The number of viable primary cells in the group of cells treated with NVP-
BEP800 is normalized to control vehicle, for T-ALL (n= 13) and B-ALL (n= 39). Data are shown as mean ± SD. P-value measured by two-tailed paired
Student’s t test; ****P < 0.0001. c Flow cytometry of representative primary ALL cells treated with NVP-BEP800 (1 µM, for 18 h) shows a reduction of p-
LCK in T-ALL (n= 8) and p-LYN in B-ALL (n= 8) cells. Data are gated on viable Hoechst negative cells, hCD7+ (T-ALL) or hCD19+ (B-ALL). Data are
shown as mean ± SD. P-value measured by two-tailed paired Student’s t test; ***P < 0.001; ****P < 0.0001. d The percentage (%) of viable primary cells
after treatment with NVP-BEP800 is correlated with the expression of p-LCK or p-LYN, measured by flow cytometry before the treatment, for T-ALL
(n= 11) and B-ALL (n= 23). The logarithmic correlation coefficient R is reported. MFI; median fluorescence intensity.
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LYN protein (P < 0.001) (Fig. 4f, g). In B-cells, LYN con-
tributed to positive regulation of signaling through tyrosine
phosphorylation of the BCR. This role can be assumed by B-
lymphocyte kinase (BLK), which can promote B-cells acti-
vation through the recruitment of Spleen tyrosine kinase
(SYK)40. The protein tyrosine kinases, such as LYN, SYK
and BLK, and effector enzymes, such as Phospholipase Cγ2
(PLCγ2), played a crucial role in the BCR-induced activation
of Nuclear factor κB (NFϰB), which was important for the
outcome of B-cells53. After treatment with the NVP-BEP800
inhibitor, we observed substantial deregulation of the entire
signaling pathway, as suggested by the reduced phosphor-
ylation of BLK, SYK, PLCγ2, and NFϰB observed with

western blot (Fig. 4f, g, h). Upon inactivation, phosphoryla-
tion (on Serine 536) was lost and NFϰB left the nucleus to
reach the cytoplasm (Supplementary Fig. S11b).
We can therefore conclude that the HSP90 chaperone

bound SRC kinases in ALL cells and that inhibition of HSP90
through the use of the chemical compound NVP-BEP800 has
affected the downstream SRC signaling pathways involved in
the proliferation and growth of T-ALL and B-ALL cells.

NVP-BEP800 affects cell cycle and induces apoptosis
of ALL cells
SRC kinases were involved in signaling pathways

necessary for survival, growth, and maintenance of

Fig. 4 SRC kinases are client proteins of HSP90. Flow cytometry on BM cells from PDX models of T-ALL (a) and B-ALL (b), demonstrates that ALL
(hCD45+) cells express a high level of HSP90 and panSRC. The anti-panSRC antibody detects murine and human panSRC family kinases, and the anti-
HSP90 antibody detects murine and human HSP90. c Western blot on ALL cells recovered from PDX mice, shows a high level of expression of LCK in
T-ALL, while B-ALL expresses more LYN. d Immunoprecipitation shows that LCK binds to HSP90 in PDX T-ALL cells and LYN binds to HSP90 in PDX B-
ALL cells. e Treatment of PDX T-ALL cells ex vivo for 18 h with NVP-BEP800 at 1 µM affects the stability of the phosphorylated LCK as well as total LCK.
The treatment inhibits the transcription factor NFAT1 that becomes phosphorylated. Data are shown as mean ± SD; n= 4 biological replicates.
P-value measured by two-tailed unpaired Student’s t test; ***P < 0.001. f Western blot shows that treating PDX B-ALL cells with NVP-BEP800 for 18 h,
affects the stability of phosphorylated LYN and total LYN. The downstream BCR pathway involving phosphorylation of BLK, SYK, PLCγ2, and NFϰB is
also affected. g Quantification of the western blot shows that among BLK and LYN kinases, only the total amount of LYN is affected following
treatment. h Quantification of the western blot shows that phosphorylation of SYK, PLCγ2, and NFϰB is affected following treatment. Data are shown
as mean ± SD; n= 3 biological replicates. P-value measured by two-tailed unpaired Student’s t test; **P < 0.01; ***P < 0.001; ns, non-significant.
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T-ALL36–38 and B-ALL cells41–43. To confirm that NVP-
BEP800 has an effect on the viability of T-ALL or B-ALL
cells recovered from PDX mice, we analyzed the

transcription of several genes involved in the cell cycle
and apoptosis after treatment (Fig. 5a). NVP-BEP800
increased the transcription of the pro-apoptotic genes

Fig. 5 NVP-BEP800 affects the viability of T-ALL and B-ALL cells. a RTqPCR, performed on T-ALL and B-ALL cells, shows modification in the
transcription of genes involved in cell cycle and apoptosis, after treatment with NVP-BEP800 (1 µM) within 18 h. Data are shown as mean ± SD
(biological replicates). P-value measured by two-tailed unpaired Student’s t test; *P < 0.05; **P < 0.01; ***P < 0.001; $, P < 0.0001; data without statistic
are non-significant. b A cell cycle study performed by Ki67 staining. c An apoptosis study performed by Annexin-V staining. Data shows early
apoptotic cells (7-AAD- Annexin-V+) and late apoptotic cells (7-AAD+ Annexin-V+). Flow cytometry performed on T-ALL or B-ALL cells isolated from
BM and treated ex vivo with NVP-BEP800 (1 µM) within 18 h. Data are shown as mean ± SD; n= 4 biological replicates. P-value measured by two-
tailed unpaired Student’s t test; **P < 0.01; ***P < 0.001. d T-ALL (n= 3 biological replicates) and B-ALL (n= 4 biological replicates) cells are cultured
on MS5 support cells for 48 h, under treatment with NVP-BEP800 at increased concentrations (from 125 to 1,000 nM). Ethanol is the vehicle used as
control. Flow cytometry is used to quantify ALL cells (hCD45+) after two days of treatment. Data are shown as mean ± SD. P-value measured by two-
tailed unpaired Student’s t test; **P < 0.01; $, P < 0.0001.
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BCL2L1, BAD, BAX, and BIM, and decreased the tran-
scription of CDKN1A, a negative regulator of cell levels of
p53. Furthermore, treatment with NVP-BEP800 induced
the downregulation of CCND3 and c-MYC genes tran-
scription, which are both involved in the cell cycle.
Ki67 staining and flow cytometry revealed a marked
reduction of T-ALL or B-ALL cells in division (mitosis),
following treatment with NVP-BEP800, as demonstrated
by the low percentage of cells in the S-G2-M phase
(Fig. 5b). Annexin-V staining and flow cytometry showed
an increase in the percentage of T-ALL and B-ALL cells
undergoing apoptosis after NVP-BEP800 treatment
(Fig. 5c), which was furthermore confirmed by increased
levels of cleaved Caspase-3 after treatment (Supplemen-
tary Fig. S12). When T-ALL and B-ALL cells were cul-
tured on MS5 murine stromal cells for support, we found
that the viability of leukemic cells was significantly
affected by this treatment (Fig. 5d).
In conclusion, NVP-BEP800 has affected the viability of

T-ALL and B-ALL cells ex vivo by dysregulating the SRC
kinases involved in cell proliferation and survival.

Activation of LCK or LYN antagonizes the inhibitory effect
mediated by NVP-BEP800 on T-ALL and B-ALL cells
SRC kinases were important regulators of TCR and BCR

receptors54. To confirm the implication of the LCK kinase
as the main client of HSP90 in T-ALL, we over activated
the TCR pathway via anti-CD3/CD28 monoclonal anti-
bodies. T-ALL cells expressed CD3 and CD28 on the cell
surface, as assessed by flow cytometry (Supplementary
Fig. S13a). Cross-linking of CD3/CD28 antagonized the
ability of NVP-BEP800 to induce complete loss of p-LCK
and LCK (Fig. 6a). Signal transduction via CD40 involved
activation of LYN kinase and PLCγ2 in B-cells55, and
when these cells were activated via anti-CD40 antibody
in vitro they underwent survival56. Using flow cytometry,
we showed that B-ALL cells expressed CD40 on the cell
surface (Supplementary Fig. S13b). On western blot, we
found that the cross-linking of CD40 has inhibited the
ability of NVP-BEP800 to induce a loss of p-LYN and
LYN (Fig. 6b). Although CD3/CD28 stimulated T-
lymphocyte proliferation in vitro57, it induced the apop-
tosis of T-ALL cells58. We observed a slight decrease in T-
ALL viability with CD3/CD28; however, the negative
effect of NVP-BEP800 on the viability of T-ALL cells was
antagonized after cross-linking of CD3/CD28 (Fig. 6c).
Additionally, the effect that NVP-BEP800 had on the
viability of B-ALL cells was also antagonized after cross-
linking of CD40 (Fig. 6c).
In conclusion, we found that an over-activation of the

SRC kinase pathways limited the effect of NVP-BEP800
on SRC stability as well as ALL viability, confirming that
this compound has affected the SRC signaling pathway
involved in the growth of ALL cells.

NVP-BEP800 increases survival of PDX mice developing
T-ALL or B-ALL
By flow cytometry, we detected major expressions of

HSP90 and SRC for T-ALL and B-ALL cells recovered
from the BM of PDX mice, when they were compared to
normal murine cells in a BM microenvironment in which
leukemic cells were engrafted and expanded (Fig. 4a, b).
Therefore, targeting the HSP90 is a good strategy to
prevent T-ALL and B-ALL growth in vivo.
When NVP-BEP800 was injected intravenously (i.v.) at

10 mg/kg, we detected a concentration of 5 µM in the
plasma as well as in BM, one hour after the injection
(Supplementary Fig. S14), and this concentration was
approximately five times the half maximal inhibitory
concentration (IC50) observed in vitro. Based on this, we
investigated to what extent NVP-BEP800 efficiently
interfered with leukemia progression in vivo. The first
group of mice was injected i.v. with 10mg/kg of NVP-
BEP800 on day 20, 25, and 30 after the transplantation of
100,000 T-ALL cells, while the second group of mice was
injected with the vehicle (ethanol). PDX mice treated with
NVP-BEP800 survived longer than PDX mice treated with
the vehicle (P < 0.0001, Fig. 7a). When leukemia pro-
gression was followed in PB at day 50 post-transplanta-
tion, we observed a reduced amount of leukemic cells
(hCD45+ hCD7+) in PB of mice treated with NVP-
BEP800 (P < 0.0001, Fig. 7b).
Additionally, we developed T-ALL cells that expressed

luciferase and green fluorescence protein (GFP) using
lentiviral infection of T-ALL cells, and we transplanted
these bioluminescent T-ALL cells into mice. Again, the
first group of mice was treated with 10mg/kg of NVP-
BEP800 and the second was injected with ethanol on day
20, 25, and 30 after the transplantation of 100,000 bio-
luminescent T-ALL cells. At day 30 and day 50, we
injected luciferin into sleeping mice in order to monitor
the location of leukemic cells in living animals, and we
observed reduced bioluminescence in the group of mice
treated with NVP-BEP800, the difference was evident at
day 50 (Fig. 7c). Mice were sacrificed on day 50 post-
transplantation. A decrease in bioluminescence was
observed in spleens and bones isolated from mice in the
treated group (Fig. 7c). When we performed flow cyto-
metry to detect bioluminescent cells that express also
GFP, we noted a relevant decrease in T-ALL cells in the
PB, BM, and spleens of treated mice (Fig. 7d). Immuno-
histochemistry on BM and spleen sections stained with an
hCD7 antibody revealed a more significant expansion of
T-ALL cells in the control group, compared with mice in
the treated group (Fig. 7e).
We also used the PDX mice that we developed to

investigate to what extent NVP-BEP800 efficiently inter-
fered with B-ALL progression. The first group of mice was
injected i.v. with 10 mg/kg of NVP-BEP800 at day 15, 20,
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and 25 after the transplantation of 100,000 B-ALL cells,
while the second group of mice was injected with the
vehicle. PDX mice treated with NVP-BEP800 survived
longer than PDX mice treated with the vehicle (P < 0.001,
Fig. 8a). When B-ALL progression was followed in PB at
day 35 post-transplantation, we observed a reduced
amount of leukemic cells (hCD45+ hCD19+) in mice
treated with NVP-BEP800 (P < 0.0001, Fig. 8b). We also
generated a mouse model to study bioluminescence. After
transplanting bioluminescent B-ALL cells into mice, we
observed at day 35 a reduced bioluminescence in the
group of mice treated with NVP-BEP800, as well as
for bones and spleens (Fig. 8c). Flow cytometry of GFP+

B-ALL cells confirmed the reduced proliferation of
leukemic cells in the BM of mice treated with NVP-BEP800
on day 35 post-transplantation (P < 0.001, Fig. 8d). This
effect was confirmed by immunochemistry on BM sections,
after hCD19 staining to detect B-ALL cells (Fig. 8e).
In the end, it was found that NVP-BEP800 was effective

in vivo, and that treatment of PDX mice delayed the
development of T-cell and B-cell ALL.

Discussion
Within the cell, HSP90 plays a critical role in the proper

folding, assembly, and maintenance of the three-
dimensional structures of a variety of proteins, referred

Fig. 6 Activation of LCK or LYN antagonizes the inhibitory effect mediated by NVP-BEP800 on T-ALL and B-ALL cells isolated from PDX
mice. a Western blot shows that cross-linking with anti-CD3 (1 μg/ml) and anti-CD28 (1 μg/ml) antibodies (CD3/CD28) to activate the LCK kinase
inhibits the effect of NVP-BEP800 and its capacity to reduce levels of p-LCK and LCK. Quantification of p-LCK (Y416) and LCK is normalized to ACTB
(bottom panel). Data are shown as mean ± SD; n= 3 biological replicates. b Activation of the LYN kinase antagonizes the effect of NVP-BEP800.
Western blot on PDX B-ALL cells pretreated or not with anti-CD40 (1 μg/ml) antibody (CD40). Quantification of p-LYN (Y396) and LYN is normalized to
ACTB (bottom panel). Data are shown as mean ± SD; n= 3 biological replicates. c Cytometry shows that activation of LCK or LYN antagonizes the
inhibitory effect mediated by NVP-BEP800, on T-ALL and B-ALL PDX cells. After treatment with anti-CD3 (1 μg/ml) and anti-CD28 (1 μg/ml) antibodies
(CD3/CD28) to activate the LCK kinase or anti-CD40 (1 μg/ml) antibody (CD40) to activate the LYN kinase, ALL cells are treated with NVP-BEP800
(1 µM) for two days and the viability of ALL cells is recorded by flow cytometry after Hoechst staining. Data are shown as mean ± SD; n= 4 biological
replicates for T-ALL and n= 3 biological replicates for B-ALL. In this figure, P-value measured by one-way Anova test with Tukey’s multiple
comparison test; IgG vehicle is used as a reference; *P < 0.05; **P < 0.01; ***P < 0.001; ns, non-significant.
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to as clients. The molecular chaperone HSP90 is a key
member of the cellular proteostasis network, and thus
helps protect cells from proteotoxic stress. Cancer cells
have up-regulated members of this network, including
HSP90, to promote their survival and growth. HSP90
inhibition has been shown to be effective in treating
lymphomas15–17, AML18–21, CML 26–28, and myeloproli-
ferative neoplasms24. Regarding ALL, an interesting study
showed that the NOTCH1 signaling status correlated with
epichaperome levels and predicted T-ALL cells' response
to HSP90 inhibition with the PU-H71 inhibitor29.
Another study described that NVP-AUY922 led to a
degradation of tyrosine kinase 2 (TYK2) signaling and T-
ALL apoptosis30. In a subset of B-ALL, genetic resistance
to JAK2 inhibition was overcome by HSP90 inhibition31.
In cancers, epichaperone re-wiring altered a plethora of

post-translational interactions and many of which con-
verge upon MYC59. However, in our PDX models, T-ALL
and B-ALL cells did not express MYC (Supplementary

Fig. S15a). In several other cancers, HSP90 inhibitors
allowed to discover other client proteins of HSP90, such as
STAT3 or AKT11,52. These client proteins were not
involved in the growth and development of leukemic cells
in our PDX models, and neither STAT3 nor AKT were
phosphorylated in T-ALL and B-ALL cells (Supplementary
Fig. S15a, b). Moreover, drugs that inhibit AKT or STAT3,
such as MK-2206 or Niclosamide, did not affect the via-
bility of T-ALL and B-ALL cells (Supplementary Fig. S15c).
Several HSP90 inhibitors have undergone clinical trials,

but these drugs, which bound to a shared nucleotide
pocket in the N-terminal domain, did not differentiate
between four different HSP90 family members: HSP90α,
HSP90β, GRP94 (Glucose-regulated protein 94 kDa), and
TRAP1 (Tumor necrosis receptor-associated protein 1).
Therefore, there was a need to identify chemical com-
pounds that were more specific to HSP90β60. NVP-
BEP800 was found as a potent inhibitor of HSP90β that
was 70-fold less effective against other HSP proteins and

Fig. 7 Treatment with NVP-BEP800 improves the survival of T-ALL PDX mice. a Survival curves show that mice treated with NVP-BEP800
(10 mg/kg) survived longer than mice treated with vehicle, n= 8 mice per group. P value measured by Mantel Haenszel test. The timing of treatment
is shown on the graphic. b Percentage of T-ALL cells (hCD45+ hCD7+) is measured by flow cytometry in PB at day 50 of the study, n= 8 mice per
group. Data are shown as mean ± SD. P-value measured by two-tailed unpaired Student’s t test; ****P < 0.0001. c Mice are transplanted with
bioluminescent T-ALL cells and treated with NVP-BEP800. Bioluminescence images (n= 3 mice) per group, are taken at days 30 and 50 post-
transplantation of bioluminescent T-ALL cells. At day 50, mice are sacrificed and bioluminescence images of their spleens and bones are taken. d PB,
spleen and BM are analyzed by flow cytometry to detect bioluminescent leukemic cells also expressing GFP and stained with hCD45 antibody. Data
shows a reduction of T-ALL cells in all organs in treated mice. Data are shown as mean ± SD; n= 3 mice. P-value measured by two-tailed unpaired
Student’s t test; **P < 0.01; ***P < 0.001. e Immunohistochemistry on bones and spleens sections shows a decrease in the amount of T-ALL cells
(brown cells) in mice treated with NVP-BEP800. Data are representative of three mice, magnification ×10, black scale bars represent 200 µm.
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many kinases61. NVP-BEP800 caused HSP90 dissociation,
client proteins degradation and led to growth inhibition
or induction of cell death in cancer cell lines61. In our
study, we discovered that HSP90 was an important reg-
ulator of SRC kinases, which were involved in the intra-
cellular signaling pathways necessary for the growth and
proliferation of T-ALL and B-ALL cells. Lymphocyte-
specific SRC family kinases (SFK) were highly important
for both T cells34–37 and B cells39,40 proliferation. The
inhibition of SRC kinases’ phosphorylation, mainly with
the use of Bosutinib, Dasatinib, or Saracatinib, was
therefore an important strategy for the treatment of T-
ALL36–38 and B-ALL41–44. Using an inhibitor of the cha-
perone that controls the overall level of SRC is likely a
good strategy for the development of therapies based on
the SRC kinase inhibition in ALL. In our study, we
showed that NVP-BEP800 affected phosphorylated SRC

and, simultaneously, the total amount of SRC kinase in
cells. It seems however that the total LCK protein was
more affected than the total LYN protein, this was
observed when both cell lines and ALL cells xenografted
in NSG mice were treated with NVP-BEP800. We can
therefore assume that HSP90 may interact more with the
phosphorylated LYN. Previous studies on AML or mye-
loproliferative neoplasm cells described the efficiency of
co-treatments of HSP90 inhibitors with tyrosine kinase
inhibitors22,25. In our study, we however observed that co-
treatment with Dasatinib, a specific inhibitor of SRC
phosphorylation, did not increase in vitro the effect
mediated by NVP-BEP800 on the viability of cell lines, as
well as on T-ALL or B-ALL cells isolated ex vivo from
PDX mice (Supplementary Fig. S16). This is probably
because NVP-BEP800, by itself, showed a pertinent dys-
regulation of phosphorylated SFK.

Fig. 8 Treatment with NVP-BEP800 improves survival of B-ALL PDX mice. a Survival curves show that mice treated with NVP-BEP800 (10 mg/kg)
survived longer than mice treated with vehicle, n= 8 mice per group. P value measured by Mantel–Haenszel test; ***P < 0.001. The timing of
treatment is shown on the graphic. b Percentage of B-ALL cells (hCD45+ hCD19+) is measured by flow cytometry in PB at day 35 of the study, n= 5
mice per group. Data are shown as mean ± SD. P-value measured by two-tailed unpaired Student’s t test; ****P < 0.0001. c Mice are transplanted with
bioluminescent B-ALL cells and treated with NVP-BEP800. Bioluminescence images of two mice per group, are taken at days 25 and 35 post-
transplantation of bioluminescent B-ALL cells. At day 35, mice are sacrificed and bioluminescence images of their spleens and bones are taken.
d Data show a reduction of B-ALL cells in BM of treated mice, as analyzed by flow cytometry to detect bioluminescent leukemic cells also expressing
GFP and stained with hCD45 antibody. Data are shown as mean ± SD; n= 4 mice. P-value measured by two-tailed unpaired Student’s t test; ***P <
0.001. e Immunohistochemistry on bones sections shows a decrease in the amount of B-ALL cells (brown cells) in mice treated with NVP-BEP800.
Counterstaining with Giemsa. Data is representative of four mice, magnification ×20, black scale bars represent 100 µm.
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Most studies with NVP-BEP800 were performed
in vitro. In these experiments, a decrease in the migration
and invasion of lung carcinoma and glioblastoma cells was
observed62, along with apoptosis of myeloma cells cul-
tured on stromal support cells63, and a reduced pro-
liferation of other tumor cell lines64. HSP90 inhibitors,
including NVP-BEP800, increased the sensitivity of tumor
cells to ionizing radiation64–66. In hepatocellular carci-
noma, this compound has been found to suppress the
vasculogenic networks, which play an important role in
tumor malignancy67,68. NVP-BEP800 affected the pro-
teasomal degradation of viral HSP90 client proteins,
including those required for latency and infectivity of
Kaposi sarcoma-associated herpes virus69. NVP-BEP800
induced robust antitumor responses on a preclinical
xenograft mice model of human breast cancer61. Our
study showed that NVP-BEP800 has effectively targeted
SRC kinases, which should now be considered as novel
clients of the HSP90 chaperone. In addition, mice that
were treated with NVP-BEP800 survived longer and
showed fewer symptoms of leukemia in vivo, confirming
that this treatment was effective on both PDX models of
T-ALL and B-ALL.
More recent understanding has highlighted that vul-

nerability of cancer cells to HSP90 inhibitors depends
upon pathologic hyperconnectivity within the “epicha-
perome”, composed of chaperone and co-chaperone
complexes, this has been characterized for solid can-
cers59,70, as well as for T-ALL29. In our study, we dis-
covered for the first time that HSP90 can bind and
control the stability of SRC kinases in ALL, therefore
SFK should be considered as important client proteins
involved in the epichaperome for T-ALL and B-ALL.
Furthermore, lack of predictive biomarkers of HSP90
inhibitors for selecting patients who would show efficacy
versus lack of response remains to be characterized for
ALL. In our study, we discovered that patient samples
showing high levels of phosphorylated SRC were more
sensitive in vitro to the HSP90 inhibitor NVP-BEP800,
and this might help to predict the response of ALL to
HSP90 inhibition.
While NVP-AUY922 and 17-AAG targeted both

HSP90α and HSP90β49,50, NVP-BEP800 specifically
inhibited HSP90β, blocking its N-terminal ATP-binding
pocket48. Consequently, HSP90 inhibitors that target more
precisely HSP90β may have a distinct feature that would
favor their clinical development over other HSP90 inhibi-
tors. Previous in vivo studies showed that NVP-BEP800
provided a high degree of flexibility in dose and schedule
within the clinical setting, whereas mice in in vivo
experiments began to lose body weight when NVP-BEP800
was administered at a dose of greater than 40mg/kg daily
over two weeks61. In our experiments, we confirmed the
low toxicity of this drug in vivo, by administering three i.v.

injections of NVP-BEP800 of 10mg/kg every five days, and
we showed that the drug had no negative effect neither on
the development of mice’s body weight (Supplementary
Fig. S17a) nor on PB hematopoietic parameters (Supple-
mentary Fig. S17b), as well as on mice’s viability after
monitoring the mice for two months.
Constitutive activation of the SFK has been described as

important for the proliferation of cancer cells in AML71–73.
In the present study, in addition to previous descriptions in
T-ALL or B-ALL36–38,41–44, SRC kinases were also found to
be phosphorylated, which attested to the constitutive acti-
vation of the SRC kinases for ALL cells, and their impor-
tance for the proliferation and growth of ALL cells, in vitro
as well as in vivo. An interaction study conducted on
HEK293 cells showed that kinases represented the main
clients of HSP90, among them the LCK was found46. In
another work, affinity enrichment of a library of full-length
open reading frames allowed to identify LYN kinase inter-
acting partners, among which HSP90 was identified47. A
TCR-linked multiprotein complex containing HSP90 and
LCK has been already described in T-cells34. The HSP90-
specific inhibitor 17-AAG selectively disrupted kinase-
mediated signaling events, including LCK, in normal T-
lymphocyte activation74. HSP90 has been shown to play a
protective role in the regulation of SRC family proteins, as in
neutrophils increasing cell survival75, or in endothelial cells
allowing regulation of the vascular endothelial growth factor
receptor68. HSP90 bound also to LYN in B-chronic lym-
phocytic leukemia45. In our study, through pull-down assays
and treatment with an HSP90 inhibitor, we proved that the
SRC kinases LCK and LYN were both clients of HSP90, in
T-ALL and B-ALL cells, respectively. We found that the
sensitivity of ALL cell lines to NVP-BEP800 was dependent
on their expression level of SRC rather than HSP90, and all
cell lines expressed HSP90 but only the ones expressing SRC
were sensitive to the drug. This was confirmed with the use
of lentiviral shRNA tools, as the cells lost their sensitivity to
NVP-BEP800 when the expression of LCK or LYN was
abolished. This was confirmed for both T-ALL and B-ALL
primary cells, as a correlation was observed between their
sensitivity to NVP-BEP800 and their expression levels of
SRC. Remarkably, in our experiments on cell lines and
primary samples, no correlation was observed between
HSP90 and SRC protein expression levels. In our study,
through the use of NVP-BEP800 and since ALL cells
expressing high levels of SFK were more sensitive to HSP90
inhibition, we confirmed that SRC kinases were important to
maintain the viability of ALL cells.
Altogether, these findings demonstrated that the chaper-

oning of SRC kinase by HSP90 contributed to the pro-
liferation and growth of T-ALL and B-ALL cells, which
provides novel targeting strategies for ALL treatment. Our
promising preclinical test results should be further explored,
paving the way for future clinical trials.
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Supplementary Materials and Methods 

 

 

Cell culture and treatment with NVP-BEP800 
The study was conducted on two T lymphoblast cell lines; Jurkat (Clone E6-1, 

TIB-152, ATCC) and Rpmi-8402 (CRL-1994, ATCC) as well as four B lymphoblast 
cell lines; BALL-1 (ACC742, DSMZ), Raji (CCL-86, ATCC), Reh (CRL-8286, ATCC) 
and Daudi (CCL-213, ATCC). All cell lines were cultured in RPMI-1640 media 
(Dominique Dutscher) supplemented with 10% fetal bovine serum (Dominique 
Dutscher) and Penicillin-Streptomycin-Amphotericin (PSA, Pan Biotech). Primary T-
ALL and B-ALL cells, preserved in diméthylsulfoxyde (DMSO), were frozen in liquid 
nitrogen, and then cultured in StemMACS media (Miltenyi Biotec) supplemented with 
PSA. The same was done for T-ALL and B-ALL cells isolated ex vivo from the BM of 
PDX mice. We always used cells freshly isolated ex vivo from the BM in our 
experiments. ALL cells were also co-cultured with MS5 murine stromal feeder cells 
(ACC-441, DSMZ), in StemMACS media (Miltenyi Biotec) supplemented with PSA. 
After treatment, cells were trypsinized and the viability of ALL cells was assessed by 
Hoechst staining and measured by flow cytometry. The hCD45-APC antibody was 
used to distinguish between human ALL and mouse MS5 support cells. Cells were 
grown in an incubator at 37°C in a humid atmosphere and 5% CO2 pressure. For 
viability, cells were treated for 48 hours with increasing concentrations or a single 
dose of 1μM with NVP-BEP800 (SelleckChem). For cell cycle activity, apoptosis, cell 
signaling and transcriptional expression experiments, cells were treated for 18 hours 
with NVP-BEP800. Ethanol is the diluent, which served as a control “vehicle”. T-ALL 
cells were treated with anti-CD3 (1μg/ml, BE0001-2, BioXcell) and anti-CD28 
antibodies (1μg/mL, BE0291, BioXcell) for TCR activation and B-ALL cells were 
treated with anti-CD40 (1μg/mL, BE0189, BioXcell) for BCR activation prior to NVP-
BEP800 treatments. For viability, cells were treated for 48 hours with NVP-BEP800 
or Dasatinib (SelleckChem) alone, or with a co-treatment of both compounds. 
 
Cell viability assay (XTT) 

Viability and proliferation of cell lines were determined using the XTT Cell 
Viability assay (15960972, CyQUANT XTT Cell Viability Assay, Invitrogen) according 

to the manufacturer’s instructions. Briefly, cells were seeded in a 96‐well culture plate 
at a density of 2×105 viable cells (trypan blue negative) in 200µL of media and were 
treated with increasing concentrations of NVP-BEP800. The culture plates were 



incubated for 48 hours at 37°C with a 5% CO2 atmosphere. After incubation, cells 
were collected from all the wells and washed with PBS1× (pH 7.4). A mix containing 
60µL “XTT Reagent” and 10µL of “Electron Coupling Reagent” was added to each 
well and the cell plate was incubated for 4 hours. The absorbance was measured at 
OD 450nm and 660nm with UV-visible spectrophotometer (Biochrom Asys UVM340) 
using the media as the blank, and the results were determined by the difference in 
the absorbance values measured at wavelengths of 450nm and 660nm, respectively. 
 
Western blot 

Cell pellets were suspended in RIPA lysis buffer (150mM NaCl, 5mM EDTA 
(pH 8.0), 50mM Tris (pH 8.0), 1% NP-40, 0.5% sodium deoxycholate, and 0.1% 
SDS). On cell lysates, OD 620nm was measured to normalize the amount of the 
loaded sample. An appropriate quantity of protein was supplemented with 5× 
Laemmli buffer. Targeted proteins were separated on 10% SDS-PAGE gels and 
transferred to PVDF membranes. Immunoblot was performed with the indicated 
antibodies, anti-p-NFϰB(S536) (1:1000, #3033, Cell Signaling Technology), anti-
NFϰB (1:1000, #8242, Cell Signaling Technology), anti-p-LYN(Y396) (1:1000, 
ab226778, Abcam), anti-LYN (1:1000, #2796, Cell Signaling Technology), anti-p-
BLK(Y389) (1:1000, PA5-105866, Thermo Fisher Scientific), anti-BLK (1:1000, 
#3262, Cell Signaling Technology), anti-p-SRC(Y416) (1:1000, #6943, Cell Signaling 
Technology) was used for p-LCK, anti-pan-SRC (1:1000, #2108, Cell Signaling 
Technology), anti-LCK (1:1000, #2752, Cell Signaling Technology), anti-p-
PLCγ2(Y1217) (1:1000, #3871, Cell Signaling Technology), anti-PLCγ2 (1:1000, 
#3872, Cell Signaling Technology), anti-p-NFAT1(S54) (1:1000, 44-944G, Thermo 
Fisher Scientific), anti-NFAT1 (1:1000, 610702, BD Biosciences), anti-HSP90 
(1:1000, ADI-SPA-830, Enzo Life Sciences), anti-HSP90α (1:1000, ADI-SPS-771, 
Enzo Life Sciences), anti-HSP90β (1:1000, ADI-SPA-842, Enzo Life Sciences), anti-
HSP70 (1:1000, ADI-SPA-810, Enzo Life Sciences) and anti-ACTB (1:2500, 612656, 
BD Biosciences). We also used anti-p-STAT3 (Y705) (1:1000, #9145, Cell Signaling 
Technology), anti-STAT3 (1:1000, #4904, Cell Signaling Technology), anti-p-AKT 
(S473) (1:1000, #4060, Cell Signaling Technology) and anti-AKT (1:1000, #4691, 
Cell Signaling Technology), anti-MYC (1:1000, #5605, Cell Signaling Technology), 
anti-BCL2 (1:1000, Sc-509, Santa Cruz), anti-cleavedCASP3/CASP3 (1:1000, 
#9665, Cell Signaling Technology). We also used anti-HCK (1:1000, MAB3915, R&D 
Systems), anti-BTK (1:1000, #8547, Cell Signaling Technology), anti-SYK (1:1000, 
ab40781, Abcam), anti-ZAP70 (1:1000, #2705, Cell Signaling Technology), anti-
JAK3 (1:1000, #8863, Cell Signaling Technology). Appropriate secondary anti-mouse 
or anti-rabbit antibodies, conjugated with Horseradish Peroxidase were used (1:5000, 
Cell Signaling Technology). Chemiluminescence was performed (Chemidoc, Bio-
Rad), after applying ultra-sensitive enhanced chemiluminescent (ECL) substrate 
(SuperSignal West Femto Maximum Sensitivity, Thermo Fisher Scientific). Protein 
sizes were controlled by a protein ladder (Page Ruler Plus Prestained Protein 
Ladder, Thermo Fisher Scientific), and protein expression levels were assessed by 
using ImageJ (NIH). 
 
Immunoprecipitation 

Cell pellets were reconstituted in RIPA lysis buffer. After preclearing with 
agarose protein A beads (Thermo Fisher Scientific) for 2 hours, cell lysates were 
incubated with anti-p-SRC(Y416) (1:200, #6943, Cell Signaling Technology) or anti-
p-LYN(Y396) (1:200, ab226778, Abcam) antibodies overnight. The antibody/protein 



complex was then pulled out of the sample using protein A-coupled agarose beads. 
Agarose beads were washed with the buffer four times, reconstituted in RIPA lysis 
buffer supplemented with 5× Laemmli buffer, and were then heated at 65°C for 
10min. Western blot was performed with the same antibodies and procedure 
described above, in addition to using secondary anti-rabbit or anti-mouse antibodies 
specific for immunoprecipitation (TruBlot, Rockland). 
 
Flow cytometry and fluorescent-activated cell sorting (FACS) 

After tail vein PB sampling from PDX mice, white blood cells were recovered 
following hemolysis (NH4Cl 150mM, KHCO3 10mM, EDTA 0.1mM, pH 7.4). Bones, 
tibias and femurs from the two bottom legs were crushed in a mortar and total BM 
cells were filtered with a sterile cell strainer (70µm). Spleens were also crushed and 
filtered with the sterile cell strainer in hemolysis solution, and the cells were washed 
with PBS1×. The development of T-ALL and B-ALL in NSG mice was characterized 
in PB and BM by flow cytometry using the following anti-human antibodies; anti-
hCD45-APC (1:100, 130-110-633, Miltenyi Biotec), anti-CD7-VioBright-FITC (1:100, 
130-123-864, Miltenyi Biotec) for T-ALL and anti-CD19-VioBright-515 (1:100, 130-
113-175, Miltenyi Biotec) for B-ALL detection. These antibodies were also used to 
distinguish between human ALL cells and murine MS5 cells in vitro. We also used 
anti-CD28-PE-Vio770 (130-104-189, Miltenyi Biotec) and anti-CD3-PerCP (345766, 
BD Biosciences) antibodies to analyze the expression of specific markers by T-ALL 
cells, as well as an anti-CD40 (1:100, BE0189, BioXcell) antibody with secondary 
anti-mouse-AF488 (1:500, Thermo Fisher Scientific) for B-ALL cells. To study cell 
cycle and apoptosis, we used anti-Ki67-FITC (1:20, 556026, BD Biosciences), anti-
Ki67-BV421 (1:50, 562899, BD Biosciences), 7-AAD (1:20, 559925, BD Biosciences) 
and anti-Annexin-V-APC (1:50, 550475, BD Biosciences). For intracellular protein 
staining, anti-HSP90-DyLight-488 (1:200, ADI-SPA-830-488, Enzo Life Sciences) 
and anti-p-panSRC-AF647 (1:200, 560096, BD Biosciences) were used after 
permeabilization. On primary ALL cells, we used an anti-p-SRC-AF647 (1:200, 
560096, BD Biosciences) antibody after cells’ permeabilization. This antibody detects 
p-LCK, p-LYN, p-HCK, p-FYN and p-YES1, therefore we performed a TaqMan assay 
to confirm a specific expression of LCK by T-ALL cells and LYN by B-ALL cells. To 
show that T-ALL and B-ALL cells in PDX mice expressed high levels of HSP90 and 
SRC, we also used an anti-SRC (1:200, #2108, Cell Signaling Technology) antibody 
followed by a secondary anti-rabbit-AF568 (1:500, Thermo Fisher Scientific) 
antibody. After cell surface staining, cells were fixed and permeabilized using BD 
Cytofix/Cytoperm Plus Fixation/ Permeabilization Kit (BD Biosciences). Viability was 
controlled with Hoechst (Life technologies). When cells were permeabilized for 
intracellular staining, a Fixable Viability Stain 450 was used (FVS450, BD 
Biosciences). Cell subsets were analyzed using a Canto10 or a LSR-Fortessa (BD 
Biosciences). Cells were sorted on a FACS Aria cell sorter (BD Biosciences) 
equipped with BD FACSDiva software (BD Biosciences). Data were analyzed using 
FlowJo software (V10, TreeStar Inc). 
 
Fluorescence microscopy 

ALL cells were purified using anti-hCD45 microbeads (130-045-801, Miltenyi 
Biotec) on an AutoMACS (Miltenyi Biotec). The cells extracted from BM were 
permeabilized using BD Cytofix/Cytoperm Plus Fixation/ Permeabilization Kit (BD 
Biosciences) and then stained with anti-HSP90-DyLight-488 (1:200, ADI-SPA-830-
488, Enzo Life Sciences) antibody and anti-SRC (1:200, #2108, Cell Signaling 



Technology) followed by a secondary anti-rabbit-AF568 (1:500, Thermo Fisher 
Scientific) antibody. In addition, on BM ALL cells, we used anti-NFAT1 (1:500, 
610702, BD Biosciences) and anti-NFϰB (1:500, #8242, Cell Signaling Technology) 
for intracellular staining, followed by a secondary anti-rabbit-AF488 (1:500, Thermo 
Fisher Scientific) antibody. Hind limb bones were collected, stripped of soft tissue, 
fixed and decalcified in a specific buffer (#3800400, Decalcifier-I, Leica) for 48 hours, 
processed and embedded in paraffin. Thick sections were cut from paraffin-
embedded samples and used for fluorescent staining with mouse anti-HSP90-
DyLight-488 (1:200, ADI-SPA-830-488, Enzo Life Sciences), rabbit anti-hCD7 (1:200, 
ab109296, Abcam) or rabbit anti-hCD19 (1:200, SAB5500047, Sigma-Aldrich), 
followed by anti-rabbit AF568 antibody (Life Technologies). ALL cells and bone 
sections were fixed with ProLong Gold Antifade reagent containing DAPI (P36931, 
Thermo Fisher Scientific). Images were acquired with an Axio Imager M2 (Zeiss) 
coupled with an Apotome.2 and processed for studies (Fiji, NIH software). 
 
Immunohistochemistry 

Hind limb bones were collected, stripped of soft tissue, fixed and decalcified 
(#3800400, Decalcifier-I, Leica) for 48 hours, processed and embedded in paraffin. 
Spleens were fixed in 10% buffered formalin for 48 hours and embedded in paraffin. 
Thick sections were cut from paraffin-embedded samples and used for 
immunohistochemistry. We used rabbit anti-hCD19 (1:100, SAB5500047, Sigma-
Aldrich) or rabbit anti-hCD7 (1:100, ab109296, Abcam) followed by a secondary anti-
rabbit antibody, conjugated with Horseradish Peroxidase (#MP-7401, ImmPRESS 
HRP anti-rabbit IgG polymer detection kit, Vector laboratories) and substrate (#SK-
4800, vector, NovaRED substrate kit, Vector laboratories). 
 
Quantitative reverse transcription PCR 

After mRNA isolation with the RNeasy kit (Qiagen) or mRNA organic 
extraction with Qiazol (Qiagen), Moloney murine leukemia virus reverse transcriptase 
(M-MLV RT, Promega) was used to synthesize cDNA. The following TaqMan assays 
were then used for TaqMan qPCR: BCL2 (Hs00608023), BIM (Hs00708019), 
BCL2L1 (Hs00236329), BAD (Hs00188930), BAX (Hs00180269), CDKN1A 
(Hs00355782_m1), CDKN1B (Hs00153277), PIM1 (Hs01065498), PIM2 
(Hs00179139), CCND2 (Hs00153380), CCND3 (Hs01017690), c-MYC 
(Hs00153408), LCK (Hs00178427), LYN (Hs01015819), HCK (Hs01067403), FYN 
(Hs00941613), YES1 (Hs01080050) and ACTB (Hs01060665) used as an 
endogenous control. We used TaqMan Gene Expression Master Mix (Applied 
Biosystems). Experiments were carried out using the Viia7 system (Applied 
Biosystems). 
 
shRNA lentiviral cloning, production and transduction  

Control lentiviral vector (#111170, Addgene) contained shRNA-targeting 
Renilla luciferase (Ren.713). Lentiviral vectors carrying shLCK or  shLYN targeting 
LCK or LYN genes were generated, following a previously described protocol,1 by 
cloning a 97bp shRNA template sequences for LCK; 
TGCTGTTGACAGTGAGCGAAGGCATCAAGTTGACCATCAATAGTGAAGCCACAG
ATGTATTGATGGTCAACTTGATGCCTGTGCCTACTGCCTCGGA and for LYN; 
TGCTGTTGACAGTGAGCGACAGATTTGTTTTGACAATGTATAGTGAAGCCACAG
ATGTATACATTGTCAAAACAAATCTGGTGCCTACTGCCTCGGA into the GFP-
(miR-E)-PGK-Puro vector (#111170, Addgene) after removing the Ren.713. All 



constructs were verified by sequencing (Genewiz) and lentiviruses were produced in 
HEK293 cells after transduction with Lipofectamin 2000 (Thermo Fisher Scientific) of 
the GFP-(miR-E)-PGK-Puro vector, as well as PAX2 (Addgene, #12260) and pCMV-
VSV-G (Addgene, #8454) plasmids. After two days, viral supernatants were 
recovered and six-well plates were incubated 4 hours with retronectin (Takara, 
Ozyme). Viral supernatants were then spinoculated for 30min at 4,000g. Cells were 
cultured on these plates for three days in RPMI-1640 media (Dominique Dutscher). 
Lentiviral transduced cells (GFP+) were sorted on a FACSAriaIII cell sorter (BD 
Biosciences). The knockdown efficiency was determined by western blot. 
 
High-performance liquid chromatography (HPLC) 
 HPLC was first performed on a serial dilution of NVP-BEP800 in PBS1× in 
vitro to establish a correlation between peak areas measured by HPLC and 
concentration of NVP-BEP800 in vitro. Then concentrations in plasma, BM, kidneys 
and liver were established. One hour after the injection of NVP-BEP800 at 10mg/kg, 
mice were anesthetized for tail vein bleeding. Plasma was recovered after a 
centrifugation of PB at 10,000g for 10min. BM was recovered from bones crushed in 
a mostar, two bottom legs (tibas and femurs) were crushed in 1mL of PBS1×. The 
volume of BM was estimated at 5µL. Kidneys and liver were crushed in 3 volumes of 
PBS1×. Following quantification of NVP-BEP800 by HPLC, concentrations in BM, 
kidneys and liver were calculated, taking into account the dilution in PBS1×. 
Preparation of standards and extracts; NVP-BEP800 stock solution (5mM in ethanol) 
was used to prepare eight calibrant standards (0.078 to 10pmol/µL in 50% 
Acetonitrile). NVP-BEP800 recovery was assessed by mixing 100µL of each 
standard with 100µL of either PBS, control plasma or control BM samples. Protein 
precipitation was achieved at -80°C for one hour with 800µL of ethanol. After a 
centrifugation step (15min at 15,000g, 4°C) supernatants were collected, evaporated 
to dryness, and suspended in 100µl of 50% Acetonitrile. Solubilized extracts were 
further centrifuged at 10,000g for 5min, and supernatant were transferred into 
autosampler vials. For NVP-BEP800 analysis by Ultra-High Performance Liquid 
Chromatography (UHPLC), we used a DIONEX Ultimate 3000 UHPLC system 
equipped with a DGP-3600RS pump, a WPS-3000TRS autosampler and a DAD-
3000 detector (Thermo-Fisher, USA). NVP-BEP800 standards and samples (10µL) 
were analyzed using a Poroshell C8 100×2.1mm, 2.7µm column (Agilent 
Technologies) at a flow rate of 0.6mL/min, 50°C, with a linear gradient of phosphoric 
acid (0.1%v/v) buffered ultrapure water (solvent A) and acetonitrile (solvent B) as 
follows: 10% B for 1min, ramped up to 95% in 4min and held at 95% for 3min. 
Acquisition was performed at 345nm. Instrument control, data acquisition and 
analyses was performed with Chromeleon version 7.2.9. 
 

 

 

1 Fellmann, C. et al. An optimized microRNA backbone for effective single-copy 

RNAi. Cell Rep 5, 1704-1713, doi:10.1016/j.celrep.2013.11.020 (2013). 
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Supplementary Fig. S1. In a time course experiment, western blot showing loss of LCK and 

LYN expression between 12 and 24 hours after treatment with NVP-BEP800 (1μM) on Jurkat 

and Raji cell lines. 

 

 

 

 

 

 



 
 

 

Supplementary Fig. S2. Sensitivity of T and B lymphoblast cell lines to NVP-BEP800 is 

dependent on SRC expression. (a) Western blot shows that the Jurkat cells express more 

LCK, compared to Rpmi-8402 cells. The LCK kinase is affected after treatment with NVP-

BEP800 (1µM for 18 hours). (b) The XTT viability assay shows that Jurkat cells are more 

sensitive to NVP-BEP800, compared to Rpmi-8402 cells, after 48 hours of treatment. Data 

are shown as mean. P value measured by two-tailed unpaired Student’s t-test; ***, P<0.001. 

(c) Western blot shows that out of the four B lymphoblast cell lines, Raji cells expressed high 

level of p-LYN, while Daudi and BALL-1 cells shows intermediate rates, and Reh cells 

shows low level. Moreover, cells treated with NVP-BEP800 at 1µM for 18 hours display a 

reduction in LYN and p-LYN expression. (d) XTT viability assay, after 48 hours of 

treatments, showing that the sensitivity of the four B lymphoblast cell lines to NVP-BEP800 

correlates with the expression level of p-LYN. Data are shown as mean (left panel). P value 

measured by one-way Anova test with Tukey’s multiple comparison test; ****, P<0.0001; ns, 

non-significant. 

 

 



 

 

 

 
 

 

 

 

Supplementary Fig. S3. NVP-BEP800 does not affect expression of HSP90, HSP90α, 

HSP90β, HSP70, or BCL2. Western blot shows that NVP-BEP800 (1µM for 18 hours) does 

not affect expression of these proteins in Jurkat (a) and Raji (b) cells. The quantification 

normalized to ACTB is shown on the right panel. Data shows mean ± SD; n=4. P value 

measured by two-tailed unpaired Student’s t-test; ns, non-significant. 

 

 

 



 
 

 

Supplementary Fig. S4. Down regulation of LCK kinase inhibits NVP-BEP800 efficiency 

on T-ALL Jurkat cells. (a) Flow cytometry on Jurkat cells transduced with the shCt or shLCK 

through lentiviral infection followed by FACS to select GFP
+
 cells, as shown in Figure 2a,c. 

(b) Specificity of the shRNAs for LCK (shown in Figure 2a), over other tyrosine kinases. (c) 

Analysis of cell cycle and apoptosis showing a reduction in the percentage of Jurkat cells in 

the active phase of division (Ki67
+ 

7-AAD
+
) and an increase in apoptosis (Annexin V

+
) of 

Jurkat cells expressing shLCK, maintained for 7 days in vitro. (d) XTT viability assay 

showing lower sensitivity of shLCK Jurkat cells to NVP-BEP800. 2×10
5
 viable cells (trypan 

blue negative) are seeded and the absorbance is measured to determine viability 48 hours after 

treatment. Data are shown as mean; n=3. P value measured by two-tailed unpaired Student’s 

t-test; ****, P<0.0001. 

 

 

 

 

 

 



 
 

 

Supplementary Fig. S5. Down regulation of LYN kinase inhibits NVP-BEP800 efficiency 

on B-ALL Raji cells. (a) Flow cytometry on Raji cells transduced with the shCt or shLYN 

through lentiviral infection followed by FACS to select GFP
+
 cells, as shown in Figure 2b, d. 

(b) Specificity of the shRNAs for LYN (shown in Figure 2b), over other tyrosine kinases. (c) 

Analysis of cell cycle and apoptosis showing a reduction in the percentage of Raji cells in the 

active phase of division (Ki67
+ 

7-AAD
+
) and an increase in apoptosis (Annexin V

+
) of Raji 

cells expressing shLYN, maintained for 7 days in vitro. (d) XTT viability assay showing 

lower sensitivity of shLYN Raji cells to NVP-BEP800. 2×10
5
 viable cells (trypan blue 

negative) are seeded and the absorbance is measured to determine viability 48 hours after 

treatment. Data are shown as mean; n=3. P value measured by two-tailed unpaired Student’s 

t-test; ***, P<0.001. 

 

 



 
 

Supplementary Fig. S6. RTqPCR shows specific expression of LCK by T-ALL primary cells 

(n=8 samples) and LYN expression by primary B-ALL cells (n=8 samples), among further 

Lymphocyte-specific SRC family kinases (SFK). Samples tested were the same samples 

presented in Figure 3C. 

 



 
 

Supplementary Fig. S7. Biological and molecular characteristics of primary T-ALL and B-

ALL samples, sorted according to their sensibility to NVP-BEP800 (percentage of viable cells 

after treatment with NVP-BEP800). CR: cytological remission. (t) translocation, (a) 

intragenic amplification, (d) deletion, (m) mutation, (f) fusion. BM (bone marrow), PB 

(peripheral blood). M (male), F (female), cohort of Dijon (D), cohort of Paris (P). 

 

 

 

 

 

vehicle NVP-BEP800

T2 M 38 BM 80% T mature 100 1,2 CR NOTCH1 (m), CDKN2A/B (d)

T9 M 18 PB 98% Pre/Pro T 100 9,3 CR NOTCH1 (m)

T5 M 11 PB 82% T mature 100 20,5 CR SIL-TAL1 (d)

P2 M 7 BM 92% Pre/Pro T 100 27,7 CR TLX3 (d)

T3 M 16 BM 90% T mature 100 41,4 CR NOTCH1 (m), CDKN2A/B (d)

T8 M 18 BM 92% T mature 100 45,0 CR NOTCH1 (m), SIL-TAL1 (d)

P4 M 11 PB 79% T mature 100 61,2 relapse SIL-TAL (d)

T4 M 20 BM 87% T mature 100 61,5 CR  NOTCH1 (m), PTEN (m)

T1 F 100 PB 74% T mature 100 64,1 nd CDKN2A/B (d)

T11 M 49 nd nd Pre/Pro T 100 68,1 CR NOTCH1 (m)

T6 M 40 BM 69% T mature 100 71,9 CR nd

P3 M <18 BM 80% Pre/Pro T 100 82,6 CR TLX3 (d)

P1 M 15 BM 85% Pre/Pro T 100 87,4 CR TLX1 (d)

vehicle NVP-BEP800

D3 M 17 BM 66% Pre B III 100 3,6 CR BCR-ABL (t)

D5 F 60 BM 84% Pre B III 100 4,3 CR BCR-ABL (t)

D14 F 48 BM 65%  Pre B IV 100 5,0 CR BCR-ABL (t)

D16 F 86 BM 87% Pre B IV 100 5,8 CR BCR-ABL (t)

P6 M 5,3 BM 89% Pre B II 100 6,2 CR E2A-PBX1 (t)

D13 F 73 BM 72%  Pre B IV 100 6,5 CR BCR-ABL (t)

D7 M 72 BM 12% Pre B II 100 11,2 CR BCR-ABL (t)

P14 M 15 BM 98% Pre B I 100 11,6 CR nd

D20 F 62 BM 70% Pre B II 100 13,8 CR BCR-ABL (t)

D6 F 28 BM 35% Pre B II 100 14,6 CR BCR-ABL (t)

D23 F 63 BM 85% Pre B II 100 15,0 CR IGH-CEBPA (t)

D2 F 69 BM 81% Pre B III 100 17,3 CR BCR-ABL (t)

D18 M 59 BM 73%  nd 100 19,0 relapse MLL-AF4 (t)

P1 F 5 PB 95%  Pre B IV 100 20,1 CR MLL-ENL (t)

D21 M 7 BM 92% PreB I 100 20,8 CR nd

D11 M 26 BM 25%  nd 100 26,4 CR BCR-ABL (t)

P16 F 4,5 BM 94% Pre B I 100 27,8 CR hyperdiploidy

D19 F 62 BM 65% Pre B II 100 27,8 CR BCR-ABL (t)

P12 M 3 BM 60% Pre B I 100 28,0 CR IKZF1 (d), TEL-AML1 (t)

P11 F 2 BM 76% Pre B I 100 28,7 CR IKZF1 (d), P2RY8-CRLF2 (f)

D15 M 22 BM 75% Pre B IV 100 30,5 CR nd

P10 M 2,5 BM 95% Pre B I 100 33,8 CR IKZF1 (d)

P5 M 2 BM 95% Pre B I 100 36,2 CR hyperdiploidy

P3 M 7 BM 75% Pre B II 100 39,1 CR IKZF1 (d)

P9 F 8 BM 93% Pre B II 100 39,8 CR IKZF1 (d), BCR-ABL1 (t)

D10 F 57 BM 45% Pre B II 100 40,9 relapse TCF3-PBX1 (t)

P13 F 3 BM 95% Pre B I 100 41,3 CR IKZF1 (d)

D9 F 56 BM 23% Pre B II 100 41,4 CR BCR-ABL (t)

D12 F 57 BM 61% nd 100 44,6 CR BCR-ABL (t)

D4 M 19 BM 26% Pre B II 100 60,4 CR BCR-ABL (t)

D17 M 72 BM 45%  nd 100 70,0 relapse BCR-ABL (t)

P8 M 1,5 BM 85% Pre B I 100 70,7 CR IKZF1 (d), P2RY8-CRLF2 (f)

D22 F 68 BM 31%  nd 100 73,6 CR IGH (a)

D8 M 59 BM 81% Pre B I 100 74,6 relapse MLL-AF4 (t), TLX1-TRD (t)

P4 M 4,5 BM 84% Pre B II 100 74,7 CR TEL-AML1 (t)

P15 M 4 BM 93% Pre B I 100 79,9 CR IKZF1 (d), IGH-DUX4 (t)

P17 M 5 BM 76% Pre B I 100 81,4 CR nd

P7 F 11 BM 85% Pre B I 100 93,1 CR PAX5 (a)

D1 F 26 BM 73% Pre B II 100 95,0 CR PAX5 (a)

Source Immunophenotype
Viability

T-ALL

B-ALL

Genetic

Genetic

Code Sex Age (year) Source Blast (%) Immunophenotype
Viability

Outcome

Blast (%) Code OutcomeSex Age (year) 



 
Supplementary Fig. S8. A statistic on primary B-ALL samples, showing the percentage of 

viable cells after treatment with NVP-BEP800 in different groups; immunophenotype, 

outcome after treatment (CR: cytological remission) or age of the patients (<18 or >18 years 

old). P value measured by Mann Whitney test; **, P<0.01; ns, non-significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Supplementary Fig. S9. (a) A scatter plot showing that the percentage of viable cells after 

treatment with NVP-BEP800 does not correlate with expression levels of HSP90 measured by 

flow cytometry, for primary T-ALL and B-ALL samples. (b) A scatter plot showing that 

expression measured by flow cytometry for HSP90 and SRC are not correlated, for primary 

T-ALL and B-ALL samples. Median fluorescence intensity (MFI). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Supplementary Fig. S10. Microscopy showing colocalization between HSP90 and SRC in 

the cytoplasm for T-ALL and B-ALL cells extracted ex vivo using hCD45 microbeads. 

Example of three cells observed under the microscope on the left panel (Magnification ×63, 

white scale bars represent 5µm) and colocalisation score (R) observed for single cells (n=30) 

on the right panel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

Supplementary Fig. S11. (a) Immunofluorescence imaging showing that NFAT1 is excluded 

from the nucleus after a treatment with NVP-BEP800 (1µM) on T-ALL cells isolated from 

PDX-mice. Microscopy showing colocalization between NFAT1 and DAPI (nucleus) on T-

ALL cells. Example of single cells observed under the microscope on the left panel 

(Magnification ×63, white scale bars represent 5µm) and colocalisation score (R) observed for 

single cells (n>30) on the right panel. Data shows mean ± SD. P value measured by two-tailed 

unpaired Student’s t-test; ***, P<0.001. (b) Immunofluorescence imaging showing that NFϰB 

is excluded from the nucleus after a treatment with NVP-BEP800 (1µM) on B-ALL cells 

isolated from PDX-mice. Microscopy showing colocalization between NFϰB and DAPI 

(nucleus) on B-ALL cells. Example of single cells observed under the microscope on the left 

panel (Magnification ×63, white scale bars represent 5µm) and colocalisation score (R) 

observed for single cells (n>30) on the right panel. Data shows mean ± SD. P value measured 

by two-tailed unpaired Student’s t-test; ***, P<0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Supplementary Fig. S12. NVP-BEP800 induces apoptosis of T-ALL and B-ALL cells as 

assessed by western blot showing cleaved Caspase 3 (CASP3) after treatment with NVP-

BEP800 (1µM for 18 hours). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

Supplementary Fig. S13. (a) Flow cytometry of T-ALL cells recovered from PDX-mice 

showing expression of CD3 and CD28. (b) Flow cytometry of B-ALL cells recovered from 

PDX-mice showing expression of CD40. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

Supplementary Fig. S14. Pharmacokinetic study of NVP-BEP800 in vivo by high-

performance liquid chromatography (HPLC). (a) HPLC results of the serial dilution of NVP-

BEP800 in PBS1× in vitro. (b) Correlation between peak areas measured by HPLC and 

concentration of NVP-BEP800 in vitro. (c) Result of the HPLC on plasma and BM samples in 

vivo, mice were analyzed one hour after NVP-BEP800 injection (i.v.) at 10mg/kg. Data shows 

results from two control mice (blue lines) and two mice injected with NVP-BEP800 (red 

lines). (d) Quantification of NVP-BEP800 in vivo, in different tissues; plasma, BM, liver and 

kidney, one hour after the injection. ud, undetected. Data shows mean ± SD. 

 

 

 

 



 
Supplementary Fig. S15. T-ALL and B-ALL cells recovered from PDX-mice show no 

expression of MYC, as well as no activation of STAT3 and AKT pathways. (a) Western blot 

showing that T-ALL and B-ALL cells do not express MYC, as well as phosphorylated 

STAT3 (Y705) and AKT (S473). Three cell lines were used as positive controls. (b) 

Treatment with NVP-BEP800 does not affect the stability of AKT and STAT3 proteins. The 

quantification of AKT and STAT3 normalized to ACTB is shown on the right panel. Data 

shows mean ± SD; n=3-4. P value measured by two-tailed unpaired Student’s t-test; ns, non-

significant. (c) The viability of T-ALL and B-ALL cells recovered from PDX-mice remains 

unchanged after in vitro treatment with inhibitors of AKT (MK-2206, 1µM) or STAT3 

(Niclosamide, 1µM). Viability is assessed by flow cytometry. Data shows mean ± SD; n=3. P 

value measured by one-way Anova test with Tukey’s multiple comparison test; ns, non-

significant. 

 

 



 
 

Supplementary Fig. S16. XTT viability assay showing that a co-treatment of cells with 

Dasatinib, a specific inhibitor of SRC phosphorylation, and NVP-BEP800 did not increase the 

in vitro effect mediated by this latter alone. (a) Data obtained for Jurkat and Raji cells. 2×10
5
 

viable cells are seeded and the absorbance is measured to determine viability 48 hours after 

treatment with Dasatinib (1µM), NVP-BEP800 (1µM) or a co-treatment (1µM each). Data are 

shown as mean ± SD; n=4. P value measured by one-way Anova test with Tukey’s multiple 

comparison test; *, P<0.05; **, P<0.01; ***, P<0.001; ns, non-significant. (b) Data obtained 

for T-ALL and B-ALL cells, isolated ex vivo from the BM of PDX mice. 10
6
 cells are seeded 

and the viability is determined by flow cytometry, 48 hours after treatment with Dasatinib 

(1µM), NVP-BEP800 (1µM) or a co-treatment (1µM each). Data are shown as mean ± SD; 

n=4. P value measured by one-way Anova test with Tukey’s multiple comparison test; **, 

P<0.01; ***, P<0.001; ***, P<0.0001; ns, non-significant. 

 

 

 



 
 

Supplementary Fig. S17. NVP-BEP800 presents no toxicity on NSG mice. (a) NVP-

BEP800 has no effect on the development of mice's body weight after three i.v. injections of 

the drug at a dose of 10mg/kg at days 0, 5 and 10. Data shows mean ± SD; n=5. P value 

measured by two-tailed unpaired Student’s t-test; ns, non-significant. (b) NVP-BEP800 has 

no effect on PB parameters, when PB is analyzed at day 15, by using a hemocytometer. Data 

shows mean ± SD; n=5. P value measured by two-tailed unpaired Student’s t-test; ns, non-

significant. 

 

 



142 
 

 

 

 

 

III.DISCUSSION, 

CONCLUSION 

& PERSPECTIVES 

 



143 
 

HSP90 inhibitor NVP-BEP800 affects stability of SRC kinases and growth of 

T-cell and B-cell acute lymphoblastic leukemia 

  This project has demonstrated important signaling pathways for the proliferation of leukemic cells. 

We have shown that LCK kinase is involved in the proliferation of T-ALL cells and LYN kinase is 

involved in the proliferation of B-ALL cells. Several studies have reported that HSP90 levels are 

elevated in CML and AML cells (Khajapeer K et al. 2015; Flandrin P et al. 2008 and Hazza S et 

al. 2014) and that expression of HSP90 in patients with ALL was significantly higher than in 

controls (Hacihanefioglu A et al 2010 and Pawlik-Gwozdecka D et al.2020). Several studies 

have reported the regulation of LCK and LYN by HSP90 and the interaction between them 

(Trentin L et al. 2008; Giannini A and Bijlmakers MJ. 2004) and in our turn, we have proved 

these interactions. 

  Moreover, based on the information that showed that HSP90 inhibition destabilizes the kinase, 

leading to its subsequent degradation and to a reduction in pro-growth signals in general (Lerdrup 

M et al. 2006 and Trepel J et al. 2010) and given that a number of clinically relevant HSP90 

inhibitors currently exist, the concept of targeting HSP90 as a way to broadly inhibit kinase activity 

in cancer worth constant consideration (Whitesell L and Lindquist S. 2005; Lu X et al. 2012; 

Schwartz H et al. 2015). 

  The purpose of this project was to test the HSP90 inhibitor, NVP-BEP800, in order to study its 

ability to deactivate SFK clients of HSP90 in ALL and to prevent the development of leukemia. Our 

research showed that NVP-BEP800, affects the viability of T-ALL and B-ALL cells in vitro and in 

vivo by inhibiting the phosphorylation of LCK and LYN in these cells, therefore, these results allow 

us to consider a new therapeutic strategy to treat ALL. In this part, our findings are discussed, 

opening the way for new perspectives. 

  This research is not the first to highlight the importance of HSP90 inhibitors and SRC TK 

inhibitors (TKIs) in the treatment of solid cancers and leukemia. In fact, many HSP90 inhibitors 

like ICPD47 and ICPD6 demonstrated anticancer activity against colorectal, osteosarcoma and 

cervical cancer (Daunys S et al. 2019). Other HSP90 inhibitors like Ganetespib, Alvespimycin and 

NVP-AUY922 have been shown to be effective in treating various types of leukemia (Akahane K 

et al. 2016 and Lancet J et al. 2010). In the other side, SRC inhibitors like Saracatinib and 

Dasatinib have been shown to have a high ability to affect ALL cells proliferation by inhibiting LCK 

(Serafin V et al. 2017 and Buffière A et al. 2018) and LYN (Xu Y et al. 2005 and Foa R et al. 

2011). 
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1. Expression of HSP90 in acute lymphoblastic leukemia. 

  Heat-shock protein 90 is an abundant molecular chaperone that plays a vital role in the proper 

folding, assembly, and maintenance of the three-dimensional structures of a variety of proteins, 

referred to as clients, involved in apoptosis, survival and growth pathways (Chiosis G et al. 2004). 

HSP90 has been shown to be overexpressed in a number of solid cancers and leukemia, in 

addition to a large body of evidence supporting the important role of HSP90 in promoting cancer 

cell survival and growth (Isaacs J et al. 2003; Whitesell L and Lindquist S. 2005). 

  We assessed HSP90 expression levels by flow cytometry, in primary cells isolated from bone 

marrow (BM) or peripheral blood (PB) of patients diagnosed with T- or B-ALL, and in hematopoietic 

cells isolated from patients diagnosed with hematological disorders other than ALL. HSP90 was 4-

5 highly expressed in ALL cells compared to control cells, and this is consistent with previous 

studies indicating that cancer cells express 2 to 10 times higher levels of HSP90 intracellularly, 

when compared to normal cells (Solárová Z et al. 2015). As I mentioned above, studies have 

reported that HSP90 levels are elevated in CML and AML cells, and that these elevated levels of 

HSP90 could serve as prognostic marker in these types of leukemia (Zackova M et al. 2013). 

Scientists found that HSP90 is overexpressed in B-CLL compared to the resting B cells (Trentin L 

et al. 2008 and Guo A et al. 2018). Other studies reported that the strong expression of HSP90 in 

patients with ALL was associated with a low survival rate (Hacıhanefioglu A et al. 2011). 

Moreover, studies reported that plasma HSP90 was validated as a soluble biomarker of ALL, 

useful for earlier detection of leukemia engraftment (Milani M et al. 2015). Therefore, based on 

what has been found above, HSP90 expression inhibition could be a suitable therapeutic approach 

for leukemia compared to conventional chemotherapies since it is target-specific and can have a 

low toxicity profile.  

  HSP90 has been shown to correlate with an increased malignant phenotype in breast cancer 

(Pick E et al. 2007), gastric cancer (Zuo D et al. 2003) and lung cancer (Gallegos Ruiz M et al. 

2008). However, the expression of HSP90 was associated with good prognosis in endometrial 

cancer (Ciocca D and Calderwood S. 2005), whereas expression of HSP90 was seen to be of no 

prognostic significance in ovarian cancer (Elpek G et al. 2003) and salivary gland tumors 

(Vanmuylder N et al. 2000). In our study, HSP90 expression measured by flow cytometry was not 

significantly correlated with survival nor with the sensitivity to NVP-BEP800, which might be due to 

either the size of our sample or the follow-up interval. No correlation was observed with genetic 

alterations, and there was no difference in sensitivity detected between children or adults patients 
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with ALL. However, we observed that sensitivity to treatment could correlate with the stage of B-

ALL maturation but not with the stage of T-ALL maturation. 

 

2. The functional roles of HSP90 and the effect of its inhibition in acute lymphocytic leukemia 

  HSP90 is overexpressed in cancer cells where it is essential for the stability and function of a 

range of proteins associated with the six hallmarks of cancer. These include proteins involved in 

cell survival and proliferation AKT, SRC, FLT3, CDK4, CDK6, STAT3, telomerase, MEK, RAF, 

HIF1, and BCR-ABL (Hanahan D et al. 2000; Maloney A and Workman P. 2002). HSP90 

inhibitors affect conformational maturation of the complexed-clients and influence the function and 

degradation of its client proteins, in different oncogenic signaling pathways (Zhang F and 

Burrows H. 2004). HSP90 inhibition has been shown to be effective in treating lymphomas 

(Ishikawa C et al. 2016; Jacobson C et al.2016 and Taniguchi H et al. 2014), AML (Katayama  

K et al. 2018; Lazenby M et al. 2015; Lancet J et al. 2010), CML (Khajapeer K and Baskaran 

R. 2015; Bhatia S et al. 2018 and He et al. 2016) and myeloproliferative neoplasms (Hobbs G et 

al. 2018). Among the mechanisms involved in ALL progression, a study showed that the NOTCH1 

signaling status controls the levels of chaperone/co-chaperone complexes in T-ALL and predicts 

the significant response of T-ALL patient samples to HSP90 inhibitor PU-H71. Another study found 

that TYK2 tyrosine kinase signaling through its downstream effectors mediates the abnormal 

survival of T-ALL cells. The authors showed that pharmacological inhibition of HSP90 with NVP-

AUY922, leads to a rapid degradation of TYK2 and apoptosis in T-ALL cells.  

  Another work showed that inhibition of HSP90 by IPI504, causes BCR-ABL protein degradation, 

decreased leukemia stem cell count , and  suppression of the initial B-ALL clones  that may help 

prevent the transition of CML to advanced B-ALL induced by BCR-ABL-T315I mutation (Peng C at 

al. 2007). In addition, HSP90 inhibitors were effective against CRLF2 rearrangement B-ALL and 

other JAK2-driven cancers with genetic resistance to JAK enzymatic inhibitors, as they prolonged 

the survival of mice xenografted with primary human CRLF2-rearranged B-ALL cells (Weigert O et 

al. 2012).  

  Not long ago, it has been found that under conditions of stress, such as MYC-fueled metastasis, 

the chaperome becomes reconnected to form with HSP90 and HSC70, ―the epichaperome‖, which 

can function as a network to enhance cellular survival, regardless of tissue of origin or genetic 

background (Rodina A et al. 2016). Although this epichaperome is present in over half of all 

cancers tested, however it is not found in our PDX models since T-ALL and B-ALL cells did not 
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express MYC. 

  In many other cancers, HSP90, through its interaction with the PI3K/AKT and STAT3/STAT5 

transcription factor pathways, can be crucial both for the tumorigenic properties of cancer cells (cell 

proliferation, survival) and for the microenvironmental immune cell compartment (differentiation, 

activation, and cytokine secretion), that promotes tumor progression (He W et al. 2016 and 

Prinsloo E et al. 2012). Therefore, in order to discover if these client proteins are involved in the 

growth and development of T-ALL and B-ALL cells, we treated our cells with drugs that inhibit AKT, 

such as MK-2206 or drugs that inhibit STAT3, such as Niclosamide. However the viability of T-ALL 

and B-ALL cells was not affected, and by western blot, we found that neither STAT3 nor AKT was 

phosphorylated in T-ALL and B-ALL cells. In this study, we found that HSP90 is overexpressed in 

ALL cells compared to resting B and T cells. HSP90 overexpression is accompanied by an 

overexpression of LYN kinase in B-ALL and LCK kinase in T-ALL. We also discovered that HSP90 

is an important regulator of SRC kinases, which are involved in the intracellular signaling pathways 

necessary for the growth and proliferation of T-ALL, B-ALL and other types of leukemic cells. 

Through immunoprecipitation, we have demonstrated that these tyrosine kinases are present in a 

chaperone-client complex with HSP90. This explains the sensitivity of primary T-ALL and B-ALL 

samples to NVP-BEP800 (HSP90 inhibitor), which correlates with the expression of SFKs by these 

cells. 

 

3. HSP90 Inhibitors  

  Numerous inhibitors of HSP90 have been discovered in the past 15 years (Ho N et al. 2012; Lu 

X et al. 2012; Garcia-Carbonero R et al. 2013; Bhat R et al. 2014). The majority of these 

developed HSP90 inhibitors inhibit HSP90 ATPase activity by binding to the N-terminal ATP-

binding pocket and few of them target the C-terminal ATP binding site. For example, 

Geldanamycin (Miyata Y. 2005), 17-N-allylamino17-demethoxyGeldanamycin (known as 17AAG) 

(Usmani S et al. 2009), Ganetespib (also known as STA-9090), NVP-AUY922 and NVP-BEP800 

(Lin S et al. 2017 and Stingl L et al. 2010) target the ATP binding pocket at the N-terminal 

domain, while Cisplatin and Novobiocin were found to bind the C-terminal domain of HSP90 

(Donnelly A and Blagg B. 2008). Although HSP90 inhibitors like 17AAG, 17 DMAG and NVP-

AUY922 have shown promising therapeutic outcomes in clinical trials in various types of cancer, 

they have undesirable properties such as potential toxicity because they target the NTD for both 

HSP90 isoforms: HSP90 α and HSP90 β. 
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  We were interested in the use of novel isoform-selective HSP90 inhibitor, NVP-BEP800, which 

specifically inhibits HSP90β by blocking its N-terminal ATP-binding pocket, and gives better clinical 

outcomes than pan-HSP90 inhibitors (Yim K et al. 2016). In addition, it enables studies to be 

performed on the roles of the different HSP90 isoforms. To confirm our selection, we tested the 

effect of NVP-BEP800, NVP-AUY922 and 17AAG on the viability of T-ALL and B-ALL cell lines by 

using XTT assay, and we found that NVP-BEP800 was more potent than the other HSP90 

inhibitors. 

  The majority of experiments with NVP-BEP800 were performed in vitro not in vivo. These 

experiments, explored the impact of HSP90 inhibitors in the migration and invasion of lung 

carcinoma and glioblastoma (Hartmann S et al. 2013), and tested the effects of NVP-BEP800 on 

apoptosis and proliferation of multiple myeloma cells, fibrosarcoma and other cancer cell lines 

(Stühmer T et al. 2009). Also, a previous experiment showed that NVP-BEP800 with another 

HSP90 Inhibitor radiosensitise  tumor cells through cell-cycle impairment and DNA damage (Stingl 

L et al. 2010). In vitro analysis also indicated that HSP90β enhances the tumor vasculogenic 

mimicry (VM) in mice with hepatocellular carcinoma, and the HSP90 inhibitor NVP-BEP800 

suppresses VM formation by targeting HSP90β (Meng J et al. 2018). In breast cancer models, 

NVP-BEP800 modulates HSP90 client proteins and downstream signaling pathways causing 

antitumor activity. Moreover, a study determined that the viral latency associated nuclear antigen 

(LANA) and the viral co-receptor EPHA2, which are essential for Kaposi Sarcoma-associated 

herpes virus (KSHV) infection, are client proteins of HSP90, and that NVP-BEP800 is efficacious 

against KS by downregulating the levels of these proteins (Chen W et al. 2012). 

  Herein, we examined the antiproliferative activity of NVP-BEP800 in a collection of B-cell acute 

lymphoid cell lines, such as Raji, Daudi and BALL-1, as well as in a collection of T-cell acute 

lymphoblastic leukemia cell lines, such as Jurkat and RPMI-8402. We showed that HSP90 

inhibition caused a significant decrease in proliferation and viability of all (ALL) cells lines, and in a 

dose-dependent manner. However as we said before, we did not find a correlation between 

HSP90 expression levels and the response to therapy, whereas a correlation was found between 

SRC kinases expression levels and the magnitude of response to treatment.                

  The levels of expression of HSP90 isoforms (HSP90 α; HSP90 β) in cell lines were unchanged in 

the treated group and the control group. This means that NVP-BEP800 deactivates HSP90 without 

affecting its expression. In addition to the non-significant increase in the expression of HSP70 in 

Raji, it was not affected in Jurkat after treatment, nor was the level of BCL2 involved in apoptosis. 
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However, the level of cleaved Caspase-3 was increased confirming that treated ALL cells 

underwent apoptosis. This is shown in more detail later. 

  Our preclinical study on PDX models shows that NVP-BEP800 delays the progression of T-ALL 

and slows down the death of animals by about 14 days. On the other hand, it delays the 

development of B-ALL and slows down the death of mice by about 7 days. 

  In fact, I injected 10 mg/kg of the molecule three times, on day 20, 25 and 30 after T-ALL cell 

transplantation. While I injected 10 mg/kg of the molecule three times on day 15, 20 and 25 days 

after B-ALL cell transplantation. If we had optimized the treatment dose to 20 or 30 mg/kg, we 

would probably notice a better effect of the molecule. Regarding the toxicity of the molecule, as we 

mentioned above, NVP-BEP800 is an isoform selective inhibitor of HSP90, so it must have a 

favorable safety and efficacy profile. A previous in vivo study showed that NVP-BEP800 provided a 

high degree of flexibility in dose and schedule within a clinical setting, as mice in in vivo trials 

began to lose body weight when NVP-BEP800 was administered at a dose greater than 40mg/kg 

daily over a two-week period (Massey A et al. 2010). In our experiments, we confirmed the low 

toxicity of this drug in vivo, by administering three i.v injections of NVP-BEP800 at a rate of 

10mg/kg every five days, and we showed that the drug had no negative effect neither on the 

development of mice‘s body weight nor on hematologic parameters. When peripheral blood was 

analyzed at day 15, using a hemocytometer, we found that the percentages of lymphocytes, 

monocytes, granulocytes, eosinophils were nearly the same in the group of mice treated with the 

drug and in the control group. We also found that the levels of hemoglobin and hematocrit and the 

counts of platelets, white blood cells and red blood cells were almost the same in both groups. 

Additionally, we found that drug showed no negative effect on the mice‘s vitality after monitoring 

the mice for more than 8 weeks. 

 

4. Role of SRC kinases in T-ALL and B-ALL  

  The role of SRC kinases in acute lymphoblastic leukemia has been recently elucidated in murine 

models of leukemia (Li S. 2007). LCK is most commonly expressed in T cells, during T cell 

development; it plays a critical role in relaying pre-TCR- and TCR-mediated signaling (Ballek O et 

al. 2017 and Rossy J et al. 2012). Many works identified and validated the SRC family kinase 

LCK as a protein whose activity is absolutely required for the proliferation and survival of T-cell 

acute lymphoblastic leukemia cells (De Keersmaecker K et al. 2014 and Bommhardt U et al.  
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2012). The LCK pathway was found to be of interest and LCK was identified as a new potential 

drug target in T-ALL cells.  

  In addition, LYN is predominantly expressed in B-lymphocytes and plays a central role in initiating 

B-cell signaling. Evidence is mounting that strongly implicates an important role for LYN in several 

types of leukemia and lymphoma (Donato N et al. 2003 and Contri A et al. 2005), particularly in 

B-cell acute lymphoblastic leukemia (Hu Y et al.2004). In B-cell lymphocytic leukemia, studies 

have confirmed the overexpression of LYN and its critical role in maintaining proliferation and anti-

apoptotic pathways in leukemic cells (Tibaldi E et al. 2011). Therefore, LYN pathway was 

considered a pathway of interest and LYN was identified as a new potential drug target in B-ALL 

cells. 

 

  HSP90 has been shown to play a protective role in the regulation of SRC family proteins, as in 

neutrophils increasing cell survival (Gupta S et al. 2018), or in endothelial cells allowing regulation 

of the vascular endothelial growth factor receptor (Meng J et al. 2017). A multipotent complex 

containing HSP90 and LCK has been already described in T cells (Lowenberg M et al. 2006), 

HSP90 also has been found associated to LYN in B-chronic lymphocytic leukemia (Trentin L et al. 

2008). After proving that LCK and LYN kinases are clients of HSP90, we showed that NVP-

BEP800 affects the viability of T- and B-ALL cells by dysregulating these kinases involved in the 

proliferation of ALL cells, also we showed that NVP-BEP800 slows the progression of disease in 

xenograft leukemia models, when used in vivo. 

  Compared with normal hematopoietic progenitors, a high level of tyrosine phosphorylation was 

detected in most AML and ALL samples. The SRC family kinases appeared primarily activated in 

nearly all cases of leukemia. Among SFKs, LCK was consistently expressed at a high level and 

constitutively activated in T-ALL cells (Serafin V. et al. 2017) and LYN was consistently expressed 

at a high level and constitutively activated in B-ALL cells (Dai H et al. 2020). In this study, we 

provided strong evidence that T-ALL and B-ALL cells expressed relatively high amounts of LCK 

and LYN constitutively phosphorylated on the activation loop that are important for the proliferation 

and growth of ALL cells in PDX models, as well as in cell lines, and that the sensitivity of ALL cells 

to NVP-BEP800 was based on their level of expression for SRC but not for HSP90. 

 

  To confirm our evidence, we used two T-lymphoid cell lines, the Rpmi-8402 line not expressing 

LCK and the Jurkat line expressing LCK and we treated both cell lines with NVP-BEP800. By 

western blot, we found that the drug affects the level of phosphorylated LCK and the total amount 

of LCK in the Jurkat line, while no change was detected regarding the level of LCK in Rpmi-8402 
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line. Both cell lines were expressing HSP90 even after treatment. Also, the viability test showed 

that Jurkat cells were more sensitive to the drug, compared to Rpmi-8402 cells, proving that the 

sensitivity of T-ALL cells to NVP-BEP800 was dependent on their level of expression for LCK and 

p-LCK. On the other hand, we used four B-lymphoid cell lines (Raji, Daudi, REH and BALL-1), by 

western blot we found that each cell line had a different level of phosphorylated LYN and a 

different total amount of LYN than other lines, and we found that the levels of proteins decreased 

after treatment with NVP-BEP800 in all cell lines. The viability test also showed that the sensitivity 

of these cell lines was correlated with the quantity of LYN and p-LYN measured by western blot, 

regardless of the HSP90 level. 

 

Several studies verified that SRC kinases are critical factors for maintenance of T-ALL and B-ALL 

cells in vitro and in vivo, by downregulating the expression of theses kinases. They showed that 

knock down of LCK and other SRC kinases leads to proliferation reduction of ALL cells. They also 

showed that knockdown of SRC kinases in dexamethasone-resistant ALL cells lead to 

resensitisation of these cells to dexamethasone (Shi Y et al.2020). In our study, we knocked down 

the expression of LCK and LYN using lentivirus-expressing shRNA. We showed that with the 

decrease in the expression of SRC kinases, ALL cells undergo cell cycle arrest and apoptosis in 

addition to the loss of sensitivity to NVP-BEP800. 

   Furthermore, studies have shown a positive correlation between   LCK or LYN activation and the 

sensitivity of leukemic cells to Dasatinib (Shi Y et al.2020 and Kim YJ et al. 2016). In our primary 

T-ALL and B-ALL cells, we found a correlation between the levels of expression of SRC and the 

sensitivity to NVP-BEP800, however, no correlation was found between the HSP90 expression 

levels  and the sensitivity to drug. 

    

  In T-ALL, LCK can control the activation of RAS/MAPK, AKT/mTOR and the calcineurin/NFAT 

signaling which leads to the dephosphorylation of nuclear factor of activated T cells 1 (NFAT1) and 

its activation. NFAT1 is found essential for T-ALL cells‘ function and survival (Serafin V et al. 

2017). Treatment with NVP-BEP800 removed LCK phosphorylation and deactivated the 

calcium/NFAT pathway. NFAT1 became phosphorylated when inactivated and leaves the nucleus, 

inhibiting T-ALL cell survival, growth and maintenance. 

  In B-ALL, LYN along with other tyrosine kinases plays a crucial role in the BCR-induced activation 

of NFϰB which is required for survival of activated leukemia cells (Davis R et al. 2001 and Ma C et 

al. 2020). However, after treatment with NVP-BEP800 the entire BCR signaling pathway was 
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deregulated, LYN and NFϰB lost their phosphorylation  and  became inactive, the latter leaves the 

nucleus which leads to inhibition of survival, growth and maintenance of B-ALL cells. 

  The results above were confirmed by analyzing the transcription of some genes involved in the 

cell cycle and apoptosis. The balance between the pro- and anti-apoptotic proteins was 

deregulated after treatment. The drug has increased the transcription of pro-apoptotic genes like 

(BCL2L1, BAD, BAX and BIM), as well, it has decreased the transcription of anti-apoptotic genes 

like (CDKN1A) (Ola M et al. 2011). Furthermore, by Annexin V staining and flow cytometry we 

confirmed that NVP-BEP800 treatment arrested these ALL cells in the G0/G1 phases of the cell 

cycle due to repression of Cyclin D3 and c-Myc, which are both involved in the cell division cycle 

(Ausserlechner M et al. 2004). In addition, we confirmed that leukemic cells underwent apoptosis 

after treatment by cytometry that showed an increase in the percentage of cells undergoing 

apoptosis, and by western blot that showed an increased level of cleaved Caspase-3. 

 
 
 
 

5. NVP-BEP800 effect on active kinome 

 
  Studies have shown that in breast cancer cells and in melanoma, NVP-BEP800 induces client 

proteins degradation (including ERB-B2, B-RAFV600E, RAF-1, and AKT) leading to potent 

antitumor activity in breast cancer xenograft models and melanoma cells (Massey A et al. 2010 

and Mielczarek‑Lewandowska A et al. 2020). Meng J et al showed that NVP-BEP800 reduces 

VEGFR1 and VEGFR2 expression and inhibits hepatocellular carcinoma growth and tumor 

angiogenesis (Meng J et al.2017). Our work indicates that NVP-BEP800 leads to a decrease in 

cell viability of ALL cells, by reducing LCK and LYN activity, which leads to cell cycle arrest and 

apoptosis. We found that the AKT pathway was unaffected, because AKT was not phosphorylated 

in our T-ALL and B-ALL models and was not involved in the growth and progression of leukemic 

cells. STAT3 also, was not phosphorylated and was not involved in the development of leukemia in 

our PDX models. Moreover, drugs that inhibit AKT such as MK-2206, and drugs that inhibit STAT3 

such as Niclosamide, did not affect the viability of T-ALL and B-ALL cells. 

  Since BEP800 has an inhibitory effect on the active kinome which go beyond its inhibitory effect 

on the SRC family, it would therefore be interesting to characterize the effect of NVP-BEP800 on 

other pathways that could be involved in leukemia progression, like EGFR-RAS and RAF-MEK-

ERK pathways, in order to better understand the mechanism of action of this molecule in acute 

lymphoblastic leukemia. 
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6. The role of SRC kinases in cancer treatment resistance  

Resistance to chemotherapy is believed to be a major cause of treatment failure in cancer. Several 

studies have talked about a specific role of SRC kinases in the acquired resistance of cancer cells 

to chemotherapy, and that inhibiting these kinases overcome the resistance of cancer cells to 

chemotherapy (Formisano L et al. 2014).  

  Ischenko I et al found that SRC specifically regulates 5-FU (5-fluorouracil) chemosensitivity in 

chemotherapy-resistant cell lines and that the inhibition of SRC by Saracatinib augment the 

chemosensitivity of (5-FU)-resistant human pancreatic cancer cells to 5-FU (Ischenko I et al. 

2008). Another study showed that LYN was upregulated in Estrogen receptor–positive ER+ breast 

cancer lines resistant to estrogen receptor antagonists, and that the inhibition of SRC kinase (LYN) 

enhances the antitumor effect of ER antagonists against the resistant ER+ breast cancer lines 

(Schwarz L et al. 2014).Also , it has been showed that the overactivation of LCK, promoted the 

resistance of ovarian cancer cells to Cisplatin (chemotherapy drug), and that the inhibition of LCK 

would increase the Cisplatin efficacy (Crean-Tate K et al.  2021). 

 

7. The role of SRC kinases in ALL treatment resistance  

  Several studies concerning various hematologic malignancies have revealed the role of SRC 

kinases in resistance to glucocorticoids (GC), proteasome inhibitors and other chemotherapies, 

especially in lymphocytic leukemia and lymphoma models, and that their inhibition markedly 

induces glucocorticoids and proteasome inhibitors (PIs) sensitivity (Harr M et al. 2010 and Kim A 

et al. 2015).  

  Wei et al found that Rapamycin induces GC sensitivity in ALL by inhibiting MCL1, the 

downstream target of the PI3K/Akt/mTOR pathway (Wei G et al. 2006). Other kinases involved in 

GC resistance in infant ALL might be the SRC kinases, particularly LCK. Interestingly, SRC 

kinases bind to HSP90, the chaperone of the GR complex. Upon stimulation of glucocorticoid, GR 

is not only released from its co-chaperones, but the associated SRC kinases also separate from 

the GR-complex. Inhibition of SRC kinase by selective SRC kinase inhibitors, overcomes GC 

resistance in lymphoma cells (Harr M et al. 2010). Furthermore, studies have shown that 

glucocorticoid resistance resulted from the activation of the calcineurin / NFAT pathway and IL- 4 

production regulated by LCK hyperactivation (Serafin V et al. 2017). They demonstrated that the 
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downregulation of SRC kinases by SRC kinase inhibitors and siRNA induced GC sensitivity of in 

vivo and in vitro prednisolone-resistant ALL cells (Spijkers-Hagelstein J et al. 2013). 

  Kim et al demonstrated that proteasome inhibitors-resistant Lymphoma cells showed a high 

increase in the expression of the B-cell receptor (BCR) components. Activation of the BCR 

signaling pathway enhanced the activity of SRC family kinases (SFKs), especially LYN, and 

downstream kinases PI3K/AKT/mTOR in PI-resistant Lymphoma cells. It has been shown that 

depletion of LYN significantly reduces several kinase activities, preventing lymphoma cells 

proliferation (Kim A et al. 2015). In addition, Okabe et al demonstrated that activation of LYN plays 

a crucial role in the survival of leukemic cells resistant to Nilotinib (BCR/ABL inhibitor). They found 

that the inhibition of LYN kinase activity by Dasatinib (SRC kinase inhibitor) induces the apoptosis 

of Nilotinib-resistant leukemic cells (Okabe S et al. 2011).                                                                                                                                                                                                                                    

  Thus, based on the studies mentioned above, inhibiting LCK and LYN represents a solution to 

improve the effect of glucocorticoids and other chemotherapies in resistant cancer cells. Here 

comes the importance of combining our drug (NVP BEP800) with antineoplastic drugs to treat 

resistant leukemic cells and aggressive tumors. 

 

8. Use of NVP-BEP800 in combination with other treatments 

  NVP-BEP800 has an effect on the viability of ALL cell lines and on PDX mice developing ALL, as 

it prolonged the survival of mice by interfering with leukemia progression.  

  Nevertheless, this molecule was not found to be sufficient to definitely prevent leukemia 

expansion in our xenograft models. Despite the NVP-BEP800 treatment, however, the surviving 

cells continued to invade the bone marrow and spleen of animals probably due to the activation of 

other pathways involved in proliferation of leukemic cells.                        

  Since preclinical and early-phase clinical studies indicate improved antitumor activity when 

HSP90 inhibitors are combined with chemotherapies or targeted agents, it would suit therefore to 

use multiple molecules in combination to simultaneously target several pathways. The table (Table 

9) below summarizes the additive or synergistic effects of HSP90 inhibitors and anti-cancer drugs 

observed in most cases. 
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Table 9: Synergistic effects of anti-cancer drugs and HSP90 inhibitors 
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 Although several studies that supported the hypothesis of synergy provided by combining HSP90 

inhibitors with TKIs to reduce cancer progression pathways (Workman P et al. 2007 and 

Whitesell L et al. 2014), however, in our study, we found that the combination of NVP-BEP800 

with Dasatinib, a tyrosine kinase inhibitor did not improve the inhibitory effect of the HSP90 

inhibitor alone, on the viability of B-ALL and T-ALL cells. This is probably because the NVP-

BEP800, by itself, showed a pertinent dysregulation of LCK phosphorylation in T-ALL and LYN 

phosphorylation in B-ALL. Herein, we showed that NVP-BEP800 affected not only the 

phosphorylated forms of SRC but also the total amount of SRC kinases in cells. 

  Concerning our drug, only a few works explored the impact of NVP-BEP800 in combination with 

other therapies on the proliferation and invasion of cancer cells (Hartmann S et al. 2013). The 

majority of these studies suggest that ionizing radiation (IR) enhances the inhibitory effect of NVP 

BEP800 , by destabilizing several HSP90 client proteins causing S-phase depletion and G2 / M 

interruption, increased DNA damage ,prolonged repair, and to some extent apoptosis of lung 

carcinoma and glioblastoma cells (Wu J et al. 2014 and Stingl L et al. 2010).  

  Our experience with combination therapy of HSP90 inhibitors and TKIs should not disappoint us 

or prevent us from searching for novel potential combination therapies to treat acute lymphoblastic 

leukemia. Combined NVP-BEP800-IR treatment and co-treatments of this HSP90 inhibitor with 

monoclonal antibodies like Blinatumomab (Guerra V et al. 2019) or with chemotherapy drugs like 

Doxorubicin and Vincristine seems promising and could lead to a prospective approach in treating 

Acute Lymphoblastic Leukemia by incorporating these agents into treatment regimens. 

 

 

Conclusion and future perspectives 

  In this thesis my goal was first to elucidate the expression and the functional roles of HSP90 and 

SRC tyrosine kinases in T-cell and B-cell acute lymphoblastic leukemia. Our principal findings 

showed that LCK is highly expressed in T-ALL, while LYN is highly expressed in B-ALL.  Also we 

found that HSP90 is more expressed in leukemic cells than in normal hematopoietic cells.  

  HSP90 and SRC kinases have been shown to have important role in growth, survival and 

proliferation of cancer cells, especially leukemic cells.  

Our findings have confirmed the chaperone-client interactions between HSP90 and SRC kinases 

in ALL cells. Moreover, we confirmed the correlation between the expression of the SRC kinases in 

ALL cells and their sensitivity to the NVP-BEP800. Thus based on what we emphasized above, we 

proved that targeting HSP90, by NVP-BEP800, is a novel and promising therapeutic approach for 
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the treatment of ALL, as it targets LCK and LYN signaling pathways important for leukemia 

progression (Figure 17). 

 

 

Figure 17: The potential targets of HSP90 inhibitors in T-cell and B-cell ALL. Schematic representation of LCK and LYN signaling 
pathways and the potential targets for therapy with HSP90 inhibitors in T-cell and B-cell acute lymphoblastic leukemia. 
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  HSP90 has a growing list of client proteins, and in this particular study, LCK and LYN were 

confirmed as client proteins of HSP90. However, more works need to be done to identify the 

members of pathways that could be the reason behind the resistance of surviving leukemic cells. 

The identified proteins should then be analyzed and studied to discover their potential role in the 

treatment of acute lymphoblastic leukemia. Works  also needs to be done to elucidate the cellular 

mechanism of action of NVP-BEP800 in inducing leukemic cell death by measuring cellular Ca+2 

homeostasis, and the kinases which are involved in cell death. 

  HSP90 inhibitors have been shown to exhibit synergistic activity when used in combination with 

other anti-cancer agents (Mitsiades C et al. 2006). The combination of HSP90 inhibitor (17AAG) 

with Bortezomib showed a therapeutic effect in patients with leukemia and multiple myeloma 

(Mimnaugh E et al. 2004), another combination of HSP90 inhibitor (GA) with Cisplatin has 

showed an important effect in solid tumors (Solar P et al. 2007). Moreover, NVP-AUY922 showed 

synergistic effect in breast cancer and glioblastoma when used in combination with Doxorubicin or 

with PI-103 (inhibitor of PI3K/mTOR) (Mohammadian M et al. 2020 and Gaspar N et al. 2010). 

Future trials tailored to specific clients in acute lymphoblastic leukemia are needed to determine 

the potentially beneficial combination of NVP-BEP800 and other chemotherapy drugs. 

  My dissertation demonstrated that the chaperoning of SRC family kinases by HSP90 is involved 

in the growth and proliferation of ALL. These novel findings provide an alternative approach to 

target SRC kinases by HSP90 inhibitors, and make it possible to consider a new therapeutic 

strategy to reduce the intensity and toxicity of existing therapies and to treat patients with relapsed 

acute lymphoblastic leukemia. 

 

 

 

 

 

 

 

 



158 
 

 

 

 

IV.REFERENCE LIST 

& 

BIBLIOGRAPHY 
 

 

 

 

 

 

 

 

 

 



159 
 

Abe M, Manola JB, WK OH et al. Plasma levels of heat shock protein 70 in patients with prostate 

cancer: a potential biomarker for prostate cancer. Clin Prostate Cancer 3:49–53 (2004). 

Ahluwalia DM. Targeting SRC in glioblastoma tumors and brain metastases: rationale and 

preclinical studies, (2011) 21. 

Akahane K, Sanda T, Mansour MR, Radimerski T, DeAngelo DJ, Weinstock DM, Look AT. HSP90 

inhibition leads to degradation of the TYK2 kinase and apoptotic cell death in T-cell acute 

lymphoblastic leukemia, Leukemia. 30 (2016) 219–228. https://doi.org/10.1038/leu.2015.222. 

Allman D, Pillai S. Peripheral B cell subsets, Curr. Opin. Immunol. 20 (2008) 149–157. 

https://doi.org/10.1016/j.coi.2008.03.014. 

Al-Shehhi H, Konn ZJ, Schwab CJ, Erhorn A, Barber KE, Wright SL, Gabriel AS, Harrison CJ, 

Moorman AV. Abnormalities of the der(12)t(12;21) in ETV6-RUNX1 acute lymphoblastic leukemia. 

Genes Chromosomes Cancer. 2013 Feb;52(2):202-13. doi: 10.1002/gcc.22021. Epub 2012 Oct 

18. PMID: 23077088. 

Angelescu S, Berbec NM, Colita A, Barbu D, Lupu AR, Davila C. Value of Multifaced Approach 

Diagnosis and Classification of Acute Leukemias, (n.d.) 7. 

Anthony BA, Link DC. Regulation of hematopoietic stem cells by bone marrow stromal cells, 

Trends Immunol. 35 (2014) 32–37. https://doi.org/10.1016/j.it.2013.10.002. 

Armstrong F. NOTCH is a key regulator of human T-cell acute leukemia initiating cell activity, 113 

(2009) 11. 

Ausserlechner MJ, Obexer P, Böck G, Geley S, Kofler R. Cyclin D3 and c-MYC control 

glucocorticoid-induced cell cycle arrest but not apoptosis in lymphoblastic leukemia cells, Cell 

Death Differ. 11 (2004) 165–174. https://doi.org/10.1038/sj.cdd.4401328. 

Avellino R, Delwel R. Expression and regulation of C/EBPα in normal myelopoiesis and in 

malignant transformation, Blood. 129 (2017) 2083–2091. https://doi.org/10.1182/blood-2016-09-

687822. 

Bain BJ. Leukaemia Diagnosis, 4th Edition, 4th Edition, Wiley-Blackwell, 2010. 

Baker JD, Ozsan I, Ospina S, Gulick D, Blair LJ. HSP90 Heterocomplexes Regulate Steroid 

Hormone Receptors: From Stress Response to Psychiatric Disease, Int J Mol Sci. (2019) 14. 



160 
 

Ballek O, Valečka J, Dobešová M, Broučková A, Manning J, Řehulka P, Stulí J, Filipp D. TCR 

Triggering Induces the Formation of Lck–RACK1–Actinin-1 Multiprotein Network Affecting Lck 

Redistribution, Front. Immunol. 7 (2016). https://doi.org/10.3389/fimmu.2016.00449. 

Ballerini P, Blaise A, Coniat MBL, Su X, Zucman-Rossi J, Adam M, Perot C, Pellegrino B, 

Landman-Parker J, Douay L, Berger R, Bernard OA. HOX11L2 expression defines a clinical 

subtype of pediatric T-ALL associated with poor prognosis, 100 (2002) 7. 

Barker CR. Inhibition of HSP90 acts synergistically with topoisomerase II poisons to increase the 

apoptotic killing of cells due to an increase in topoisomerase II mediated DNA damage, Nucleic 

Acids Res. 34 (2006) 1148–1157. https://doi.org/10.1093/nar/gkj516. 

Bates RC, Edwards NS, Burns GF, Fisher DE. A CD44 Survival Pathway Triggers 

Chemoresistance via Lyn Kinase and Phosphoinositide 3-Kinase/Akt in Colon Carcinoma Cells, 

(n.d.) 10. 

Bcop SP. Adult Acute Lymphoblastic Leukemia, MAYO Clin. Proc. (n.d.) 22. 

Becerra J, Santos-Ruiz L, Andrades JA, Marí-Beffa M. The Stem Cell Niche Should be a Key Issue 

for Cell Therapy in Regenerative Medicine, Stem Cell Rev. Rep. 7 (2011) 248–255. 

https://doi.org/10.1007/s12015-010-9195-5. 

Belson M, Kingsley B, Holmes A. Risk Factors for Acute Leukemia in Children: A Review, Environ. 

Health Perspect. 115 (2007) 138–145. https://doi.org/10.1289/ehp.9023. 

Benyoucef A, Calvo J, Renou L. Arcangel MLi, van den Heuvel A, Amsellem S, Mehrpour M, 

Larghero J, Soler E, Naguibneva I, Pflumio F.The SCL/TAL1 Transcription Factor Represses the 

Stress Protein DDiT4/REDD1 in Human Hematopoietic Stem/Progenitor Cells: SCL/TAL1 

Regulates REDD1/DDiT4 in Human HSPC, STEM CELLS. 33 (2015) 2268–2279. 

https://doi.org/10.1002/stem.2028. 

Berthenet K. HSP110 promotes colorectal cancer growth through STAT3 activation, (2016) 9. 

Bhat R, Tummalapalli SR, Rotella DP. Progress in the Discovery and Development of Heat Shock 

Protein 90 (HSP90) Inhibitors: Miniperspective, J. Med. Chem. 57 (2014) 8718–8728. 

https://doi.org/10.1021/jm500823a. 

Bhatia S, Diedrich D, Frieg B, Ahlert H, Stein S, Bopp B, Lang F, Zang T, Kröger T, Ernst T, Kögler 

G, Krieg A, Lüdeke S et al. Targeting HSP90 dimerization via the C terminus is effective in 



161 
 

imatinib-resistant CML and lacks the heat shock response, Blood. 132 (2018) 307–320. 

https://doi.org/10.1182/blood-2017-10-810986. 

Bhatia S. Influence of race and socioeconomic status on outcome of children treated for childhood 

acute lymphoblastic leukemia:, Curr. Opin. Pediatr. 16 (2004) 9–14. 

https://doi.org/10.1097/00008480-200402000-00004. 

Bijlmakers MJ, Marsh M. HSP90 Is Essential for the Synthesis and Subsequent Membrane 

Association, But Not the Maintenance, of the Src-Kinase p56lck, Mol. Biol. Cell. 11 (2000) 11. 

Bojarczuk K, Bobrowicz M, Dwojak M, Miazek N, Zapala P, Bunes A, Siernicka M, Rozanska M, 

Winiarska M. B-cell receptor signaling in the pathogenesis of lymphoid malignancies,Blood Cells, 

Molecules, and Diseases,Volume 55, Issue 3,2015,Pages 255-265,ISSN 1079-

9796,https://doi.org/10.1016/j.bcmd.2015.06.016. 

Bolen JB, Brugge JS. LEUKOCYTE PROTEIN TYROSINE KINASES:Potential Targets for Drug 

Discovery, (1997) 34. 

Bommhardt U, Schraven, Simeoni. Beyond TCR Signaling: Emerging Functions of Lck in Cancer 

and Immunotherapy, Int. J. Mol. Sci. 20 (2019) 3500. https://doi.org/10.3390/ijms20143500. 

Borowitz MJ, Chan JKC. T lymphoblastic leukemia/lymphoma. In: Swerdlow SH, Campo E, Harris 

NL, et al, eds. WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues. 4th ed. 

Lyon, France: IARC Press; 2008. 

Bougeret C. Functional Analysis of Csk and CHK Kinases in Breast Cancer Cells*, (n.d.) 10. 

Brave M, Goodman V, Kaminskas E, Farrell A, Timmer W, Pope S, Harapanhalli R, Saber H, 

Morse D, Bullock J, Men A, Noory C, Ramchandani R, Kenna L, Booth B, Gobburu J, Jiang X, 

Sridhara R, Justice R, Pazdur R. Sprycel for Chronic Myeloid Leukemia and Philadelphia 

Chromosome-Positive Acute Lymphoblastic Leukemia Resistant to or Intolerant of Imatinib 

Mesylate, Clin. Cancer Res. 14 (2008) 352–359. https://doi.org/10.1158/1078-0432.CCR-07-4175. 

Britten, Ragusa, Tosi, Kamel, MLL-Rearranged Acute Leukemia with t(4;11)(q21;q23)—Current 

Treatment Options. Is There a Role for CAR-T Cell Therapy?, Cells. 8 (2019) 1341. 

https://doi.org/10.3390/cells8111341. 



162 
 

Bross P, Li Z, Hansen J et al. Single-nucleotide variations in the genes encoding the mitochondrial 

Hsp60/Hsp10 chaperone system and their disease-causing potential. J Hum Genet 52, 56–65 

(2007). https://doi.org/10.1007/s10038-006-0080-7 

Brough PA, Barril X, Borgognoni J, Chene P, Davies NM, Davis B, Drysdale MJ, Dymock B, Eccles 

SA, Garcia-Echeverria C, Fromont C, Hayes A, Hubbard RE, Jordan AM, Jensen MR, Massey A et 

al. Combining Hit Identification Strategies: Fragment-Based and in Silico Approaches to Orally 

Active 2-Aminothieno[2,3-d]pyrimidine Inhibitors of the HSP90 Molecular Chaperone, (2009) (n.d.) 

16. 

Brown G, Ceredig R, Tsapogas P. The Making of Hematopoiesis: Developmental Ancestry and 

Environmental Nurture, Int. J. Mol. Sci. 19 (2018) 2122. https://doi.org/10.3390/ijms19072122. 

Buffière A, Accogli T, Saint-Paul L, Lucchi G, Uzan B, Ballerini P, Bastie JN, Delva L, Pflumio F, 

Quéré R. Saracatinib impairs maintenance of human T-ALL by targeting the LCK tyrosine kinase in 

cells displaying high level of lipid rafts, Leukemia. 32 (2018) 2062–2065. 

https://doi.org/10.1038/s41375-018-0081-5. 

Burda P, Laslo P, Stopka T. The role of PU.1 and GATA-1 transcription factors during normal and 

leukemogenic hematopoiesis, Leukemia. 24 (2010) 1249–1257. 

https://doi.org/10.1038/leu.2010.104. 

Burmeister T, Gokbuget N, Schwartz S, Fischer L, Hubert D, Sindram A, Hoelzer D, Thiel E. 

Clinical features and prognostic implications of TCF3-PBX1 and ETV6-RUNX1 in adult acute 

lymphoblastic leukemia, Haematologica. 95 (2010) 241–246. 

https://doi.org/10.3324/haematol.2009.011346. 

Butler LM, Ferraldeschi R, Armstrong HK, Centenera CC, Workman P. Maximizing the Therapeutic 

Potential of HSP90 Inhibitors, Mol. Cancer Res. 13 (2015) 1445–1451. 

https://doi.org/10.1158/1541-7786.MCR-15-0234. 

Butler LM, Ferraldeschi R, Armstrong HK, Centenera MM, Workman P. Maximizing the 

Therapeutic Potential of HSP90 Inhibitors, (2016) 14. 

Byeon SE, Yi YS, Oh J, Yoo BC, Hong S, Cho JY. The Role of Src Kinase in Macrophage-

Mediated Inflammatory Responses, Mediators Inflamm. 2012 (2012) 1–18. 

https://doi.org/10.1155/2012/512926. 



163 
 

Calvi LM , Link DC. The hematopoietic stem cell niche in homeostasis and disease, Blood. 126 

(2015) 2443–2451. https://doi.org/10.1182/blood-2015-07-533588P.E. Boulais, P.S. Frenette, 

Making sense of hematopoietic stem cell niches, Blood. 125 (2015) 2621–2629. 

https://doi.org/10.1182/blood-2014-09-570192. 

Cambier JC, Gauld SB, Merrell KT, Vilen BJ. B-cell anergy: from transgenic models to naturally 

occurring anergic B cells?, Nat. Rev. Immunol. 7 (2007) 633–643. https://doi.org/10.1038/nri2133. 

Campone M, Bondarenko I, Brincat S, Hotko Y, Munster PN, Chmielowska E, Fumoleau P, Ward 

R, Bardy-Bouxin N, Leip E, Turnbull K, Zacharchuk C, Epstein RJ. Phase II study of single-agent 

bosutinib, a Src/Abl tyrosine kinase inhibitor, in patients with locally advanced or metastatic breast 

cancer pretreated with chemotherapy, Ann. Oncol. 23 (2012) 610–617. 

https://doi.org/10.1093/annonc/mdr261. 

Cangerana Pereira FA, Mirra AP, do R Dias de Oliveira Latorre M, De Assunção JV. Fatores de 

risco ambientais e leucemia linfoblástica aguda na infância, Cienc. Salud. 15 (2017) 129. 

https://doi.org/10.12804/revistas.urosario.edu.co/revsalud/a.5386. 

Causse SZ. HSP110 translocates to the nucleus upon genotoxic chemotherapy and promotes 

DNA repair in colorectal cancer cells, (n.d.) 11. 

Cazzaniga V, Bugarin C, Bardini M, Giordan M, te Kronnie G, Basso G, Biondi A, Fazio G, 

Cazzaniga G. LCK over-expression drives STAT5 oncogenic signaling in PAX5 translocated BCP-

ALL patients. Oncotarget. 2015 Jan 30;6(3):1569-81. doi: 10.18632/oncotarget.2807. PMID: 

25595912; PMCID: PMC4359315.  

Ceppi F, Cazzaniga G, Colombini A, Biondi A, Conter V. Risk factors for relapse in childhood acute 

lymphoblastic leukemia: prediction and prevention, Expert Rev Hematol. (n.d.) 15. 

Cerutti A, Cols M, Puga I. Marginal zone B cells: virtues of innate-like antibody-producing 

lymphocytes, Nat. Rev. Immunol. 13 (2013) 118–132. https://doi.org/10.1038/nri3383. 

Chang YM, Bai L, Liu S, Yang JC, Kung HJ, Evans CP. Src family kinase oncogenic potential and 

pathways in prostate cancer as revealed by AZD0530, Oncogene. 27 (2008) 6365–6375. 

https://doi.org/10.1038/onc.2008.250. 

Charrin C. A report from the LALA-94 and LALA-SA groups on hypodiploidy with 30 to 39 

chromosomes and near-triploidy: 2 possible expressions of a sole entity conferring poor prognosis 



164 
 

in adult acute lymphoblastic leukemia (ALL), Blood. 104 (2004) 2444–2451. 

https://doi.org/10.1182/blood-2003-04-1299. 

Chatterjee M, Jain S, Lorentz H, Bommert K, Topp M, Greiner A, Bargou RC. STAT3 and MAPK 

signaling maintain overexpression of heat shock proteins 90␣ and ␤ in multiple myeloma cells, 

which critically contribute to tumor-cell survival, 109 (2007) 9. 

Chatterjee M, Jain S, Stühmer T, Andrulis M, Ungethüm U, Kuban RJ, Lorentz H, Bommert K, 

Topp M, Krämer D, Müller-Hermelink HK, Einsele H, Greiner A, Bargou RC. Blood. 2007 Jan 15; 

109(2):720-8. 

Chen B, Piel WH, Gui L, Bruford E, Monteiro A. The HSP90 family of genes in the human genome: 

Insights into their divergence and evolution,Genomics,Volume 86, Issue 6,2005,Pages 627-

637,ISSN 0888-7543,https://doi.org/10.1016/j.ygeno.2005.08.012. 

Chen T, George JA, Taylor CC. Src tyrosine kinase as a chemotherapeutic target: is there a 

clinical case?, (n.d.) 9. 

Chen W, Sin SH, Wen KH, Damania B, Dittmer DP. HSP90 Inhibitors Are Efficacious against 

Kaposi Sarcoma by Enhancing the Degradation of the Essential Viral Gene LANA, of the Viral Co-

Receptor EphA2 as well as Other Client Proteins, PLoS Pathog. 8 (2012) e1003048. 

https://doi.org/10.1371/journal.ppat.1003048. 

Cheng J, Zhen LV, Weng X, Sunyi Y; Shen K, Li M, Qin, Yunsheng; Hu, Chen; Zhang, Wu C, 

Zheng S. Hsp27 Acts as a Master Molecular Chaperone and Plays an Essential Role in 

Hepatocellular Carcinoma Progression. Digestion, 92(4), 192–202. doi:10.1159/000431254 (2015).   

Chiaretti S, Zini G, Bassan R. Diagnosis and subclassification of acute lymphoblastic leukemia. 

Mediterr J Hematol Infect Dis. 2014 Nov 1;6(1):e2014073. doi: 10.4084/MJHID.2014.073. PMID: 

25408859; PMCID: PMC4235437. 

Chilton L, Buck G, Harrison CJ, Ketterling RP, Rowe JM, Tallman MS, Goldstone AH, Fielding AK, 

Moorman AV. High hyperdiploidy among adolescents and adults with acute lymphoblastic 

leukaemia (ALL): cytogenetic features, clinical characteristics and outcome, Leukemia. 28 (2014) 

1511–1518. https://doi.org/10.1038/leu.2013.379. 

Chiosis G, Vilenchik M, Kim J, Solit D. HSP90: the vulnerable chaperone, 9 (2004) 8. 



165 
 

Choi, Kam, Kim, Park, Lee, Targeting Heat Shock Protein 27 in Cancer: A Druggable Target for 

Cancer Treatment?, Cancers. 11 (2019) 1195. https://doi.org/10.3390/cancers11081195. 

Chuma M, Sakamoto M, Yamazaki K et al. Expression profiling in multistage 

hepatocarcinogenesis: identification of HSP70 as a molecular marker of early hepatocellular 

carcinoma. Hepatology 37: 198–207 (2003). 

Ciesla B. Hematology in Practice, 2nd Edition, F.A. Davis Co., 2012. 

Ciocca DR, Calderwood SK. Heat shock proteins in cancer: diagnostic, prognostic, predictive, and 

treatment implications, Cell Stress Chaperones. 10 (2005) 86. https://doi.org/10.1379/CSC-99r.1. 

Clarke CN. Proteomic Features of Colorectal Cancer Identify Tumor Subtypes Independent of 

Oncogenic Mutations and Independently Predict Relapse-Free Survival, (n.d.) 8. 

Coccé M , Alonso C , Rossi J, Bernasconi A, Rampazzi M, Felice M, Rubio P, Eandi Eberle S, 

Medina A, Gallego M. Cytogenetic and Molecular Findings in Children with Acute Lymphoblastic 

Leukemia: Experience of a Single Institution in Argentina. Mol Syndromol 2015;6:193-203. doi: 

10.1159/000441046 

Contri A, Brunati AM, Trentin L, Cabrelle A, Miorin M, Cesaro L, Pinna LA, Zambello R, Semenzato 

G, Donella-Deana A. Chronic lymphocytic leukemia B cells contain anomalous Lyn tyrosine kinase, 

a putative contribution to defective apoptosis, J. Clin. Invest. 115 (2005) 369–378. 

https://doi.org/10.1172/JCI200522094. 

Cooper SL, Brown PA. Treatment of Pediatric Acute Lymphoblastic Leukemia, (2015) 16. 

Crean-Tate K, Braley C, Dey G, Esakov E, Saygin G, Trestan A, Silver DJ, Turaga SM, Connor EV 

et al. Pretreatment with LCK inhibitors chemosensitizes cisplatin‑resistant endometrioid ovarian 

tumors, J. Ovarian Res. 14 (2021) 55. https://doi.org/10.1186/s13048-021-00797-x. 

Crites TJ, Varma R. On the issue of peptide recognition in T cell development, Self/Nonself. 1 

(2010) 55–61. https://doi.org/10.4161/self.1.1.10962. 

Czarnecka AM, Campanella C, Zummo G, Cappello F. Mitochondrial chaperones in cancer: From 

molecular biology to clinical diagnostics, Cancer Biol. Ther. 5 (2006) 714–720. 

https://doi.org/10.4161/cbt.5.7.2975. 



166 
 

Dai HP, Yin J, Li Z, Yang CX, Cao T, Chen P, Zong YH, Zhu MQ, Zhu XM et al. Rapid Molecular 

Response to Dasatinib in a Pediatric Relapsed Acute Lymphoblastic Leukemia With NCOR1-LYN 

Fusion, Front. Oncol. 10 (2020) 359. https://doi.org/10.3389/fonc.2020.00359. 

Dastugue N, Suciu S, Plat G, Speleman F, Cavé H, Girard S, Bakkus M, Pagès MP, Yakouben K, 

Nelken B, Uyttebroeck A, Gervais C, Lutz P, Teixeira MR, Heimann P, Ferster A, Rohrlich P, 

Collonge MA, Munzer M, Luquet I, Boutard P, Sirvent N, Karrasch M, Bertrand Y, Benoit Y. 

Hyperdiploidy with 58-66 chromosomes in childhood B-acute lymphoblastic leukemia is highly 

curable: 58951 CLG-EORTC results, Blood. 121 (2013) 2415–2423. https://doi.org/10.1182/blood-

2012-06-437681. 

Daunys S, Matulis D, Petrikaitė V. Synergistic activity of HSP90 inhibitors and anticancer agents in 

pancreatic cancer cell cultures, Sci. Rep. 9 (2019) 16177. https://doi.org/10.1038/s41598-019-

52652-1. 

Davis RE, Brown KD, Siebenlist U, Staudt LM. Constitutive Nuclear Factor B Activity Is Required 

for Survival of Activated B Cell–like Diffuse Large B Cell Lymphoma Cells, (n.d.) 14. 

de Bruijn M, Dzierzak E. Runx transcription factors in the development and function of the 

definitive hematopoietic system, Blood. 129 (2017) 2061–2069. https://doi.org/10.1182/blood-

2016-12-689109. 

De Keersmaecker K, Porcu M, Cox L, Girardi T, Vandepoel R, de Beeck JO, Gielen O, Mentens N, 

Bennett KL, Hantschel O. NUP214-ABL1-mediated cell proliferation in T-cell acute lymphoblastic 

leukemia is dependent on the LCK kinase and various interacting proteins, Haematologica. 99 

(2014) 85–93. https://doi.org/10.3324/haematol.2013.088674. 

de la Grange, Armstrong F, Duval V, Rouyez MC, Goardon N, Romeo PH, Pflumio F. Low 

SCL/TAL1 expression reveals its major role in adult hematopoietic myeloid progenitors and stem 

cells, Blood. 108 (2006) 2998–3004. https://doi.org/10.1182/blood-2006-05-022988. 

de Smith AJ, Ojha J, Francis S, Sanders E, Endicott A, Hansen H, Smirnov I, Termuhlen AM , 

Walsh KM, Metayer C , Wiemels JL. Clonal and microclonal mutational heterogeneity in high 

hyperdiploid acute lymphoblastic leukemia. Oncotarget. 2016; 7: 72733-72745 

de Thonel A, Vandekerckhove J, Lanneau D, Selvakumar S, Courtois G, Hazoume A, Brunet M, 

Maurel S, Hammann A, Ribeil JA, Zermati Y, Gabet AS,  Boyes J, Solary E, Hermine O, Garrido C. 



167 
 

HSP27 controls GATA-1 protein level during erythroid cell differentiation, Blood. 116 (2010) 85–96. 

https://doi.org/10.1182/blood-2009-09-241778. 

Del Principe MI, Maurillo L, Buccisano F, Sconocchia G, Cefalo M, De Santis G, Di Veroli A, Ditto 

C, Nasso D, Postorino M et al. Venditti, CENTRAL NERVOUS SYSTEM INVOLVEMENT IN 

ADULT ACUTE LYMPHOBLASTIC LEUKEMIA: DIAGNOSTIC TOOLS, PROPHYLAXIS AND 

THERAPY, Mediterr. J. Hematol. Infect. Dis. 6 (2014) e2014075. 

https://doi.org/10.4084/mjhid.2014.075. 

Ding L, Morrison SJ. Haematopoietic stem cells and early lymphoid progenitors occupy distinct 

bone marrow niches, Nature. 495 (2013) 231–235. https://doi.org/10.1038/nature11885. 

Dodeller F, Schulze-Koops H. The p38 mitogen-activated protein kinase signaling cascade in CD4 

T cells. Arthritis Res Ther 8, 205 (2006). https://doi.org/10.1186/ar1905 

Donato NJ, Wu JY, Stapley J, Gallick G, Lin H, Arlinghaus R, Talpaz M. BCR-ABL independence 

and LYN kinase overexpression in chronic myelogenous leukemia cells selected for resistance to 

STI571. Blood. 2003 Jan 15;101(2):690-8. doi: 10.1182/blood.V101.2.690. PMID: 12509383. 

Donnelly A, Blagg B. Novobiocin and Additional Inhibitors of the HSP90 C-Terminal Nucleotide- 

binding Pocket, Curr. Med. Chem. 15 (2008) 2702–2717. 

https://doi.org/10.2174/092986708786242895. 

Dos Santos C, Demur C, Bardet V, Prade-Houdellier N, Payrastre B, Récher C. A critical role for 

Lyn in acute myeloid leukemia, Blood. 111 (2008) 2269–2279. https://doi.org/10.1182/blood-2007-

04-082099. 

Downing J, Head D, Raimondi S, Carroll A, Curcio-Brint A, Motroni T, Hulshof M, Pullen D, Domer 

P. The der(11)-encoded MLL/AF-4 fusion transcript is consistently detected in t(4;11)(q21;q23)-

containing acute lymphoblastic leukemia, Blood. 83 (1994) 330–335. 

https://doi.org/10.1182/blood.V83.2.330.330. 

Du J, Bernasconi P, Clauser KR, Mani DR, Finn SP, Beroukhim R, Burns M, Julian B, Peng XP, 

Hieronymus H, Maglathlin RL et al. Bead-based profiling of tyrosine kinase phosphorylation 

identifies SRC as a potential target for glioblastoma therapy, Nat. Biotechnol. 27 (2009) 77–83. 

https://doi.org/10.1038/nbt.1513. 



168 
 

Duployez N, Preudhomme C. Place de la biologie moléculaire pour le diagnostic et le suivi des 

leucémies aiguës, Rev. Francoph. Lab. 2015 (2015) 51–64. https://doi.org/10.1016/S1773-

035X(15)30074-5. 

Elpek GO, Karaveli S, Simsek T, Keles N, Aksoy NH. Expression of heat-shock proteins HSP27, 

HSP70 and HSP90 in malignant epithelial tumour of the ovaries. Correlation with clinicopathologic 

factors and survival, APMIS. 111 (2003) 523–530. https://doi.org/10.1034/j.1600-

0463.2003.1110411.x. 

Enshaei A, Schwab CJ, Konn ZJ, Mitchell CD, Kinsey SE, Wade R, Vora A, Harrison CJ, Moorman 

AV. Long-term follow-up of ETV6–RUNX1 ALL reveals that NCI risk, rather than secondary genetic 

abnormalities, is the key risk factor, Leukemia. 27 (2013) 2256–2259. 

https://doi.org/10.1038/leu.2013.136. 

Fan F, Duan Y, Yang F et al. Deletion of heat shock protein 60 in adult mouse cardiomyocytes 

perturbs mitochondrial protein homeostasis and causes heart failure. Cell Death Differ 27, 587–

600 (2020). https://doi.org/10.1038/s41418-019-0374-x 

Fan W, Gao XK, Rao XS, et al. Hsp70 Interacts with Mitogen-Activated Protein Kinase (MAPK)-

Activated Protein Kinase 2 To Regulate p38MAPK Stability and Myoblast Differentiation during 

Skeletal Muscle Regeneration. Mol Cell Biol. 2018;38(24):e00211-18. Published 2018 Nov 28. 

doi:10.1128/MCB.00211-18 

Fang M, Becker PS, Linenberger M, Eaton KD, Frederick V, Appelbaum R, ZoAnn Dreyer, 

Airewele R et al. Adult Low-Hypodiploid Acute B-Lymphoblastic Leukemia With IKZF3 Deletion 

and TP53 Mutation: Comparison With Pediatric Patients, American Journal of Clinical Pathology, 

Volume 144, Issue 2, August 2015, Pages 263–270, 

https://doi.org/10.1309/AJCPW83OXPYKPEEN 

Faria AMC. HSP60: issues and insights on its therapeutic use as an immunoregulatory agent, 

Front. Immunol. (n.d.) 8. 

Ferns G, Shams S, Shafi S. Heat shock protein 27: its potential role in vascular disease: HSP27 in 

vascular disease, Int. J. Exp. Pathol. 87 (2006) 253–274. https://doi.org/10.1111/j.1365-

2613.2006.00484.x. 

Fielding AK, Rowe JM, Richards SM, Buck G, Moorman AV, Durrant IJ, Marks DI, McMillan AK, 

Litzow MR, Lazarus HM, Foroni L, Dewald G et al. Prospective outcome data on 267 unselected 



169 
 

adult patients with Philadelphia chromosome–positive acute lymphoblastic leukemia confirms 

superiority of allogeneic transplantation over chemotherapy in the pre-imatinib era: results from the 

International ALL Trial MRC UKALLXII/ECOG2993, 113 (2009) 8. 

Fielding AK. Treatment of Philadelphia chromosome-positive acute lymphoblastic leukemia in 

adults: a broader range of options, improved outcomes, and more therapeutic dilemmas. Am Soc 

Clin Oncol Educ Book. 2015:e352-9. doi: 10.14694/EdBook_AM.2015.35.e352. PMID: 25993196) 

Finn RS, Dering J, Ginther C, Wilson CA, Glaspy P, Tchekmedyian N, Slamon DJ. Dasatinib, an 

orally active small molecule inhibitor of both the src and abl kinases, selectively inhibits growth of 

basal-type/ ‗―triple-negative‖‘ breast cancer cell lines growing in vitro, Breast Cancer Res Treat. 

(2007) 8. 

Flandrin P, Guyotat D, Duval A, Cornillon J, Tavernier E, Nadal N, Campos L. Significance of heat-

shock protein (HSP) 90 expression in acute myeloid leukemia cells, (n.d.) 8. 

Follini E, Marchesini M, Roti G. Strategies to Overcome Resistance Mechanisms in T-Cell Acute 

Lymphoblastic Leukemia. Int J Mol Sci. 2019 Jun 20;20(12):3021. doi: 10.3390/ijms20123021. 

PMID: 31226848; PMCID: PMC6627878 

Forestier E, Heyman M, Andersen MK et al. Outcome of ETV6/RUNX1-positive childhood acute 

lymphoblastic leukaemia in the NOPHO-ALL-1992 protocol: frequent late relapses but good overall 

survival. Br J Haematol. 2008;140(6):665–672 

Frame MC. Src in cancer: deregulation and consequences for cell behaviour, Biochim. Biophys. 

Acta BBA - Rev. Cancer. 1602 (2002) 114–130. https://doi.org/10.1016/S0304-419X(02)00040-9. 

Franchini DM, Benoukraf T, Jaeger S, Ferrier P, Payet-Bornet D. Initiation of V(D)J Recombination 

by Dβ-Associated Recombination Signal Sequences: A Critical Control Point in TCRβ Gene 

Assembly, PLoS ONE. 4 (2009) e4575. https://doi.org/10.1371/journal.pone.0004575. 

Gallegos Ruiz MI, Floor K, Roepman P, Rodriguez J, Meijer GA, Mooi WJ, Jassem E, Niklinski J, 

Muley T, van Zandwijk N, Smit EF, Beebe K, Neckers L, Ylstra B, Giaccone G. Integration of Gene 

Dosage and Gene Expression in Non-Small Cell Lung Cancer, Identification of HSP90 as Potential 

Target, PLoS ONE. 3 (2008) e0001722. https://doi.org/10.1371/journal.pone.0001722. 



170 
 

Garcia-Carbonero R, Carnero A, Paz-Ares L. Inhibition of HSP90 molecular chaperones: moving 

into the clinic, Lancet Oncol. 14 (2013) e358–e369. https://doi.org/10.1016/S1470-2045(13)70169-

4. 

Garg G, Khandelwal A, Blagg BS. Anticancer Inhibitors of Hsp90 Function: Beyond the Usual 

Suspects. Adv Cancer Res. 2016;129:51-88. doi: 10.1016/bs.acr.2015.12.001. Epub 2016 Feb 10. 

PMID: 26916001; PMCID: PMC5892422. 

Garg R, Kantarjian H, Thomas D, Faderl S, Ravandi F, Lovshe D, Pierce S. Adults with acute 

lymphoblastic leukemia and translocation (1;19) abnormality have a favorable outcome with 

hyperfractionated cyclophosphamide, vincristine, doxorubicin, and dexamethasone alternating with 

methotrexate and high-dose cytarabine chemotherapy: t(1;19) and Hyper-CVAD in ALL, Cancer. 

115 (2009) 2147–2154. https://doi.org/10.1002/cncr.24266. 

Gaspar N, Sharp SY, Eccles SA, Gowan S, Popov S, Jones C, Pearson A, Vassa G, Workman P. 

Mechanistic Evaluation of the Novel HSP90 Inhibitor NVP-AUY922 in Adult and Pediatric 

Glioblastoma, Mol. Cancer Ther. 9 (2010) 1219–1233. https://doi.org/10.1158/1535-7163.MCT-09-

0683. 

Gaud G, Lesourne R, Love PE. Regulatory mechanisms in T cell receptor signalling. Nature 

Reviews Immunology, (), –. doi:10.1038/s41577-018-0020-8.(2018). 

Gelderblom H, Cropet C, Chevreau C, Boyle R, Tattersall M, Stacchiotti S, Italiano A, Piperno-

Neumann S, Le Cesne A, Ferraresi V, Penel N, Duffaud F, Cassier P, Toulmonde M, Casali P et 

al. Nilotinib in locally advanced pigmented villonodular synovitis: a multicentre, open-label, single-

arm, phase 2 trial, Lancet Oncol. 19 (2018) 639–648. https://doi.org/10.1016/S1470-

2045(18)30143-8. 

George P, Bali P, Cohen P, Tao J, Guo F, Sigua C, Vishvanath A, Fiskus W, Scuto A, Annavarapu 

S, Moscinski L, Bhalla K. Cancer Res. 2004 May 15; 64(10):3645-52. 

George P, Bali, P. Cohen, Tao J, Guo F, Sigua C, Vishvanath A, Fiskus W, Scuto A, Annavarapu 

S, Moscinski L, Bhalla K. Cotreatment with 17-Allylamino-Demethoxygeldanamycin and FLT-3 

Kinase Inhibitor PKC412 Is Highly Effective against Human Acute Myelogenous Leukemia Cells 

with Mutant FLT-3, Cancer Res. 64 (2004) 3645–3652. https://doi.org/10.1158/0008-5472.CAN-04-

0006. 



171 
 

Giannini A, Bijlmakers MJ. Regulation of the Src Family Kinase Lck by HSP90 and Ubiquitination, 

Mol. Cell. Biol. 24 (2004) 5667–5676. https://doi.org/10.1128/MCB.24.13.5667-5676.2004. 

Gibert B, Eckel B, Fasquelle L, Moulin M, Bouhallier F , Gonin V et al. (2012) Knock Down of Heat 

Shock Protein 27 (HspB1) Induces Degradation of Several Putative Client Proteins. PLoS ONE 

7(1): e29719. https://doi.org/10.1371/journal.pone.0029719 

Gilbert JA, Adhikari LJ, Lloyd RV, Rubin J, Haluska P, Carboni JM, Gottardis MM, Ames MM. 

Molecular markers for novel therapies in neuroendocrine (carcinoid) tumors, Endocr. Relat. 

Cancer. 17 (2010) 623–636. https://doi.org/10.1677/ERC-09-0318. 

Goetz MP, Toft DO, Ames MM, Erlichman C. The HSP90 chaperone complex as a novel target for 

cancer therapy, Ann. Oncol. 14 (2003) 1169–1176. https://doi.org/10.1093/annonc/mdg316. 

Goldenberg-Furmanov M, Stein I, Pikarsky E, Rubin H, Kasem S, Wygoda M, Weinstein I, Reuveni 

H, Ben-Sasson SA. Lyn Is a Target Gene for Prostate Cancer: Sequence-Based Inhibition Induces 

Regression of Human Tumor Xenografts, (n.d.) 10. 

Gozzi GJ, Gonzalez D, Boudesco C et al. Selecting the first chemical molecule inhibitor of HSP110 

for colorectal cancer therapy. Cell Death Differ 27, 117–129 (2020). 

https://doi.org/10.1038/s41418-019-0343-4 

Grabarczyk P, Przybylski G, Depke M et al. Inhibition of BCL11B expression leads to apoptosis of 

malignant but not normal mature T cells. Oncogene 26, 3797–3810 (2007). 

https://doi.org/10.1038/sj.onc.1210152 

Grabher C, von Boehmer H, Look AT. Notch 1 activation in the molecular pathogenesis of T-cell 

acute lymphoblastic leukaemia, Nat. Rev. Cancer. 6 (2006) 347–359. 

https://doi.org/10.1038/nrc1880. 

Greaves M. A causal mechanism for childhood acute lymphoblastic leukaemia, Nat. Rev. Cancer. 

18 (2018) 471–484. https://doi.org/10.1038/s41568-018-0015-6. 

Green TP, Fennell M, Whittaker R, Curwen J, Jacobs V, Allen J, Logie A, Hargreaves J, Hickinson 

DM, Wilkinson RW, Elvin P, Boyer B, Carragher N et al. Preclinical anticancer activity of the 

potent, oral Src inhibitor AZD0530, Mol. Oncol. 3 (2009) 248–261. 

https://doi.org/10.1016/j.molonc.2009.01.002. 



172 
 

Guerra V, Jabbour E, Ravandi F, Kantarjian H, Short NJ. Novel monoclonal antibody-based 

treatment strategies in adults with acute lymphoblastic leukemia, Ther. Adv. Hematol. 10 (2019) 

204062071984949. https://doi.org/10.1177/2040620719849496. 

Guo A, Lu P, Lee J, Zhen C, Chiosis G, Wang Y. HSP90 stabilizes B-cell receptor kinases in a 

multi-client interactome: PU-H71 induces CLL apoptosis in a cytoprotective microenvironment, 

(2018) 19. 

Gupta AK, Bakanauskas VJ, Cerniglia GJ, Cheng Y, Bernhard EJ, Muschel RJ, McKenna WG.  

The Ras Radiation Resistance Pathway, (n.d.) 6. 

Gupta S, Lee CM, Wang JF, Parodo J, Jia SH, Hu J, Marshall JC. Heat-shock protein-90 prolongs 

septic neutrophil survival by protecting c-Src kinase and caspase-8 from proteasomal degradation, 

J. Leukoc. Biol. 103 (2018) 933–944. https://doi.org/10.1002/JLB.4A0816-354R. 

Haas S, Trumpp A, Milsom MD. Causes and Consequences of Hematopoietic Stem Cell 

Heterogeneity. Cell Stem Cell. 2018 May 3;22(5):627-638. doi: 10.1016/j.stem.2018.04.003. PMID: 

29727678.  

Hacıhanefioglu. EffectOfHeatShockProtein-90HSP (2011).pdf, (n.d.). 

Hall KH, Panjic EH, Valla K, Flowers CR, Cohen JB. How to Decide Which DLBCL Patients Should 

Receive CNS Prophylaxis. Oncology (Williston Park). 2018 Jun;32(6):303-9. PMID: 29940062. 

Hanahan D, Weinberg RA. The Hallmarks of Cancer, Cell. 100 (2000) 57–70. 

https://doi.org/10.1016/S0092-8674(00)81683-9. 

Hang K, Ye C, Chen E, Zhang W, Xue D, Pan Z. Role of the heat shock protein family in bone 

metabolism, Cell Stress Chaperones. 23 (2018) 1153–1164. https://doi.org/10.1007/s12192-018-

0932-z. 

Harr MW, Caimi PF, McColl KS, Zhong F, Patel SN, Barr PM, Distelhorst CW. Inhibition of Lck 

enhances glucocorticoid sensitivity and apoptosis in lymphoid cell lines and in chronic lymphocytic 

leukemia, Cell Death Differ. 17 (2010) 1381–1391. https://doi.org/10.1038/cdd.2010.25. 

Harris NL, Jaffe ES, Diebold J, Flandrin G, Muller-Hermelink H, Vardiman J, Lister TA, Bloomfield 

CD. The World Health Organization Classification of Neoplastic Diseases of the Hematopoietic and 

Lymphoid Tissues, Ann. Oncol. 10 (1999) 1419–1432. https://doi.org/10.1023/A:1008375931236. 



173 
 

Harrison CJ, Broadfield ZJ, Harris RL, Jalali GR, Robinson HM, Barber KE, Richards M, Mitchell 

CD, Eden TB, Hann IM, Hill GH et al. Three distinct subgroups of hypodiploidy in acute 

lymphoblastic leukaemia, Br. J. Haematol. (2004) 8. 

Hartmann S, Günther N, Biehl M, Katzer A, Kuger S, Worschech E, Sukhorukov VL, Krohne G, 

Zimmermann H, Flentje M, Djuzenova CS. HSP90 inhibition by NVP-AUY922 and NVP-BEP800 

decreases migration and invasion of irradiated normoxic and hypoxic tumor cell lines, Cancer Lett. 

331 (2013) 200–210. https://doi.org/10.1016/j.canlet.2012.12.027. 

Hartson SD, Barrett DJ, Burn P, Matts RL. HSP90-Mediated Folding of the Lymphoid Cell Kinase 

p56  lck , Biochemistry. 35 (1996) 13451–13459. https://doi.org/10.1021/bi961332c. 

Hassanein EMH,  Abd El-Ghafar OAM, Ahmed MA, Sayed AM, Gad-Elrab WM, Ajarem JS, Allam 

AA, Mahmoud AM. Edaravone and Acetovanillone Upregulate Nrf2 and PI3K/Akt/mTOR Signaling 

and Prevent Cyclophosphamide Cardiotoxicity in Rats. Drug Des Devel Ther. 2020 Nov 

30;14:5275-5288. doi: 10.2147/DDDT.S281854. PMID: 33299300; PMCID: PMC7721127. 

Hazza S, Azzat A, El Shora O, El-Bedwey M. Study of the role of HSP90 in acute myeloid 

leukemia, Egypt. J. Haematol. 39 (2014) 72. https://doi.org/10.4103/1110-1067.139769. 

He W, Ye X, Huang X, Lel W, You L, Wang L, Chen X, Qian W. HSP90 inhibitor, BIIB021, induces 

apoptosis and autophagy by regulating mTOR-Ulk1 pathway in imatinib-sensitive and -resistant 

chronic myeloid leukemia cells, Int. J. Oncol. 48 (2016) 1710–1720. 

https://doi.org/10.3892/ijo.2016.3382. 

Heizmann B, Kastner P, Chan S. The Ikaros family in lymphocyte development, Curr. Opin. 

Immunol. 51 (2018) 14–23. https://doi.org/10.1016/j.coi.2017.11.005. 

Herold NC, Mitra P. Immunophenotyping. [Updated 2021 May 9]. In: StatPearls [Internet]. Treasure 

Island (FL): StatPearls Publishing; 2021 Jan-. Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK558927/ 

Hibbs ML, Stanley E, Maglitto R. Identification of a duplication of the m o u s e Lyn gene, (n.d.) 7. 

Ho IC, Tai TS, Pai SY. GATA3 and the T-cell lineage: essential functions before and after T-

helper-2-cell differentiation, Nat. Rev. Immunol. 9 (2009) 125–135. https://doi.org/10.1038/nri2476. 



174 
 

Ho N, Li A, Li S, Zhang H. Heat shock protein 90 and role of its chemical inhibitors in treatment of 

hematologic malignancies. Pharmaceuticals (Basel). 2012;5(8):779-801. Published 2012 Jul 25. 

doi:10.3390/ph5080779 

Hobbs GS, Hanasoge  Somasundara AV, Kleppe M, Litvin R, Arcila M, Ahn J, McKenney AS, 

Knapp K, Ptashkin R, Weinstein H, Heinemann MH, Francis J, Chanel S, Berman E, Mauro M  et 

al. HSP90 inhibition disrupts JAK-STAT signaling and leads to reductions in splenomegaly in 

patients with myeloproliferative neoplasms, Haematologica. 103 (2018) e5–e9. 

https://doi.org/10.3324/haematol.2017.177600. 

Hochhaus A, Baccarani M, Silver RT et al. European LeukemiaNet 2020 recommendations for 

treating chronic myeloid leukemia. Leukemia 34, 966–984 (2020).https://doi.org/10.1038/s41375-

020-0776-2 

Hoter A, El-Sabban M, Naim H. The HSP90 Family: Structure, Regulation, Function, and 

Implications in Health and Disease, Int. J. Mol. Sci. 19 (2018) 2560. 

https://doi.org/10.3390/ijms19092560. 

Hu S, Sohani A, Liu H, de Leval L. Meningeal Relapse of Nodular Lymphocyte Predominant 

Hodgkin Lymphoma Transformed to T-Cell/Histiocyte-Rich Large B-Cell Lymphoma: A Case 

Report, Front. Oncol. 10 (2020) 5. 

Hu Y, Liu Y, Pelletier S, Buchdunger E, Warmuth M, Fabbro D, Hallek M, Van Etten RA, Li S. 

Requirement of Src kinases Lyn, Hck and Fgr for BCR-ABL1-induced B-lymphoblastic leukemia 

but not chronic myeloid leukemia, Nat. Genet. 36 (2004) 453–461. https://doi.org/10.1038/ng1343. 

Hu Y, Swerdlow S, Duffy TM, Weinmann R, Lee FY, Li S. Targeting multiple kinase pathways in 

leukemic progenitors and stem cells is essential for improved treatment of Ph+ leukemia in mice, 

Proc. Natl. Acad. Sci. 103 (2006) 16870–16875. https://doi.org/10.1073/pnas.0606509103. 

Huang X , Du X, Li Y. The role of BCL11B in hematological malignancy. Exp Hematol Oncol. 

2012;1(1):22. Published 2012 Aug 22. doi:10.1186/2162-3619-1-22 

Huguet F, Chevret S, Leguay T, Thomas X, Boissel N, Escoffre-Barbe M, Chevallier P, Hunault M, 

Vey N, Bonmati C, Lepretre S, Marolleau J, Pabst T, Rousselot P, Buzyn A, Cahn J, Lhéritier V et 

al, for the Group of Research on Adult ALL (GRAALL), Intensified Therapy of Acute Lymphoblastic 

Leukemia in Adults: Report of the Randomized GRAALL-2005 Clinical Trial, J. Clin. Oncol. 36 

(2018) 2514–2523. https://doi.org/10.1200/JCO.2017.76.8192. 



175 
 

Huppa JB, Davis M. T-CELL-ANTIGEN RECOGNITION AND THE IMMUNOLOGICAL SYNAPSE, 

(n.d.) 11. 

Hussein K, von Neuhoff N, Büsche G, Buhr T, Kreipe H, Bock O. Opposite expression pattern of 

Src kinase Lyn in acute and chronic haematological malignancies, Ann. Hematol. 88 (2009) 1059–

1067. https://doi.org/10.1007/s00277-009-0727-5. 

Iacobucci I. Targeting precursor BCR signaling in ALL, Blood. 129 (2017) 1062–1064. 

https://doi.org/10.1182/blood-2017-01-760504. 

Inaba H, Mullighan CG. Pediatric acute lymphoblastic leukemia, Haematologica. 105 (2020) 2524–

2539. https://doi.org/10.3324/haematol.2020.247031. 

Inaba M, Yamashita YM. Asymmetric Stem Cell Division: Precision for Robustness, Cell Stem Cell. 

11 (2012) 461–469. https://doi.org/10.1016/j.stem.2012.09.003. 

Ingley E. Functions of the Lyn tyrosine kinase in health and disease. Cell Commun Signal. 

2012;10(1):21. Published 2012 Jul 17. doi:10.1186/1478-811X-10-21 

Ingley E. Src family kinases: Regulation of their activities, levels and identification of new 

pathways, Biochim. Biophys. Acta BBA - Proteins Proteomics. 1784 (2008) 56–65. 

https://doi.org/10.1016/j.bbapap.2007.08.012. 

Isaacs JS, Xu W, Neckers L. Heat shock protein 90 as a molecular target for cancer therapeutics, 

Cancer Cell. 3 (2003) 213–217. https://doi.org/10.1016/S1535-6108(03)00029-1. 

Ischenko I, Camaj P, Seeliger H. et al. Inhibition of Src tyrosine kinase reverts chemoresistance 

toward 5-fluorouracil in human pancreatic carcinoma cells: an involvement of epidermal growth 

factor receptor signaling. Oncogene 27, 7212–7222 (2008). https://doi.org/10.1038/onc.2008.326 

Ishikawa C, Senba M, Mori N. Efficiency of AUY922 in mice with adult T-cell leukemia/lymphoma, 

Oncol. Lett. 12 (2016) 387–392. https://doi.org/10.3892/ol.2016.4624. 

Iwama A, Oguro H, Negishi M, Kato Y, Morita Y, Tsukui H, Ema H, Kamijo T, Katoh-Fukui Y, 

Koseki H, van Lohuizen M, Nakauchi H. Enhanced Self-Renewal of Hematopoietic Stem Cells 

Mediated by the Polycomb Gene Product Bmi-, (n.d.) 9. 



176 
 

Jabbour E, Pui CH, Kantarjian H. Progress and Innovations in the Management of Adult Acute 

Lymphoblastic Leukemia, JAMA Oncol. 4 (2018) 1413. 

https://doi.org/10.1001/jamaoncol.2018.1915. 

Jabbour E, Thomas D, Cortes J, Kantarjian HM, Brien SO. Central nervous system prophylaxis in 

adults with acute lymphoblastic leukemia: Current and emerging therapies, Cancer. (2010) NA-NA. 

https://doi.org/10.1002/cncr.25008. 

Jacobson C, Kopp N, Layer JV, Redd RA, Tschuri S, Haebe S, van Bodegom D, Bird L, Christie 

AL et al. HSP90 inhibition overcomes ibrutinib resistance in mantle cell lymphoma, Blood. 128 

(2016) 2517–2526. https://doi.org/10.1182/blood-2016-04-711176. 

Jego G, Hermetet F, Girodon F, Garrido C. Chaperoning STAT3/5 by Heat Shock Proteins: 

Interest of Their Targeting in Cancer Therapy. Cancers (Basel). 2019;12(1):21. Published 2019 

Dec 19. doi:10.3390/cancers12010021 

Jeon Y, Go H, Nam S et al. Expression of the promyelocytic leukemia zinc-finger in T-

lymphoblastic lymphoma and leukemia has strong implications for their cellular origin and greater 

association with initial bone marrow involvement. Mod Pathol 25, 1236–1245 (2012). 

https://doi.org/10.1038/modpathol.2012.82 

Jia W, Yu C, Rahmani M, Krystal G, Sausville EA, Dent P, Grant S. Synergistic antileukemic 

interactions between 17-AAG and UCN-01 involve interruption of RAF/MEK- and AKT-related 

pathways, Blood. 102 (2003) 1824–1832. https://doi.org/10.1182/blood-2002-12-3785. 

Jr RR. Src protein–tyrosine kinase structure and regulationq, Biochem. Biophys. Res. Commun. 

(2004) 10. 

Jude CD, Climer J, Xu D, Artinger E, Fisher JK, Ernst P. Unique and Independent Roles for MLL in 

Adult Hematopoietic Stem Cells and Progenitors, Cell Stem Cell. 1 (2007) 324–337. 

https://doi.org/10.1016/j.stem.2007.05.019. 

Kadamur G, Ross EM. Mammalian Phospholipase C, Annu. Rev. Physiol. 75 (2013) 127–154. 

https://doi.org/10.1146/annurev-physiol-030212-183750. 

Kahn JM, Cole PD, Blonquist TM, Stevenson K, Jin Z, Barrera S, Davila R, Roberts E, Neuberg 

DS, Athale UH, Clavell LA, Laverdiere C, Leclerc JM, Michon B, Schorin MA et al. An investigation 

of toxicities and survival in Hispanic children and adolescents with ALL: Results from the Dana-



177 
 

Farber Cancer Institute ALL Consortium protocol 05-001, Pediatr. Blood Cancer. 65 (2018) 

e26871. https://doi.org/10.1002/pbc.26871. 

Formisano L, Nappi L, Rosa R et al. Epidermal growth factor-receptor activation modulates Src-

dependent resistance to lapatinib in breast cancer models. Breast Cancer Res 16, R45 (2014). 

https://doi.org/10.1186/bcr3650 

Kang Z, Liu YF, Xu LF, Long ZJ, Huang D, Yang Y, Liu B, Feng J, Pan YJ, Yan JS, Liu Q. The 

Philadelphia chromosome in leukemogenesis, Chin. J. Cancer. 35 (2016) 48. 

https://doi.org/10.1186/s40880-016-0108-0. 

Kantarjian HM, Thomas D, Ravandi F, Faderl S, Jabbour E, Garcia-Manero G, Pierce S, Shan J, 

Cortes J, Brien S. Defining the course and prognosis of adults with acute lymphocytic leukemia in 

first salvage after induction failure or short first remission duration, Cancer. 116 (2010) 5568–5574. 

https://doi.org/10.1002/cncr.25354. 

Karamitros D, Stoilova B, Aboukhalil Z, Hamey F, Reinisch A, Samitsch M, Quek L, Otto G, Repapi 

E, Doondeea J, Usukhbayar B, Calvo J, Taylor S, Goardon N, Six E, Pflumio F, Porcher C, Majeti 

R, Gottgens B, Vyas P. Heterogeneity of human lympho-myeloid progenitors at the single cell 

level, (2018) 34. 

Katayama K, Noguchi K, Sugimoto Y. Heat shock protein 90 inhibitors overcome the resistance to 

Fms-like tyrosine kinase 3 inhibitors in acute myeloid leukemia, Oncotarget. 9 (2018) 34240–

34258. https://doi.org/10.18632/oncotarget.26045. 

Katsumura KR, Bresnick EH. the GATA Factor Mechanisms Group, The GATA factor revolution in 

hematology, Blood. 129 (2017) 2092–2102. https://doi.org/10.1182/blood-2016-09-687871. 

Khajapeer KV, Baskaran R. HSP90 Inhibitors for the Treatment of Chronic Myeloid Leukemia, 

Leuk. Res. Treat. 2015 (2015) 1–16. https://doi.org/10.1155/2015/757694.. 

Khoury, El Rassi. Bosutinib: a SRC&ndash;ABL tyrosine kinase inhibitor for treatment of chronic 

myeloid leukemia, Pharmacogenomics Pers. Med. (2013) 57. 

https://doi.org/10.2147/PGPM.S32145. 

Kiem T, Hao P, Nhu Hiep NT, Kim Hoa, Van Ha C. Causes of Death in Childhood Acute 

Lymphoblastic Leukemia at Hue Central Hospital for 10 Years (2008-2018), Glob. Pediatr. Health. 

7 (2020) 2333794X2090193. https://doi.org/10.1177/2333794X20901930. 

https://doi.org/10.1002/pbc.26871


178 
 

Kim A, Seong KM, Kang HJ, Park S, Lee S. Inhibition of Lyn is a promising treatment for mantle 

cell lymphoma with bortezomib resistance, Oncotarget. 6 (2015) 38225–38238. 

https://doi.org/10.18632/oncotarget.5425. 

Kim E, Hurtz C, Koehrer S, Wang Z, Balasubramanian S, Chang BY, Müschen M, Davis RE, 

Burger JE. Ibrutinib inhibits pre-BCR+ B-cell acute lymphoblastic leukemia progression by 

targeting BTK and BLK, Blood. 129 (2017) 1155–1165. https://doi.org/10.1182/blood-2016-06-

722900. 

Kim LC, Song L, Haura EB. Src kinases as therapeutic targets for cancer, Nat. Rev. Clin. Oncol. 6 

(2009) 587–595. https://doi.org/10.1038/nrclinonc.2009.129. 

Kim YJ, Hong S, Sung M, et al. LYN expression predicts the response to dasatinib in a 

subpopulation of lung adenocarcinoma patients. Oncotarget. 2016;7(50):82876-82888. 

doi:10.18632/oncotarget.12657 

Kim YK, Suarez J, Hu Y, McDonough PM, Boer C, Dix DJ, Dillmann WH. Deletion of the inducible 

70-kDa heat shock protein genes in mice impairs cardiac contractile function and calcium handling 

associated with hypertrophy. Circulation. 2006 Jun 6;113(22):2589-97. doi: 

10.1161/CIRCULATIONAHA.105.598409. Epub 2006 May 30. PMID: 16735677. 

Kimura A, Ogata K, Altan B, Yokobori T, Ide M, Mochiki E, Toyomasu Y, Kogure N , Yanoma T, 

Suzuki M, Bai T, Oyama T, Kuwano H et al. Nuclear heat shock protein 110 expression is 

associated with poor prognosis and chemotherapy resistance in gastric cancer. Oncotarget. 2016; 

7: 18415-18423.  

Klein L, Kyewski B, Allen PM, Hogquist KA. Positive and negative selection of the T cell repertoire: 

what thymocytes see (and don‘t see), Nat. Rev. Immunol. 14 (2014) 377–391. 

https://doi.org/10.1038/nri3667. 

Koch U, Fiorini E, Benedito R, Besseyrias V, Schuster-Gossler K, Pierres M, Manley NR, Duarte A, 

MacDonald HR, Radtke F. Delta-like 4 is the essential, nonredundant ligand for Notch1 during 

thymic T cell lineage commitment, J. Exp. Med. 205 (2008) 2515–2523. 

https://doi.org/10.1084/jem.20080829. 

Kohlhas V, Hallek M & Nguyen P (2020). Constitutive activation of Lyn kinase enhances BCR 

responsiveness, but not the development of CLL in Eµ-TCL1 mice. Blood advances, 4 24, 6106-

6116 . 

https://doi.org/10.1038/nrclinonc.2009.129


179 
 

Kondo M. Lymphoid and myeloid lineage commitment in multipotent hematopoietic progenitors: 

Roles of bone marrow microenvironment, Immunol. Rev. 238 (2010) 37–46. 

https://doi.org/10.1111/j.1600-065X.2010.00963.x. 

Koprak S, Staruch MJ, Dumont FJ. A Specific Inhibitor of the p38 Mitogen Activated Protein Kinase 

Affects Differentially the Production of Various Cytokines by Activated Human T Cells: 

Dependence on CD28 Signaling and Preferential Inhibition of IL-10 Production, Cell. Immunol. 192 

(1999) 87–95. https://doi.org/10.1006/cimm.1998.1448. 

Koreckij T, Nguyen H, Brown LG, Yu EY, Vessella RL, Corey E. Dasatinib inhibits the growth of 

prostate cancer in bone and provides additional protection from osteolysis, Br. J. Cancer. 101 

(2009) 263–268. https://doi.org/10.1038/sj.bjc.6605178. 

Krueger A, Ziętara N, Łyszkiewicz M. T Cell Development by the Numbers, Trends Immunol. 38 

(2017) 128–139. https://doi.org/10.1016/j.it.2016.10.007. 

Ku CJ, Hosoya T, Maillard I, Engel JD. GATA-3 regulates hematopoietic stem cell maintenance 

and cell-cycle entry, Blood. 119 (2012) 2242–2251. https://doi.org/10.1182/blood-2011-07-366070. 

Kunisaki Y, Bruns I, Scheiermann C, Ahmed J, Pinho S, Zhang D, Mizoguchi T, Wei Q, Lucas D, 

Ito K, Mar JC, Bergman A, Frenette PS. Arteriolar niches maintain haematopoietic stem cell 

quiescence, Nature. 502 (2013) 637–643. https://doi.org/10.1038/nature12612. 

Lancet JE, Gojo I, Burton M, Quinn M, Tighe SM, Kersey K, Zhong Z, Albitar MK, Bhalla K, 

Hannah AL, Baer MR. Phase I study of the heat shock protein 90 inhibitor alvespimycin (KOS-

1022, 17-DMAG) administered intravenously twice weekly to patients with acute myeloid leukemia, 

Leukemia. 24 (2010) 699–705. https://doi.org/10.1038/leu.2009.292. 

Laplante AF, Moulin V, Auger FA, Landry J, Li H, Morrow G, Tanguay RM, Germain L. Expression 

of Heat Shock Proteins in Mouse Skin During Wound Healing, J. Histochem. Cytochem. 46 (1998) 

1291–1301. https://doi.org/10.1177/002215549804601109. 

Lazenby M, Hills R, Burnett AK, Zabkiewicz J. The HSP90 inhibitor ganetespib: A potential 

effective agent for Acute Myeloid Leukemia in combination with cytarabine, Leuk. Res. 39 (2015) 

617–624. https://doi.org/10.1016/j.leukres.2015.03.016. 

Lee JS, Lee JJ, Seo JS. HSP70 deficiency results in activation of c-Jun N-terminal Kinase, 

extracellular signal-regulated kinase, and caspase-3 in hyperosmolarity-induced apoptosis. J Biol 



180 
 

Chem. 2005 Feb 25;280(8):6634-41. doi: 10.1074/jbc.M412393200. Epub 2004 Dec 7. PMID: 

15590690. 

Lee JW, Cho B. Prognostic factors and treatment of pediatric acute lymphoblastic leukemia 

[Internet]. Vol. 60, Korean Journal of Pediatrics. Korean Pediatric Society; 2017. p. 129. Available 

from: http://dx.doi.org/10.3345/kjp.2017.60.5.129. 

Lee KC, Ouwehand I, Giannini AL, Thomas NS, Dibb NJ, Bijlmakers MJ. Lck is a key target of 

imatinib and dasatinib in T-cell activation, Leukemia. 24 (2010) 896–900. 

https://doi.org/10.1038/leu.2010.11. 

Lennartsson J, Voytyuk O, Heiss E, Sundberg C, Sun J, Rönnstrand L. C-Kit signal transduction 

and involvement in cancer, (n.d.) 24. 

Lerdrup M, Hommelgaard AM, Grandal M, van Deurs B. Geldanamycin stimulates internalization of 

ErbB2 in a proteasome-dependent way, J. Cell Sci. 119 (2006) 85–95. 

https://doi.org/10.1242/jcs.02707. 

Li S. Src kinase signaling in leukaemia, Int. J. Biochem. Cell Biol. 39 (2007) 1483–1488. 

https://doi.org/10.1016/j.biocel.2007.01.027. 

Li SY, Ye JY, Meng FY, Li CF, Yang M. Clinical characteristics of acute lymphoblastic leukemia in 

male and female patients: A retrospective analysis of 705 patients, Oncol. Lett. 10 (2015) 453–

458. https://doi.org/10.3892/ol.2015.3202. 

Li Z, Menoret A, Srivastava P. Roles of heat-shock proteins in antigen presentation and cross-

presentation, Curr. Opin. Immunol. 14 (2002) 45–51. https://doi.org/10.1016/S0952-

7915(01)00297-7. 

Li Z, Srivastava P. Heat‑Shock Proteins, Curr. Protoc. Immunol. 58 (2003). 

https://doi.org/10.1002/0471142735.ima01ts58. 

Lie-A-Ling M, Mevel R, Patel R et al. RUNX1 Dosage in Development and Cancer. Mol Cells. 

2020;43(2):126-138. doi:10.14348/molcells.2019.0301 

Lim PS, Ray C, Rao S. Protein kinase C in the immune system: from signalling to chromatin 

regulation, (2015) 15. 



181 
 

Lim VY, Zehentmeier S, Fistonich C, Pereira JP, Chemoattractant-Guided A. Walk Through 

Lymphopoiesis, in: Adv. Immunol., Elsevier, 2017: pp. 47–88. 

https://doi.org/10.1016/bs.ai.2017.02.001. 

Lin SF, Lin JD, Hsueh C, Chou TC, Yeh CN, Chen MH, Wong RJ. Efficacy of an HSP90 inhibitor, 

ganetespib, in preclinical thyroid cancer models, Oncotarget. 8 (2017) 41294–41304. 

https://doi.org/10.18632/oncotarget.17180. 

Liqing H & Zhao R & Liu Q & Li Q. New Insights Into Heat Shock Protein 90 in the Pathogenesis of 

Pulmonary Arterial Hypertension. Frontiers in Physiology (2020).11. 1081. 

10.3389/fphys.2020.01081. 

Liu GJ, Cimmino L, Jude JG et al. Pax5 loss imposes a reversible differentiation block in B-

progenitor acute lymphoblastic leukemia. Genes Dev. 2014;28(12):1337-1350. 

doi:10.1101/gad.240416.114 

Lo WL, Shah NH, Ahsan N, Horkova V, Stepanek O, Salomon AR, Kuriyan J, Weiss A. Lck 

promotes Zap70-dependent LAT phosphorylation by bridging Zap70 to LAT, Nat. Immunol. 19 

(2018) 733–741. https://doi.org/10.1038/s41590-018-0131-1. 

Love PE & Hayes SM. ITAM-mediated signaling by the T cell antigen receptor. Cold Spring Harb. 

Perspect. Biol. 2, a002485 (2010) 

Löwenberg M, Verhaar AP, Bilderbeek J, van Marle J, Buttgereit F, Peppelenbosch MP, van 

Deventer SJ, Hommes DW. Glucocorticoids cause rapid dissociation of a T‑cell‑receptor‑

associated protein complex containing LCK and FYN, EMBO Rep. 7 (2006) 1023–1029. 

https://doi.org/10.1038/sj.embor.7400775. 

Lu X, Wang L, Ruden DM. HSP90 Inhibitors and the Reduction of Anti-Cancer Drug Resistance by 

Non-Genetic and Genetic Mechanisms, Pharmaceuticals. 5 (2012) 890–898. 

https://doi.org/10.3390/ph5090890. 

Luis BS, Carpino N. Insights into the suppressor of T-cell receptor (TCR) signaling-1 (Sts-1)-

mediated regulation of TCR signaling through the use of novel substrate-trapping Sts-1 

phosphatase variants. FEBS J. 2014;281(3):696-707. doi:10.1111/febs.12615 

Luis T, Ichii M, Brugman MH, Kincade P, Staal FJ. Wnt signaling strength regulates normal 

hematopoiesis and its deregulation is involved in leukemia development, (2013) 14. 



182 
 

Mã A. Dexamethasone vs prednisone in induction treatment of pediatric ALL: results of the 

randomized trial AIEOP-BFM ALL 2000, 127 (2016) 12. 

Ma C, Witkowski MT, Harris J, Dolgalev I, Sreeram S, Qian W, Tong J, Chen X, Aifantis I, Chen W. 

Leukemia-on-a-chip: Dissecting the chemoresistance mechanisms in B cell acute lymphoblastic 

leukemia bone marrow niche, Sci. Adv. 6 (2020) eaba5536. 

https://doi.org/10.1126/sciadv.aba5536. 

Maloney A, Workman P. HSP90 as a new therapeutic target for cancer therapy: the story unfolds, 

Expert Opin. Biol. Ther. 2 (2002) 3–24. https://doi.org/10.1517/14712598.2.1.3. 

Malusecka E, Zborek A, Krzyzowska-Gruca S, Krawczyk Z. Expression of heat shock proteins 

HSP70 and HSP27 in primary non-small cell lung carcinomas. An immunohistochemical study. 

Anticancer Res 21:1015–1021 (2001). 

Mancini M. A comprehensive genetic classification of adult acute lymphoblastic leukemia (ALL): 

analysis of the GIMEMA 0496 protocol, Blood. 105 (2005) 3434–3441. 

https://doi.org/10.1182/blood-2004-07-2922. 

Marchesi F, Girardi K, Avvisati G. Pathogenetic, Clinical, and Prognostic Features of Adult 

t(4;11)(q21;q23)/MLL-AF4 Positive B-Cell Acute Lymphoblastic Leukemia. Adv Hematol. 

2011;2011:621627. doi: 10.1155/2011/621627. Epub 2011 Nov 15. PMID: 22190943; PMCID: 

PMC3235494. 

Marhäll A, Kazi JU, Rönnstrand L. The Src family kinase LCK cooperates with oncogenic FLT3/ITD 

in cellular transformation, Sci. Rep. 7 (2017) 13734. https://doi.org/10.1038/s41598-017-14033-4. 

Mashaghi A, Bezrukavnikov S, Minde DP, Wentink AS, Kityk R et al. Alternative modes of client 

binding enable functional plasticity of HSP70, Nature. 539 (2016) 448–451. 

https://doi.org/10.1038/nature20137. 

Massey AJ, Schoepfer J, Brough PA, Brueggen J, Chène P, Drysdale MJ, Pfaar U, Radimerski T 

et al. Preclinical Antitumor Activity of the Orally Available Heat Shock Protein 90 Inhibitor NVP-

BEP800, Mol. Cancer Ther. 9 (2010) 906–919. https://doi.org/10.1158/1535-7163.MCT-10-0055. 

Massey AJ, Schoepfer J, Brough PA, Brueggen J, Chène P, Drysdale MJ, Pfaar U, Radimerski T, 

Ruetz S, Schweitzer A, Wood M, Garcia-Echeverria C, Jensen MR. Preclinical Antitumor Activity of 



183 
 

the Orally Available Heat Shock Protein 90 Inhibitor NVP-BEP800, Mol. Cancer Ther. 9 (2010) 

906–919. https://doi.org/10.1158/1535-7163.MCT-10-0055. 

Masurekar AN, Parker CA, Shanyinde M, Moorman AV, Hancock JP, Sutton R, Ancliff PJ, Morgan 

M, Goulden NJ, Fraser C, Hoogerbrugge PM et al. Outcome of Central Nervous System Relapses 

In Childhood Acute Lymphoblastic Leukaemia – Prospective Open Cohort Analyses of the ALLR3 

Trial, PLoS ONE. 9 (2014) e108107. https://doi.org/10.1371/journal.pone.0108107. 

Mattoo RUH, Sharma SK, Priya S, Finka A, Goloubinoff P. HSP110 Is a Bona Fide Chaperone 

Using ATP to Unfold Stable Misfolded Polypeptides and Reciprocally Collaborate with HSP70 to 

Solubilize Protein Aggregates, J. Biol. Chem. 288 (2013) 21399–21411. 

https://doi.org/10.1074/jbc.M113.479253. 

Mattson MP, Chan SL. Calcium orchestrates apoptosis, Nat. Cell Biol. 5 (2003) 1041–1043. 

https://doi.org/10.1038/ncb1203-1041. 

Mayer MP, Bukau B. HSP70 chaperones: Cellular functions and molecular mechanism, Cell. Mol. 

Life Sci. 62 (2005) 670–684. https://doi.org/10.1007/s00018-004-4464-6. 

McGee RB, Nichols KE. Introduction to cancer genetic susceptibility syndromes, (2016) 9. 

Medvedovic J, Ebert A, Tagoh H, Busslinger M. Chapter 5 - Pax5: A Master Regulator of B Cell 

Development and Leukemogenesis, in: F.W. Alt (Ed.), Adv. Immunol., Academic Press, 2011: pp. 

179–206. https://doi.org/10.1016/B978-0-12-385991-4.00005-2. 

Medyouf H, Ghysdael J. The calcineurin/NFAT signaling pathway: A NOVEL therapeutic target in 

leukemia and solid tumors, Cell Cycle. 7 (2008) 297–303. https://doi.org/10.4161/cc.7.3.5357. 

Menendez-Gonzalez JB, Sinnadurai S, Gibbs A. et al. Inhibition of GATA2 restrains cell 

proliferation and enhances apoptosis and chemotherapy mediated apoptosis in human GATA2 

overexpressing AML cells. Sci Rep 9, 12212 (2019). https://doi.org/10.1038/s41598-019-48589-0 

Meng J, Chen S, Lei Y, Han J, Zhong W, Wang X, Liu Y, Gao W, Zhang Q, Tan Q, Liu H, Zhou H, 

Sun T, Yang C. HSP90β promotes aggressive vasculogenic mimicry via epithelial–mesenchymal 

transition in hepatocellular carcinoma, Oncogene. 38 (2019) 228–243. 

https://doi.org/10.1038/s41388-018-0428-4. 



184 
 

Meng J, Liu Y, Han J, Tan Q, Chen S, Qiao K, Zhou H, Sun T, Yang C. HSP90β promoted 

endothelial cell-dependent tumor angiogenesis in hepatocellular carcinoma, Mol. Cancer. 16 

(2017) 72. https://doi.org/10.1186/s12943-017-0640-9. 

Meng Y, Huang T, Chen X, Lu Y. A comprehensive analysis of the expression and regulation 

network of lymphocyte-specific protein tyrosine kinase in breast cancer, Transl. Cancer Res. 10 

(2021) 1519–1536. https://doi.org/10.21037/tcr-21-328. 

Merolle MI, Ahmed M, Nomie K, Wang ML. The B cell receptor signaling pathway in mantle cell 

lymphoma, Oncotarget. 9 (2018) 25332–25341. https://doi.org/10.18632/oncotarget.25011. 

Messaoudi S, Peyrat JF, Brion JD, Alami M. Heat-shock protein 90 inhibitors as antitumor agents: 

a survey of the literature from 2005 to 2010, (2005) 42. 

Michaluart P, Abdallah KA, Lima FD, Smith R, Moysés RA, Coelho V, Victora GD, Socorro-Silva A, 

Volsi EC, Zárate-Bladés CR, Ferraz AR, Barreto AK, Chammas MK et al. Phase I trial of DNA-

HSP65 immunotherapy for advanced squamous cell carcinoma of the head and neck, Cancer 

Gene Ther. 15 (2008) 676–684. https://doi.org/10.1038/cgt.2008.35. 

Mielczarek-Lewandowska A, Hartman ML, Czyz M. Inhibitors of HSP90 in melanoma, Apoptosis. 

25 (2020) 12–28. https://doi.org/10.1007/s10495-019-01577-1. 

Milani M, Laranjeira AB. Plasma HSP90 Level as a Marker of Early Acute Lymphoblastic Leukemia 

Engraftment and Progression in Mice, PLOS ONE. (2015) 13. 

Mimnaugh EG, Xu W, Vos M, Yuan X, Isaacs JS, Bisht KS, Gius D, Neckers L. Simultaneous 

inhibition of HSP 90 and the proteasome promotes protein ubiquitination, causes endoplasmic 

reticulum-derived cytosolic vacuolization, and enhances antitumor activity, (n.d.) 17. 

Min I, Pietramaggiori G, Kim FS, Passegué E, Stevenson KE, Wagers AJ. The Transcription 

Factor EGR1 Controls Both the Proliferation and Localization of Hematopoietic Stem Cells, Cell 

Stem Cell. 2 (2008) 380–391. https://doi.org/10.1016/j.stem.2008.01.015. 

Mitsiades CS, Mitsiades N, Richardson PG, Treon SP, Anderson KC. Novel biologically based 

therapies for Waldenstrom‘s macroglobulinemia, Semin. Oncol. 30 (2003) 309–312. 

https://doi.org/10.1053/sonc.2003.50065. 

Mitsiades CS. Antimyeloma activity of heat shock protein-90 inhibition, Blood. 107 (2005) 1092–

1100. https://doi.org/10.1182/blood-2005-03-1158. 



185 
 

Miyata Y. HSP90 Inhibitor Geldanamycin and Its Derivatives as Novel Cancer Chemotherapeutic 

Agents, Curr. Pharm. Des. 11 (2005) 1131–1138. https://doi.org/10.2174/1381612053507585. 

Mjahed H. Heat shock proteins in hematopoietic malignancies, Exp. CELL Res. (2012) 13. 

Mohammadian M, Feizollahzadeh S, Mahmoudi R, Toofani Milani A,  Rezapour-Firouzi S, Karimi 

Douna B. HSP90 Inhibitor; NVP-AUY922 in Combination with Doxorubicin Induces Apoptosis and 

Downregulates VEGF in MCF-7 Breast Cancer Cell Line, Asian Pac. J. Cancer Prev. 21 (2020) 

1773–1778. https://doi.org/10.31557/APJCP.2020.21.6.1773. 

Moorman AV, Harrison CJ, Buck GN, Richards SM, Secker-Walker LM, Martineau M, Vance GH, 

Cherry AM, Higgins R, Fielding AK, Foroni L, Paietta E, Tallman MS, Litzow MR et al. On behalf of 

the Medical Research Council (MRC)/National Cancer Research Institute (NCRI) Adult Leukaemia 

Working Party of the United Kingdom and the Eastern Cooperative Oncology Group, Karyotype is 

an independent prognostic factor in adult acute lymphoblastic leukemia (ALL): analysis of 

cytogenetic data from patients treated on the Medical Research Council (MRC) UKALLXII/Eastern 

Cooperative Oncology Group (ECOG) 2993 trial, Blood. 109 (2007) 3189–3197. 

https://doi.org/10.1182/blood-2006-10-051912. 

Mori M, Hitora T, Nakamura O, Yamagami Y, Horie R, Nishimura H, Yamamoto T. "Hsp90 inhibitor 

induces autophagy and apoptosis in osteosarcoma cells". International Journal of Oncology 46.1 

(2015): 47-54 

Moser C, Lang SA, Kainz S, Gaumann A, Fichtner-Feigl S, Koehl GE, Schlitt HJ, Geissler EK, 

Stoeltzing O. Blocking heat shock protein-90 inhibits the invasive properties and hepatic growth of 

human colon cancer cells and improves the efficacy of oxaliplatin in p53 -deficient colon cancer 

tumors in vivo, Mol. Cancer Ther. 6 (2007) 2868–2878. https://doi.org/10.1158/1535-7163.MCT-

07-0410. 

Mrózek K. Cytogenetic, Molecular Genetic, and Clinical Characteristics of Acute Myeloid Leukemia 

With a Complex Karyotype, Semin. Oncol. 35 (2008) 365–377. 

https://doi.org/10.1053/j.seminoncol.2008.04.007. 

Nada S, Okada M, MacAuleyt A, Coopert JA, Nakagawa H. Cloning of a complementary DNA for a 

protein-tyrosine kinase that specifically phosphorylates a negative regulatory site of p60c-src, 351 

(1991) 4. 



186 
 

Nahi H, Hagglund H, Ahlgren T, Bernell P, Hardling M, Karlsson K, Lazarevic VL, Linderholm M, 

Smedmyr B, Astrom M, Hallbook H. An investigation into whether deletions in 9p reflect prognosis 

in adult precursor B-cell acute lymphoblastic leukemia: a multi-center study of 381 patients, 

Haematologica. 93 (2008) 1734–1738. https://doi.org/10.3324/haematol.13227. 

Naudin C, Hattabi A, Michelet F, Miri-Nezhad A, Benyoucef A, Pflumio F, Guillonneau F, Fichelson 

S, Vigon I, Dusanter-Fourt I, Lauret E. PUMILIO/FOXP1 signaling drives expansion of 

hematopoietic stem/progenitor and leukemia cells, Blood. 129 (2017) 2493–2506. 

https://doi.org/10.1182/blood-2016-10-747436. 

Neckers L, Workman P. HSP90 Molecular Chaperone Inhibitors: Are We There Yet?, American 

Association for Cancer Research (2012). https://doi.org/10.1158/1078-0432.CCR-11-1000 

Nguyen PH, Fedorchenko O, Rosen N, Koch M, Barthel R, Winarski T, Florin A, Wunderlich FT, 

Reinart N, Hallek M. LYN Kinase in the Tumor Microenvironment Is Essential for the Progression 

of Chronic Lymphocytic Leukemia. Cancer Cell. 2016 Oct 10;30(4):610-622. doi: 

10.1016/j.ccell.2016.09.007. PMID: 27728807. 

Nika K, Soldani C, Salek M et al. Constitutively active Lck kinase in T cells drives antigen receptor 

signal transduction. Immunity. 2010;32(6):766-777. doi:10.1016/j.immuni.2010.05.011 

Nimmo R, May G, Enver T. Primed and ready: understanding lineage commitment through single 

cell analysis, Trends Cell Biol. 25 (2015) 459–467. https://doi.org/10.1016/j.tcb.2015.04.004. 

Normant E, Paez G, West KA, Lim AR, Slocum KL, Tunkey C, McDougall J, Wylie AA, Robison K, 

Caliri K, Palombella VJ, Fritz CC. The HSP90 inhibitor IPI-504 rapidly lowers EML4–ALK levels 

and induces tumor regression in ALK-driven NSCLC models, Oncogene. 30 (2011) 2581–2586. 

https://doi.org/10.1038/onc.2010.625. 

Ogunbolude Y, Dai C, Bagu ET, Goel RK, Miah S, MacAusland-Berg J, Ng CY, Chibbar R, Raptis 

L, Vizeacoumar F, Vizeacoumar F, Lukong KE. FRK inhibits breast cancer cell migration and 

invasion by suppressing epithelial-mesenchymal transition, (n.d.) 32. 

Okada M. Regulation of the SRC family kinases by Csk. Int J Biol Sci. 2012;8(10):1385-1397. 

doi:10.7150/ijbs.5141 

Ola MS, Nawaz M, Ahsan M. Role of Bcl-2 family proteins and caspases in the regulation of 

apoptosis, Mol. Cell. Biochem. 351 (2011) 41–58. https://doi.org/10.1007/s11010-010-0709-x. 



187 
 

Orkin SK. Diversification of haematopoietic stem cells to specific lineages, Nat. Rev. Genet. 1 

(2000) 57–64. https://doi.org/10.1038/35049577. 

Packard TA, Cambier JC. B lymphocyte antigen receptor signaling: initiation, amplification, and 

regulation, F1000Prime Rep. 5 (2013). https://doi.org/10.12703/P5-40. 

Palacios E, Weiss A. Function of the Src-family kinases, Lck and Fyn, in T-cell development and 

activation. Oncogene 23, 7990–8000 (2004). https://doi.org/10.1038/sj.onc.1208074 

Pao LI, Badour K, Siminovitch KA & Neel BG. Nonreceptor protein-tyrosine phosphatases in 

immune cell signaling. Annu. Rev. Immunol. 25, 473–523 (2007) 

Park I, Qian D, Kiel M, Becker MW, Pihalja M, Weissman IL , Morrison SJ, Clarke MF. Bmi-1 is 

required for maintenance of adult self-renewing haematopoietic stem cells, Nature. 423 (2003) 

302–305. https://doi.org/10.1038/nature01587. 

Park JM, Kim YK, Park S et al. A novel HSP90 inhibitor targeting the C-terminal domain attenuates 

trastuzumab resistance in HER2-positive breast cancer. Mol Cancer 19, 161 (2020). 

https://doi.org/10.1186/s12943-020-01283-6 

Parrado A, Noguera ME, Delmer A, McKenna S, Davies J, Le Gall I, Bentley P, Whittaker JA, 

Sigaux F,  Chomienne F, Padua RA. Deregulated expression of promyelocytic leukemia zinc finger 

protein in B-cell chronic lymph ocytic leukemias does not affect cyclin A expression. Hematol J. 

2000;1(1):15-27. doi: 10.1038/sj.thj.6200012. PMID: 11920165. 

Parsons SJ, Parsons JT. Src family kinases, key regulators of signal transduction, Oncogene. 23 

(2004) 7906–7909. https://doi.org/10.1038/sj.onc.1208160. 

Passaro D, Quang CT, Ghysdael J. Calcineurin/CXCR4 in T-ALL, Oncoscience. 2 (2015) 781–782. 

https://doi.org/10.18632/oncoscience.238. 

Paulsson K, Johansson B. High hyperdiploid childhood acute lymphoblastic leukemia, Genes. 

Chromosomes Cancer. 48 (2009) 637–660. https://doi.org/10.1002/gcc.20671. 

Pawlik-Gwozdecka D, Górska-Ponikowska M, Adamkiewicz-Drożyńska E, Niedźwiecki M. Serum 

heat shock protein 90 as a future predictive biomarker in childhood acute lymphoblastic leukemia, 

Cent. Eur. J. Immunol. (n.d.) 5. 



188 
 

Payan-Carreira R and Santos D. The Role of HSP70 in Sperm Quality. In HSP70s: Discovery, 

Structure and Functions. Deb R., PatilN.V., and Sengar G.S. pp.1 - 34. Nova Science Publishers, 

Inc. ISBN: 978-1-53618-179-1 (2020). 

Pearl LH, Prodromou C, Workman P. The HSP90 molecular chaperone: an open and shut case for 

treatment, Biochem. J. 410 (2008) 439–453. https://doi.org/10.1042/BJ20071640. 

Pearl LH, Prodromou C.  Structure and Mechanism of the HSP90 Molecular Chaperone 

Machinery, Annu. Rev. Biochem. 75 (2006) 271–294. 

https://doi.org/10.1146/annurev.biochem.75.103004.142738. 

Peng C, Brain J, Hu Y, Goodrich A, Kong L, Grayzel D, Pak R, Read M, Li S. Inhibition of heat 

shock protein 90 prolongs survival of mice with BCR-ABL-T315I–induced leukemia and 

suppresses leukemic stem cells, Blood. 110 (2007) 678–685. https://doi.org/10.1182/blood-2006-

10-054098. 

Perez-Vera P, Frıas S, Carnevale A, Betancourt M, Mujica M, Rivera-Luna R, Ortız R. A Strategy 

to Detect Chromosomal Abnormalities in Children With Acute Lymphoblastic Leukemia, J Pediatr 

Hematol Oncol. 26 (2004) 7. 

Piccaluga P, Paolini S, Martinelli G. Tyrosine kinase inhibitors for the treatment of Philadelphia 

chromosome-positive adult acute lymphoblastic leukemia, Cancer. 110 (2007) 1178–1186. 

https://doi.org/10.1002/cncr.22881. 

Pick E, Kluger Y, Giltnane JM, Moeder C, Camp RL, Rimm DL, Kluger HM. High HSP90 

Expression Is Associated with Decreased Survival in Breast Cancer, Cancer Res. 67 (2007) 2932–

2937. https://doi.org/10.1158/0008-5472.CAN-06-4511. 

Pieters R. Successful Therapy Reduction and Intensification for Childhood Acute Lymphoblastic 

Leukemia Based on Minimal Residual Disease Monitoring: Study ALL10 From the Dutch 

Childhood Oncology Group, J. Clin. Oncol. (n.d.) 18. 

Podojil JR, Miller SD. Molecular mechanisms of T-cell receptor and costimulatory molecule 

ligation/blockade in autoimmune disease therapy, Immunol. Rev. 229 (2009) 337–355. 

https://doi.org/10.1111/j.1600-065X.2009.00773.x. 



189 
 

Pond MP, Eells R, Treece B, Heinrich F, Lösche M, & Roux B (2020). Membrane Anchoring of Hck 

Kinase via the Intrinsically Disordered SH4-U and Length Scale Associated with Subcellular 

Localization. Journal of molecular biology, 432(9), 2985-2997. 

Porcher C, Chagraoui H, Kristiansen MS. SCL/TAL1: a multifaceted regulator from blood 

development to disease, Blood. 129 (2017) 2051–2060. https://doi.org/10.1182/blood-2016-12-

754051. 

Prinsloo E, Kramer AH, Edkins AL, Blatch GL. STAT3 interacts directly with HSP90, IUBMB Life. 

64 (2012) 266–273. https://doi.org/10.1002/iub.607. 

Prodromou C, Roe SM, O‘Brien R, Ladbury JE, Piper PW, Pearl LH. Identification and Structural 

Characterization of the ATP/ADP-Binding Site in the HSP90 Molecular Chaperone, (n.d.) 11. 

Pui CH, Chessells JM, Camitta B, Baruchel A, Biondi A, Boyett JM, Carroll A, Eden OB, Evans HE, 

Gadner H, Harbott J, Harms J, Harrison CJ, Harrison PL, Heerema N et al. Clinical heterogeneity 

in childhood acute lymphoblastic leukemia with 11q23 rearrangements, Leukemia. 17 (2003) 700–

706. https://doi.org/10.1038/sj.leu.2402883. 

Pui CH, Crist WM, Look AT. Biology and Clinical Significance of Cytogenetic Abnormalities in 

Childhood Acute Lymphoblastic Leukemia, (n.d.) 15.  

Pui CH, Raimondi SC, Dodge RK, Rivera G, Fuchs L, Abromowitch M, Look A, Furman W, Crist 

W, Williams DL. Prognostic Importance of Structural Chromosomal Abnormalities in Children With 

Hyperdiploid ( > 50 Chromosomes) Acute Lymphoblastic Leukemia. Blood, Volume 73, Issue 

7,(1989). 

Pui CH, Yang J, Hunger S, Pieters R, Schrappe M, Biondi A, Vora A, Baruchel A, Silverman LB, 

Schmiegelow K, Escherich G, Horibe K, Benoit YC, Izraeli S, Yeoh AJ, Liang DC, J.R et al. 

Childhood Acute Lymphoblastic Leukemia: Progress Through Collaboration, J. Clin. Oncol. 33 

(2015) 2938–2948. https://doi.org/10.1200/JCO.2014.59.1636. 

Pui CH. Results of Therapy for Acute Lymphoblastic Leukemia in Black and White Children, JAMA. 

290 (2003) 2001. https://doi.org/10.1001/jama.290.15.2001. 

Pullarkat VA, Lacayo NJ, Jabbour E, Rubnitz JE, Bajel A, Laetsch TW, Leonard J, Colace SI, 

Khaw SL, Fleming SA, Mattison RJ, Norris R, Opferman JT, Roberts KG, Zhao Y, Qu C, Badawi 

M, Schmidt M, Tong B, Pesko JC, Sun Y, Ross JA, Vishwamitra D, Rosenwinkel L, Kim SY, 



190 
 

Jacobson A, Mullighan CG, Alexander TB, Stock W. Venetoclax and Navitoclax in Combination 

with Chemotherapy in Patients with Relapsed or Refractory Acute Lymphoblastic Leukemia and 

Lymphoblastic Lymphoma. Cancer Discov. 2021 Jun;11(6):1440-1453. doi: 10.1158/2159-

8290.CD-20-1465. Epub 2021 Feb 16. PMID: 33593877. 

Purchio AF, Erikson E, Brugge JS, Erikson RL. Identification of a polypeptide encoded by the avian 

sarcoma virus src gene, (n.d.) 5. 

Puszyk W, Down T, Grimwade D, Chomienne C, Oakey RJ, Solomon E, Guidez F. The epigenetic 

regulator PLZF represses L1 retrotransposition in germ and progenitor cells, EMBO J. 32 (2013) 

1941–1952. https://doi.org/10.1038/emboj.2013.118. 

Puttini M, Coluccia AL, Boschelli F, Cleris L, Marchesi E, Donella-Deana A, Ahmed S, Redaelli S, 

Piazza R, Magistroni V, Andreoni F, Scapozza L, Formelli F, Gambacorti-Passerini C. In vitro and 

In vivo Activity of SKI-606, a Novel Src-Abl Inhibitor, against Imatinib-Resistant Bcr-Abl + 

Neoplastic Cells, Cancer Res. 66 (2006) 11314–11322. https://doi.org/10.1158/0008-5472.CAN-

06-1199. 

Qualls D, Abramson JS. Advances in risk assessment and prophylaxis for central nervous system 

relapse in diffuse large B-cell lymphoma. Haematologica. 2019;104(1):25-34. 

doi:10.3324/haematol.2018.195834 

Radons J. The human HSP70 family of chaperones: where do we stand?. Cell Stress Chaperones. 

2016;21(3):379-404. doi:10.1007/s12192-016-0676-6 

Radtke F, Wilson A, Mancini SJ, MacDonald HR. Notch regulation of lymphocyte development and 

function, Nat. Immunol. 5 (2004) 247–253. https://doi.org/10.1038/ni1045. 

Radujkovic A, Schad M, Topaly J, Veldwijk MR, Laufs S, Schultheis BS, Jauch A, Melo JV, 

Fruehauf S, Zeller WJ. Synergistic activity of imatinib and 17-AAG in imatinib-resistant CML cells 

overexpressing BCR-ABL – Inhibition of P-glycoprotein function by 17-AAG, Leukemia. 19 (2005) 

1198–1206. https://doi.org/10.1038/sj.leu.2403764. 

Raetz EA, Borowitz MJ, Devidas M, Linda SB, Hunger SP, Winick NJ, Camitta BM, Gaynon PS, 

Carroll WL. Reinduction Platform for Children With First Marrow Relapse of Acute Lymphoblastic 

Leukemia: A Children‘s Oncology Group Study, J. Clin. Oncol. (n.d.)2008. 



191 
 

Raimondi S. Current status of cytogenetic research in childhood acute lymphoblastic leukemia, 

Blood. 81 (1993) 2237–2251. https://doi.org/10.1182/blood.V81.9.2237.2237. 

Raimondi SC, Zhou Y, Mathew S, Shurtleff SA, Sandlund JT, Rivera GK, Behm FG, Pui CH. 

Reassessment of the prognostic significance of hypodiploidy in pediatric patients with acute 

lymphoblastic leukemia, Cancer. 98 (2003) 2715–2722. https://doi.org/10.1002/cncr.11841. 

Rakkar AN, Li Z, Katayose Y, Kim M, Cowan H, Seth P. Adenoviral Expression of the Cyclin-

Dependent Kinase Inhibitor p27Kip1: a Strategy for Breast Cancer Gene Therapy, J. Natl. Cancer 

Inst. 90 (1998) 3. 

Ramyar A, Shafiei M, Rezaei N, Asgarian-Omran H, Esfahani SA, Moazzami K, Sarafneja A, 

Aghamohammadi A. Cytologic phenotypes of B-cell acute lymphoblastic leukemia-a single center 

study. Iran J Allergy Asthma Immunol. 2009 Jun;8(2):99-106. PMID: 19671939. 

Reya T, Morrison SJ, Clarke M, Weissman I. Stem cells, cancer, and cancer stem cells, Nature. 

414 (2001) 105–111. https://doi.org/10.1038/35102167. 

Reynaud D, Ravet E, Titeux M, Mazurier F, Rénia L, Dubart-Kupperschmitt A, Roméo PH, Pflumio 

F. SCL/TAL1 expression level regulates human hematopoietic stem cell self-renewal and 

engraftment, Blood. 106 (2005) 2318–2328. https://doi.org/10.1182/blood-2005-02-0557. 

Ricaniadis N, Kataki A, Agnantis N, Androulakis G, Karakousis CP. Long-term prognostic 

significance of HSP-70, c-myc and HLA-DR expression in patients with malignant melanoma, Eur. 

J. Surg. Oncol. EJSO. 27 (2001) 88–93. https://doi.org/10.1053/ejso.1999.1018. 

Rice JS, Newman J, Wang C, Michael DJ, Diamond B. Receptor editing in peripheral B cell 

tolerance, Proc. Natl. Acad. Sci. 102 (2005) 1608–1613. https://doi.org/10.1073/pnas.0409217102. 

Richards S, Pui CH, Gayon P. On behalf of the Childhood Acute Lymphoblastic Leukemia 

Collaborative Group (CALLCG), Systematic review and meta-analysis of randomized trials of 

central nervous system directed therapy for childhood acute lymphoblastic leukemia: CNS-

Directed Therapy in Childhood ALL, Pediatr. Blood Cancer. 60 (2013) 185–195. 

https://doi.org/10.1002/pbc.24228. 

Ridgeway JA, Tinsley S, Kurtin SE. Practical Guide to Bone Marrow Sampling for Suspected 

Myelodysplastic Syndromes. J Adv Pract Oncol. 2017;8(1):29-39. 



192 
 

Rikiishi H. Autophagic action of new targeting agents in head and neck oncology, Cancer Biol. 

Ther. 13 (2012) 978–991. https://doi.org/10.4161/cbt.21079. 

Riley JL. The CD28 family: a T-cell rheostat for therapeutic control of T-cell activation, 105 (2005) 

9. 

Ritossa F. Experimental activation of specific loci in polytene chromosomes of Drosophila, Exp. 

Cell Res. 35 (1964) 601–607. https://doi.org/10.1016/0014-4827(64)90147-8. 

Rodina A, Wang T, Yan P, Gomes ED, Dunphy MPS, Pillarsetty N, Koren J, Gerecitano JF, 

Taldone T, Zong H, Caldas-Lopes E, Alpaugh M, Corben A, Riolo M, Beattie B, Pressl C, Peter RI, 

Xu C, Trondl R, Patel HJ, Shimizu F, Bolaender A, Yang C, Panchal P. The epichaperome is an 

integrated chaperome network that facilitates tumour survival, Nature. 538 (2016) 397–401. 

https://doi.org/10.1038/nature19807. 

Roe SM, Prodromou C, O‘Brien R, Ladbury JE, Piper PW, Pearl LH. Structural Basis for Inhibition 

of the HSP90 Molecular Chaperone by the Antitumor Antibiotics Radicicol and Geldanamycin, J. 

Med. Chem. 42 (1999) 260–266. https://doi.org/10.1021/jm980403y. 

Roganovic J. Acute Lymphoblastic Leukemia in Children, in: 2013. https://doi.org/10.5772/55655. 

Rong B, Yang S. "Molecular mechanism and targeted therapy of Hsp90 involved in lung cancer: 

New discoveries and developments (Review)". International Journal of Oncology 52.2 (2018): 321-

336.  

Rosenhagen MC, Sõti C, Schmidt U, Wochnik GM, Hartl FU, Holsboer F, Young JC, Rein T. The 

Heat Shock Protein 90-Targeting Drug Cisplatin Selectively Inhibits Steroid Receptor Activation, 

Mol. Endocrinol. 17 (2003) 1991–2001. https://doi.org/10.1210/me.2003-0141. 

Rossy J, Williamson DJ, Gaus K. How does the kinase Lck phosphorylate the T cell receptor? 

Spatial organization as a regulatory mechanism, Front. Immunol. 3 (2012). 

https://doi.org/10.3389/fimmu.2012.00167. 

Rothenberg EV, Moore JE, Yui MA. Launching the T-cell-lineage developmental programme, Nat. 

Rev. Immunol. 8 (2008) 9–21. https://doi.org/10.1038/nri2232. 

Rudd ML, Tua-Smith A, Straus DB. Lck SH3 domain function is required for T-cell receptor signals 

regulating thymocyte development. Mol Cell Biol. 2006;26(21):7892-7900. 

doi:10.1128/MCB.00968-06 



193 
 

Salvador JM, Mittelstadt PR, Guszczynski T, Copeland H, Yamaguchi E, Appella AJ, Fornace JD. 

Alternative p38 activation pathway mediated by T cell receptor–proximal tyrosine kinases, Nat. 

Immunol. 6 (2005) 390–395. https://doi.org/10.1038/ni1177. 

Samraj AK, Stroh C, Fischer U, Schulze-Osthoff K. The tyrosine kinase Lck is a positive regulator 

of the mitochondrial apoptosis pathway by controlling Bak expression, Oncogene. 25 (2006) 186–

197. https://doi.org/10.1038/sj.onc.1209034. 

Sanjuan-Pla A, Macaulay I, Jensen C, Woll P, Luis T, Mead A, Moore S, Carella S, Matsuoka S, 

Jones TB, Chowdhury O, Stenson L, Lutteropp M, Green JC, Facchini R, Boukarabila H, Nerlov C, 

Jacobsen SW et al. Platelet-biased stem cells reside at the apex of the haematopoietic stem-cell 

hierarchy, Nature. 502 (2013) 232–236. https://doi.org/10.1038/nature12495. 

Sanjuan-Pla A. Platelet-biased stem cells reside at the apex of the haematopoietic stem-cell 

hierarchy, (n.d.) 17. 

Sato N, Yamamoto T, Sekine Y, Yumioka T, Junicho A, Fuse H, Matsuda T. Involvement of heat-

shock protein 90 in the interleukin-6-mediated signaling pathway through STAT3q, Biochem. 

Biophys. Res. Commun. (2003) 6. 

Scharenberg AM, Humphries LA, Rawlings DJ. Calcium signalling and cell-fate choice in B cells, 

Nat. Rev. Immunol. 7 (2007) 778–789. https://doi.org/10.1038/nri2172. 

Schmiegelow K, Frandsen TL, Nersting J. Mercaptopurine/Methotrexate Maintenance Therapy of 

Childhood Acute Lymphoblastic Leukemia: Clinical Facts and Fiction, J Pediatr Hematol Oncol. 36 

(2014) 15. 

Schultz KR, Bowman WP, Aledo A, Slayton WB, Sather H, Devidas M, Wang C, Davies SM, 

Gaynon PS, Trigg M, Rutledge R et al. Improved Early Event-Free Survival With Imatinib in 

Philadelphia Chromosome–Positive Acute Lymphoblastic Leukemia: A Children‘s Oncology Group 

Study, J. Clin. Oncol. 27 (2009) 5175–5181. https://doi.org/10.1200/JCO.2008.21.2514. 

Schwartz H, Scroggins B, Zuehlke A, Kijima T, Beebe K, Mishra A, Neckers L, Prince T. Combined 

HSP90 and kinase inhibitor therapy: Insights from The Cancer Genome Atlas. Cell Stress 

Chaperones. 2015 Sep;20(5):729-41. doi: 10.1007/s12192-015-0604-1. Epub 2015 Jun 13. PMID: 

26070366; PMCID: PMC4529871. 



194 
 

Schwarz LJ, Fox EM, Balko JM, Garrett JT, Kuba J, Estrada MV, González-Angulo AM, Mills GB et 

al. LYN-activating mutations mediate antiestrogen resistance in estrogen receptor–positive breast 

cancer, J. Clin. Invest. 124 (2014) 5490–5502. https://doi.org/10.1172/JCI72573. 

Secker-Walker LM, Prentice HG, Durrant J, Rchards S, Hall E, Harrison G. Cytogenetics adds 

independent prognostic information in adults with acute lymphoblastic leukaemia on MRC trial 

UKALL XA, Br. J. Haematol. 96 (1997) 601–610. https://doi.org/10.1046/j.1365-2141.1997.d01-

2053.x. 

Seo YH. Organelle-specific HSP90 inhibitors, Arch. Pharm. Res. 38 (2015) 1582–1590. 

https://doi.org/10.1007/s12272-015-0636-1. 

Serafin V, Capuzzo G, Milani C, Minuzzo SA, Pinazza M, Bortolozzi R, Bresolin S, Porcu E, 

Frasson C, Indraccolo S, Basso G, Accordi B. Glucocorticoid resistance is reverted by LCK 

inhibition in pediatric T-cell acute lymphoblastic leukemia, 130 (2017) 12. 

Serafin V, Lissandron V, Buldini B, Bresolin S, Paganin M, Grillo F, Andriano N, Palmi C et al.  

Phosphoproteomic analysis reveals hyperactivation of mTOR/STAT3 and LCK/Calcineurin axes in 

pediatric early T-cell precursor ALL, Leukemia. 31 (2017) 1007–1011. 

https://doi.org/10.1038/leu.2017.13. 

Setiawan A, Harjoko T, Ratnaningsih. ―Classification of cell types in Acute Myeloid Leukemia 

(AML) of M4, M5 and M7 subtypes with support vector machine classifier,‖ 2018 International 

Conference on Information and Communications Technology (ICOIACT), Yogyakarta, 2018, pp. 

45-49, doi: 10.1109/ICOIACT.2018.8350822, (2018). 

Sharpe AH, Wherry EJ, Ahmed R, Freeman GJ. The function of programmed cell death 1 and its 

ligands in regulating autoimmunity and infection, Nat. Immunol. 8 (2007) 239–245. 

https://doi.org/10.1038/ni1443. 

Sharpe M, Mount N. Genetically modified T cells in cancer therapy: opportunities and challenges. 

Dis Model Mech. 2015;8(4):337-350. doi:10.1242/dmm.018036 

Shi Y, Beckett MC, Blair HJ, Tirtakusuma R, Nakjang S, Enshaei A, Halsey C, Vormoor J, 

Heidenreich O, Krippner-Hei A. Phase II-like murine trial identifies synergy between 

dexamethasone and dasatinib in T-cell acute lymphoblastic leukemia, (2020) 63. 



195 
 

Simatou A, Simatos G, Goulielmaki M, Spandidos DA, Baliou S and Zoumpourlis V. Historical 

retrospective of the SRC oncogene and new perspectives (Review). Mol Clin Oncol 13: 21, 2020 

Soga S, Shiotsu Y, Akinaga S, Sharma S. Development of Radicicol Analogues, Curr. Cancer 

Drug Targets. 3 (2003) 359–369. https://doi.org/10.2174/1568009033481859. 

Solár P, Horváth V, Kleban J, Kovaľ J, Solárová Z, Kozubík A, Fedoročko P, HSP90 inhibitor 

Geldanamycin increases the sensitivity of resistant ovarian adenocarcinoma cell line A2780cis to 

cisplatin, (2007) (n.d.) 5 

Solárová Z, Mojžiš J, Solár P. HSP90 inhibitor as a sensitizer of cancer cells to different therapies 

(Review), Int. J. Oncol. (2014). https://doi.org/10.3892/ijo.2014.2791. 

Solárová Z, Mojžiš S, Solár P. HSP90 inhibitor as a sensitizer of cancer cells to different therapies 

(Review), Int. J. Oncol. (2015) 20. 

Song G, Wang L, Bi K and Jiang G. Regulation of the C/EBPα signaling pathway in acute myeloid 

leukemia (Review). Oncol Rep 33: 2099-2106, 2015 

Song P, Ye L, Fan J et al. Asparaginase induces apoptosis and cytoprotective autophagy in 

chronic myeloid leukemia cells. Oncotarget. 2015;6(6):3861-3873. doi:10.18632/oncotarget.2869 

Sood R, Kamikubo Y ,  Liu P. Role of RUNX1 in hematological malignancies [published correction 

appears in Blood. 2018 Jan 18;131(3):373]. Blood. 2017;129(15):2070-2082. doi:10.1182/blood-

2016-10-687830. 

Souroullas GP, Salmon JM, Sablitzky F, Curtis DJ, Goodell MA. Adult Hematopoietic Stem and 

Progenitor Cells Require Either Lyl1 or Scl for Survival, Cell Stem Cell. 4 (2009) 180–186. 

https://doi.org/10.1016/j.stem.2009.01.001. 

Spijkers-Hagelstein JAP, Mimoso Pinhanços S, Schneider P, Pieters R, Stam RW. Src kinase-

induced phosphorylation of annexin A2 mediates glucocorticoid resistance in MLL-rearranged 

infant acute lymphoblastic leukemia, Leukemia. 27 (2013) 1063–1071. 

https://doi.org/10.1038/leu.2012.372. 

Sreedhar A, Kalmár E, Csermely P, Shen Y. Hsp90 isoforms: functions, expression and clinical 

importance,FEBS Letters,Volume 562, Issues 1–3,2004,Pages 11-15,ISSN 0014-

5793,https://doi.org/10.1016/S0014-5793(04)00229-7. 



196 
 

Sreedhar AS, Nardai G, Csermely P. Enhancement of complement-induced cell lysis: a novel 

mechanism for the anticancer effects of HSP90 inhibitors, Immunol. Lett. 92 (2004) 157–161. 

https://doi.org/10.1016/j.imlet.2003.11.025. 

Staal FJT, Langerak AW. Signaling pathways involved in the development of T-cell acute 

lymphoblastic leukemia, Haematologica. 93 (2008) 493–497. 

https://doi.org/10.3324/haematol.12917. 

Stettner MR, Wang W, Nabors LB, Bharara S, Flynn DC, Grammer JR, Gillespie GY, Gladson CL. 

Lyn Kinase Activity Is the Predominant Cellular Src Kinase Activity in Glioblastoma Tumor Cells, 

Cancer Res. 65 (2005) 5535–5543. https://doi.org/10.1158/0008-5472.CAN-04-3688. 

Stingl L, Stühmer T, Chatterjee M, Jensen MR, Flentje M, Djuzenova CS. Novel HSP90 inhibitors, 

NVP-AUY922 and NVP-BEP800, radiosensitise tumour cells through cell-cycle impairment, 

increased DNA damage and repair protraction, Br. J. Cancer. 102 (2010) 1578–1591. 

https://doi.org/10.1038/sj.bjc.6605683. 

Stühmer T, Chatterjee M, Grella E, Seggewiss R, Langer C, Müller S, Schoepfer J, Garcia-

Echeverria C, Quadt C, Jensen MR, Einsele H, Bargou RC. Anti-myeloma activity of the novel 2-

aminothienopyrimidine HSP90 inhibitor NVP-BEP800, Br. J. Haematol. 147 (2009) 319–327. 

https://doi.org/10.1111/j.1365-2141.2009.07852.x. 

Subramaniam V, Vincent IR, Gardner H, Chan E, Dhamko H, Jothy S. CD44 regulates cell 

migration in human colon cancer cells via Lyn kinase and AKT phosphorylation, Exp. Mol. Pathol. 

83 (2007) 207–215. https://doi.org/10.1016/j.yexmp.2007.04.008. 

Sun B, Li G, Yu Q, Liu D & Tang X. HSP60 in cancer: a promising biomarker for diagnosis and a 

potentially useful target for treatment, Journal of Drug Targeting, DOI: 

10.1080/1061186X.2021.1920025 (2021). 

Swaroop S, Mahadevan A, Shankar SK. et al. HSP60 critically regulates endogenous IL-1β 

production in activated microglia by stimulating NLRP3 inflammasome pathway. J 

Neuroinflammation 15, 177 (2018). https://doi.org/10.1186/s12974-018-1214-5 

Taipale M, Jarosz DF, Lindquist S. HSP90 at the hub of protein homeostasis: emerging 

mechanistic insights, Nat. Rev. Mol. Cell Biol. 11 (2010) 515–528. 

https://doi.org/10.1038/nrm2918. 



197 
 

Takei H, Kobayashi S. Targeting transcription factors in acute myeloid leukemia. Int J Hematol 

109, 28–34 (2019). https://doi.org/10.1007/s12185-018-2488-1 

Takeuchi A, Kondo T, Tasaka T, Yamada S, Hirose T, Fukuda H, Shimizu R, Matsuhashi Y, Kondo 

E, Wada H. Successful treatment with ABL tyrosine kinase inhibitor for patients with acute myeloid 

leukemia with BCR-ABL1,Leukemia Research Reports, Volume 15,2021. 

Taniguchi H, Hasegawa H, Sasaki D, Ando K, Sawayama Y, Imanishi D, Taguchi J, Imaizumi Y, 

Hata T, Tsukasaki K, Uno N, Morinaga Y, Yanagihara K, Miyazaki Y. Heat shock protein 90 

inhibitor NVP ‑ AUY 922 exerts potent activity against adult T‑cell leukemia–lymphoma cells, 

Cancer Sci. 105 (2014) 1601–1608. https://doi.org/10.1111/cas.12540. 

Tanno S, Yanagawa N, Habiro A, Koizumi K, Nakano Y, Osanai M, Mizukami Y, Okumura JR 

Testa T, Kohgo Y. Serine/Threonine Kinase AKT Is Frequently Activated in Human Bile Duct 

Cancer and Is Associated with Increased Radioresistance, Cancer Res. 64 (2004) 3486–3490. 

https://doi.org/10.1158/0008-5472.CAN-03-1788. 

Tauzin S, Ding H, Khatib K, Ahmad I, Burdevet D, van Echten-Deckert G, Lindquist JA, Schraven 

B, Din N, Borisch B, Hoessli DC. Oncogenic association of the Cbp/PAG adaptor protein with the 

Lyn tyrosine kinase in human B-NHL rafts, Blood. 111 (2008) 2310–2320. 

https://doi.org/10.1182/blood-2007-05-090985. 

Teft WA, Kirchhof MG, Madrenas J, A MOLECULAR PERSPECTIVE OF CTLA-4 FUNCTION, 

(2006) 35. 

Thomas X, Campos L, Mounier C et al. Expression of heat-shock proteins is associated with major 

adverse prognostic factors in acute myeloid leukemia. Leuk Res 29:1049–1058 (2005). 

Tibaldi E, Brunati AM, Zonta F, Frezzato F, Gattazzo C, Zambello R, Gringeri E, Semenzato G, 

Pagano MA, Trentin L. Lyn-mediated SHP-1 recruitment to CD5 contributes to resistance to 

apoptosis of B-cell chronic lymphocytic leukemia cells, Leukemia. 25 (2011) 1768–1781. 

https://doi.org/10.1038/leu.2011.152. 

Ting SB, Deneault E, Hope K, Cellot S, Chagraoui J, Mayotte J, Dorn JF, Laverdure JP, Russell 

SM, Maddox PS, Iscove NN, Sauvageau G. Asymmetric segregation and self-renewal of 

hematopoietic stem and progenitor cells with endocytic Ap2a2, Blood. 119 (2012) 2510–2522. 

https://doi.org/10.1182/blood-2011-11-393272. 



198 
 

Tirado CA, Shabsovich D, Yeh L, Pullarkat ST, Yang L, Kallen M, Rao N. A (1;19) translocation 

involving TCF3-PBX1 fusion within the context of a hyperdiploid karyotype in adult B-ALL: a case 

report and review of the literature, Biomark. Res. 3 (2015) 4. https://doi.org/10.1186/s40364-015-

0029-0. 

Tosello V, Ferrando A. The NOTCH signaling pathway: role in the pathogenesis of T-cell acute 

lymphoblastic leukemia and implication for therapy. Ther Adv Hematol. 2013;4(3):199-210. 

doi:10.1177/2040620712471368 

Trentin L, Frasson M, Donella-Deana A, Frezzato F, Pagano MA, Tibaldi E, Gattazzo C, Zambello 

R, Semenzato G, Brunati AM. Geldanamycin-induced Lyn dissociation from aberrant HSP90-

stabilized cytosolic complex is an early event in apoptotic mechanisms in B-chronic lymphocytic 

leukemia, 112 (2008) 10. 

Trepel J, Mollapour M, Giaccone G, Neckers L. Targeting the dynamic HSP90 complex in cancer, 

(2019) 34. 

Turbyville TJ, Wijeratne EMK, Liu MX, Burns AM, Seliga CJ, Luevano LA, David CL, Faeth SH, 

Whitesell L, Gunatilaka AL. Search for HSP90 Inhibitors with Potential Anticancer Activity: Isolation 

and SAR Studies of Radicicol and Monocillin I from Two Plant-Associated Fungi of the Sonoran 

Desert, (n.d.) 7. 

Usmani S, Bona R, Li Z. 17 AAG for HSP90 Inhibition in Cancer – From Bench to Bedside, Curr. 

Mol. Med. 9 (2009) 654–664. https://doi.org/10.2174/156652409788488757. 

Vagapova ER, Spirin PV, Lebedev TD, Prassolov VS. The Role of TAL1 in Hematopoiesis and 

Leukemogenesis. Acta Naturae. 2018 Jan-Mar;10(1):15-23. PMID: 29713515; PMCID: 

PMC5916730.       

Vahedi S, Chueh F, Chandran B, Yu CL. Lymphocyte-specific protein tyrosine kinase (Lck) 

interacts with CR6-interacting factor 1 (CRIF1) in mitochondria to repress oxidative 

phosphorylation, BMC Cancer. 15 (2015) 551. https://doi.org/10.1186/s12885-015-1520-6. 

Vanmuylder N, Evrard L, Daelemans P, Dourov N. Chaperones in the Parotid Gland: Localization 

of Heat Shock Proteins in Human Adult Salivary Glands, Cells Tissues Organs. 167 (2000) 199–

205. https://doi.org/10.1159/000016782. 



199 
 

Velten L, Haas S, Raffel S, Blaszkiewicz S, Islam S, Hennig BP, Hirche C, Lutz C, Buss E, D. 

Steinmetz L et al. Human haematopoietic stem cell lineage commitment is a continuous process, 

Nat. Cell Biol. 19 (2017) 271–281. https://doi.org/10.1038/ncb3493. 

Vicente C, Vazquez I, Conchillo  A. et al. Overexpression of GATA2 predicts an adverse prognosis 

for patients with acute myeloid leukemia and it is associated with distinct molecular abnormalities. 

Leukemia 26, 550–554 (2012). https://doi.org/10.1038/leu.2011.235 

Vora A, Goulden N, Wade R, Mitchell C, Hancock J, Hough R, Rowntree C, Richards S. Treatment 

reduction for children and young adults with low-risk acute lymphoblastic leukaemia defined by 

minimal residual disease (UKALL 2003): a randomised controlled trial, Lancet Oncol. 14 (2013) 

199–209. https://doi.org/10.1016/S1470-2045(12)70600-9. 

Voss AK, Thomas T, Gruss P. Mice lacking HSP90beta fail to develop a placental labyrinth. 

Development. 2000;127:1–11. 

Walters R, Kantarjian HM, Keating MJ, Estey EH, Trujillo J, Cork A, McCredie KB, Freireich EJ. 

The importance of cytogenetic studies in adult acute lymphocytic leukemia, Am. J. Med. 89 (1990) 

579–587. https://doi.org/10.1016/0002-9343(90)90175-D. 

Wan TS. Cancer Cytogenetics: Methodology Revisited, Ann. Lab. Med. 34 (2014) 413–425. 

https://doi.org/10.3343/alm.2014.34.6.413. 

Wang J, Zhuan S. Src family kinases in chronic kidney disease. Am J Physiol Renal Physiol. 

2017;313(3):F721-F728. doi:10.1152/ajprenal.00141.2017 

Wang L, Kurosaki T, Corey SJ. Engagement of the B-cell antigen receptor activates STAT through 

Lyn in a Jak-independent pathway, Oncogene. 26 (2007) 2851–2859. 

https://doi.org/10.1038/sj.onc.1210092. 

Wang X, Chen M, Zhou J and Zhang X. HSP27, 70 and 90, anti-apoptotic proteins, in clinical 

cancer therapy (Review). Int J Oncol 45: 18-30, 2014 

Wang XM. Advances and issues in flow cytometric detection of immunophenotypic changes and 

genomic rearrangements in acute pediatric leukemia, Transl. Pediatr. 3 (2014) 7. 

Warmuth M, Damoiseaux R, Liu Y, Fabbro D, Gray N. Src Family Kinases: Potential Targets for 

the Treatment of Human Cancer and Leukemia, Curr. Pharm. Des. 9 (2003) 2043–2059. 

https://doi.org/10.2174/1381612033454126. 



200 
 

Wei G, Twomey D, Lamb J, Schlis K, Agarwa J, Stam RW, Opferman JT, Sallan SE, den Boer, R. 

Pieters ML, Golub TR, Armstrong SA. Gene expression-based chemical genomics identifies 

rapamycin as a modulator of MCL1 and glucocorticoid resistance, Cancer Cell. 10 (2006) 331–

342. https://doi.org/10.1016/j.ccr.2006.09.006. 

Wei Q. Niches for Hematopoietic Stem Cells and Their Progeny, (n.d.) 17. 

Weigert O, Lane AA, Bird L, Kopp N, Chapuy B, van Bodegom D, Toms AV, Marubayashi S, 

Christie AL, McKeown M, Paranal RM, Bradner JE, Yoda A, Gaul C, Vangrevelinghe E, Romanet 

V, Murakami M et al. Genetic resistance to JAK2 enzymatic inhibitors is overcome by HSP90 

inhibition, J. Exp. Med. 209 (2012) 259–273.  

Weissman A, Baniyash M, Hou D, Samelson L, Burgess W, Klausner R. Molecular cloning of the 

zeta chain of the T cell antigen receptor, Science. 239 (1988) 1018–1021. 

https://doi.org/10.1126/science.3278377. 

Whitesell L, Lindquist SL. HSP90 and the chaperoning of cancer. Nat Rev Cancer. 2005 

Oct;5(10):761-72. doi: 10.1038/nrc1716. PMID: 16175177. 

Whitesell L, Santagata S, Mendillo ML, Lin NU, Proia DA, Lindquist S. HSP90 empowers evolution 

of resistance to hormonal therapy in human breast cancer models, Proc. Natl. Acad. Sci. 111 

(2014) 18297–18302. https://doi.org/10.1073/pnas.1421323111. 

Wiemels JL, Hofmann J, Kang M, Selzer R, Green R, Zhong S, Zhang L, Smith MT, Marsit C, Loh 

M, Buffler P, Yeh RF. Chromosome 12p deletions in TEL-AML1 childhood acute lymphoblastic 

leukemia are associated with retrotransposon elements and occur postnatally, (2009) 18. 

Woo JS, Alberti MO, Tirado CA. Childhood B-acute lymphoblastic leukemia: a genetic update. Exp 

Hematol Oncol 3, 16 (2014). https://doi.org/10.1186/2162-3619-3-16 

Wood BL. Flow cytometry in the diagnosis and monitoring of acute leukemia in children, J. 

Hematop. 8 (2015) 191–199. https://doi.org/10.1007/s12308-014-0226-z. 

Workman P, Burrows F, Neckers L, Rosen N. Drugging the Cancer Chaperone HSP90: 

Combinatorial Therapeutic Exploitation of Oncogene Addiction and Tumor Stress, Ann. N. Y. Acad. 

Sci. 1113 (2007) 202–216. https://doi.org/10.1196/annals.1391.012. 

Woyach JA, Johnson AJ, Byrd JC. The B-cell receptor signaling pathway as a therapeutic target in 

CLL, Blood. 120 (2012) 1175–1184. https://doi.org/10.1182/blood-2012-02-362624. 



201 
 

Wu J, Wang W, Shao Q, Xiao G, Cheng J, Yuan Y, Zhang M. Irradiation facilitates the inhibitory 

effect of the heat shock protein 90 inhibitor NVP-BEP800 on the proliferation of malignant 

glioblastoma cells through attenuation of the upregulation of heat shock protein 70, Exp. Ther. 

Med. (2014) 6. 

www.LLS.org, Acute Lymphoblastic Leukemia, (2018). 

Xu Y, Harder K, Huntington N, Hibbs M, Tarlinton D. Lyn Tyrosine KinaseAccentuating the Positive 

and the Negative, Immunity. 22 (2005) 9–18. https://doi.org/10.1016/S1074-7613(04)00381-4. 

Xue J, Fan X, Yu J, Zhang S, Xiao J, Hu Y, Wang M. Short-Term Heat Shock Affects Host–Virus 

Interaction in Mice Infected with Highly Pathogenic Avian Influenza Virus H5N1, Front. Microbiol. 7 

(2016). https://doi.org/10.3389/fmicb.2016.00924. 

Yao Q, Nishiuchi R, Kitamura T, Kersey JH. Human leukemias with mutated FLT3 kinase are 

synergistically sensitive to FLT3 and HSP90 inhibitors: the key role of the STAT5 signal 

transduction pathway, Leukemia. 19 (2005) 1605–1612. https://doi.org/10.1038/sj.leu.2403881. 

Yao Q, Weigel B, Kersey J. Synergism between Etoposide and 17-AAG in Leukemia Cells: Critical 

Roles for HSP90, FLT3, Topoisomerase II, Chk1, and Rad51, Clin. Cancer Res. 13 (2007) 1591–

1600. https://doi.org/10.1158/1078-0432.CCR-06-1750. 

Yi TL,. Bolen JB, Ihle JN. Hematopoietic cells express two forms of lyn kinase differing by 21 

amino acids in the amino terminus., Mol. Cell. Biol. 11 (1991) 2391–2398. 

https://doi.org/10.1128/MCB.11.5.2391. 

Yim KH, Prince TL, Qu S, Bai F, Jennings PA, Onuchic JN, Theodorakis EA, Neckers L. Gambogic 

acid identifies an isoform-specific druggable pocket in the middle domain of HSP90β, Proc. Natl. 

Acad. Sci. 113 (2016) E4801–E4809. https://doi.org/10.1073/pnas.1606655113. 

Yu N, Kakunda M, Pham V, Lill JR, Du P, Wongchenko M, Yan Y, Firestein R, Huang X. HSP105 

Recruits Protein Phosphatase 2A To Dephosphorylate β-Catenin, Mol. Cell. Biol. 35 (2015) 1390–

1400. https://doi.org/10.1128/MCB.01307-14. 

Yu VW, Saez B, Cook C, Lotinun S, Pardo-Saganta A, Wang YH, Lymperi S, Ferraro F, 

Raaijmakers MH, Wu JY, Zhou L, Rajagopal J, Kronenberg HM, Baron R, Scadden DT. Specific 

bone cells produce DLL4 to generate thymus-seeding progenitors from bone marrow, J. Exp. Med. 

212 (2015) 759–774. https://doi.org/10.1084/jem.20141843. 



202 
 

Zawitkowska J, Lejman M, Zaucha-Prażmo A, Drabko K, Płonowski M, Bulsa J, Romiszewski M, 

Mizia-Malarz A, Kołtan A, Derwich K, Karolczyk G, Ociepa T, Ćwiklińska M, Trelińska J, Owoc-

Lempach J, Niedźwiecki M, Kiermasz A, Kowalczyk J. Grade 3 and 4 Toxicity Profiles During 

Therapy of Childhood Acute Lymphoblastic Leukemia, In Vivo. 33 (2019) 1333–1339. 

https://doi.org/10.21873/invivo.11608. 

Zhang H, Burrows F. Targeting multiple signal transduction pathways through inhibition of HSP90, 

J. Mol. Med. 82 (2004). https://doi.org/10.1007/s00109-004-0549-9. 

Zhang M, Xue E, Shao W. Andrographolide promotes vincristine-induced SK-NEP-1 tumor cell 

death via PI3K-AKT-p53 signaling pathway. Drug Des Devel Ther. 2016;10:3143-315. 

https://doi.org/10.2147/DDDT.S113838 

Zhang J, Vakhrusheva O, Bandi SR, Demirel O, Kazi J, Fernandes R, Jakobi K, Eichler A, 

Rönnstrand L, Rieger MA, Carpino N, Serve H, Brandts CH. The Phosphatases STS1 and STS2 

Regulate Hematopoietic Stem and Progenitor Cell Fitness,Stem Cell Reports,Volume 5, Issue 

4,2015,Pages 633-646,ISSN 2213-6711,https://doi.org/10.1016/j.stemcr.2015.08.006. 

Zhang D, Liu H, Zhang Y. et al. Heat shock protein 60 (HSP60) modulates adiponectin signaling by 

stabilizing adiponectin receptor. Cell Commun Signal 18, 60 (2020). 

https://doi.org/10.1186/s12964-020-00546-5 

Zhao J, Sui P, Wu B et al. Benzene induces rapid leukemic transformation after prolonged 

hematotoxicity in a murine model. Leukemia 35, 595–600 (2021). https://doi.org/10.1038/s41375-

020-0894-x 

Zhou X. Targeting ubiquitin signaling for cancer immunotherapy, Signal Transduct. Target. Ther. 

(2021) 15. 

Zuo D, Subjeck J, Wang XY. Unfolding the Role of Large Heat Shock Proteins: New Insights and 

Therapeutic Implications. Front Immunol. 2016 Mar 1;7:75. doi: 10.3389/fimmu.2016.00075. PMID: 

26973652; PMCID: PMC4771732. 

Zuo DS, Dai J, Bo AH, Fan J, Xiao X. Significance of expression of heat shock protein90α in 

human gastric cancer, World J. Gastroenterol. 9 (2003) 2616. 

https://doi.org/10.3748/wjg.v9.i11.2616. 

 



203 
 

 

 

 

 

 

V.ANNEX 

 

 

 

 

 

 

 



1

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:16187  | https://doi.org/10.1038/s41598-020-73020-4

www.nature.com/scientificreports

High‑fat diet intensifies 
MLL‑AF9‑induced acute myeloid 
leukemia through activation 
of the FLT3 signaling in mouse 
primitive hematopoietic cells
françois Hermetet1,2,4, Rony Mshaik1,4, John Simonet1, Patrick Callier3, Laurent Delva1,2 & 
Ronan Quéré1,2*

Using a MLL‑AF9 knock‑in mouse model, we discovered that consumption of a high‑fat diet (HFD) 
accelerates the risk of developing acute myeloid leukemia (AML). This regimen increases the 
clusterization of FLT3 within lipid rafts on the cell surface of primitive hematopoietic cells, which 
overactivates this receptor as well as the downstream JAK/STAT signaling known to enhance the 
transformation of MLL‑AF9 knock‑in cells. Treatment of mice on a HFD with Quizartinib, a potent 
inhibitor of FLT3 phosphorylation, inhibits the JAK3/STAT3, signaling and finally antagonizes 
the accelerated development of AML that occurred following the HFD regimen. We can therefore 
conclude that, on a mouse model of AML, a HFD enforces the FLT3 signaling pathway on primitive 
hematopoietic cells and, in turn, improves the oncogenic transformation of MLL‑AF9 knock‑in cells and 
the leukemia initiation.

The obesity-related cancer burden represents up to 9% of all cancer  cases1. Even if major role has been established 
for high-fat diet (HFD) in several solid cancers (e.g. gastric cardia, colon, rectum and liver cancer)2, only a small 
number of epidemiological studies have been conducted on leukemia. A study provides the evidence for an 
association between a Western dietary pattern and chronic lymphocytic leukemia, suggesting that a proportion 
of cases could be prevented for this disease by modifying dietary  habits3. Among hematological diseases, diet-
induced obesity has been shown related to myeloma  development4. Although acute myeloid leukemia (AML) 
is a relatively rare disease, accounting for roughly 1.2% of cancer deaths, its incidence should increase as the 
population ages. In a cohort of more than half a million individuals, those eating large quantities of food were 
more likely to develop  AML5. In addition, a higher body mass index is associated with poorer survival in pediatric 
 AML6. The leukemia burden of AML is also much higher in HFD-induced obese  mice7,8.

We and others have already shown that HFD induces major perturbations in murine hematopoietic cells, 
such as a loss of the hematopoietic stem cells (HSC), as well as in the homeostasis of the mouse hematopoietic 
 system9–15. The role of HFD on the promotion of leukemia is however still poorly explained, the data available 
are sparse concerning HFD impact on disease initiation and development in AML, and there is no study, to 
the best of our knowledge, on the HFD potential mechanism of action leading to the transformation of normal 
primitive hematopoietic cells into AML cells.

In this study, we therefore investigated whether a HFD could accelerate the risk of developing AML. The 
MLL-AF9 knock-in mouse model reflects aspects of AML in humans and it can be used to provide biological 
insights into MLL-rearranged  leukemogenesis16,17. The purpose of this study was first to describe how feeding 
mice a HFD over a short period influences the initiation and development of AML and then to characterize how 
the consumption of a HFD transforms primitive hematopoietic cells.
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Materials and methods
Use of experimental animals. The ethics committee for animal welfare of the University and the French 
ministry of higher education and research approved all animal experiments (under reference APAFIS#16187-
2018071914379464v3). We confirm that all experiments were performed in accordance with relevant guidelines 
and regulations of this committee.

Mice. MLL-AF9 (Kmt2a<tm2(MLLT3)Thr>/KsyJ, Jackson Laboratory), C57bl/6J (Charles River and Envigo) 
and C57bl/6.SJL (Ly.1) mice (Charles River) were kept in the animal facility at the University of Burgundy. Geno-
typing of MLL-AF9 knock-in mice was done following a protocol described by the manufacturer online (https ://
www.jax.org/strai n/00907 9). Mice were maintained on a rodent chow diet ad libitum, composed of 4% fat for the 
control diet (CD) or 42% fat for the high-fat diet (HFD; MD. 88137, Envigo, France). Quizartinib (SelleckChem) 
was reconstituted at 10 mg/mL in Dimethyl Sulfoxyde (DMSO) and injected in the peritoneum at 5 mg/kg, twice 
per week, during the 4 weeks of HFD feeding.

Transplantations. The BM cells (2 × 105 cells) isolated from MLL-AF9 knock-in mice were transplanted into 
the tail veins of lethally irradiated (900 cGy, Biomep, Dijon, France) C57bl/6J recipient mice. Thirty days after 
transplantation, the mice were divided into two groups: one was fed a HFD for 4 weeks and the other was fed a 
CD. After 4 weeks of a HFD, the mice were fed a CD ad libitum. For the cell-transforming potential (CTP) study, 
mice were transplanted with 2 × 103, 2 × 104 or 2 × 105 cells isolated from MLL-AF9 knock-in mice together with 
2 × 105 Ly.1 supported cells isolated from the BM of a wild-type C57bl/6J mouse. We analyzed AML development 
in lethally irradiated recipient Ly.1 mice, by transplantation of 2 × 104 AML cells with 2 × 105 Ly.1 supporter cells.

Peripheral blood (PB) and bone marrow (BM) cells analyses. After tail vein PB sampling, white 
blood cells (WBC) were counted with a hemocytometer (SCIL Vet  ABC+, Oostelbeers, The Netherlands). PB 
was monitored monthly for occurrence of AML. Bones were crushed in a mortar and total BM cells were filtered 
(30 µm).

Flow cytometry and FACS. For staining of HSC and progenitors, we used antibodies and strategies for 
gating as previously  described10. For western blot and immunostaining, c-KIT+ cells were isolated from BM 
after 4 weeks of CD or HFD with magnetic murine CD117-Microbeads (Miltenyi Biotec). Magnetically lineage-
depleted  (Lin−) BM cells (Miltenyi Biotec) were stained in PBS 1x with combinations of antibodies. We used 
CD45.2-PE-Cy7, c-KIT-Pacific Blue (PB), SCA1-APC-Cy7, FLT3 (CD135)-PE, CD34-AF647, CD16/32-FITC 
and IL7Rα-PE-CF594 on  Lin− cells, 4-weeks after the CD or HFD. To analyze phenotype of AML, MAC1-AF647 
and GR1-FITC (BD Biosciences) were used on total BM cells, when mice have developed leukemia. We used 
KI67-FITC (BD Biosciences) and propidium iodide (BD Biosciences) on AML cells isolated ex vivo from BM 
and permeabilized for intracellular staining (BD Cytofix/Cytoperm, BD Pharmingen). Cell subsets were ana-
lyzed using a FACS Canto10 or a LSR-Fortessa (BD Biosciences) and sorted on a FACSAriaIII cell sorter (BD 
Biosciences). Data were analyzed using FlowJo software (version 10, TreeStar Inc, https ://www.flowj o.com).

Western blot. Western blot was performed on c-KIT+ cells isolated with magnetic murine CD117-Micro-
beads (130-091-224, Miltenyi Biotec) from BM after 4 weeks of CD or HFD. We used antibodies to detect FLT3 
(PA5-34448, Thermo Fisher Scientific) or ACTB (612656, BD Biosciences). We used JAK3 (#8863), phospho-
JAK3 (Y980/981) (#5031), STAT5 (#94205), phospho-STAT5 (Y694) (#9359), STAT3 (#4904), phospho-STAT3 
(Y705) (#9145) antibodies, all from Cell Signaling. After immunoprecipitation of all tyrosine phosphorylated 
proteins with an anti-phosphotyrosine antibody (05-321, Millipore), FLT3 was analyzed by western blot (PA5-
34448, Thermo Fisher Scientific). After immunoprecipitation with an anti-FLT3 antibody (PA5-34448, Thermo 
Fisher Scientific), phosphorylation of FLT3 was assessed with an anti-phosphotyrosine antibody (05-321, Mil-
lipore). Gel images were processed and analyzed for quantification (Fiji, NIH).

Immunofluorescence and microscopy. After 4 weeks of the CD or HFD, c-KIT+ cells were isolated with 
magnetic CD117-Microbeads (Miltenyi Biotec) from BM. Cells were stained with rabbit anti-FLT3 (PA5-34448, 
Thermo Fisher scientific) and secondary anti-rabbit-AF488 antibodies (Thermo Fisher Scientific). Lipid rafts 
were stained with cholera toxin subunit B conjugated with AF555 (Thermo Fisher Scientific). Cells were placed 
on glass slides for 5 min. ProLong Gold Antifade Mountant containing DAPI (Thermo Fisher Scientific) was 
applied directly to fluorescently labeled cells on microscope slides. Fluorescence was observed by microscopy 
(Axio Imager 2, Zeiss) and the images were processed (Fiji, NIH).

Reverse transcription quantitative polymerase chain (RTqPCR) reaction. After mRNA isolation 
with the RNeasy kit (Qiagen), M-MLV reverse transcriptase (Promega) was used to synthesize cDNA. The fol-
lowing TaqMan assays were then used for qPCR: Flt3 (Mm00439016) and Hprt1 (Mm03024075) used as endog-
enous controls. We used GoTaq Probe qPCR Master Mix (Promega). Experiments were carried out using the 
Viia7 system (Applied Biosystems).

DNA sequencing. Genomic DNA from AML cells isolated from the BM of 8 mice (from CD and HFD 
groups) that developed leukemia was extracted after cell lysis and protein precipitation (Qiagen); DNA was then 
precipitated with ethanol. PCR was performed with the following primers; Flt3-e14-15-F: TGC GAC CAT TGG 
GCT CTG TCT CCC CTTC; Flt3-e14-15-R: ACT GGC -CCT GAC AGT GTG CAT GCC CCC; Flt3-e20-F: GAG GAG 
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GAA GAT TTGAA-CGT GCT GACG; Flt3-e20-R: CCA GAG AAG GAT GCC GTA GGA CCA GACG. Sequencing 
was performed by Sanger (Genewiz).

CGH array. For the Array Comparative Genomic Hybridization (CGH array), we used the SurePrint G3 
Mouse CGH Microarray Kit, 4 × 180 K (Agilent Technologies) and 1 µg of genomic DNA extracted from AML 
samples using Gentra Puregene Tissue kit (Qiagen). For analysis, we used the G2505 DNA microarray Scanner 
(Agilent Technologies) and the Agilent Cytogenomics software was used (version 2.7, Agilent Technologies, 
https ://www.agile nt.com/en/downl oad-agile nt-cytog enomi cs-softw are).

Statistics. All data were expressed as means ± SD or presented as median, first and third quartiles, and 
whiskers. Differences between groups were assessed with the Student’s unpaired t-test. Statistical analysis of 
survival curves were assessed using the Mantel–Haenszel Logrank test. Statistics were performed using Prism 
6 (GraphPad), significanceare indicated on the figures with the following convention: *, P < 0.05; **, P < 0.01; 
***, P < 0.001.

Ethical standards. The ethics committee for animal welfare of the University and the French minis-
try of higher education and research approved all animal experiments (under reference APAFIS#16,187-
2018071914379464v3). We confirm that all experiments were performed in accordance with relevant guidelines 
and regulations of this committee.

Results
HFD increases the risk of AML development in mice. We transplanted bone marrow (BM) cells from 
a MLL-AF9 knock-in mouse (Ly.2) into lethally irradiated C57bl/6.SJL (Ly.1) recipient mice that were divided 
in two groups: over a period of 4 weeks, one group was fed a control diet (CD) and the other a HFD (Fig. 1A). 
The HFD did not alter engraftment of MLL-AF9 knock-in Ly.2 BM cells to the BM, or the reconstitution of total 
white blood cells (WBC) in the peripheral blood (PB) of recipient mice (Supplementary Fig. S1). As we previ-
ously described in mice fed a 4-week  HFD10, among lineage negative  (Lin−) cells, we observed a decrease of the 
primitive HSC population  (SCA1+ c-KIT+  CD34−), but there was no impact on the distribution of other mature 
progenitors such as mega-erythroid progenitor (MEP), common myeloid progenitor (CMP), granulocyte/mac-
rophage progenitor (GMP), and common lymphoid progenitor (CLP) (Supplementary Fig. S2).

Figure 1.  HFD increases the risk of AML development in mice. (A) Experimental workflow describing 
the procedure. Image performed with the GIMP software (version 2.10.18, GIMP, https ://www.gimp.org/
news/2020/02/24/gimp-2-10-18-relea sed/). (B) Level of white blood cells (WBC) over time in the peripheral 
blood (PB) of mice fed with either a CD or a HFD. Mice fed a HFD developed more AML than CD-fed mice. 
PB was monitored monthly for occurrence of AML, n = 15 mice per group. (C) Time before observing AML 
occurrence following the BM cell transplantation, showing that this period is reduced for HFD-fed mice 
compared to CD-fed mice. We considered mice start to develop AML, when the WBC is over 15 × 103/mm3 in 
PB. Data are presented as median (central line), first and third quartiles (bottom and top of boxes, respectively), 
and whiskers (extreme values); n = 9 and 15 mice for CD and HFD-groups, respectively. **P < 0.01, two-tailed 
unpaired Student’s t-test. (D) Survival curves showing that mice fed a HFD developed more AML than CD-fed 
mice, n = 15 mice per group; P value measured by Mantel–Haenszel test. (E) Survival curves with another 
MLL-AF9 knock in donor, n = 7 mice per group; P value measured by Mantel–Haenszel test. (F) Transplantation 
of varying numbers of MLL-AF9 knock in donor cells showing that the number of cell-transforming potential 
(CTP) increased when mice were fed a HFD. Transplantation of 2 × 103 cells, n = 5 mice; 2 × 104 cells, n = 5 mice; 
2 × 105 cells, n = 5 mice.
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HFD-fed mice developed AML much more quickly than did mice from the control group, as assessed by 
the increase in the total WBC count in the PB for HFD-fed mice (Fig. 1B), and times to AML occurrence 
(P = 0.006, Fig. 1C) and to death following AML development (P = 0.002, Fig. 1D). Using BM cells from another 
MLL-AF9 knock-in mouse donor, we confirmed that HFD accelerates development of AML (P = 0.018, Fig. 1E). 
Furthermore, after we transplanted different numbers of MLL-AF9 knock-in BM cells into lethally irradiated 
recipient mice, we determined that the risk for primitive hematopoietic stem/progenitor cells (HSPC) of being 
transformed into leukemia stem cells, mentioned as cell-transforming potential (CTP), was tenfold higher when 
mice consumed a HFD (Fig. 1F).

We can therefore conclude that HFD has intensified MLL-AF9-induced AML.

HFD did not modify the phenotype of resulting transformed AML cells. AML cells expressed 
MAC1 and GR1 myeloid markers, with no difference observed between CD- and HFD-fed mice (Fig. 2A). AML 
cells extracted ex vivo from BM were also active, as assessed by equivalent cell cycling activities measured by flow 
cytometry, after KI67 and propidium iodide staining (Fig. 2B). CGH-array showed no genetic alteration in DNA 
isolated from post-HFD AML cells, compared with post-CD AML samples (Supplementary Fig. S3). To check if 
the HFD induced leukemia with different levels of aggressiveness, we transplanted AML cells from primary mice 
into lethally irradiated C57bl/6.SJL (Ly.1) recipient CD-fed mice and then monitored for occurrence of AML. In 
these host mice transplanted with 2 × 104 AML cells from both CD and HFD-fed mice, we observed variability 
between AML samples to generate leukemia, without any significant difference between diet groups. Indeed, this 
experiment suggested that there is no variability in leukemia initiating cell (LIC) frequency between post-CD 
and -HFD AML samples (Fig. 2C).

We can therefore conclude that a HFD did not modify the phenotype of the resulting AML cells, their cell 
cycling activities, or their capacities to engraft and generate leukemia in recipient mice fed a CD.

HFD activates the FLT3/JAK3/STAT3 signaling on primitive murine hematopoietic stem/pro‑
genitor cells. Next, in order to elucidate the accelerated development of AML, we analyzed how a HFD 
affects signaling pathways on primitive HSPC isolated from BM. When we performed intracellular signaling by 
western blotting on primitive c-KIT+ cells collected from mice after 4 weeks of HFD, we discovered an increased 
activation of the JAK-STAT pathway, as characterized by an improved phosphorylation of JAK3 (P < 0.001) and 

Figure 2.  HFD did not modify the phenotype of resulting transformed AML cells. (A) AML cells isolated 
from BM expressed MAC1 and GR1 myeloid markers, with no difference observed between CD- and HFD-
fed mice. Flow cytometry showing expression of MAC1 and GR1 and statistic of the percentage of leukemic 
cells in BM. Data show mean ± SD; n = 4 mice (#1–4) per diet group; P value measured by two-tailed unpaired 
Student’s t-test; ns, non-significant. Data were analyzed using FlowJo software (version 10, TreeStar Inc, https 
://www.flowj o.com). (B) Cell cycle study performed by flow cytometry on AML cells isolated from BM of CD- 
and HFD-fed mice. Data show mean ± SD; n = 4 mice (#1–4) per diet group; P value measured by two-tailed 
unpaired Student’s t-test; ns, non-significant. Data were analyzed using FlowJo software (version 10, TreeStar 
Inc, https ://www.flowj o.com). (C) Post-CD and -HFD AML cells are similarly aggressive in vivo. Experimental 
workflow describing the procedure. Image performed with the GIMP software (version 2.10.18, GIMP, https ://
www.gimp.org/news/2020/02/24/gimp-2-10-18-relea sed/). Survival curves after the transplantation of 2 × 104 
AML cells isolated from 4 different AML-bearing mice from the CD and HFD groups (n = 4 samples analyzed in 
each group). Recipient mice (n = 4 or 5 transplanted mice with each samples of initial post-CD and -HFD AML 
cells) were fed a CD and monitored for occurrence of AML. Median survival time was calculated, n = 4 AML per 
diet group; P value measured by two-tailed unpaired Student’s t-test; ns, non-significant. 
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STAT3 (P < 0.001). However, we observed no disturbance in AKT phosphorylation, and no phosphorylation was 
detected for STAT5 (Fig. 3A).

The FMS-like tyrosine kinase-3 (FLT3) activates the JAK-STAT pathway, which leads to increased prolif-
eration/survival of human AML  cells18–22. Moreover, MLL-AF9 was found to cooperate with activated FLT3 
signaling to accelerate AML development in various mouse  models23–25. Following a pull-down of all tyrosine-
phosphorylated proteins, FLT3 was found to be highly phosphorylated (P < 0.001) in c-KIT+ cells isolated from 
HFD-fed mice, 4 weeks after the regimen. This increased phosphorylation of FLT3 was furthermore confirmed 
by immunoprecipitation with an anti-FLT3 antibody followed by western blotting to detect pan phosphorylation 
of FLT3 (P < 0.001) (Fig. 3B).

In conclusion, HFD activated the FLT3 receptor, which enhanced the downstream JAK3/STAT3 signaling 
among c-KIT+ cells.

HFD increases clusterization of the FLT3 receptor within lipid rafts. As measured by flow cytom-
etry, enhanced phosphorylation of FLT3 was not due to an increased expression of the FLT3 protein on the cell 
surface of the primitive HSPC from HFD-fed mice. In addition, we found no changes in Flt3 gene transcription 

Figure 3.  HFD activates FLT3/JAK3/STAT3 signaling on c-KIT+ BM cells after 4 weeks. (A) Western blot 
showing increased phosphorylation of JAK3 (Y980/981) and STAT3 (Y705) among the c-KIT+ MLL-AF9 
knock in cells in BM, after 4 weeks of HFD. Data show mean ± SD; n = 3 mice per diet group; ***P < 0.001, 
two-tailed unpaired Student’s t-test; ns, non-significant. Grouping of blots cropped from different gels, see 
Supplementary Fig. S6 for full-length blots. Gel images were processed and analyzed for quantification (Fiji, 
NIH). (B) Western blot showing increased phosphorylation of FLT3 among the c-KIT+ MLL-AF9 knock in 
cells in BM, after 4-weeks of HFD. After immunoprecipitation of pan tyrosine phosphorylated proteins with 
an anti-phosphotyrosine antibody (IP: pan Y), FLT3 was analyzed by a western blot (WB: FLT3). Increased 
phosphorylation of FLT3 following HFD was confirmed by immunoprecipitation with an anti-FLT3 antibody 
(IP: FLT3) followed by a western blot to detect pan phosphorylation of FLT3 (WB: pan Y). Data show 
mean ± SD; n = 3 mice per diet group; ***P < 0.001, two-tailed unpaired Student’s t-test. Grouping of blots 
cropped from different gels, see Supplementary Fig. S7 for full-length blots. Gel images were processed and 
analyzed for quantification (Fiji, NIH). (C) Flow cytometry on MLL-AF9 knock in BM cells showing median 
fluorescence intensity (MFI) for expression of FLT3 on  Lin−  SCA1+ c-KIT+ (LSK) or  Lin− c-KIT+ (LK) cells. 
Data were analyzed using FlowJo software (version 10, TreeStar Inc, https ://www.flowj o.com). RTqPCR, 
performed on cell-sorted cells, showing no modulation in transcription of the Flt3 gene among LSK or LK cells, 
following a HFD. Data show mean ± SD; n = 4 mice per diet group; P value measured by two-tailed unpaired 
Student’s t-test; ns, non-significant. (D) Immunostaining showing that HFD induces cluster formation of lipid 
rafts (red), in which FLT3 (green) is typically condensed. Data on the left panel show examples of representative 
immunostaining for c-KIT+ cells from CD and HFD-fed mice. Microscopy is performed on c-KIT+ cells isolated 
by magnetic beads. Fluorescence was observed by microscopy (Axio Imager 2, Zeiss) and the images were 
processed (Fiji, NIH). White scale bar represents 5 µm. Arrows indicate FLT3/lipid raft clusters. Statistic is 
shown on the right panel. ***P < 0.001, two-tailed unpaired Student’s t-test.
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in these cells (Fig. 3C). As platforms for membrane trafficking and signal transduction, lipid rafts are master reg-
ulators of cytokine function, and they regulate several important key receptors involved in  hematopoiesis10,26–31. 
Lipid rafts are cholesterol-enriched patches located in the plasma membrane, and the dynamic protein assembly 
in these lipid rafts can be modified by a disturbance in the lipid composition of  cells10,28. Through immunostain-
ing, we discovered that, after only 4 weeks of a HFD regimen, the localization of FLT3 within lipid rafts changed 
on the cell surface of c-KIT+ cells isolated from BM. We detected that the number of cells showing FLT3/lipid 
rafts clusters increased markedly (P < 0.001) among the population of c-KIT+ cells from HFD-fed mice (Fig. 3D). 
After the mice had consumed the HFD for 4 weeks, increased phosphorylation of FLT3 was detected in primitive 
HSPC, but few weeks after the diet had stopped, while the HFD was withdrawn and mice were fed a CD until 
they developed AML, this phosphorylation was no longer observed in post-HFD AML cells (Supplementary 
Fig. S4A–B). Indeed, immunostaining did not show colocalization of FLT3 among lipid rafts, and no clusters 
were visualized on post-HFD AML cells (Supplementary Fig. S4C).

We can therefore conclude that a HFD regimen can transiently modify clusterization of the FLT3 receptor 
within lipid rafts on c-KIT+ cells.

Inhibition of the FLT3 phosphorylation blocks the HFD‑enhanced development of AML. To 
confirm involvement of FLT3/JAK3/STAT3 signaling in the accelerated transformation of MLL-AF9 knock-
in cells, we injected Quizartinib, a potent inhibitor of FLT3 tyrosine  phosphorylation32–34, showing efficiency 
between 1 to 10  mg/kg in  vivo34. An intraperitoneal injection of 5  mg/kg was administered twice per week 
throughout the 4 weeks of the HFD (Fig. 4A). Four weeks after the beginning of the HFD, primitive HSPC 
expressed high phosphorylation/activation of the FLT3 receptor and showed active JAK/STAT signaling path-
way. At the same time, c-KIT+ cells from mice that consumed the HFD and were treated with Quizartinib showed 
no activation of this pathway (Fig. 4B). When we examined mice for AML occurrence, HFD-fed mice developed 
AML much more quickly than did mice from the control group (P = 0.014). Meanwhile, HFD-fed mice treated 
with Quizartinib did not show an increased risk of developing AML (P = 0.968, Fig. 4C).

We can thus assume that the accelerated development of AML observed after consumption of a HFD is due 
to the increased activation of the FLT3 pathway.

Discussion
Several mouse models have been described in the literature to study the role of HFD and leukemias and all studies 
show that HFD accelerates progression and aggressiveness of the diseases. Following a HFD feeding on a mouse 
xenograft model to study acute leukemia, alteration of the metabolism has been shown in the tumor microen-
vironment, which has significantly impacted the leukemia  development35. Growth of xenotransplanted myeloid 
leukemia cell lines was also influenced by HFD in vivo36. Using two murine models, HFD-induced obesity has 

Figure 4.  Quizartinib blocks the HFD-accelerated development of AML. (A) Experimental workflow 
describing the procedure. Image performed with the GIMP software (version 2.10.18, GIMP, https ://www.gimp.
org/news/2020/02/24/gimp-2-10-18-relea sed/). (B) Western blot showing that a treatment with Quizartinib 
antagonizes the increased phosphorylation of FLT3 (pan tyrosine; panY) as well as JAK3 (Y980/981) and STAT3 
(Y705) observed among the c-KIT+ MLL-AF9 knock in BM cells after 4-weeks of HFD. Data show mean ± SD; 
n = 3 mice per diet group. Grouping of blots cropped from different gels, see Supplementary Fig. S8 for full-
length blots. Gel images were processed and analyzed for quantification (Fiji, NIH). (C) Survival curves showing 
that mice fed a HFD and treated with Quizartinib survived longer than CD-fed mice, n = 7 mice per group; P 
value measured by Mantel–Haenszel test.
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been shown to accelerate acute lymphoblastic leukemia  progression37. The AML burden was also found much 
higher in HFD-induced obese mice, and the mechanism which link obesity with aggressive AML was due to an 
enhanced aberrant DNA methylation in AML  cells7,8. All these findings, on several murine models used to study 
leukemias described more the role that obesity has on the tumor progression. In our study, we described for the 
first time, on a well-known murine model to study AML, that a HFD can accelerate the initiation of the MLL-
AF9-driven AML disease. Furthermore, accelerated progression of AML has been described related to further 
mechanism, such as epigenetic which activate cell  cycling7,8, changes in the metabolism of leukemic  cells36,37, or 
in the microenvironment where cancer cells are  expanding35. In our study, we described another mechanism, by 
which a HFD can modify the FLT3 signaling pathway known to accelerate the AML development in MLL-AF9 
knock-in mouse  model24. This mechanism involves that the HFD increases the clusterization of the FLT3 receptor 
within lipid rafts on the cell surface of primitive HSPC, which activates the phosphorylation of the FLT3 receptor, 
and can in turn triggers the stimulation of the downstream JAK3/STAT3 pathway in these cells.

FLT3 can be constitutively activated in human AML samples following either DNA duplication or mutations 
in the FLT3 gene, which produce altered  signaling38–41. Activated signaling in these models were consecutive 
to genetic modifications, such as expression of internal tandem duplications (ITD) or mutations in FLT3. On 
DNA extracted from post-HFD AML samples (n = 8 samples analyzed), we found no mutation or ITD in exons 
14–15 of the Flt3 gene encoding the juxtamembrane domain, and no mutation were found in exon 20 encoding 
the tyrosine kinase domain (TKD) in the Flt3 gene (Supplementary Fig. S5). Therefore, the increased phospho-
rylation/activation of the FLT3 receptors and activated JAK/STAT signaling observed among primitive HSPC 
c-KIT+ cells isolated from mice after 4 weeks of HFD cannot be due to a genetic alteration of the murine Flt3 gene.

While STAT3 and STAT5 proteins were both oncogenic downstream mediators of the JAK/STAT  pathway42, 
STAT5 was actually shown as the target of constitutively active FLT3-ITD mutants, but not of the ligand-stimu-
lated FLT3 wild-type  receptor43,44. In our study, while no genetic alteration was detected in the Flt3 gene, HFD 
overactivated the wild-type FLT3 receptor, and therefore only phosphorylation of STAT3 was found activated 
and no phosphorylation was detected for STAT5.

In animal model to study FLT3-ITD, Quizartinib has been described as a potent and selective inhibitor of 
FLT3 to treat mice bearing human AML  xenografts34, in which there is a constitutive phosphorylation of FLT3 
due to the ITD. In our study focusing on leukemia initiation, we have transiently fed mice a HFD, therefore active 
phosphorylation of the wild-type FLT3 receptor was observed following only the 4 weeks of HFD. This result 
highlights that HFD, even during a short period, can turn on the phosphorylation of FLT3, which increases the 
initiation of MLL-AF9-induced AML. While after this regimen mice were fed a CD until they developed AML, 
there was no active phosphorylation of FLT3 observed in post-HFD AML samples (Supplementary Fig. S4B). 
Indeed, it does not seem judicious to us to treat post-HFD AML mice with Quizartinib, due to the absence of 
overactivation of FLT3 in post-HFD AML, this treatment should not be able to reduce the leukemia progression.

conclusion
In summary, we show for the first time that a HFD can overactivate the FLT3 receptor on primitive hematopoietic 
cells, as well as the downstream JAK/STAT signaling known to accelerate transformation of MLL-AF9 knock-in 
BM cells. Treatment of mice with Quizartinib inhibited FLT3 phosphorylation on primitive hematopoietic cells, 
which resulted in the blockade of the JAK3 and STAT3 phosphorylation that typically occurred during the HFD 
regimen, and finally antagonized the initiation of AML and its accelerated development. We can therefore con-
clude that a HFD regimen enforced the expression of FLT3 signaling and enhanced the oncogenic transformation 
of MLL-AF9 knock-in BM cells. Using a mouse model of AML, we revealed that consuming a HFD, even in the 
short term, accelerates the risk of leukemia development.
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Title: Study of the effect of HSP90 inhibitors in the treatment of T-ALL and B-ALL, by suppressing the LCK and 

LYN signaling pathways 

Key words: Acute T-cell and B-cell Lymphoblastic Leukemias, HSP90 Inhibitors, NVP-BEP800, LCK signaling pathway, 

LYN signaling pathway. 

Abstract: My PhD work relates to T-cell and B-cell acute lymphoblastic leukemia. This project allowed us to identify a 

novel therapeutic strategy to treat ALL, by using an HSP90 inhibitor, that suppresses LCK and LYN pathways in T-ALL and 

B-ALL. Due to the crucial role of both HSP90 and SRC kinases in tumor development, several molecules that inhibit SRC 

or HSP90 have been developed in order to block cancer cell proliferation. 

      Our work showed that HSP90 is overexpressed in ALL cells compared to resting B and T cells. Moreover, we showed 

that HSP90 overexpression is accompanied by an overexpression of LYN kinase in B-ALL and LCK kinase in T-ALL. we 

found that HSP90 is an important regulator of SRC kinases(LCK and LYN), which are involved in the intracellular signaling 

pathways required for the growth and proliferation of T-ALL, B-ALL and other types of leukemic cells. The inhibition of 

HSP90 by NVP-BEP800 induces dissociation of the aberrant HSP90-LYN complex in B-ALL cells and disrupts the entire 

BCR signaling pathway. LYN and NFϰB lose phosphorylation and become inactive, and the latter leave the nucleus, which 

leads to inhibition of the survival, growth and maintenance of B-ALL cells. We also showed that treating T-ALL cells ,with 

NVP-BEP800, leads to the calcium / NFAT pathway inactivation, and LCK dephosphorylation, whereas NFAT1 becomes 

phosphorylated (inactive) and leaves the nucleus leading to inhibition of survival, growth and maintenance of T-ALL cells. 

These results were published in Blood Cancer Journal in March 2021. 

 

Titre : Étude de l'effet des inhibiteurs de HSP90 dans le traitement des leucémies lymphoïdes aiguës T et B, en 

inhibant les voies signalétiques LCK et LYN 

Mots clés : Leucémies Aiguës Lymphoblastiques T et B, Inhibiteurs d’HSP90, NVP-BEP800, Voie signalétique LCK, Voie 

signalétique LYN. 

Résumé : Mon travail de thèse porte sur les leucémies aiguës lymphoblastiques T et B. Ce projet nous a permis 

d'identifier une nouvelle stratégie thérapeutique pour traiter différentes types de LAL, en utilisant un inhibiteur HSP90, qui 

inhibe les voies signalétiques LCK et LYN importantes dans les LAL-T et LAL-B. En raison du rôle critique des kinases 

HSP90 et Src dans la progression tumorale, plusieurs molécules inhibitrices de SRC ou HSP90 ont été développées afin 

de bloquer la prolifération des cellules cancéreuses. 

      Nos travaux ont montré que HSP90 est surexprimé dans les cellules LALs par rapport aux cellules B et T contrôles. De 

plus, nous avons montré que la surexpression de HSP90 s'accompagne d'une surexpression de la LYN kinase dans la 

LAL-B et de la LCK kinase dans la LAL-T. nous avons constaté que HSP90 est un régulateur important des kinases SRC 

(LCK et LYN), qui sont impliquées dans les voies de signalisation intracellulaires nécessaires à la croissance et à la 

prolifération des cellules LAL-T, LAL-B et d'autres types de cellules leucémiques. L'inhibition de HSP90 par NVP-BEP800 

induit la dissociation du complexe aberrant HSP90-LYN dans les cellules LAL-B et perturbe l'ensemble de la voie de 

signalisation "B-cell receptor (BCR)". LYN et NFϰB perdent leur phosphorylation et deviennent inactifs, et le dernier quitte 

le noyau, ce qui conduit à une inhibition de la survie, de la croissance et du maintien des cellules LAL-B. Nous avons 

également montré que le traitement des cellules LAL-T, avec NVP-BEP800, conduit à l'inactivation de la voie calcium / 

NFAT et à la déphosphorylation de LCK, alors que NFAT1 devient phosphorylé (inactif) et laisse le noyau entraînant une 

inhibition de la survie, de la croissance et du maintien des cellules LAL-T. Ces résultats ont été publiés dans Blood Cancer 

Journal en Mars 2021. 
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