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1. Acute Lymphoblastic Leukemia 

Acute lymphoblastic leukemia (ALL) is the most common pediatric 

cancer and represents 85% of all the pediatric leukemias (Inaba, et al. 

2013; Harrison, et al. 2001; Inaba, et al. 2021). It is characterized by an 

abnormal expansion of immature lymphoid progenitors, also called 

lymphoblasts, which arise in the bone marrow and could infiltrate both 

hematopoietic organs (as spleen and peripheral blood) and non-

hematopoietic organs as central nervous system (Tasian, et al. 2015). 

Based on the clinical course of the disease, leukemias are divided into 

chronic leukemias, defined by the proliferation of more 

differentiated/mature cells, or acute leukemias, characterized by the 

presence of undifferentiated cells, called blasts, in peripheral blood and 

bone marrow, which infiltrate hematopoietic and non-hematopoietic 

organs. Acute leukemias have a rapid course and a bad prognosis 

(Inaba, et al. 2013). Morphological and histological analysis, 

flowcytometry immunophenotyping, based on cluster differentiation 

(CD) molecules surface expression, and identification of cytogenetic-

molecular abnormalities in bone marrow and peripheral blood of 

patients are used for the diagnosis of ALL. CD identification by 

flowcytometry define the different lineage commitment and the 

differentiative states of the expanded clonal leukemic blasts, leading to 

the classification of ALL into two forms: B cell precursor-ALL (BCP-

ALL), derived from alterations of B lymphocytes precursors (85% of 

cases in Caucasian population), and T-ALL, with aberrant T cell 

precursors (15% of cases) (Harrison, et al. 2017). The ALL remains the 

main cause of death in children and young adults (Inaba, et al 2013). 

Indeed, even though the improvement of multidrug chemotherapy 
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protocols and novel therapies based on prognostic factors led to a better 

prognosis with complete remission in 85% of cases, 20% of patients 

still relapse with only 20-45% of cure rate (Nguyen, et al. 2008; 

Bourquin and Izraeli, 2010; Conter, et al. 2010). 

Remarkably, many factors have to be considered in the leukemogenesis 

process, as ALL arises from several interactions between exogenous 

(e.g. infections) and endogenous (e.g. inflammation and oxidative 

stress), genetic inherited alterations and chance (Inaba, et al. 2013), 

from ALL initiation, usually in utero, through the evolution to overt 

disease (Greaves, et al. 2003). 

Molecular analysis defined the main genetic alterations found in 

leukemic cells, which determine pathogenesis and prognosis of the 

disease, divided in aberrant expression of proto-oncogenes, 

chromosomal translocations, hyper and hypodiploidies, and 

contributing to leukemic transformation of hematopoietic cells (Pui, et 

al. 2004; Tasian, et al. 2015). Rearrangements and translocations 

(primary events) lead to the deregulation of transcriptional and 

epigenetic events which are usually not sufficient to evolve in leukemic 

transformation, while the accumulation of additional alterations as 

mutations and microdeletions (secondary events) are responsible for the 

evolvement to a leukemic state through involvement of survival and 

proliferation pathways (Bhojwani, et al 2015). 

The first class of translocations is defined by oncogenes inserted in the 

regulatory region of transcriptionally active genes leading to 

deregulated protein expression, as in the case of EPOR and CRLF2 

rearrangements (Mullighan, et al. 2009).Conversely, the second class of 

translocations is represented by fusion proteins derived by the 
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juxtaposition of sequences of two different genes, leading to a chimeric 

protein with altered functions from the two original unaltered genes, 

including ‘Philadelphia Chromosome’, alterations of the subsets of 

Philadelphia-like patients, ETV6 and PAX5 rearrangements (Tasian, et 

al. 2015; Den Boer, et al. 2009; Mullighan, et al. 2009) among the 

others.ETV6 is one of the most frequently rearranged genes (Bohlander, 

et al. 2005), with the t(12;21) ETV6::RUNX1 translocations present in 

25% pediatric ALL, in which the N-term of ETV6, fundamental gene 

for hematopoietic stem cells migration in bone marrow, is fused at the 

C-term with the complete RUNX1, a component of the core binding 

factor essential for the hematopoiesis. RUNX1 transcriptional function 

is inhibited by ETV6 in the chimer protein (Pui, et al. 2004), therefore 

downstream there is an altered signaling, even though the prognosis of 

affected patients is still excellent, with 90% event free survival (Tasian, 

et al. 2015). However, PAX5::ETV6 remains the most frequent fusion 

in B-ALL (Jia and Gu, 2022), involving PAX5, a master regulator of B 

cell development. PAX5, whose gene is altered in 30% of B-ALL cases 

(Mullighan, et al. 2007), is a very promiscuous gene, with several 

known partner genes generating multiple chimeric fusion proteins, such 

as PAX5::AUTS2 and PAX5::JAK2. TCF3, also known as E2A, is 

frequently involved in fusion proteins, with the TCF3::PBX t(1;19) 

translocation affecting 26% of B-ALL cases, although it does not have 

a prognostic role in the ongoing treatment protocol. TCF3::PBX1 

fusion protein blocks the expression of both HOX genes and TCF3 

targets, resulting in leukemia evolution (Pui, et al. 2004). KMT2A/MLL 

rearrangements are present in only 3% of B-ALL pediatric patients, 

while they represent a key alteration in infant leukemia, in which they 
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represent 80% of cases, having the MLL::AF4 t(4;11) translocation as 

the most frequent and associated with a bad prognosis (Roberts and 

Mullighan, 2015). 

Hyperdiploidy represents the largest genetic entity in pediatric B-ALL 

(30-35%) (Moorman, et al. 2010), with increased number of 

chromosomes from 52 to 67(Haas and Borkhardt, 2022), and it is 

associated with low risk (Enshaei, et al. 2021), while hypodiploidy has 

a lower incidence and a number of chromosome lower than 44 

(Ghavazi, et al. 2015) and it is associated with a dismal outcome (Pui, 

et al. 2019). There are finally mutations and deletions as frequent 

alterations in B-ALL, such as the ones involving PAX5 (30%), IKZF1 

(15%) and EBF1(5%) (Mullighan, et al. 2013). 
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2.JAK2 in Philadelphia-like BCP-ALL 

2.1 Philadelphia-like BCP-ALL subgroup 

The most frequent genetic aberrations in ALL in young adults (25% of 

cases), and less frequent in children (3-4%), is the t(9;22) translocation, 

also known as ‘Philadelphia Chromosome’, involving non receptor 

tyrosine kinase ABL1 at 3’ in 9q34 fused with the B cell receptor BCR 

at 5’ in 22q11 ‘Philadelphia positive’ or Ph+ patients carry the fusion 

oncoprotein BCR::ABL1, which alters proliferations, survival and 

renewal of cells, representing a constitutively active kinase (Bernt, et 

al. 2014). Fundamental has been the introduction of tyrosine kinase 

inhibitors (TKIs) for BCR::ABL1, as the prognosis of Ph+ ALL was 

highly unfavorable, even though the low incidence of the disease before 

TKIs introduction (Biondi, et al. 2012; Biondi, et al. 2018; Aricò, et al. 

2010, Schrappe, et al. 2016). This approach of targeted therapy using 

TKIs has led to the development of the concept of personalized 

medicine, considering an increasing number of targetable alterations. 

Philadelphia-like (Ph-like) has been defined as a new high-risk 

subgroup (Den Boer, et al. 2009; Mullighan, et al. 2009),characterized 

by a genetic expression pattern similar to the one of the Philadelphia 

positive ALL, despite not having the typical chromosomal fusion BCR-

ABL1. About 90% of the Ph-like or BCR-ABL1-like subgroup carry an 

additional lesion (Herold and Gokbuget, 2017), mainly affecting 

ABL1/ABL2, PDGFRB/A, MCSF1R, CRLF2, PAX5, EPOR and JAK2 

genes (Roberts, et al. 2017; Boer, at al. 2017; Shiraz, et al. 2020; Fazio, 

et al. 2022). Ph-like genomic profile is heterogeneous, peculiarly 

defined by lesions activating tyrosine kinases and/or signaling 
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pathways downstream kinase receptors, making this ALL class a good 

candidate for alternative treatment therapies with specific kinase 

inhibitors. Based on the kinase-activating lesion, Ph-like can be 

subdivided in 4 subtypes: 1. alterations in JAK/STAT pathway genes 

(CRLF2, JAK2, EPOR, IL7R, SH2B3 mainly), 2. ABL class alterations 

(ABL1, ABL2, CSF1R, LYN, PDGFRA, and PDGFRB), 3. uncommon 

Ras pathway mutations (NRAS, KRAS, NF1, PTPN11, CBL), and 4. 

rare kinase fusions (NTRK3, PTK2B, BLNK) (Tran and Tasian, 2021). 

Interestingly, more than 60 genetic rearrangements involving 15 genes 

of kinases and/or cytokine receptors have been described among the Ph-

like with, among the others, more than 25 frequent partner genes 

(Roberts, et al. 2017). Therefore, depending on the type of kinase 

involved in the rearrangement, a more general distinction in ABL-class 

or JAK2-class can be done, which is particularly relevant to better 

understand to whom class of tyrosine kinase inhibitor there could be the 

appropriate sensibility of treatment (Boer, et al. 2017). The 

rearrangements involving kinases are mainly in-frame, keeping their 

kinase domain at the 3’. CRLF2 is among the genes involved in 

rearrangements in Ph-like, in which they show higher incidence in 

children affected by Down Syndrome. (Roberts, et al. 2017; Tasian, et 

al. 2017). Moreover, half of the children carrying CRLF2 

rearrangements in Ph-like (Roberts, et al. 2014; Tasian, et al. 2017) 

present concurrent mutations mainly in JAK2, but also in JAK1, which 

lead to the JAK/STAT pathway activation in association to CRLF2 

overexpression (Roberts, et al. 2014; Mullighan, et al. 2009). JAK2 and 

EPOR rearrangements represent 5-7% of Ph-like cases. JAK2 is a 3’ 

promiscuous gene with about 30 described 5’ partner genes, as PAX5, 
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ATF7IP, BCR, ETV6, PCM1 among the others. (Tran and Tasian, 2021; 

Tasian, et al. 2017; Shiraz, et al. 2020), while 3’ EPOR showed fewer 

partner genes involving the enhancer region of immunoglobulin loci 

(Iacobucci, et al. 2016). In both cases, the JAK/STAT pathway 

activation has been observed (Tasian, et al. 2017; Roberts, et al. 2017; 

Iacobucci, et al. 2017).Multiple alterations influence JAK/STAT 

pathway signaling, as mutations in IL7R, TYK2 rearrangements, 

mutations in JAK1-3 and deletions in SH2B3, frequently associated to 

rearrangements which originate oncoprotein involving several genes as 

PAX5, ETV6, CREBBP among the others (Roberts, et al. 2017). 

The JAK/STAT pathway is an appealing potential therapeutic target for 

Ph-like ALL in children, as the majority of kinase activating aberrations 

characterizing Ph-like alters JAK/STAT signaling (Tran and Tasian, 

2021). Indeed, preclinical studies on patient-derived xenografts (PDX) 

and engineered Ba/F3 carrying different JAK/STAT pathway alterations 

(CRLF2 rearrangements, JAK mutations, JAK2 fusions among the 

others) showed in-vitro and in-vivo activity to different JAK inhibitors 

(Maude, et al. 2012; Wu, et al. 2015). Moreover, preclinical data 

showed that the therapeutic combination approach, acting on multiple 

oncogenic networks, could be more effective, such as the combination 

of JAK and mTOR inhibitors in CRLF2 rearranged primary leukemic 

cells and PDX (Tasian and Loh, 2011; Tasian, et al. 2017).  

Several clinical trials are currently ongoing, testing the efficacy of some 

drugs on Ph-like patients as dasatinib, targeting ABL class alterations, 

or as ruxolitinib, targeting JAK/STAT pathway alterations, among the 

others (Tran and Tasian, 2021).  
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2.2 JAK2, a fundamental hematopoietic regulator 

JAK2 is a non-receptor tyrosine kinase belonging to the Janus kinases 

(JAK1, JAK3, Tyk2). Fundamental for the hematopoiesis, JAK2 is 

involved in multiple cellular activities and signaling pathways, as 

proliferation and survival of cells among the others. When altered, 

JAK2 leads to multiple pathologies. Indeed, due to its pathogenic 

tendency, JAK2 is the most studied member of the Janus kinases, 

mainly in myeloproliferative neoplasms and some forms of leukemias 

and lymphomas (Tran and Tasian, 2021).  Located on the short arm of 

chromosome 9 (9p24), JAK2 is defined by 7 JAK homology (JH) 

domains, divided into one FERM domain (JH5-7), one Src2-like (SH2-

like) homology domain (JH3-4), one pseudokinase domain (JH2) and 

one tyrosine kinase domain (JH1), from the N-term to the C-term 

respectively. To note, FERM domain is fundamental for the binding of 

N-term of JAK2 to the cytoplasmatic end of an activated cytokine 

receptor, while the pseudokinase domain regulates the JH1 domain, 

which is activated through the phosphorylation of Tyr1007-1008 inside 

its catalytic loop of activation (Bousoik and MontazeriAliabadi, 2018; 

Mullally, et al. 2016). The binding of a cytokine or hormone to the 

extracellular part of surface receptors, as for growth factor, IFNγ, IL-3 

and GM-CSF (Granulocyte-macrophage colony-stimulating factor), 

leads to a receptor dimerization process. As a consequence, JAK2 

dimerizes and a transphosphorylation of JH1 Tyr1007-1008 is 

responsible for JAK2 activation that initiates its main downstream 

signaling pathway, the JAK/STAT (signal transducer and activator of 

transcription) one in addition to multiple downstream signaling 

pathways, as the Ras/MAPK and PI3K/AKT pathways among the 
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others, with a progressive transduction of the signal inside the cells 

(Silvennoinen, et al. 2013). 

JAK2 is positively and negatively highly regulated through multiple 

mechanisms, as by JH2 domain itself, or through SOCS (suppressors of 

cytokine signaling) and SHP (protein tyrosine phosphatase) proteins, or 

by phosphorylation mechanisms (Silvennoinen, et al. 2013). To note, 

JH2 domain negatively regulates JAK2 in absence of ligands on one 

side, while contributes to JAK2 activation when a ligand binds a 

receptor correlated to JAK2 itself (Steeghs, et al. 2017). To have JAK2 

transphosphorylation, the two JH1 domains have to be accessible to 

each other. Without stimuli, JH2 blocks the formation of the catalytic 

connection fundamental for JH1 domains activation, also 

phosphorylating JH2 Ser523 and Tyr520 keeping JAK2 in a closed and 

inactive conformation. This specific regulation is crucial, as observed 

when, due to the presence of the biggest number of mutations occurring 

in the interface JH1/JH2, the autoinhibition of JAK2 is lost in JAK2 

mutated, which is therefore hyperactivated (Zhang, et al. 2018). 

Beside Tyr1007-1008, at least 20 additional residues have been 

identified as residues subjected to phosphorylation after cytokine 

stimulation (Silvennoinen, et al. 2013). JAK/STAT pathway is the main 

signaling pathway activated after JAK2 autophosphorylation in Y1007-

1008, leading to the phosphorylation of several targets, including 

STAT3 and STAT5 which create stable homo and heterodimers in their 

SH2 domains. They translocate inside the nucleus of the cell, acting as 

transcription factors binding their target promoters on the DNA, 

regulating proliferation, differentiation and apoptosis of the cell. 

(Heimm, et al. 1999; Quintas-Cardama, et al. 2013; Bousoik and 
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MontazeriAliabadi, 2018). STAT3 and STAT5 have been widely studied 

in cancer biology as they regulate many targets such as inflammatory 

genes, oncogenes and genes involved in apoptosis (Bousoik and 

Montazeri, 2018). Considering the fundamental roles of JAK2, STAT3 

and STAT5, the JAK/STAT pathway is frequently subjected to alteration 

peculiar to ALL Ph-like (Tasian, et al. 2017). 

2.3 JAK2 alterations from mutations to rearrangements 

In literature, copy number variations, mutations and chromosomal 

translocations have been described as alterations of JAK2 in leukemia 

and lymphomas. While in recent years JAK2 mutations have been 

widely studied, its rearrangements are still poorly characterized, being 

structurally and clinically rarer and defined by more variability 

(Ehrentraut, et al. 2013). Somatic activating mutations of JAK2 have 

been described in polycythemia vera, and rarely they have a germinal 

origin representing rare hereditary forms of polycythemia vera; 

moreover, acquired or somatic mutations of JAK2 have been frequently 

found in MPN and acute leukemia (Baxter, et al. 2005). JAK2V617F 

mutation is the most frequent mutation of JAK2, first described in 2005 

and nowadays observed in 90% of polycythemia vera cases and in 50% 

of myelofibrosis patients (Baxter, et al. 2005). It is a gain of function 

mutation as resides inside exon 14 of the pseudokinase domain of 

JAK2, causing a constitutive activation of kinase domain of JAK2, as 

JH2 domain loses its autoinhibitory activity, that leads to a cellular 

growth independent of the cytokines of the hematopoietic cells carrying 

the mutation (Quintas-Cardama, et al. 2013; Vainchenker and 

Constantinescu, 2013). Focusing on B-ALL patients carrying the 

JAK2V617F mutation, there is frequently a co-presence of CRLF2 
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overexpression, in which CRLF2 protein binds alfa subunit of 

interleukin receptor forming TSLP receptor which becomes the 

cytokine scaffold for the signaling of JAK2m proteins. Moreover, the 

co-presence of CRLF2 overexpression and JAK2V617F mutation leads to 

an hyperactivation of STAT5 and to the cytokine-independent growth 

of hematopoietic progenitors cell lines (Malin, et al. 2010). In B-ALL, 

CRLF2 is frequently involved in rearrangements of two types: 

P2RY8::CRLF2, derived from a PAR1 deletion of chromosome X, and 

IGH::CRLF2, derived from translocation t(X;14)(Palmi, et al. 2012). 

Moreover, activating mutations of JAK2 are identified in half of the 

cases of ALL carrying CRLF2 rearrangements, with the JAK2R683G 

in JH2 domain to be the most frequent. CRLF2r and JAK2m are present 

in 60% of children with down syndrome affected by B-ALL (Hertzberg, 

et al. 2010; Mullighan, et al. 2009). 

On the other side, JAK2 rearrangements are found in 5% of pediatric 

Ph-like ALL and are associated with the poorest outcomes compared 

with other Ph-like ALL subtypes (Iacobucci and Roberts, 2021). JAK2 

retains its catalytic domain (usually exons 19-25) at 3’ in frame with a 

partner gene at 5’ of the fusion gene (Tran and Tasian, 2021; Downes, 

et al. 2022). As the partner gene at 5’ is usually highly expressed in B 

cells, its promoter should induce a high expression of the derived 

fusion, but the molecular mechanism by which JAK2 fusion genes lead 

to constitutive JAK2 activation remains largely unknown (Downes, et 

al. 2022). The main supposed mechanism of activation of JAK2 fusion 

genes is through their homodimerization via domains in the partner 

genes (Medves and Demoulin, 2012). Moreover, the loss of JAK2 

autoregulatory JH2 domain in presence of fusions, may be an additional 
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way of activation independent of cytokine stimuli (Schinnerl, et al. 

2015). Downstream JAK2 rearrangements, the signaling activation is 

evaluated, generally of STAT3 and STAT5 (Den Boer, et al. 2009; 

Tasian, et al 2017; Tran and Tasian, 2021; Downes, et al. 2022). 

Nowadays, fusion genes involving JAK2 are identified by multiple 

techniques, as karyotype, FISH, RT-PCR and Sanger and next 

generation sequencing (NGS). About 30 genes have been found to be 

partner genes of JAK2 in the ALL, with PAX5 recognized as the most 

recurrent (28.7%) (Den Boer, et al. 2009; Gu, et al, 2019; Tran and 

Tasian, 2021; Downes, et al. 2022). Among the other more frequent 

fusion genes there are BCR::JAK2 (12.8%), ETV6::JAK2 (9.6%), 

SSBP2::JAK2 (6.4%) and ATF7IP::JAK2 (3.2%) (Roberts, et al. 2014; 

Downes, et al. 2022; Quintas-Cardama and Verstovsek, 2013). 

PAX5::JAK2 fusion has been described as the only one able to get 

inside the nucleus of the cells, where it acts on STATs and additional 

PAX5 target genes (Schinnerl, et al. 2015; Jurado, et al. 2022), using 

therefore a different mechanism of activation from the cytokine-

independent oligomerization supposed to be followed by the other 

recurrent fusion genes. 

As observed in other Ph-like ALL subtypes, JAK2r are often co-

occurring with deletions in genes related to B-cell development 

including IKZF1(Mullighan, et al. 2008), whose most common 

alteration is the exons 3-6 deletion, which encodes for the dominant 

negative IK6 isoform of IKAROS, lacking the N-terminal DNA binding 

domain (Shiraz, et al. 2020). IKAROS IK6 is unable to bind DNA to 

regulate the expression of genes required for B-cell differentiation 

(Downes, et al. 2022). Moreover, additional genomic alterations co-
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occurring with JAK2 rearrangements and involved in B-cell pathways 

are deletions of PAX5, CDKN2A/B, RAG1/2, ETV6 among the others, 

and mutations within IKZF1 and KRAS (Roberts, et al. 2012; Roberts, 

et al. 2017). Despite the evidence of a prognostic significance of some 

of these additional alterations in Ph-like ALL, their influence on JAK2r 

patient survival rates is still to be better elucidated (Pui, et al. 2017; 

Zhang, et al. 2018; Downes, et al. 2022). 

2.4 JAK2 targeting 

JAK2 altered ALL still lacks effective drugs maintaining their 

specificity for JAK2, with low toxicity. The still poor outcome of ALL 

patients carrying JAK2 alterations in Ph-like highlights the urgent need 

of novel specific drugs with reduced toxicity to target these high-risk 

subgroups of patients (Roberts and Mullighan, 2015; Tran and Tasian, 

2021). JAK/STAT signaling pathway is one of the deregulated pathways 

in Ph-like ALL and it could be considered their major therapeutic target, 

even though JAK inhibitors have been less well studied in patients with 

ALL to date, in particular JAK2 rearrangements still lack a specific 

inhibitor (Tran and Tasian, 2021). When altered, JAK2 can be targeted 

by tyrosine kinase inhibitors (TKIs), which are mainly divided into type 

I and type II TKIs, even though the allosteric JAK inhibitors, also 

defined type III inhibitors, have been recently developed. HDAC 

inhibitors, as givinostat, HSP90 inhibitors and PROTACS, are instead 

the most recent approaches currently in use in ex-vivo and in-vivo 

settings to induce a degradation of JAK2 as a novel therapeutic 

approach, alone or in combination with TKIs of type I and II. 

Interestingly, in the setting of B-ALL, antibody based and 
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immunotherapies, involving CAR-T cells among the others, are 

appealing alternatives in case of relapsed/refractory B-ALL. 

Combination regimens of TKIs and standard chemotherapy drugs seem 

to be a promising target therapy for JAK2 alterations, as for the JAK2 

fusions. Currently, there are clinical trials for ALL patients carrying 

JAK2 rearrangements exclusively with ruxolitinib, a type-I TKI 

(Downes, et al. 2022; Tran and Tasian, 2021). 

2.5 JAK2 type-I TKIs 

In 6 years after the identification of the JAK2V617F mutation, ruxolitinib, 

a TKI of type I, was FDA-approved as targeted JAK2 inhibitor for MF 

and PV (Levine, et al. 2007). In 2019 fedratinib was added as FDA-

approved JAK2 inhibitor, for the treatment of MF (Mullally, et al. 

2020). Ruxolitinib and fedratinib are type-I JAK inhibitors, which bind 

the ATPbinding site of JAK2 in its active conformation (Leroy and 

Constantinescu, 2017). Unfortunately, their application in MF revealed 

some issues related to type-I JAK2 inhibition. Despite ruxolitinib 

therapy significantly reduced splenomegaly and symptoms (Bose and 

Verstovsek, 2020), adverse effects were evaluated in COMFORT-1 and 

COMFORT-2 trials for MF (Harrison, et al. 2017) and in the 

RESPONSE-III trial for PV (Alimam and Harrison, 2017). The toxicity 

associated with ruxolitinib may be due to suppression of other JAK 

family kinases, such as TYK2 and JAK3 and due to the 

immunosuppression of some types of cells (Quintas-Cardama, et al. 

2010; Harrison, et al. 2017). Moreover, it was observed that ruxolitinib 

binding induces pJAK2 accumulation by preventing JAK2 

dephosphorylation and degradation (Tvorogov, et al. 2018; Ross, et al. 
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2021). Ruxolitinib is still the best available therapy (BAT) for MF, even 

though it showed low efficacy, dose-dependent toxicity and withdrawal 

syndrome in MPNs (Downes, et al. 2022). In Ph-like ALL,ex-vivo and 

in-vivo models carrying JAK2 fusions, ruxolitinib treatment of JAK2r 

significantly reduced cell viability and STAT5 phosphorylation 

(Steeghs, et al. 2017; Roberts, et al. 2017; Downes, et al. 2022). 

However, ruxolitinib showed differential preclinical activity due to the 

level of JAK pathway oncogene addiction and/or to paradoxical JAK2 

hyperphosphorylation with prolonged treatment (Maude, et al. 2012; 

Boer and den Boer, et al. 2017). To note, ruxolitinib treatment of 

PAX5::JAK2 primary leukemic cells induced pJAK2 accumulation and 

hyperphosphorylation (Boer, et al. 2017). Ruxolitinib JAK2 inhibition 

in combination with chemotherapy may improve outcomes for JAK2 

rearrangements in patients of ALL (Schrappe, et al. 2012; Roberts, et 

al. 2017; Downes, et al. 2021).  

Currently fedratinib is the most selective JAK2 inhibitor with a lower 

immunosuppressive state than ruxolitinib. Unfortunately, also 

fedratinib has been associated with dose dependent side effects 

(Mullally, et al. 2020). 

Considering the low sensibility data of the TKIs treatment, including 

ruxolitinib (IC50 of 2 µM), and their side effects in the treatment of B-

ALL (Springuel, et al. 2014; Roberts, et al. 2012), novel type-II TKIs 

could be used to overcome TKIs limitations to treat Ph-like ALL 

patients with JAK2 rearrangements. 
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2.6 JAK2 type-II TKIs 

Type-II JAK inhibitors bind the inactive conformation of JAK2 

in its ATP-binding site (Leroy and Constantinescu, 2017). Type-II JAK 

inhibitors are still ATP-competitive as type-I TKIs, but they also bind 

an allosteric pocket of JAK2 resulting in a higher specificity for their 

target (Li, et al. 2019). BBT594 was the first type-II JAK inhibitor 

developed, specifically to target resistant cells carrying BCR::ABL1 

(Andraos, et al. 2012), followed by the development of a potent type-II 

JAK inhibitor, CHZ868, with high selectivity towards JAK2 (Meyer, et 

al. 2015). CHZ868 has shown potent efficacy in in-vitro (cell lines) and 

in-vivo (murine models) preclinical settings of MPN and B-ALL. On 

JAK2 mutated cell lines and primary samples, CHZ868 treatment 

inhibited the proliferation and blocked the phosphorylation of JAK2, 

STAT3 and STAT5, contrary to the persistent phosphorylation induced 

on JAK2 by ruxolitinib treatment (Andraos, et al. 2012; Meyer, et al. 

2015; Tvorogov, et al. 2018), suggesting that CHZ868 treatment could 

avoid pJAK2 accumulation, preventing heterodimeric JAK2 activation 

and CHZ868 inhibitor persistence (Meyer, et al. 2015; Tvorogov, et al. 

2018). CHZ868 treatment reduced pJAK2 and induced apoptosis of B-

ALL cell lines carrying CRLF2r co-occurring with a JAK2 mutation, 

while CHZ868 treatment on PDXs (patient-derived xenografts) derived 

from B-ALL samples carrying CRLF2r and JAK2 mutations, increased 

mice survival and reduced splenomegaly (Wu, et al. 2015). 

Interestingly, CHZ868 proved to synergize with dexamethasone in a 

leukemia murine model carrying CRLF2/JAK2 alterations (Wu, et al. 

2015). Moreover, CHZ868 withdrawal was not associated with a 

STAT5 signaling rebound (Tvorogov, et al. 2018), highlighting that 



18 
 

type-II JAK2 inhibition may benefit of absent withdrawal syndrome 

(Meyer, et al. 2015; Wu, et al. 2015; Tvorogov, et al. 2018). The 

presence of JAK2L884P mutation gives resistance to both BBT594 and 

CHZ868, pointing out that a possible resistance mechanism of type-II 

JAK inhibitors could derive from acquired mutations in JAK2 ATP-

binding site (Wu, et al. 2015; Leroy and Constantinescu, 2017; ,Downes 

et al. 2022). Resistance mechanisms of type-II JAK inhibitors treatment 

still need to be further studied to consider their introduction in clinics, 

but their promising results ex-vivo and in-vivo may consider type-II 

JAK inhibitors for the treatment of JAK2 alterations in B-ALL, with no 

withdrawal syndrome and persistence which are frequent in type-I JAK 

inhibitors (Downes, et al. 2021).  
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3. PAX5, key regulator of B cells 

3.1 B cell development 

Pluripotent hematopoietic stem cells (PHSCs), characterized by self-

renewal, are the originating cells of multiple progenitors of the 

hematopoietic system, with reduced differentiation potential, which 

follow a binary commitment in each step of development and deeper 

specialization (Busslinger, et al. 2004). Multipotential progenitors 

(MPP) may originate, at the step of distinction into myeloid and 

lymphoid lineages, common myeloid progenitors (CMPs) or early 

lymphoid progenitors (ELPs). RAG1 and RAG2 expression 

(recombinant activating gene 1 and 2), followed by initiation of the 

immunoglobulin heavy chain (IgH) locus rearrangements, lead ELPS 

to their dual eventual differentiation in thymic precursors of the T-cell 

lineage (early T-cell-lineage progenitors, ETPs) or bone-marrow 

common lymphoid progenitors (CLPs). CLPS may generate B cells, 

Tcells, dendritic cells (DCs) and natural killer (NK) cells. (Cobaleda, et 

al. 2008). 

Focusing on CLPs, pro-B cells expressing the B cell marker B220 enter 

the B-cell-differentiation pathway, followed by CD19 expression and 

completion of IgH diversity (DH)-to-joining (JH) gene-segment 

rearrangement by pre-BI cells. Then in large pre-BII cells the IgH locus 

continues to rearrange its variable (V)-region gene segments generating 

complete VH–DJH alleles. When Rag1 and Rag2 expression is ceased 

with subsequent expression of the completely rearranged IgH gene at 

the cell surface, followed by the assembling with the surrogate 

immunoglobulin light chains (IgLs), VpreB and λ5, together with the 
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signaling molecules Igαand Igβ, the pre-B-cell receptor (pre-BCR) is 

completely assembled. Expression of the pre-BCR is a crucial 

checkpoint in early B-cell development. Signaling through the pre-BCR 

stimulates a proliferative clonal expansion of large pre-BII cells, 

followed by re-expression of RAGs and rearrangement at the IgL locus 

in small pre-BII cells. (Fazio, et al. 2011) 

The immature B-cell stage, defined by the surface expression of an 

assembled BCR, are tested by a secondary immunoglobulin gene 

rearrangement, known as receptor editing, resulting in their elimination 

by apoptosis or inactivation by anergy if they don’t successfully pass 

the examination. Otherwise, immature B cells leave the bone marrow 

and get to the spleen differentiating into their mature counterparts 

through three transitional stages (T1, T2 and T3), based on the 

expression of various cell-surface markers. Transitional B cells can be 

negatively selected in the periphery which becomes a crucial 

checkpoint for the generation of mature B cells. The transition of 

immature B cells to mature B cells is crucially regulated by BAFF and 

its receptor. In the spleen, about 10% of mature splenic B cells are 

marginal zone B cells, positioned at the blood–lymphoid tissue 

interface, identified as the main responsible for humoral immune 

responses to protein antigens. With the help of T cells, they form 

germinal centers, where germinal center B cells proliferate rapidly and 

modify immunoglobulins. After about 10 days from the immunization, 

the germinal center reaction reaches its peak, subsequently slowly 

vanishing, generating memory B cells and effector plasma cells, 

following still unclear mechanism of development (Bemark, et al. 2015; 

Fazio, et al. 2011) 
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3.2 Transcription factors in B cell development 

Transcription factors play a central role in the B cells, coordinating their 

development, maturation and function (Matthias, et al. 2005). A pool of 

key transcription factors that include SPI1/PU.1 (an ets-family 

member), Ikaros, Bcl11a (a zinc finger transcription factor), TCF3/E2A 

(a helix-loop-helix protein), EBF (early B cell factor) and PAX5 (paired 

box protein 5), cooperate in a regulatory network over B cell 

development (Fuxa, et al. 2007). 

PU.1controls B cell development in a dose-dependent manner. At low 

expression, PU.1 favors B cell development priming modifications of 

the chromatin to facilitate transcriptional activation. Conversely, when 

expressed at high concentrations in early progenitors, PU.1 might block 

B cell specific gene expression by inhibiting histone acetylation and 

bearing the methylation of gene targets, favoring macrophages 

formation (Hagman and Lukin, 2005). Ikaros controls the development 

of lymphoid progenitors, while early B lymphopoiesis is blocked before 

the pre-pro-B stage when Bcl11a is not expressed (Fuxa, et al. 2007). 

TCF3, EBF and PAX5 were found to be essential for the differentiation 

of CLPs in pro-B cells. To note, B cells are blocked at the pro-B or pre-

B stage when any of these 3 factors is lacking (Matthias, et al. 2005).  

TCF3 and EBF determine primary B cell fate coordinating the 

expression of B cell specific genes. (Matthias, et al. 2005, Fuxa, et al. 

2007). Without TCF3 or EBF, B cell development is blocked at early 

progenitor stages of development, but EBF can activate the B cell 

lineage program in absence of TCF3 or PU.1. On the other side, B cell 

development is not rescued by expression of PAX5 without EBF 

expression (Hagman, et al. 2006). EBF is suggested to be capable of 
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initiating the activation of transcriptionally quiescent genes (Hagman, 

et al. 2005). However, PAX5 expression is fundamental to commit B 

cell progenitors to the B lymphoid lineage after the activation of the B 

lymphocyte transcription program (Fuxa, et al. 2007). PAX5 is also the 

responsible of the first checkpoint of B cell development, as it represses 

B lineage nonspecific genes simultaneously activating B lineage 

specific genes inside multi-lineage progenitors (Cobaleda, et al. 2007). 

3.3 Signaling pathways in precursor B cells 

Two are the main wide signaling pathways which regulate survival, 

proliferation, and differentiation of B cells: IL7R (receptor) 

downstream pathway, and pre-BCR downstream pathway.  

IL7Rα and γc (chain) constitute IL7R, and when α chain expression 

increases there is the passage from CLPs to LMMPs. IL7 is required for 

the proliferation and survival of B cells progenitors. With activated IL7 

signaling, pro-B and pre-B cells proliferate in the bone marrow and 

migrate to spleen, lymph nodes and blood (Clark, et al. 2014). The 

activation of IL7 pathway starts when IL7 binds its receptor, inducing 

the receptor dimerization that activates JAK3, pre-bound to the 

cytoplasmic region of the receptor, causing several phosphorylations 

which serve as binding sites for STAT5, which is also phosphorylated 

by SRC. STAT5 homodimerize, translocate to the nucleus, where it acts 

as a transcription factor (Vainchenker, et al. 2013). This transient 

signaling is terminated by multiple ways, as internalization and 

degradation of the receptor, dephosphorylation of the receptor and of 

JAK3 by phosphatases, recruitment of negative regulators, as SOCS 

proteins, interactions of STAT5 proteins with protein inhibitors 

(Vainchenker, et al. 2013). When the signal is constitutively active, 
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there could be the evolution to oncogenesis. Il7R and pre-BCR are 

strictly correlated and balanced (Clark, et al. 2014). Expression of the 

pre-BCR by pro-B cells upregulates IL7R expression on the cell 

surface, increasing the responsiveness of these cells to IL7, resulting in 

the selection of pre-BCR positive cells in conditions in which IL7 

concentration is low. pre-B cells expansion during B-cell development 

in vivo is limited when pre-BCR itself renders pre-B cells less 

responsive to IL7 (Ochiai, et al. 2012). 

The pre-BCR, on the surface of pre-BI cells, is constituted by the 

coupling of µ heavy chain with surrogate light chain components VpreB 

(Vpreb1) and λ5 (Igll1). The pre-BCR is present on the surface of the 

pre-BI cells. Its extracellular part is linked to Igα and Igβ, 2 signaling 

chains which represent the sites where the components of the pre-BCR 

signaling cascade are activated, with consequent regulation of 

proliferation and survival on one side, and growth arrest and 

differentiation on the other side. The pre-BCR is therefore a checkpoint 

in early B cell development.Without a functional heavy chain 

rearrangement, the negative selection leads to cell apoptosis, while with 

functional rearrangement, the cell survives and the pre-BCR ensures 

proliferation and differentiation signaling (Rickert, et al. 2013). One of 

the main mediators of the dual function of the pre-BCR is SYK, 

inducing proliferation and survival through the activation of 

downstream survival pathways, as the PI3K pathway, or favoring the 

differentiation through BLNK activation (Deane, et al. 2004; Chiu, et 

al. 2002). Phosphorylated PI3K signaling pathway is inactivated by 

BLNK, after its phosphorylation. FoxO factors, triggered by BLNK, 

activate the RAG enzymes, and allow for immunoglobulin light chain 
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rearrangement (Herzog, et al. 2009). Indeed, Blnk-/- pre-B cells are 

blocked at the pre-BI stage of development, constantly proliferating 

(Jumaa, et al. 1999). All these signaling molecules at the pre-BCR 

checkpoint maintain the balance between negative selection of non-

functional B cells (apoptosis) and leukemic transformation is granted 

by the cooperation of all these signaling effectors in the pre-BCR 

network. 

To note, the JAK/STAT pathway is among the other additional pathways 

regulating B-cell having a fundamental role in the regulation of 

proliferation, differentiation, survival and apoptosis of the cells. JAK2 

and STATs are key regulators of multiple targets inside B-cells, such as 

inflammatory genes, oncogenes and genes involved in apoptosis 

(Bousoik and Montazeri, 2018). 

3.4 PAX5 gene and protein 

The PAX5 gene is a member of the paired box (PAX) gene family of 

fundamental transcription factors for B lymphoid lineage commitment, 

whose family is composed by 9 members from PAX1 to PAX9 

(Morrison, et al. 1998). Each of these members, through a paired box 

domain constituted by a conserved 128aa sequence at the N-term, binds 

target sequences in the DNA. From pro-B to mature B cells, PAX5 

regulates B lymphocytes throughout B cell development (Matthias, et 

al. 2005). PAX5 encodes for the B cell specific activator protein 

(BSAP) and is expressed in B lymphocytes, the developing CNS, fetal 

liver, and adult testis (Cobaleda, et al. 2007).  

Located on chromosome 9p13, PAX5 gene is organized in 10 exons and 

encodes for a transcript of 8536bp, giving rise to a coding sequence of 

1176 bp which encodes for a protein of 391 residues (Ghia, et al. 1998). 
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The ultimate sequence of PAX5 protein may differ due to alternative 

transcripts generated by mRNA splicing of PAX5 (Arseneau, et al. 

2009). Alternative splicing of PAX5 may be essential for the regulation 

of PAX5 targets during the lineage B development. Indeed, PAX5 

isoforms may downregulate or upregulate target genes with a finely 

regulated process fundamental for B cell differentiation in plasma cells 

(Zwollo, et al. 1997). 

PAX5 is a homeodomain protein, member of a class of transcription 

factors containing a DNA-binding domain with homology to the 

Drosophila melanogaster homeodomain regulatory proteins. The 

characteristic feature of PAX protein family is this conserved ‘paired’ 

domain, defined by a bipartite nature consisting of an N-term (PAI or 

NTD) and a C-terminal subdomain (RED or NTD), connected by a 

central linker. Each of the two subregions consists of a helix– turn–helix 

motif that binds different half-site in target sequences for PAX5 in the 

major groove of the DNA of the cell (Golub, et al. 1994). Moreover, 

PAX5 transcriptional activity is finely regulated by its other domains: 

an octamer (OP) that inhibits PAX5 transcriptional activity, a partial 

homeodomain (HD) which associates with the TATA-binding protein of 

the basal transcription machinery, and the TAD (transactivation 

domain) and ID (inhibitory domains) domains that, forming the potent 

C-terminal regulatory region of PAX5, cooperate with activating and 

repressing activity on PAX5 (Cobaleda, et al. 2007). 

3.5 PAX5 role and target genes 

PAX5 fulfills a dual role in B lineage commitment by activating B cell 

specific genes while simultaneously repressing lineage inappropriate 
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genes. Localized in the nucleus, this transcription factor regulates B cell 

development (Matthias, et al. 2005; Cobaleda, et al. 2007). The 

activation of transcription mediated by TCF3 and EBF alone is not 

sufficient for B cell maturations. In B cells TCF3 and EBF expression 

is normal in PAX5 mutations in homozygous but rearrangement at the 

IgH locus is impaired blocking the development at the pro-B state 

(Matthias, et al. 2005; Delogu, et al. 2006) Pax5-/- pre-BI cells show 

hematopoietic stem cell features as multipotency and self-renewal, and 

ability to differentiate in macrophages, osteoclasts, DCs, granulocytes 

or NK cells after in-vitro stimulation, but even into T cells and 

erythrocytes in-vivo. Conversely, without the introduction of PAX5, 

they can’t differentiate in B cells. (Rolink, et al. 2002). Moreover, 

peripheral mature B cells in mice with conditional PAX5 deletion can 

dedifferentiate back to early uncommitted progenitors in the bone 

marrow, leading to the rescue of T lymphopoiesis in T cell deficient 

mice, generating functional T cells (Cobaleda, et al. 2007). When Pax5 

absence co-occur with a strong BCR signaling mature B cells 

differentiate into plasma cells, while the inactivation of Pax5 in 

presence of absent BCR signaling leads to dedifferentiation to 

uncommitted progenitors (Cobaleda, et al. 2007). 

The transcription factor PAX5 acts at the level of chromatin, being 

essential for the formation of chromatinic domains at the promoters 

level of its target genes, which are involved in signaling, adhesion, 

migration, B cell differentiation among the others(Schebesta, et al. 

2007). PAX5 represses B lineage inappropriate genes and activates B 

cell lineage genes in B lymphocytes, acting as a transcriptional activator 

and as a repressor on different target genes (Nutt, et al. 1998). As a 
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repressor, PAX5 acts on several genes involved in multiple biological 

activities such as cell adhesion and migration, receptor signaling, 

cellular metabolism and B cell commitment. Remarkably, PAX5 

represses specific genes that lead to other lineages commitment and are 

reactivated in committed pro-B cells and mature B cells following 

conditional Pax5 deletion (Cobaleda, et al. 2007), such as Lck (T cells) 

(Souabni 2002), Flt3 and Sca1 (progenitor cells) (Holmes, et al. 2006), 

CD33 (myeloid cells) (Morrison, et al. 1998), Sdc1 (plasma cells) 

(Delogu, et al. 2006). As an activator PAX5 controls B cell development 

and functions through a complex regulatory network of key proteins 

involved in B cell signaling, adhesion, migration, antigen presentation, 

and germinal center B cell formation. Indeed, it regulates signaling 

cascade from the pre-BCR and the surface of cells, to transcription in 

the nucleus regulating multiple genes such as Cd19, Cd79a/Iga, Blnk, 

Vpreb3, Igk and Bach2 (Schebesta, et al. 2007). Interestingly, PAX5 is 

considered a metabolic gatekeeper, as IKZF1, reducing glucose uptake 

and consumption in PAX5wt cells, while in presence of heterozygous 

deletion of PAX5, glycolysis increases as marked glucose uptake and 

ATP production are observed (Chan, et al. 2017). In conclusion, PAX5 

activated target genes encode for essential components of the pre-BCR 

and BCR signaling pathways, while the transcriptional repression 

induced by PAX5 is fundamental to limit lineage commitment that 

differ from B-cells (Fuxa, et al. 2007). To note, the repression induced 

by PAX5 is continuously required, as reactivation of PAX5 repressed 

targets is observed following conditional deletion of PAX5 in proB and 

mature B cells (Fuxa, et al. 2007). 
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3.6 Oncogenic role of PAX5 in B-ALL 

PAX5 is one of the most common targets of genetic alterations in B-

ALL, represented by copy number variations, point mutations, 

intragenic amplifications (iAMP), and translocations, (Jia and Gu, 

2022). PAX5 alterations cluster and partially overlaps Ph-like subgroup 

of B-ALL, as evaluated in gene expression analysis (Gu, et al. 2019, 

Fazio, et al. 2022). 

Among the copy number alterations involving PAX5, deletions are the 

most frequent, being divided in wide range or focal deletions depending 

on the amount of PAX5 gene affected (Jia and Gu, 2022). They usually 

affect one allele of PAX5 with absent or altered expression of the 

truncated protein, leading to a loss of function (Mullighan, et al. 2007). 

In B-ALL deletions of PAX5 usually co-occur with other alterations, 

indicating that the presence of other oncogenic lesions is needed to 

overt leukemia (Mullighan, et al. 2007), as observed in case of a 

complex karyotype (Mullighan, et al. 2007), or with additional fusions 

as in Ph-like ALL (Auer, et al. 2014). In mouse models monoallelic 

deletion leading to PAX5 haploinsufficiency is responsible for 

susceptibility of B cell oncogenic transformation. Indeed, mice have 

normal B cell development, when they are characterized by 

heterozygous PAX5 loss, but they spontaneously develop B cell 

leukemia when they acquire other oncogenic events (Heltemes-Harris, 

et al. 2011). Therefore, PAX5 deletions tends to disrupt only one allele, 

representing cooperating events in B-ALL (Jia and Gu, et al. 2022). 

The second most common PAX5 variants observed in B-ALL are point 

mutations (7-10%) (Mullighan, et al. 2008), whose majority are 

missense which impair DNA binding as they are located in the DNA-
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binding domain (Gu, et al. 2019). Both NTD and CTD subdomains of 

the paired domain of PAX5 contribute to DNA binding, with NTD 

having greater affinity between the two, therefore being more enriched 

in mutations (Gu, et al. 2019). The most frequent mutation of the DNA 

binding domain of PAX5 is the PAX5 P80R (Mullighan, et al. 2009), 

whose affected B-ALL patients are classified as a novel subtype, with 

a peculiar GEP with co-occurring biallelic alterations of PAX5, 

homozygous deletion of CDKN2A/B, and activating mutations of RAS 

signaling (Gu, et al. 2019). PAX5 P80R decreases the regulatory 

activity of PAX5 deregulating B cell lineage genes, blocking blasts in 

the pre-pro-B stage (Gu, et al. 2019). The prognosis of PAX5 P80R 

patients is significantly better than PAX5alterated patients, which 

includes rearrangements and amplifications among the others (Gu, et 

al. 2019). 

With an incidence of 0.5-1.4%, PAX5 intragenic amplifications (PAX5-

iAmp) have been found in B-ALL (Schwab, et al. 2017). B-ALL cases 

with PAX5-iAmp cluster into the PAX5alt subtype from transcriptome 

analysis (Gu, et al., 2019), and matched diagnosis and relapse samples 

maintain PAX5-iAmp, indicating a role of driver lesion for leukemia 

development in B-ALL (Schwab 2017). PAX5 amplifications are 

usually in exons 2-5, site of the DNA-binding and octapeptide domains 

of PAX5 (Schwab, et al. 2017; Gu, et al. 2019). As PAX5 amplifications 

involve the DNA-binding domain of the gene, there may be an altered 

binding to the target genes due to increased number of binding domains 

in PAX5, with consequent alterations in B cell differentiation and 

transformation (Jia and Gu, 2022). 
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PAX5 rearrangements due to translocations occur in about 4% of 

pediatric B-ALL patients (Pui, et al. 2019). PAX5 maintains its DNA 

binding domain still localizing in the nucleus at the N-term of the 

fusion. PAX5 is a very promiscuous gene, having several C-term 

partner genes, that can encode for transcription factors (e.g. ETV6), 

structural proteins (e.g. POM121), kinases (e.g. JAK2), among the 

others. PAX5 fusions are subjected to multiple DNA binding and gene 

regulations (Fortschegger, et al. 2014). PAX5 fusions represent 30% of 

PAX5alt B-ALL, not including PAX5::JAK2(Gu, et al. 2019). It is 

supposed that the fusion protein binds the DNA with a dominant-

negative effect, altering wild type PAX5 activity (Kawamata, et al. 

2012). Two most recurrent fusion genes in B-ALL are PAX5::ETV6 and 

PAX5::JAK2. PAX5::ETV6 maintains the paired box and helix-loop-

helix domain of PAX5 fused with the DNA binding domain of ETV6 

(Gu, et al. 2019). PAX5::ETV6 has an opposite dominant effect on 

PAX5 target genes (Fazio, et al. 2013). Dominant negative fusions of 

PAX5 are thought to antagonize PAX5wt function, as reported in mouse 

models in which PAX5 fusions compete with PAX5wt protein levels 

(Cazzaniga, et al. 2015; Kuwamata, et al. 2012) and its target gene 

levels, such as by the downregulation of CD19 (Fazio, et al. 2008), 

among the other genes (Fazio, et al. 2013). PAX5::JAK2 has its peculiar 

gene expression profile that shifts this fusion from PAX5alt patients into 

the Ph-like subgroup of B-ALL (Gu, et al. 2019), as it maintains the 

kinase domain of JAK2 (Nebral, et al. 2009). PAX5::JAK2 is the only 

JAK2 fusion protein that localizes in the nucleus of the cell, 

deregulating PAX5 targets and activating JAK/STAT signaling. 

(Schinnerl, et al. 2015). Considering the setting of a knock-in mouse 
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model, B-ALL rapidly developed by only PAX5::JAK2 without other 

cooperating mutations, implicating PAX5::JAK2 key role as dual hits 

to drive leukemogenesis, represented by PAX5 haploinsufficiency and 

constitutively active kinase activity (Jurado, et al. 2022).  

3.7 PAX5 targeting in B-ALL 

No FDA-approved drugs are available for PAX5 alterations. Several 

approaches, depending on the specific alterations of PAX5 and on the 

mechanisms of action underlying the PAX5alt deregulation in B cells, 

could be used to develop the ideal targeting strategy. GEPs could drive 

the search for specific biomarkers that could be used to develop targeted 

therapies, depending on the type of PAX5 alteration considered (Gu, et 

al. 2022). Considering PAX5 metabolic gatekeeper function, drugs 

acting on deregulated metabolic effectors due to PAX5 deficiency, with 

increased glycolysis and ATP production, could deprive the leukemic 

cells of their essential fuel (Chan, et al. 2017). Indeed, agonists against 

CNR2 and TXNIP, two central effectors of energy supply restrictions in 

B cells, showed synergistic effect in combination with glucocorticoids 

bringing ATP levels to normal levels in B cells (Chan, et al. 2017). 

Moreover, in B-ALL patients carrying PAX5 deletions energy 

nonpermissive state can be reintroduced with restorations of PAX5 

(Chan, et al. 2017). Targeting PAX5 downstream deregulated pathways 

could overcome the deregulated networks of signaling in B leukemic 

cells. Treatment with kinase inhibitors resulted in increased apoptosis 

of leukemic cells, acting on LCK in in-vitro, ex-vivo and in-vivo models 

of B-ALL (Cazzaniga, et al. 2015; Fazio, et al. 2022). Moreover, the 

reactivation through drugs of divergent silenced pathways by PAX5 

alterations could inhibit leukemia transformation (Chan, et al. 2020). 
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Long but also brief restoration of PAX5 in B-ALL cells and mouse 

models disables leukemia initiating power, enabling differentiation and 

maturation of B cells through disease remissive state (Hart, et al. 2018). 

Pharmacological inhibition of IL-6 inhibits leukemic cells as it blocks 

PAX5 heterozygosis-enhanced IL-6 expression that was observed to 

sustain proliferation of leukemic cells (Isidro-Hernandez, et al. 2020).  

4. Pediatric ALL treatment to get a personalized 

medicine 

The treatment of acute lymphoid leukemias uses therapeutic 

combinations and treatment schemes among the most specialized in 

oncology. Since the 60s, the largest part of drugs applied in nowadays 

treatment were available, such as methotrexate, vincristine and 

asparaginase as first line treatment which increased the percentage and 

number of complete remission (RC). Later cyclophosphamide and 

anthracycline, used for consolidation of 6-mercaptopurine and 

methotrexate, have been applied for the central nervous system 

intrathecal prophylaxis making ALL treatment more effective and 

specific (CALLCG, 2009). Fundamental is the continuous effort of 

clinical research to get better doses and ways of administration, going 

to a personalized medicine depending on the subtype of leukemia 

considered with high specificity associated with the lowest toxicity 

achievable. Indeed, the identification of specified categories of patients 

based on immunophenotypic and/or cytogenic characteristics have 

required specific, differentiated and more intensive therapeutic 

approaches, in some cases being able to get to a target therapy, as for 

imatinib for BCR::ABL1(Biondi, et al. 2018) and ABL-class targeted 
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therapies  (den Boer, et al. 2020). To note, target therapies of PAX5 and 

JAK2 alterations in B-ALL patients are among the future goals to reach, 

as highlighted by the multiple ex-vivo and in-vivo studies developed in 

recent years. (Jia and Gu, 2022; Tran and Tasian, 2021).  

Nowadays, for B-ALL in adults and children, the conventional common 

treatment is divided into three therapeutic phases: 

1. Induction, used to eradicate the biggest number of leukemic 

cells to reestablish normal hematopoiesis. 

2. Consolidation/Intensification to eradicate eventual resistant 

leukemic clones, meaning to eradicate the quote of minimal residual 

disease (MRD) after the induction. 

3. Maintenance with an antineoplastic therapy at low doses for 

2-3 years, to prevent eventual refractory disease. 

To note, CNS prophylaxis is included to avoid leukemia involvement 

in the meninges and cerebral parenchyma, known to be a potential 

secondary site for leukemia as not all the chemotherapy drugs cross at 

blood-barrier (Pui, et al. 2008). 

The application of international intensive multicentric protocols 

based on early response to the treatment as main prognostic 

stratification factor has increased the survival of children affected by 

ALL (Pui, et al. 2015). Indeed, the introduction of the evaluation of the 

early response to the therapy, beyond the biological characteristics from 

the diagnosis, has led on one side to the intensification of treatment in 

high-risk patients, both towards treatment failure risk and relapse, and 

on the other side to reduce doses and use of drugs potentially toxic for 

low-risk patients. The BFM group first created in the 80s a therapeutic 

protocol based on intensive induction with multiple drugs, late 
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consolidation and intensification, reaching an increase in the event free 

survival from 50% in 1981 to 70% in 1995 till 85% nowadays (Conter, 

et al. 2010). Reinduction, a long-time maintenance, intensification in 

high-risk patients and a better risk stratification based on molecular 

MRD, have led to this EFS improvement (Conter, et al. 2010). To note, 

combinatory strategies with drugs not particularly myelotoxic such as 

corticosteroids, vincristine, asparaginase, methotrexate and 

antimetabolites, in addition to the limitation of the intracranial 

radiotherapy to only some types of ALL, has helped to increase the EFS 

of B-ALL children (90% low risk, 77% intermediate risk, 50% high 

risk) (Conter, et al. 2010; Conter, et al. 2014). The aim is to increase the 

current outcome reducing the treatment related toxicity better refining 

the stratification of risk categories considering the early response to 

treatment and the novel biological characteristics of the disease (e.g., 

IKAROS plus). Fundamental is the urgent identification of alternative 

treatments to combine with standard chemotherapy to improve the 

prognosis of children identified as high risk. Remarkably, the AIEOP-

BFM ALL 2017 protocol considers the prospective evaluation of the 

efficacy of some specific drugs, such as bortezomib, blinatumomab and 

kinase inhibitors, in high-risk children affected by B-ALL. Next 

generation sequencing is fundamental for the identification of 

molecular alterations, as mutations and rearrangements, in pediatric 

patients of B-ALL, in order to define the genetic background of the 

children and to increase the possibility to define novel therapeutic 

targets. To note, there is the need to find novel targets for the pediatric 

patients with bad prognosis carrying genetic alterations that are still not 

included in already defined categories with targeted treatment.  As 
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already previously described, novel applications with preclinical and 

clinical studies are undergoing for the treatment of B-ALL patients 

carrying JAK2 and PAX5 alterations. Remarkably, JAK2 and PAX5 

rearrangements still lack their specific drugs, urging to develop a 

personalized medicine for those high-risk categories, considering in 

particular the delicate group of pediatric B-ALL patients.  

Promising results derive from the application of targeted inhibitors of 

apoptotic proteins to treat children and adults with relapsed/refractory 

ALL, currently evaluated in early phase clinic pediatric trials (Tran and 

Tasian, 2021). Indeed, Venetoclax, a selective inhibitor of BCL2, an 

anti-apoptotic protein, showed efficacy in combination with standard 

chemotherapy (Place, et al.  2020). Moreover, it had synergistic effect 

in combination with dasatinib or ponatinib in Ph+ ALL cell lines and 

PDX models (Leonard, et al. 2016) and showed potent anti-leukemic 

activity in combination with MCL-1 inhibitors Ph+ and Ph-like ALL 

PDXs (Moujalled, et al. 2020). 
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5. SCOPE OF THE THESIS 

The aim of the project of the thesis is the development of a preclinical 

target strategy towards pediatric patients of B-ALL carrying JAK2 

and/or PAX5 rearrangements, with the final aim to get to a personalized 

medicine in this subset of pediatric B-ALL, which still lacks their 

specific and effective drugs. Therefore, to define our cohorts, we 

profited of the screening continuously performed in our laboratory for 

all the Italian AIEOP centers of large cohort of Italian pediatric 

leukemic patients by next generation sequencing approach on RNA. 

Primary patients’ cells have been expanded in-vivo in NSG mice, in 

order to obtain the blast cells to set up our ex-vivo and in-vivo 

experiments. 

First, focusing on JAK2 rearrangements, we test the efficacy of 

a novel kinase inhibitor of type II, CHZ868, to evaluate whether it could 

have higher specificity than ruxolitinib on JAK2r, both in ex-vivo co-

culture of blasts cell on a layer of human bone marrow stroma (HBMS), 

to reproduce the bone marrow niche, and in-vivo in mice xenotransplant 

with primary cells carrying JAK2 fusions. We aim also to verify if it 

could have synergistic or additive effects in combination with standard 

chemotherapy drugs and tyrosine kinase inhibitors. 

Secondly, in the PAX5r setting, we aim to define and 

characterize the peculiar molecular profile of pediatric patients with 

PAX5 fusions integrating NGS findings with gene expression. We 

investigate both the prognostic evidence and the altered signaling 

pathways sustaining leukemia evolvement downstream PAX5 fusion 

genes. Further, we develop the most specific preclinical strategy of 
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targeting with novel drugs both ex-vivo and in-vivo, as applied for the 

JAK2r patients, aiming to define a potential therapy for those patients. 

We moreover analyze infant germline for KMT2A/MLL 

rearrangements to find by NSG approach an eventual enrichment of 

fusion genes, as the one involving PAX5, in those fragile patients. 

Further, we aim to better understand the basis of leukemia 

development and maintenance in PAX5 and JAK2 rearranged pediatric 

cases. To achieve this purpose, we want to take advantage of high 

through put technologies in protein studies, such as the CyTOF, a single 

cells mass spectrometry approach that allows to simultaneously detect 

a wide pool of proteins using antibodies labeled with heavy metal ions. 

We develop and apply a panel to classify our patients derived xenograft 

(PDXs) samples into the different subpopulations of B cell 

development, from HSC to mature B cells, observing eventual changes 

of expression of specific markers (surface and intracellular) after 

stimulation and drug treatment. Moreover, we aim to define by CyTOF 

the basal metabolic state in presence of PAX5 and JAK2 fusions in 

leukemia. 

Finally, we aim to improve the spectra of FDA-approved drugs 

that may be considered for future developments for the treatment of 

JAK2 and PAX5 rearrangements through a wide high throughput drug 

screening. 

Our results aim to provide a better understanding of JAK2 and 

PAX5 rearrangements targeting in the setting of pediatric B-ALL 

following an integrative approach from primary material of patients to 

blasts-HBMS co-culture, to mice xenografts, hoping the define a 

personalized medicine to target JAK2 and PAX5 rearrangements. 
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ABSTRACT  

Background: Risk-based treatment is curative for 85% of children with 

B-cell precursor acute lymphoblastic leukemia (BCP-ALL), however 

relapse remains a leading cause of mortality, urging the need of novel 
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molecular targeted therapies. JAK2, a non-receptor tyrosine kinase, is 

rearranged in 5% of the ‘Philadelphia-like’ cases. While JAK2 

mutations have been widely studied, JAK2 fusion genes are still poorly 

characterized. 

 

Aim: This study aims to develop a target strategy in preclinical models 

of JAK2 fusion genes in BCP-ALL pediatric patients, using the novel 

inhibitor CHZ868. 

Methods: RNA Next Generation Sequencing was applied to find JAK2 

fusions in a cohort of high risk BCP-ALL pediatric patients. In-vivo 

expansion of patients’ cells has been carried out in NSG mice. CHZ868 

ex-vivo pharmacological treatment, versus ruxolitinib and standard 

chemotherapy, have been evaluated. Moreover, a wide throughput ex-

vivo screening of 174 FDA-approved drugs was performed. After ex-

vivo and in-vivo treatments with single selected drugs, phosphoflow and 

apoptosis assays were done. 

Results. We identified 13 pediatric cases carrying a JAK2 fusion with 

different partners, where PAX5 gene was the only recurrent. We 

expanded cells from 4 cases in mice, carrying PAX5::JAK2, 

ATF7IP::JAK2 and ZEB2::JAK2, respectively. We demonstrated that 

the basal activation of pY1007-1008-JAK2 and its downstream 

effectors, pS727-STAT3 and pY694-STAT5, can targeted by CHZ868, 

a new class-II tyrosine kinase inhibitor (TKI). We appreciated a mean 

inhibition of 33-71% of pY1007-1008 after 30 minutes, till -40-50% 

after 48h, with consequent decrease of pS727-STAT3, pY694-STAT5 

and PI3K-AKT pathway effectors. After 48h monotherapy treatment by 
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CHZ868, we also detected decreased cell viability (20-75% at IC50), 

which increased in the combination with dexamethasone. 

In PAX5::JAK2, we also performed treatments with 

BIBF1120/Nintedanib, LCK inhibitor (activated downstream to PAX5 

fusions) which synergizes with CHZ868 (-45%, at IC50). Moreover, 

ruxolitinib caused autophagy, as confirmed by higher levels of LC3-II 

versus untreated cells (+45%, p<0.01) and increased active caspase 3 in 

ruxolitinib and chloroquine (autophagy inhibitor) combination (+20% 

p<0.01). Instead, CHZ868 alone or with chloroquine did not induce 

autophagy. 

Finally, we demonstrated the in-vivo efficacy of CHZ868 in 

PAX5::JAK2, ATF7IP::JAK2 and ZEB2::JAK2 patient-derived- 

xenografts, with a significant reduction of leukemic CD10+/CD19+ 

cells in hematopoietic organs after two weeks of 30mg/Kg daily 

treatment of CHZ868.  

We moreover decided to apply a high-throughput ex-vivo screening of 

a library of 174 FDA-approved drugs in clinical trials, on 4 PDXs 

samples carrying JAK2 fusions (PAX5::JAK2, ATF7IP::JAK2, 

ZEB2::JAK2 and GIT2::JAK2), to check if other inhibitors may be 

available for JAK2 targeting. While we confirmed that ruxolitinib was 

not effective on JAK2 cohort at the tested dosages (8nM-25uM), this 

screening led us to identify specific and non-toxic drugs for rearranged 

JAK2 cohort, such as AT9283 (p<0.05) (pan-Aurora inhibitor) and 

Birinapant (Smac mimetic) (p<0.05), among the others. 

Summary/Conclusion: CHZ868 is a promising drug for the treatment 

of JAK2 fusions. Further studies will focus on the preclinical 



58 
 

combination of CHZ868 with the recently screened drugs found to be 

specifically effective on JAK2 fusions. 

INTRODUCTION 

Acute lymphoblastic leukemia (ALL) is the most common pediatric 

cancer and represents 85% of all the pediatric leukemias (Inaba, et al. 

2013; Harrison, et al. 2001; Inaba, et al. 2021). Nowadays the 

improvement of multidrug chemotherapy protocols and the novel 

therapies considering prognostic factors led to a more favorable 

prognosis and to a complete remission in 85% of cases, while the 20% 

of patients still relapse with only the 20-45% of cure rate (Nguyen, et 

al. 2008; Bourquin and Izraeli, 2010; Conter, et al 2010).  

Recently, a new high risk subgroup denominated Philadelphia-like (Ph-

like) has been defined, (Den Boer, et al. 2009; Mullighan, et al. 2009), 

as having a genetic expression pattern similar to the one of the 

Philadelphia positive ALL, despite not having the characteristic 

chromosomal fusion BCR-ABL1. However, the Ph-like or BCR-ABL1-

like subgroup is connoted by alterations of ABL1/ABL2, PDGFRB/A, 

MCSF1R, CRLF2, PAX5, EPOR and JAK2 genes (Roberts, et al. 2017; 

Boer, et al. 2017; Shiraz, et al. 2020; Fazio, et al. 2022), that are altered 

in 90% of the affected subgroup (Herold and Gokbuget, 2017). Ph-like 

genomic profile is heterogeneous and characterized by lesions 

activating tyrosine kinases and/or signaling pathways downstream 

kinase receptors, making this ALL class a good candidate for alternative 

treatment therapies with specific kinase inhibitors. Depending on the 

type of kinase involved in rearrangements, a distinction in ABL-class 

or JAK2-class can be done, and this is particularly relevant to better 
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understand to whom class of appropriate tyrosine kinase inhibitor there 

could be associated with the sensibility of treatment (Boer, et al 2017). 

JAK2 is a non-receptor tyrosine kinase, fundamental for the 

hematopoiesis and involved in different signaling pathways and cellular 

processes, such as cellular proliferation and survival. JAK2 is known to 

be deregulated in leukemias and lymphomas as characterized by copy 

number variations, mutations and chromosomal translocations (Meyer, 

et al 2015; Ehrentraut, et al 2013). While JAK2 mutations have been 

widely studied in the last years, neoplasms deriving from JAK2 

translocations are still poorly characterized (Ehrentraut, et al 2013). In 

particular, fusion genes involving JAK2 are found in about 5% of the 

pediatric Ph-like ALL (Tasian, et al 2017; Shiraz, et al 2020; Tran and 

Tasian, 2021), in which JAK2 maintains its catalytic domain at 3’ of the 

fusion gene. JAK2 is an appealing target of a large group of tyrosine 

kinase inhibitors (TKIs) available to date (Tran and Tasian, 2021) There 

are mainly JAK2 class I-TKIs, but in the last years the production of 

class II TKIs is increasing, because they could overcome the limits of 

class I TKIs acting directly on the inactive conformation of JAK2 

(Harrison, et al 2017). Ruxolitinib is probably the most diffused class I 

TKI directed to JAK2 which binds its target in its active form; even 

though its efficacy, it showed some limitations in leukemia and 

myeloproliferative diseases’ treatment, as efficacy at high dosages, 

persistence and hyperphosphorylation of JAK2 and STATs, determining 

a “paradoxical effect” (Koppikar, et al. 2012; Tvorogov, et al. 2018). 

Class II TKIs bind their targets in the inactive conformation and 

considering JAK2 as target, the novel compound CHZ868 showed 

promising results in-vitro and in-vivo acting significantly on both 
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leukemias and myeloproliferative diseases in presence of JAK2 point 

mutations (Bose, et al 2017; Meyer, et al 2015; Tvorogov, et al 2018; 

Wu, et al 2015; Zhang, et al 2018). Considering CHZ868 efficacy in 

these settings, we developed the present study with the aim of targeting 

JAK2 in the context of pediatric BCP-ALL samples derived from 

patients carrying JAK2 fusion genes, in an ex-vivo and in-vivo 

preclinical setting. The aim was to investigate and assess the CHZ868 

specificity and efficacy for this specific subgroup, lacking specific 

chemotherapy drugs for this type of fusions.  

 

MATERIALS AND METHODS 

Patients’ cohort. 

In this study, we have analyzed samples of primary bone marrow (BM) 

tumor cells (blasts) of pediatric patients affected by ALL, enlisted in the 

AIEOP-BFM ALL 2009 protocol. We selected a large cohort of BCP-

ALL pediatric patients, as being defined as high risk by PCR MRD 

analysis at TP1/day 33.  

Next Generation Sequencing RNA target capture and whole 

transcriptome analyses.  

We applied the Next Generation Sequencing (NGS) RNA target capture 

strategy on a large cohort of PCR MRD high risk (HR) BCP-ALL 

pediatric patients, implementing RNA target capture NGS on Illumina 

platform (either the Illumina TruSight RNA Pan-Cancer Library Prep 

(Illumina, Inc., San Diego, CA, USA) or the Tecan Genomics Custom 

Panel), as previously described by Grioni, et al. 2019, starting from total 

RNA extracted during diagnosis from bone marrow mononuclear cells. 

For single cases, whole transcriptome analysis has been performed by 
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using the Universal RNAseq kit (Nugen, Tecan) following the 

manufacturer's protocol. Briefly, 100 ng nanogram amounts of total 

RNA obtained from BM cells have been processed to obtain double-

stranded cDNA generation using a mixture of random priming, adaptor 

ligation, strand selection, targeted transcript depletion with AnyDeplete 

for ribosomal and globin genes, and PCR amplification to produce the 

final library. The libraries have been analyzed by paired-end sequencing 

on NextSeq550 Illumina platform, 2x75, sequencing 12 samples on a 

High Output v2.5 150 cycles cartridge. In the present study, we include 

exclusively patients carrying chromosomal rearrangements causing 

JAK2 fusion genes, identified by bioinformatics analysis performed 

using TOPHAT and Dragen software (Basespace Illumina cloud, 

www.basespace.illumina.com) or an internal pipeline (Grioni, et al. 

2019).   

JAK2 fusion genes validation. 

NGS identified JAK2 fusions were validated by RT-PCR and Sanger 

sequencing, and/or FISH. Briefly, 1µg of total RNA was used to obtain 

cDNA by reverse transcription using the SuperScript® II Reverse 

Transcriptase enzyme (Invitrogen, Thermo Fisher Scientific, Waltham, 

MA, USA), according to manufacturer’s instructions. Subsequently, 

samples were analyzed by RT-PCR, with specific designed primers for 

each fusion (Supplementary table 1), using Platinum™ Taq DNA 

polymerase (Invitrogen, Thermo Fisher Scientific), according to 

manufacturer’s instructions. RT-PCR products were purified and 

analyzed by Sanger sequencing. 

Cell lines 

http://www.basespace.illumina.com/
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MUTZ5 (CRLF2r and JAK2m R683G) and MHH-CALL-4 (CRLF2r) 

human B-precursor ALL cell lines, and SET2 (JAK2m) of acute 

megakaryoblast leukemia, were used as positive controls for 

JAK2/STAT pathway in short time points phosphoflow. 

Human-murine xenografts for in-vivo expansion of patients’ blasts.  

An in-vivo Patient-Derived-Xenograft (PDX) model has been setup in 

Immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice to 

expand primary patients’ blasts isolated from diagnostic Bone Marrow. 

NSG mice were sub-lethally pre-irradiated (125 rad, 12mA, 190V) 

using X-RAY RADGIL instrument (Gilardoni s.p.a, Mandello del 

Lario, Italy) and after 4-6 hours, each mouse received a caudal 

intravenous injection of 1-1.5 x 106 patients’ blasts. Periodically, we 

evaluated the leukemic engraftment in transplanted mice by 

intrafemoral BM aspirate, in general anesthesia using inhalatory 

isoflurane and oxygen. Mice were sacrificed at the treatment end point 

or when the human disease engraftment was evident (about 80% or 

higher), or when evident signs and symptoms of leukemia or suffering 

(curved posture, weight loss, anorexia, catatonia, matted hair) were 

observed. Tibia, femur, spleen, and meninges were collected and 

processed, in order to obtain leukemic cells of BM, spleen (SP) and 

central nervous system (CNS). Cells were analyzed for phenotype 

(FACS) and then cryopreserved in FBS-10%DMSO for long term 

storage.  

Engraftment evaluation and immune-phenotype by flow 

cytometry.   

To evaluate the leukemic engraftment in mice, BM  and organ cell 

suspensions (previously processed to lyse red cells by NH4Cl) were 
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stained with antibodies to make a cytometric analysis of surface 

antibodies. The antibodies used were: Fc portion of human and mouse 

immunoglobulins, mCD45.1-PE (30-F11, 12-0451, eBioscience™, 

Thermo Fisher), hCD45-PERCP (2D1, 345809, BD Biosciences, San 

Jose, CA, USA), hCD10-APC (CB-CALLA, 17-0106, eBioscience™, 

Thermo Fisher), hCD19-FITC (HIB19, 11-0199, eBioscience™, 

Thermo Fisher). After 15 minutes of dark incubation at room 

temperature, cells pellets were washed with PBS, resuspended in 200μl 

of PBS and analyzed at BD LSR X20 FORTESSA cytometer (BD) and 

FACS Diva software (BD).  

Co-culture of leukemic blasts on a layer of human bone marrow 

stromal cells (HBMS). 

Blasts derived from xenografts were seeded on a layer of cellular line 

of human bone marrow stromal cells, named HBMS. Stromal cell layer 

was prepared at the concentration of 2 x 104 in each of the wells of a 96 

multiwell (Corning Incorporated, New York, USA), three days prior to 

reach confluence. Leukemic blasts were plated at 2 x 105 concentration, 

in presence of 200 μl in each well of AIM V (Thermo Fisher). Blasts in 

co-culture were treated with each drug in monotherapy at different 

concentrations to determine IC50, for 48h. Furthermore, three different 

concentrations (including IC50) were tested for each drug, in 

monotherapy or in combination of drug pairs. After 48h treatment, 

leukemic cells were isolated from stromal cells, by processing cells as 

follows: 8 times of scraping and 8 times of resuspension in PBS for 

each well. Levels of apoptosis-viability of blasts were evaluated by a 

staining with anti-hCD10-APC (CD10 PE-Cy™7 #565282 RRID: 

AB_2739153, BD Biosciences) and contemporarily with Annexin V-PE 
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and 7-AAD (kit GFP CERTIFIED Apoptosis/Necrosis detection, Enzo 

Life Science, Inc., Lausen, Switzerland)), following manufacturer’s 

instructions. The experiments were performed in biological triplicate 

and technical duplicate. Analysis by FACS used BD LSR X20 

FORTESSA cytometer (BD Biosciences) and FACSDiva software. 

For the described experiments we used two TKIs, CHZ868 and 

ruxolitinib, which have been dissolved in DMSO for a 10mM STOCK 

and a 28mg/mL STOCK respectively, then aliquoted and preserved at -

20°C. Dexamethasone was used as well, available in a liquid solution 

of 4mg/mL (preserved at 4°C), and Nintedanib/BIBF1120, which was 

received at stock solution of 10nM, in DMSO, and kept at -20°C. For 

each individual ex-vivo experiment we prepared fresh dilutions of each 

drug at specific experimental working concentrations. 

The following parameters have been used to determine the efficacy of 

drug treatment, both in monotherapy and combination, as well as to 

determine if the combinations of drugs were additive, synergic or 

antagonistic:  

-  IC50: to determine the efficacy of drugs to inhibit 50% of their targets. 

(Beck, et al. 2004; Cheng and Prusoff, 1973; Sebaugh, et al. 2011) 

- BLISS score: formula used to determine synergic (OE>EE), additive 

(OE=EE) or antagonist (OE<EE) activity between the drugs used in 

experiments Exy=Ex+Ey- (Ex X Ey), considering the expected effect 

(EE) of single drugs together Ex and Ey, and the Observed Effect (OE) 

really observed in experiments. (Greco, et al 1995, Zhao, et al 2014) 

- Compusyn software: based on the Chou-Talalay’s combination index 

theorem (CI) to evaluate the effect of interaction between n drugs: CI<1 
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stands for synergy, CI=1 for additivity, CI>1 for antagonism (Chou, et 

al. 2006). 

Functional phosphoflow on JAK2 related pathways. 

We evaluated the levels of phosphorylation of JAK/STAT, PI3K-AKT 

and MAPK pathway by Phosphoflow, in patients’ blasts expanded by 

murine xenografts, and in cell lines, at basal level or after CHZ868, 

ruxolitinib or BIBF1120/nintedanib treatment. As previously setup in 

our lab (Cazzaniga, et al. 2015), after starvation, cells were fixed with 

1.6% paraformaldehyde (PFA), permeabilized with 90% cold methanol, 

washed with Staining Buffer, dark stained 30 minutes at room 

temperature with antibodies. Only for the evaluation of CHZ868, 

ruxolitinib and BIBF1120 treatment effects, before the fixation with 

paraformaldehyde cells were treated with the drugs (IC50 

concentration) at different time points. Stained cells were analyzed by 

FACS, using BD LSR X20 FORTESSA cytometer (BD Biosciences) 

and FACSDiva software. Antibodies used for the evaluation of 

phosphorylation were: pJAK2 (Tyr1007+Tyr1008, #bs-2485R Bioss 

Antibodies, Woburn Massachusetts), anti-STAT5(pY694)(#612598 BD 

Biosciences), anti-STAT3(pS727) (#558085 BD Biosciences), PI3K-

AKT (PDPK1 (Anti-PDPK1 pS241 #560092 RRID: AB_1645523 BD 

Biosciences), pAkt (Ser473) (Phospho-Akt Ser473 #4075 Cell 

Signaling), pAkt (Thr308) (Anti-Akt pT308 #558275 RRID: 

AB_2225329 BD Biosciences), pS6 (Anti-S6 pS235/pS236 #560435 

RRID: AB_2869348 BD Biosciences) and 4pEBP1 (Phospho-4E-BP1 

Thr37/46 #2846 Cell Signaling)), and MAPK (pERK (T202/Y204), 

#560314 BD Biosciences) pathways, after 48H of CHZ868 or 

ruxolitinib treatment on blasts on a layer of HBMS.  
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Autophagy evaluation after TKIs treatment. 

Blast cells, on a layer of HBMS, were treated for 44 hours with CHZ868 

or ruxolitinib in monotherapy. Chloroquine, an autophagy inhibitor, 

was then added for 4 hours. Evaluation of autophagy induction was 

determined by observing LC3-II (LC3B #65299, Cell Signaling), total 

LC3 (LC3A/B #13611, Cell Signaling) expression and active caspase 3 

(Anti-active caspase-3 #559341, Bd Biosciences) positive cells by 

FACS (LSR X20 FORTESSA, BD Biosciences).  

CHZ868 in-vivo targeting. 

NSG mice were xenotransplanted with leukemic blasts carrying 

PAX5::JAK2, ATF7IP::JAK2 or ZEB2::JAK2 fusions. After at least a 

10% engraftment of leukemia, evaluated by periodic bone marrow 

aspiration and cytofluorimetric immunophenotyping evaluation for 

CD10+CD19+ blasts, we randomized animals in two groups and started 

the drug administration with either 30mg/Kg of CHZ868 (treatment 

group) or by vehicle (H2O, EtOH, Kolliphor) (vehicle group) for 2 

weeks with washout on the weekend. Based on literature data, we 

previously performed a dose finding study treating mice carrying 

PAX5::JAK2 fusion with either 30mg/Kg or 40mg/Kg dosages of 

CHZ868, which resulted 30mg/kg as being efficacious but no toxic. 

Leukemia reduction after CHZ868 treatment was evaluated by the % 

and absolute number of human CD10+CD19+ blasts in Bone marrow, 

spleen, peripheral blood and meninges of central nervous system 

(FACS analysis).  

Blasts cells isolated from BM of CHZ868 and vehicle treated mice were 

starved for 1.30h, fixed with 4% of PFA, permeabilized with 90% cold 

methanol, washed with Staining Buffer, dark stained 30 minutes at 
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room temperature with antibodies directed to JAK2/STATs, PI3K-AKT, 

and MAPk pathways as described above.  

Ex-vivo drug screening experiments of leukemic blasts 

Ex-vivo extended drug screening was performed as previously 

described (Bhatia, et al. 2018; Fazio, et al. 2022). Briefly the DMSO 

dissolved compound library (MedChemExpress, NJ, USA) was 

dispensed with increasing concentrations of the inhibitors in 6 dilution 

steps (0.008 - 25 µM) using digital dispenser (D300e, Tecan, 

Mannedorf, Switzerland), which ensures precise and robotic compound 

application in randomized fashion. Differential responses were 

monitored with ATP-dependent CellTiter-Glo Luminescent cell 

viability kit (Promega, Madison, USA) after 72 h of inhibitor exposure 

using Microplate reader (Spark 10M, Tecan). Drug sensitivity scores 

(DSS) for the inhibitors were determined, followed by heat map and 

volcano plots visualization, and unsupervised hierarchical clustering of 

the DSS scores were performed using R package gplots (Yadav, et al. 

2014) 

Statistical analysis. Statistical analyses from in-vivo, ex-vivo and 

phosphoflow experiments were performed by GraphPad Prism software 

(ver·9); Anova and T test is shown as *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001.  

 

RESULTS 

JAK2 rearrangements were identified in a cohort of pediatric 

patients affected by acute lymphoblastic leukemia. 

Through a large NGS screening we identified, among the others, a total 

of 13 cases carrying a JAK2 fusion gene (Supplementary table 2). 
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Beyond the already described fusions ATF7IP::JAK2 and PAX5::JAK2, 

which was recurrent in n=6 cases, novel fusions were found and 

validated by RT-PCR and Sanger Sequencing: ZEB2::JAK2, 

GIT2::JAK2, TLE4::JAK2, RAB7A::JAK2, MPRIP::JAK2 (n=2). In 

all the JAK2t cases identified, JAK2 maintains its kinase domain at the 

3’, fused at the 5’ with the partner gene. We also selected two patients 

as positive controls, identified by NGS as carrying P2RY8::CRLF2 

rearrangements and JAK2R683G mutation, and additional two as negative 

controls, whose cells were wild type for JAK2 and negative for any 

fusion gene by RNA NGS analysis. 

JAK/STAT pathway is hyperphosphorylated in JAK2r blasts.  

We developed a model of in-vivo human-mouse xenograft in 

sublethally-irradiated NSG mice to expand available primary cells from 

3 patients, carrying a PAX5::JAK2 (patient 1), an ATF7IP::JAK2 

(patient 2) and a ZEB2::JAK2 (patient 3) fusion, respectively, 

previously validated by RT-PCR and Sanger sequencing (Figure 1A-

D). After an assessment of engraftment higher than 80% of human 

blasts (CD10+/CD19+) by BM aspirate samples of transplanted mice 

(FACS analysis), we recovered leukemic blasts from BM, SPL and CNS 

from mice, which were used to set up the cell biology experiments of 

this study.  

First, we wanted to characterize the signaling pathways involved in the 

three cases carrying JAK2 fusions, investigating if JAK2 was 

effectively active at basal level in absence of specific stimuli. To this 

purpose, by phosphoflow technique we evaluated the level of 

phosphorylation of the two residues Y1007-1008 in the loop of 

activation of JAK2, corresponding to constitutive activation of JAK2 
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itself. We compared the basal phosphorylation levels of our patients to 

primary cells of two patients characterized by CRLF2 rearrangements, 

known to have JAK/STAT pathway active (Savino, et al 2017), and thus 

considered as positive controls. We detected significantly higher levels 

of basal activation of pJAK2 in all the three patients (+17+70%) 

(Figure 1E), expressed as median of phosphorylation in basal 

conditions, compared to positive controls. Further, we evaluated the 

levels of phosphorylation of STAT5 (pY694) and STAT3 (pS727), two 

JAK2 downstream effectors on the JAK/STAT pathway, demonstrating 

that the JAK2 constitutive activation induced the activation of its 

effector at basal levels in all three patients without any stimuli (Figure 

1F-G).  
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Figure 1. Features of three pediatric patients carrying JAK2 rearrangements. A. 

Representation of fusion breakpoints of patient 1 PAX5::JAK2, patient 2 

ZEB2::JAK2, patient 3 ATF7IP::JAK2, each maintaining JAK2 kinase domain. B-D. 

Sanger indicating the breakpoint of fusions and RT-PCR of patient 1 PAX5::JAK2 

(B), patient 2 ATF7IP::JAK2 (C), patient 3 ZEB2::JAK2 (D). E-F.  Basal level of 

phosphorylation of pJAK2 (Y1007-1008) (E), pSTAT5 (Y694) (F), pSTAT3 (S727) 

(D) of the three patients carrying JAK2r compared to positive controls, carrying both 

a CRLF2 rearrangement, and one of them a JAK2 R683G mutation. P values: 

*p<0.05; **p<0.01; ***p<0.001.  

 

The JAK2t patients also showed a significant hyperphosphorylation of 

pJAK2, pSTAT5 and pSTAT3 compared to negative controls, 

represented by primary cells of two patients carrying a wild type JAK2 

gene, considering both fusion and SNV/CNV mutations, who didn’t 
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have a constitutive activation of pJAK2, therefore a low activation of 

STAT3 and STAT5 compared to JAK2t blasts (Supplementary Figure 

S1A-C). 

Cell lines (SET2, CALL4, MUTZ5), considered positive controls for 

JAK/STAT pathway, showed little expression of JAK/STAT effectors 

without stimuli (Supplementary figure S1D-F). 

 

Conventional chemotherapy drugs and JAK2 tyrosine kinase 

inhibitors as single agents show efficacy on JAK fusions. 

We executed Annexin V- 7-AAD apoptosis-vitality assay of co-culture 

of patients’ blasts on HBMS, treated with CHZ868, a JAK2 TKI of class 

II and ruxolitinib, a JAK2 TKI of class I, in monotherapy to determine 

patient-specific IC50s at 48h. We determined that PAX5::JAK2 and 

ATF7IP::JAK2 cells were more sensitive to CHZ868, having 0.270µM 

IC50 (Compusyn analysis), compared to ZEB2::JAK2 sample, which 

was more resistant (IC50 of 0.338 µM, as shown in Supplementary 

figure S2A). By ruxolitinib dose finding study, we detected IC50 values 

100-fold higher than the CHZ868 ones (Supplementary figure S2B). 

Furthermore, we treated PAX5::JAK2 blasts with dexamethasone, a 

conventional chemotherapy drug used in AIEOP BFM 2017 protocol, 

determining an IC50 of 7ng/mL IC50, which was considered also for 

pt.2 and pt.3 (Supplementary figure S2C). IC50s are reported in 

supplementary figure S2D. 

 

CHZ868 reduces JAK2/STATs pathway basal 

hyperphosphorylation in JAK2t leukemic blasts. 
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We evaluated whether the CHZ868 treatment reduces the 

phosphorylation of its target JAK2. We treated blasts with CHZ868 and 

ruxolitinib in monotherapy at IC50 patient-specific doses at different 

shorter time points than 48h, observing after 30 minutes of treatment a 

significant patient-specific reduction of phosphorylation of Y1007-

1008 residues of the catalytic loop of activation of JAK2 (-33-71%). 

CHZ868 30 minutes of treatment also caused a significant reduction of 

phosphorylation on pSTAT5 (Tyr694) (-12-52%) and pSTAT3 (Tyr705) 

(-37-48%), the two main downstream effectors of JAK2, as an effect of 

the reduced phosphorylation in JAK2 (Figure 2A-C). Overall 

ruxolitinib showed higher efficacy on pSTAT5 (up to -62%) rather than 

on pJAK2 (up to -22%) after 30 minutes (Figure 2D-F), with patient 

specific responses.  

SET2, CALL4 and MUTZ5 cell lines overall showed similar sensitivity 

to both TKIs on JAK2/STATs pathway after 30 minutes of treatment 

(Supplementary figure S3). 
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Figure 2. Targeting of three JAK2 rearranged patients with tyrosine kinase 

inhibitors at short time points, evaluating the phosphorylation levels on 

JAK2/STATs pathway by phosphoflow. A-C. CHZ868, type-II TKI, targeting of 

pJAK2 (Y1007-1008)
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pJAK2 (Y1007-1008), pSTAT5 (Y694) and pSTAT3 (S727) at short time points on 

patient 1 carrying a PAX5::JAK2 fusion (A), on patient 2 carrying a ATF7IP::JAK2 

fusion (B) and on patient 3 carrying a  ZEB2::JAK2 fusion (C). D-F. Ruxolitinib, 

type-I TKI, targeting of pJAK2 (Y1007-1008), pSTAT5 (Y694) and pSTAT3 (S727) 

at short time points on patient 1 carrying a PAX5::JAK2 fusion (D), on patient 2 

carrying a ATF7IP::JAK2 fusion (E) and on patient 3 carrying a  ZEB2::JAK2 fusion 

(F). N=3, 1 representative experiment shown. P values: *p<0.05; **p<0.01; 

***p<0.001.  

 

After treatment of blast cells in co-culture on a layer of HBMS cells 

with CHZ868 for 48 hours, in PAX5::JAK2 blasts, even though pJAK2 

was significantly reduced (-40%, p<0.001), pSTAT5 was 

hyperphosphorylated (+75%, p<0.001) (Figure 3A), probably due to 

the presence of PAX5 in the fusion gene, which leads to pSTAT5 

hyperphosphorylation (Cazzaniga, et al. 2015). Instead, ATF7IP::JAK2 

and ZEB2::JAK2 samples showed a significant reduction of 

phosphorylation in both pJAK2 (-25-50%) and pSTAT5 (-20-

65%)(Figure 3B-C), while CHZ868 had effect on pSTAT3 (-50%, 

p<0.0001) only in ATF7IP::JAK2. At 48h, ruxolitinib had no effect on 

pJAK2 and pSTAT3 on PAX5::JAK2 positive blasts, while it 

simultaneously induced pSTAT5 hyperphosphorylation (+50%, 

p<0.001) (Figure 3D). Moreover, while it didn’t show an effect on 

pJAK2 also on ATF7IP::JAK2 positive blasts, ruxolitinib inhibited 

pSTAT5 (-45%, p<0.0001) and pSTAT3 (-50%, p<0.0001) (Figure 3E-

F). Conversely, ruxolitinib exerted a significant effect on pJAK2 (-

33%) and pSTAT5 (-50%) of ZEB2::JAK2 blasts (Figure 3G-I) 
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Figure 4.  Mean fluorescence intensity (MFI) inhibition of JAK2 related 

downstream pathways after 48h of treatment with TKIs on blasts carrying JAK2 

fusions in co-culture on HBMS, evaluated by phosphoflow. A-C. pJAK2 (Y1007-

1008) (A), pSTAT5 (Y694) (B) and pSTAT3 (S727) (C) inhibition after CHZ868 or 

ruxolitinib treatment on patient 1 blasts carrying a PAX5:.JAK2 fusion. D-F. pJAK2 

(Y1007-1008) (D), pSTAT5 (Y694) (E) and pSTAT3 (S727) (F) inhibition after 

CHZ868 or ruxolitinib treatment on patient 2 blasts carrying a ATF7IP:.JAK2 fusion. 

G-I. pJAK2 (Y1007-1008) (G), pSTAT5 (Y694) (H) and pSTAT3 (S727) (I) inhibition 

after CHZ868 or ruxolitinib treatment on patient 3 blasts carrying a ZEB2:.JAK2 

fusion. J. PI3K-AKT pathway effectors inhibition [PDPK1, pAKT (S473), pAKT 

(T308), 4pEBP1, pS6] after CHZ868 or ruxolitinib treatment on patient 1 blasts 

carrying a PAX5:.JAK2 fusion. K. PI3K-AKT pathway effectors inhibition [PDPK1, 

pAKT (S473), pAKT (T308), 4pEBP1, pS6] after CHZ868 or ruxolitinib treatment 

on patient 2 blasts carrying a ATF7IP:.JAK2 fusion. L. PI3K-AKT pathway effectors 

inhibition [PDPK1, pAKT (S473), pAKT (T308), 4pEBP1, pS6] after CHZ868 or 

ruxolitinib treatment on patient 3 blasts carrying a ZEB2:.JAK2 fusion. P values: 

*p<0.05; **p<0.01; ***p<0.001. N=3 experiments, in technical duplicate (A-L).  

 

Furthermore, we also checked PI3K-AKT and MAPK pathways after 

48h of treatment, as they are more downstream JAK2 related pathways, 

expecting an effect of the TKIs later in time. CHZ868 and ruxolitinib 

significantly downregulated PI3K-AKT pathway’s effectors in all the 

three JAK2t samples, with similar effects (Figure 3J-L), while we 

evaluated patient-specific responses on pERK (Supplementary figure 

S4). 

 

CHZ868 shows a JAK2t specific pharmacological effect in 

combination with ruxolitinib and dexamethasone in ex-vivo 

treatments. 
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CHZ868 was given for 48h in combination with dexamethasone and 

ruxolitinib to blast cells on HBMS.  We found its statistically significant 

and synergistic effect with ruxolitinib in all the three fusions settings (-

62-90%, 0.01<p<0.001 vs untreated). While patient 2 and 3 showed a 

resistance to conventional chemotherapy drug dexamethasone, patient 

1 (PAX5::JAK2) was quite sensitive and we evaluated a statistically 

significant synergy between dexamethasone and CHZ868 (-95%, 

p<0.001 vs. untreated). The combination between CHZ868 and 

dexamethasone on patients 3 (ZEB2::JAK2) showed a tendency to 

overcome the resistance as we evaluated an additive effect by bliss 

score, driven mainly by CHZ868 (p<0.001 vs. dexamethasone only), 

while the combination on patient 2 (ATF7IP::JAK2) didn’t give and 

advantage compared to monotherapy  due to the high resistance to 

dexamethasone (Figure 4A-C). We assessed synergistic/additive 

effects in the combinations as indicated by bliss score in figures 4D and 

combination index in Supplementary table 3A, with patient specific 

responses.  
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Figure 4 Ex-vivo apoptosis/viability assays of combination of pairs of drugs, 

given at three different dosages, on BM blasts derived from patients carrying 

JAK2 rearrangements, treated for 48h in co-culture with HBMS. Viability was 

assessed by Annexin V-PE/7AAD staining, as difference from apoptosis and 

necrosis. A. Combinations on PAX5::JAK2 positive blasts. B. Combinations on 

ATF7IP::JAK2 positive blasts. C. Combinations of ZEB2::JAK2 positive blasts. D. 

Bliss score of the combinations in pair of the drugs, comparing expected event(EE) 

and observed event(OE), to evaluate synergy. P values: *p<0.05; **p<0.01; 
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***p<0.001. N=3 experiments, in technical duplicate. Each column represents results 

on 1 patient. The internal control is represented by untreated (ut) cells. 

 

The same apoptosis-vitality assays were performed on blasts derived 

from two pediatric patients defined as negative controls, as they didn’t 

have JAK2t rearrangements, and on two CRLF2r blasts of pediatric 

patients defined positive controls, using the same range of dosages for 

the three chemotherapy drugs defined for the PAX5::JAK2 patient. 

CHZ868 was not significantly effective on positive controls compared 

to ruxolitinib treatment, highlighting CHZ868 JAK2t specificity. 

Overall, CRLF2r control n.2 was more sensitive to all treatments, both 

in monotherapy and in combination, as also suggested by bliss score 

(Supplementary figure S5A-B). Moreover, negative controls were 

particularly sensitive to dexamethasone treatment, and negative control 

n.1 was also sensitive to ruxolitinib treatment (IC50 -60%, p<0.01 vs 

untreated), despite the absence of JAK2 fusions or mutations, 

remarking ruxolitinib nonspecific activity. CHZ868 had no significant 

effect in both negative controls (Supplementary figure S5C-D). 

Eventual synergistic or additive effects shown by combination index on 

CRLF2r and negative controls are exclusively driven by 

dexamethasone or ruxolitinib (Supplementary table 3B). 

CHZ868 exerts a synergistic combination with nintedanib on 

PAX5::JAK2 treated blasts. 

Considering the patient 1 carrying PAX5::JAK2 fusion gene, we 

performed a dose finding study for the kinase inhibitor nintedanib 

(BIBF1120), which showed efficacy in the treatment of leukemic cells 
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characterized by PAX5 fusion genes (Cazzaniga V. et al., 2015, Fazio G. 

et al., 2022), determining a 10nM IC50 value for BIBF1120 (Figure 

5A).  We also demonstrated the activation at basal level of LCK 

downstream pathway, known to be regulated by PAX5 and targeted by 

BIBF1120 (Fazio, et al. 2022), evaluating the phosphorylation levels of 

PDPK1, pAKT (Thr308 and Ser473), pS6 and 4pEBP1 (Figure 5B). 

After 48 hours of BIBF1120 monotherapy treatment of blast cells on 

HBMS, we observed a significant downregulation of PI3K-AKT 

pathway effectors (PDPK1 p<0.001, AKT Ser473 p<0.05, pAKT 

Thr308 p<0.01, pS6 p<0.001, 4pEBP1 p<0.01) (Figure 5C-G). 

Moreover, we performed a combination treatment between CHZ868 

and BIBF1120, in addition to a combination treatment experiment 

between ruxolitinib and BIBF1120, using three different drug 

concentrations (the IC50, one lower and one higher dosage, defined by 

a constant ratio between the two drugs). After 48h treatment, a more 

significant effect on cell viability by the combination between CHZ868 

and BIBF1120 (-64%, p<0.001) than the ruxolitinib-BIBF1120 one (- 

50%, p<0.05) was observed (Figure 5H-I). Bliss score also showed that 

both CHZ868 and dexamethasone combination, both the ruxolitinib and 

dexamethasone combination are synergistic. (Figure 5J).  
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Figure 5. Overview of function characterization of PAX5::JAK2 patient 1 blast 

cells. A. Viability of blasts in co-culture on HBMS after 48h monotherapy treatment 

with BIBF1120/Nintedanib to determine IC50. N=3 experiments in technical 

duplicate. B. Basal level evaluation of expression of PI3K-AKT pathway effectors. 

C-G. Mean fluorescence intensity of PI3K-AKT pathway effectors PDPK1 (C), 

pAKT (S473) (D), pAKT (T308) (E), 4pEBP1 (F), pS6 (G), after 48h BIBF1120 

treatment of blasts on HBMS, evaluated by phosphoflow. N=3 experiments in 

technical duplicate. H-I Ex-vivo iability of blasts after BIBF1120-CHZ868 (H) and 

BIBF1120-ruxolitinib (I) combinations after 48h treatment on HBMS, evaluated as 

difference from necrosis and apoptosis by Annexin V-PE/7AAD staining. N=3 

experiments in technical duplicate. J.  Bliss score of the combinations of the TKIs 

with BIBF1120, indicating a synergistic effect with combination index CI<1. K. 
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LC3II expression, indicated as MFI ratio on LC3 total, on untreated and treated blasts 

in co-culture on HBMS for 44h + 4h with chloroquine. N=3, 1 representative 

experiment shown. L. % of blast cells positive to active caspase 3 after treatment with 

TKIs, BIBF1120 and chloroquine, indicating cells in apoptosis due to drug efficacy. 

N=3, 1 representative experiment shown. 

P values: *p<0.05; **p<0.01; ***p<0.001.  

 

Ruxolitinib, but not CHZ868, exerts a reduction of its apoptotic 

effect on PAX5::JAK2 blasts as blasts undergo autophagy. 

In cases carrying JAK2 single nucleotide mutations (JAK2m), 

ruxolitinib is known to reduce its apoptotic effect but inducing 

autophagy (Machado-Neto, et al. 2020), therefore we investigated 

autophagy involvement in presence of JAK2 fusions. We treated blasts, 

on a layer of HBMS, for 44 hours with CHZ868 or Ruxolitinib alone, 

then we added chloroquine for 4 hours and we evaluated the MFI. After 

autophagy inhibition by chloroquine treatment, levels of LC3-II, a 

marker of autophagy, were assessed by flow cytometry, demonstrating 

significantly higher levels of LC3-II in chloroquine treated blasts 

(+115%, p<0.01) and also ruxolitinib treated cells (+45%, p<0.01) 

compared to untreated blasts, whereas no difference has been observed 

in CHZ868 treated cells (Figure 5K). Moreover, we observed an 

increase of active caspase 3, in blasts treated with ruxolitinib and 

chloroquine combination (+20%, p<0.01), compared to ruxolitinib only 

treated blasts, while CHZ868 and chloroquine combination treatment 

did not increased apoptosis compared to CHZ868 only (Figure 5L). 

Furthermore, ruxolitinib induced autophagy exclusively in 

PAX5::JAK2 blasts, and not in ATF7IP::JAK2 and ZEB2::JAK2 treated 

cells (Supplementary figure S6A-D). 
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CHZ868 treatment targets leukemic blasts carrying JAK2 fusions 

in in-vivo PDX preclinical model. 

As CHZ868 proved to be more effective than ruxolitinib in ex-vivo 

treatments, we evaluated its effect in patient-derived xenograft NSG 

mice, treated by either CHZ868 (30 mg/kg) or vehicle. After two weeks 

of treatment, we analyzed the levels of human CD10+CD19+ blasts in 

the two experimental groups. In all the three subtypes of fusions, we 

detected a statistically significant reduction of the percentage of the 

hCD10+CD19+ blasts (Figure 6A-C) in the hematopoietic organs, as 

bone marrow (-43-85%), spleen (-72-89%), peripheral blood (-46-80%) 

and meninges of central nervous system (-13-62%), and of the number 

of hCD10+CD19+ (Supplementary figure S7A-C). Overall, CHZ868 

showed a higher efficacy on spleens, in particular leading to a highly 

significant reduction of spleens weights (37-60%). We also detected a 

significant reduction of the levels of phosphorylation in BM derived 

cell of CHZ868 treated mice, for all the three patients, in pJAK2(-18-

30%, p<0.05) and pSTAT5(-23-45%, p<0.05), therefore CHZ868 

maintains its capacity to downregulate JAK/STAT pathway 

(Supplementary figure S8A-C). We detected patient specific 

responses among the effectors of PI3K and MAPk pathways, 

suggesting a CHZ868 overall efficacy mainly on JAK2/STAT5 pathway 

(Supplementary figure S8D-I). 
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Figure 6. In-vivo CHZ868 treatment of mice xenotransplanted with blasts 

carrying JAK2r. A. Reduction of the % of CD10+CD19+ leukemic blasts in 

CHZ868 treated mice compared to vehicle, in bone marrow, spleen, peripheral blood 

and meninges, and reduction of spleen weight, in the setting of PAX5::JAK2 fusion. 

B. Reduction of the % of CD10+CD19+ leukemic blasts in CHZ868 treated mice 

compared to vehicle, in bone marrow, spleen, peripheral blood and meninges, and 

reduction of spleen weight, in the setting of ATF7IP::JAK2 fusion. C. Reduction of 

the % of CD10+CD19+ leukemic blasts in CHZ868 treated mice compared to vehicle, 

in bone marrow, spleen, peripheral blood and meninges, and reduction of spleen 

weight, in the setting of ZEB2::JAK2 fusion. P values: *p<0.05; **p<0.01; 

***p<0.001. At least N=5 mice for each group.   

 

A wide drug screening of FDA-approved drugs identified 

additional potential JAK2 inhibitors in ex-vivo treated PDX cells.  
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screening with 174 FDA-approved drugs and inhibitors in clinical trials 

(Supplementary table 5), to find effective drugs on JAK2 rearranged 

PDXs. We demonstrated efficacy and specificity to n=4 JAK2t cases 

(carrying PAX5::JAK2, ZEB2::JAK2, ATF7IP::JAK2, GIT2::JAK2 

respectively). After 72h of treatment, we evaluated the differential drug 

sensitivity score (dDSS) of JAK2t samples, comparing their DSS to 

CRLF2r and JAK2m cell lines (MUTZ5) and control B-cell 

lymphoblastoid cell lines (LCLs), derived from healthy donors. 

Considering patient-specific responses, as reported in figure 7A, 

PAX5::JAK2 was the most sensitive sample to several drugs, belonging 

both to conventional chemotherapy drugs currently used in the AIEOP 

BFM 2017 protocol for ALL in children, and to TKIs. Interestingly, we 

demonstrated that ruxolitinib is not effective on all the JAK2t at the 

tested dosages, ranging from 8nM up to 25uM. 

Among the TKIs targeting JAK2, AT9283 was found to be the highest 

specific and effective compound to JAK2t (Dawson, et al. 2010), 

compared to MUTZ5, used as positive controls, and healthy controls 

(p<0.05), on which it had no effect. Additionally, this extended 

screening led us to identify drugs, not belonging to JAK inhibitors, 

specific and non-toxic for JAK2t cohort, such as Birinapant (Smac 

mimetic) (Richmond, et al. 2016), which showed a significant 

specificity for JAK2t (p<0.05) (Figure 7B).  
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Figure 7. Drug screening results on PDXs carrying JAK2 rearrangements. A. 

Unsupervised clustering of 4 JAK2r, one positive control (MUTZ5 cell line) and 5 
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healthy controls (LCLs) expressing the DSS values proportional to the efficacy of a 

group of standard chemotherapy drugs currently used in the AIEOP BFM 2017 

protocol, and a group of inhibitors known to target JAK. B. Mean of DSS values of 4 

PDXs per drug, with comparison of responses between treated 4 JAK2r and treated 5 

LCLs controls. P values: *p<0.05; **p<0.01; ***p<0.001.  

 

DISCUSSION 

JAK2 rearrangements (JAK2r) represent about 5% of pediatric 

Philadelphia-like patients (Tran and Tasian, 2021) and still lacks their 

specific inhibitors. To target JAK2 alterations, type-I and type-II 

tyrosine kinase inhibitors are available. As Ruxolitinib, type I-TKI, 

showed limitations in JAK2 alterations treatments (Roberts, et al. 2012; 

Maude, et al. 2012; Tvorogov, et al. 2018), we focused on CHZ868, 

type-II TKI, as it showed to be effective on JAK2 mutations (Meyer, et 

al. 2015; Wu, et al. 2015), for the treatment of JAK2 rearrangements, 

aiming to demonstrate CHZ868 specificity for the JAK2r subgroup of 

Ph-like. 

By NGS sequencing we defined a cohort of 13 pediatric patients 

carrying JAK2 fusions, in which we evaluated that JAK2 maintains its 

catalytic domain at 3’, having known (ZEB2::JAK2, GIT2::JAK2, 

TLE4::JAK2, RAB7A::JAK2, MPRIP::JAK) and already described 

(PAX5, ATF7IP,) partner genes . A subset of primary samples, 

according to material availability, has been in-vivo expanded in a 

xenograft NSG murine model, to obtain enough cells to proceed with 

our ex-vivo experiments. 

We demonstrated, by phosphoflow, that JAK2 rearrangements are 

defined by a basal hyperphosphorylation of JAK2/STATs pathway, 

compared both to positive controls, defined by CRLF2 rearrangements 
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and JAK2 mutations, know to activate JAK/STAT pathway (Savino, et 

al. 2017), and to negative controls, wild type for JAK/STAT pathway, 

confirming the role of JAK2 fusions.  We determined monotherapy 

efficacy of CHZ868 at 100-fold lower dosages than ruxolitinib, with 

patient specific IC50s, in 48h treatments of co-culture of blasts cells on 

HBMS layers. We included ruxolitinib as it currently involved in 

clinical trials in the subset of Philadelphia-like positive adolescents and 

young adults, with rCRLF and mJAK2 (clinicaltrials.gov 

NCT02723994), and pediatric patients with the same genetic subtypes 

(clinicaltrials.gov NCT03571321).  We also included dexamethasone as 

a standard chemotherapy drug currently used in the AIEOP BFM 2017 

protocol for pediatric ALL, to evaluate its combination effect with the 

two chosen TKIs. To check CHZ868 specificity on JAK2 related 

pathway, we did a  phosphoflow on blast cells, observing that CHZ868 

significantly downregulates JAK/STAT pathway with more specificity 

and efficacy on pJAK2 compared to ruxolitinib, which instead showed 

higher affinity for pSTAT5 at short time point. After 48h of treatment, 

CHZ868 maintains its activity on p JAK2 on all the patients, while 

ruxolitinib has not effect on PAX5::JAK2 setting. To note, due to the 

presence of PAX5 in the fusion, both the TKIs loose effect on p STAT5 

and p STAT3 in patient 1 carrying the PAX5::JAK2 fusion compared to 

untreated cells, has PAX5 rearrangements are known to hyperactivate 

STAT5 (Cazzaniga, et al. 2015). Moreover, also PI3K-AKT pathway 

was downregulated, at higher levels in CHZ868 treatment than 

ruxolitinib treatment, showing that JAK2 TKIs regulates not only 

overexpressed JAK/STAT pathway but also AKT pathway in JAK2r.  
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Demonstrated CHZ868 high specificity for JAK2, we combined 

CHZ868 with ruxoltinib and dexamethasone, observing the apoptosis 

induction after 48h of treatment. The combination of CHZ868 and 

ruxolitinib was synergistic in all the three patients, indicating a 

combinatorial approach of targeting on both active (ruxolitinib) and 

inactive (CHZ868) JAK2 conformation, leading to cell death. The 

combination with dexamethasone were less effective as patient 2 

(ATF7IP::JAK2) and 3 (ZEB2::JAK2) were resistant to 

dexamethasone. To note, even though patient 3 was resistant, in the 

combination with CHZ868 we observed an additive effect, which is a 

promising result to consider for CHZ868 introduction in trials with 

resistant patient to standard chemotherapy drugs.  

As we previously demonstrated that PAX5 fusions can be targeted by 

BIBF1120 leading to PI3K-AKT pathway inhibition (Fazio, et al. 

2022), we demonstrated its efficacy in patient 1 (PAX5::JAK2), having 

also an additive effect in combination with either CHZ868 or 

ruxolitinib.  

It was previously demonstrated that cell lines carrying JAK2 mutations 

undergo autophagy when treated with ruxolitinib, with consequent 

reduction of apoptosis, that could be increase combining the TKI with 

autophagy inhibitors (Machado-Neto, et al. 2020). Interestingly, we 

observed an autophagic mechanism of escape to ruxolitinib treatment 

in PAX5::JAK2 blasts, as LC3-II levels are significantly higher than 

untreated cells. Moreover, the combination of ruxolitinib and 

chloroquine, which is an autophagy inhibitor, led to an apoptotic 

increase compared to ruxolitinib single treatment, while in CHZ868 

treated blasts we couldn’t observe any autophagy evidence. It is 
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important to consider as PAX5::JAK2 fusion is among the most 

frequent in B-ALL pediatric patients, therefore CHZ868 should be 

favored for their treatment rather than ruxolitinib. 

We also set up an in-vivo targeting of JAK2 fusions demonstrating the 

efficacy of CHZ868 in a xenograft mouse model derived from blasts 

carrying JAK2 fusions. We decided not to test ruxolitinib in-vivo 

because we already proved that it not effective on leukemic cells even 

at very high concentration, whereas CHZ868 had higher ex-vivo 

efficacy at 100-fold lower dosages. Overall, CHZ868 proved to 

significantly reduce CD10+CD19+ positive blasts in bone marrow, 

meninges and peripheral blood of mice treated. Remarkably, CHZ868 

showed high efficacy on spleens, reducing not only leukemic blasts, but 

also spleen weight, important aspect to consider in patients with JAK2 

alterations characterized by splenomegaly (Song, et al. 2018). 

Moreover, it downregulated the phosphorylation of JAK2 and STAT5 

in all patients, confirming that JAK/STAT pathway is the main involved 

pathway in JAK2 rearrangements. Moreover, it overcame the 

hyperphosphorylation of STATs that was observed in long ex-vivo 

exposure in blasts carrying the PAX5::JAK2 fusion. PI3K pathway, 

except from pAKTS473, and MAPK pathways were not involved.   

Furthermore, we investigated also other available compounds that can 

act as inhibitors targeting JAK2/JAK2 pathway, and thus that could be 

considered for the treatment of this specific subgroup pf patients. 

Therefore, we applied a wide high-throughput ex-vivo drug screening 

using a library of 174 FDA approved drugs and inhibitors in early to 

late clinical trials. Four PDXs carrying JAK2 fusions have been targeted 

for 72h (PAX5::JAK2, ZEB2::JAK2, ATF7IP::JAK2, GIT2::JAK2 
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respectively). Differential drug sensitivity score (dDSS), assessed 

comparing JAK2r responses to control B-cell lymphoblastoid cell lines 

(LCLs), derived from healthy donors, led us to identify, among the TKIs 

inhibitors related to JAK targeting, AT9283 as the most effective 

specifically on JAK2r (Dawson, et al. 2010), as it didn’t show an effect 

on JAK2m.  Moreover, also Birinapant, which already demonstrated its 

efficacy on CRLF2 translocations (Richmond, et al. 2016), is among 

the top candidates not belonging to JAK2 inhibitors, for JAK2r. 

Conversely, even though ruxolitinib is currently tested in clinical trials 

for JAK2r, it didn’t show any effect on our JAK2r patients. AT9283 and 

Birinapant may be considered for future preclinical validations on 

JAK2r. To note, the fusion PAX5::JAK2 revealed to be the most 

sensitive to most of the screened drugs, an important consideration for 

its more feasible treatment with several already available drugs in 

pediatric patients of BCP-ALL. 

To note, our drug screening may be the starting point of novel 

preclinical models for JAK2 fusions.  

In conclusion our findings showed the good potential of CHZ868 both 

in monotherapy and in combination with other kinase inhibitors as 

ruxolitinib and BIBF1120, in ex-vivo and in-vivo settings on JAK2r 

leukemia. It may be considered as an appealing candidate for a targeted 

therapy of JAK2 rearrangements in pediatric BCP-ALL.  
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SUPPLEMENTARY MATERIALS 

 

Supplementary figure S1. A-C. Basal level of phosphorylation of pJAK2 (Y1007-

1008) (A), pSTAT5 (Y694) (B), pSTAT3 (S727) (C) of three patients carrying a JAK2 

fusion compared to negative controls, wild type for JAK2 and negative for any fusion 

gene. P values: *p<0.05; **p<0.01; ***p<0.001. D-F. Representation of SET2 (D), 

CALL4 (E) and MUTZ5 (F) cell lines basal level expression of pJAK2 (Y1007-1008), 

pSTAT5 (Y694) and pSTAT3 (S727) compared to isotypes controls. 
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Supplementary figure S2. Evaluation of monotherapy treatments with CHZ868, 

ruxolitinib and dexamethasone on JAK2 rearranged patients expressed as 

viability of blasts, derived as difference from apoptosis and necrosis in Annexin 

V-PE/7AAD staining, treated for 48h in co-culture on HBMS. A. Three 

experiments of monotherapy treatment with CHZ868 on patient 1 (PAX5::JAK2), 

patient 2 (ATF7IP::JAK2) and patient 3 (ZEB2::JAK2). B. Three experiments of 

monotherapy treatment with ruxolitinib on patient 1 (PAX5::JAK2), patient 2 

(ATF7IP::JAK2) and patient 3 (ZEB2::JAK2). C. Monotherapy treatment with 

CHZ868 on patient 1 (PAX5::JAK2). D. Table indicating patient specific IC50s for 

each drug, and additional lower and higher doses used for the ex-vivo experiments. 

N=3 experiments, in technical duplicate. P values: *p<0.05; **p<0.01; ***p<0.001.  
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Supplementary figure S3. Targeting of cell lines with tyrosine kinase inhibitors 

for 30 minutes, evaluating the phopshorylation levels on JAK2/STATs pathway 

by phosphoflow. A. CHZ868 (300nM) and ruxolitinib (30uM) targeting of pJAK2 

(Y1007-1008) in SET2, CALL4 and MUTZ5 for 30 minutes. B. CHZ868 (300nM) 
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and ruxolitinib (30uM) targeting of pSTAT5 (Y694) in SET2, CALL4 and MUTZ5 

for 30 minutes C. CHZ868 (300nM) and ruxolitinib (30uM) targeting of pSTAT3 

(S727) in SET2, CALL4 and MUTZ5 for 30 minutes D-F. N=3 experiments. P values: 

*p<0.05; **p<0.01; ***p<0.001. 

 

 

Supplementary figure S4. Mean fluorescence intensity (MFI) inhibition of 

pERK(T202/Y204) after 48h of TKIs treatments on patient 1 (PAX5::JAK2) (A), 

patient 2 (ATF7IP::JAK2) (B) and patient 3 (ZEB2::JAK2) (C) blasts in co-culture on 

HBMS, evaluated by phosphoflow. P values: *p<0.05; **p<0.01; ***p<0.001. N=3 

experiments, in technical duplicate.  

Supplementary Table 3. Combination Index tables for JAK2 rearranged patients (A), 

and positive and negative controls (B).    
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A B C

IC50 COMBINATION INDEX 

PATIENT CHZ868+RUXOLITINIB CHZ868+DEXAMETHASONE RUXOLITINIB+DEXAMETHASONE

PAX5::JAK2 0,93 0,87 0,69

ATF7IP::JAK2 0,83 4,17 1

ZEB2::JAK2 0,74 0,62 0,72

IC50 COMBINATION INDEX 

PATIENT CHZ868+RUXOLITINIB CHZ868+DEXAMETHASONE RUXOLITINIB+DEXAMETHASONE

Positive Control 1 0,67 0 0,47

Positive Control 2 0,8 0,78 0,98

Negative Control 1 0,71 0,95 1,16

Negative Control 2 2,14 0,93 0,85

A

B

CI<1 SYNERGY

CI=1 ADDITIVISM

CI>1 ANTAGONISM
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Supplementary figure S5. Apoptosis/viability assays of combination of pairs of 

drugs, given at three different dosages, on primary blasts of positive and negative 

controls, treated for 48h in co-culture on HBMS. Viability was asses from 

apoptosis and necrosis after staining with Annexin V-PE/7AAD.  A. Combinations 

on two positive controls, carrying CRLF2 rearrangements and a JAK2 mutation. B. 

Combinations on two negative controls. C.  Bliss score of the combinations in pair of 

C

D
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the drugs, comparing expected event (EE) and observed event (OE), to evaluate 

synergy, additive or antagonism. P values: *p<0.05; **p<0.01; ***p<0.001. N=3 

experiments, in technical duplicate. 
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Supplementary figure S6. Autophagy evaluation on two patient’s blasts carrying 

JAK2 fusions. A-B. LC3II expression, indicated as MFI ratio on LC3 total, on 

untreated and treated blasts in co-culture on HBMS for 44h + 4h with chloroquine, in 

patient 2 (ATF7IP::JAK2) (A) and patient 3 (ZEB2::JAK2) (B). N=3, 1 representative 

experiment shown. C-D. % of blast cells positive to the active caspase 3 after 

treatment with TKIs, BIBF1120 and chloroquine, indicating cells in apoptosis due to 

drug efficacy. N=3, 1 rappresentative experiment shown.    
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Supplementary figure S7. In vivo CHZ868 treatment of mice xenotransplanted with 

blasts carrying JAK2r. A. Reduction of the n° of CD10+CD19+ leukemic blasts in 

CHZ868 treated mice compared to vehicle, in bone marrow, spleen, peripheral blood 

and meninges, in PAX5::JAK2 setting (A), ATF7IP::JAK2 setting (B) and 

ZEB2::JAK2 setting (C). P values: *p<0.05; **p<0.01; ***p<0.001. At least N=5 

mice for each group.   
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Supplementary figure S8.  Mean fluorescence intensity (MFI) inhibition of JAK2 

related downstream pathways after in-vivo treatment with CHZ868, evaluated 

by phosphoflow. A. pJAK2 (Y1007-1008), pSTAT5 (Y694) and pSTAT3 (S727) 

inhibition after CHZ868 in-vivo treatment of patient 1 PAX5:.JAK2 fusion setting. B. 

pJAK2 (Y1007-1008), pSTAT5 (Y694) and pSTAT3 (S727) inhibition after CHZ868 

in-vivo treatment of patient 2 ATF7IP:.JAK2 fusion setting. C. pJAK2 (Y1007-1008), 

pSTAT5 (Y694) and pSTAT3 (S727) inhibition after CHZ868 in-vivo treatment of 

patient 3 ZEB2:.JAK2 fusion setting. D. PI3K-AKT pathway effectors inhibition 

[PDPK1, pAKT (S473), pAKT (T308), 4pEBP1, pS6] after CHZ868 in-vivo 

treatment on patient 1 PAX5:.JAK2 setting. E. PI3K-AKT pathway effectors 

inhibition [PDPK1, pAKT (S473), pAKT (T308), 4pEBP1, pS6] after CHZ868 in-

vivo treatment on patient 2 ZEB2:.JAK2 setting. F. PI3K-AKT pathway effectors 

inhibition [PDPK1, pAKT (S473), pAKT (T308), 4pEBP1, pS6] after CHZ868 in-

vivo treatment on patient 3 ATF7IP:.JAK2 setting. G. pERK (T202/Y204) inhbiition 

after CHZ868 in-vivo treatment on patient 1 PAX5::JAK2 setting. H. pERK 

(T202/Y204) upregulation after CHZ868 in-vivo treatment on patient 2 

ATF7IP::JAK2 setting. I. pERK (T202/Y204) inhbiition after CHZ868 in-vivo 

treatment on patient 3 ZEB2::JAK2 setting. P values: *p<0.05; **p<0.01; 

***p<0.001. At least N=5 per group.  
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Supplementary figure S9. Subdivision in groups of FDA/EMA approved, or in 

preclinical phase, drugs and compounds used for the high throughput drug 

screening.  

 

Supplementary Table 1. Primers used for validation of fusion involving JAK2.  

 

 

primer
lenght 

(bp)
sequence 5' - 3' Fusion Breakpoint Patients

PAX5ex3_F 20 ACGCCAAAATCCCACCATGT

JAK2ex20_R 20 AGCACTGTAGCACACTCCCT

ATF7IPex10_F 25 AACCCATACAACCAGCACCGCCTCT Pt.2

JAK2ex20_R 25 CGGCACATCTCCACACTCCCAAAAT

ZEB2ex_9F 20 AGACTCCGACTCCTGTCTGT Pt.3

JAK2ex_20R 20 AGCACTGTAGCACACTCCCT

GIT2ex11_F 20 AACGGTCGTCCCCTTTCTTC Pt.4

JAK2ex20_R 20 AGCACTGTAGCACACTCCCT

MPRIPex 9_F 21 ACATCAGCAGGTTGAAGGAGC Pt.7; Pt.8

JAK2ex11_R 20 GCTTTGGGGGACAGCATTTA

TLE4ex7_F 20 GCTCTAGGAGGTCAGTCCCA Pt.9 

JAK2ex20_R 20 AGCACTGTAGCACACTCCCT

RAB7Aex1_F 20 GTTTAGTCTCCTCCTCGGCG Pt.11

JAK2ex12_R 20 TGCAGTTGACCGTAGTCTCC

GIT2ex13-JAK2ex19

ZEB2ex9-JAK2ex19

ATF7IPex12-JAK2ex19

TLE4ex10-JAK2ex19

RAB7Aex1--JAK2ex11

Pt. 1, Pt.5, Pt.6, Pt.10, Pt.11, Pt.12PAX5ex5-JAK2ex19

MPRIPex10-JAK2ex11
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Supplementary Table 2. Cohort of JAK2r patients identified by NGS, with 

summary of the main clinical characteristics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Patient Age Phenotype Blast % MRD stratification Protocol JAK2 fusion gene

pt.1 2 B-III 80 medium risk 2009 chr9-chr9 PAX5-JAK2

pt.2 6 B-II nk medium risk 2009 chr12-chr9 ATF7IP-JAK2

pt.3 16 B-II nk medium risk 2000-R2006 chr2-chr9 ZEB2/JAK2

pt.4 11 B-II 89 high risk 2017  chr12-chr9 GIT2/JAK2 + chr2-chr9 PAX5/SPTBN1

pt.5 2 B-II 60 standard risk 2017 chr9-chr9 PAX5-JAK2

pt.6 14 B-II 70 early high risk 2017 chr9-chr9 PAX5-JAK2

pt.7 12 B-II 60 standard risk 2017 chr9-chr17 MPRIP--JAK2

pt.8 14 B-II nk medium risk 2000-R2006 chr9-chr17 MPRIP/JAK2

pt.9 15 B-II 53 high risk 2009 chr9-chr9 TLE4/JAK2

pt.10 17 B-II 80 high risk 2017 chr9-chr9 PAX5-JAK2

pt.11 5 B-III 60 high risk 2017 chr3-chr9  RAB7A/JAK2 

pt.12 12 B-II 95 high risk 2017 chr9-chr9 PAX5-JAK2

pt.13 4 B-II 82 early high risk 2017 chr9-chr9 PAX5-JAK2



109 
 

REFERENCES 

Beck B, Chen YF, Dere W, et al. Assay Operations for SAR Support. 2012 May 1 

[updated 2017 Nov 20]. Assay Guidance Manual [Internet]. Bethesda (MD): Eli Lilly 

& Company and the National Center for Advancing Translational Sciences; 2004–. 

 

Bhatia S, Diedrich D, Frieg B, et al. Targeting HSP90 dimerization via the C terminus 

is effective in imatinib-resistant CML and lacks the heat shock response. Blood. 2018 

Jul 19;132(3):307-320. doi: 10.1182/blood-2017-10-810986.  

 

Boer, J.M., Steeghs, E.M., Marchante, et al. (2017) Tyrosine kinase fusion genes in 

pediatric BCR-ABL1-like acute lymphoblastic leukemia. Oncotarget, 8, 4618-4628 

 

Bose P, Verstovsek S. JAK Inhibition for the Treatment of Myelofibrosis: Limitations 

and Future Perspectives. Hemasphere. 2020 Jul 21;4(4):e424. doi: 

10.1097/HS9.0000000000000424.  

Bourquin JP, Izraeli S. Where can biology of childhood ALL be attacked by new 

compounds? Cancer Treat Rev. 2010 Jun;36(4):298-306. doi: 

10.1016/j.ctrv.2010.02.005.  

 

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. 

 

Cheng Y, Prusoff WH. Relationship between the inhibition constant (K1) and the 

concentration of inhibitor which causes 50 per cent inhibition (I50) of an enzymatic 

reaction. Biochem Pharmacol. 1973 Dec 1;22(23):3099-108. doi: 10.1016/0006-

2952(73)90196-2.  

 

Chou TC. Theoretical basis, experimental design, and computerized simulation of 

synergism and antagonism in drug combination studies. Pharmacol Rev. 2006 

Sep;58(3):621-81. doi: 10.1124/pr.58.3.10.  



110 
 

 

Conter V, Aricò M, Basso G, et al. Long-term results of the Italian Association of 

Pediatric Hematology and Oncology (AIEOP) Studies 82, 87, 88, 91 and 95 for 

childhood acute lymphoblastic leukemia. Leukemia. 2010 Feb;24(2):255-64. doi: 

10.1038/leu.2009.250.  

 

Dawson MA, Curry JE, Barber K, et al. AT9283, a potent inhibitor of the Aurora 

kinases and Jak2, has therapeutic potential in myeloproliferative disorders. Br J 

Haematol. 2010 Jul;150(1):46-57. doi: 10.1111/j.1365-2141.2010.08175.x. Epub 

2010 May 7.  

 

Den Boer ML, van Slegtenhorst M, De Menezes RX, et al. A subtype of childhood 

acute lymphoblastic leukaemia with poor treatment outcome: a genome-wide 

classification study. Lancet Oncol. 2009 Feb;10(2):125-34. doi: 10.1016/S1470-

2045(08)70339-5. Epub 2009 Jan 8.  

 

Ehrentraut S, Nagel S, Scherr ME, et al. t(8;9)(p22;p24)/PCM1-JAK2 activates 

SOCS2 and SOCS3 via STAT5. PLoS One. 2013;8(1):e53767. doi: 

10.1371/journal.pone.0053767. Epub 2013 Jan 23. 

 

Fazio G, Bresolin S, Silvestri D, et al. PAX5 fusion genes are frequent in poor risk 

childhood acute lymphoblastic leukaemia and can be targeted with BIBF1120. 

EBioMedicine. 2022 Sep;83:104224. doi: 10.1016/j.ebiom.2022.104224. Epub 2022 

Aug 16. 

Greco WR, Bravo G, Parsons JC. The search for synergy: a critical review from a 

response surface perspectivee. Pharmacol Rev. 1995 Jun;47(2):331-85. 

 

Grioni A, Fazio G, Rigamonti S, et al. A Simple RNA Target Capture NGS Strategy 

for Fusion Genes Assessment in the Diagnostics of Pediatric B-cell Acute 

Lymphoblastic Leukemia. Hemasphere. 2019 Jun 4;3(3):e250. doi: 

10.1097/HS9.0000000000000250.  

 



111 
 

Harrison CJ. Acute lymphoblastic leukaemia. Best Pract Res Clin Haematol. 2001 

Sep;14(3):593-607. doi: 10.1053/beha.2001.0156.  

Harrison CN, Mead AJ, Panchal A, et al. Ruxolitinib vs best available therapy for ET 

intolerant or resistant to hydroxycarbamide. Blood. 2017 Oct 26;130(17):1889-1897. 

doi: 10.1182/blood-2017-05-785790.  

Herold T, Gökbuget N. Philadelphia-Like Acute Lymphoblastic Leukemia in Adults. 

Curr Oncol Rep. 2017 May;19(5):31. doi: 10.1007/s11912-017-0589-2.  

 

Inaba H, Greaves M, Mullighan CG. Acute lymphoblastic leukaemia. Lancet. 2013 

Jun 1;381(9881):1943-55. doi: 10.1016/S0140-6736(12)62187-4. Epub 2013 Mar 22.  

 

Inaba H, Pui CH. Advances in the Diagnosis and Treatment of Pediatric Acute 

Lymphoblastic Leukemia. J Clin Med. 2021 Apr 29;10(9):1926. doi: 

10.3390/jcm10091926.  

Koppikar P, Bhagwat N, Kilpivaara O, et al. Heterodimeric JAK-STAT activation as 

a mechanism of persistence to JAK2 inhibitor therapy. Nature. 2012 Sep 

6;489(7414):155-9. doi: 10.1038/nature11303.  

 

Machado-Neto JA, Coelho-Silva JL, Santos FPS, Scheucher PS, Campregher PV, 

Hamerschlak N, Rego EM, Traina F. Autophagy inhibition potentiates ruxolitinib-

induced apoptosis in JAK2V617F cells. Invest New Drugs. 2020 Jun;38(3):733-745. 

doi: 10.1007/s10637-019-00812-5. Epub 2019 Jul 8. 

 

Maude SL, Tasian SK, Vincent T, et al. Targeting JAK1/2 and mTOR in murine 

xenograft models of Ph-like acute lymphoblastic leukemia. Blood. 2012 Oct 

25;120(17):3510-8. doi: 10.1182/blood-2012-03-415448. Epub 2012 Sep 6 

 

Meyer SC, Keller MD, Chiu S, et al. CHZ868, a Type II JAK2 Inhibitor, Reverses 

Type I JAK Inhibitor Persistence and Demonstrates Efficacy in Myeloproliferative 

Neoplasms. Cancer Cell. 2015 Jul 13;28(1):15-28. doi: 10.1016/j.ccell.2015.06.006.  



112 
 

 

Meyer SC, Keller MD, Chiu S, et al. CHZ868, a Type II JAK2 Inhibitor, Reverses 

Type I JAK Inhibitor Persistence and Demonstrates Efficacy in Myeloproliferative 

Neoplasms. Cancer Cell. 2015 Jul 13;28(1):15-28. doi: 10.1016/j.ccell.2015.06.006.  

 

Mullighan CG. Genomic analysis of acute leukemia. Int J Lab Hematol. 2009 

Aug;31(4):384-97. doi: 10.1111/j.1751-553X.2009.01167.x. Epub 2009 May 18. 

 

Nguyen K, Devidas M, Cheng SC, La M, Raetz EA, et al. Children's Oncology Group. 

Factors influencing survival after relapse from acute lymphoblastic leukemia: a 

Children's Oncology Group study. Leukemia. 2008 Dec;22(12):2142-50. doi: 

10.1038/leu.2008.251. Epub 2008 Sep 25  

Richmond J, Robbins A, Evans K, et al. Acute Sensitivity of Ph-like Acute 

Lymphoblastic Leukemia to the SMAC-Mimetic Birinapant. Cancer Res. 2016 Aug 

1;76(15):4579-91. doi: 10.1158/0008-5472.CAN-16-0523. 

 

Roberts KG. The biology of Philadelphia chromosome-like ALL. Best Pract Res Clin 

Haematol. 2017 Sep;30(3):212-221. doi: 10.1016/j.beha.2017.07.003. Epub 2017 Jul 

6. 

 

Savino AM, Sarno J, Trentin L, et al. The histone deacetylase inhibitor givinostat 

(ITF2357) exhibits potent anti-tumor activity against CRLF2-rearranged BCP-ALL. 

Leukemia. 2017 Nov;31(11):2365-2375. doi: 10.1038/leu.2017.93. 

 

Sebaugh JL. Guidelines for accurate EC50/IC50 estimation. Pharm Stat. 2011 Mar-

Apr;10(2):128-34. doi: 10.1002/pst.426. 

 

Shiraz P, Payne KJ, Muffly L. The Current Genomic and Molecular Landscape of 

Philadelphia-like Acute Lymphoblastic Leukemia. Int J Mol Sci. 2020 Mar 

22;21(6):2193. doi: 10.3390/ijms21062193. 



113 
 

Song MK, Park BB, Uhm JE. Understanding Splenomegaly in Myelofibrosis: 

Association with Molecular Pathogenesis. Int J Mol Sci. 2018 Mar 18;19(3):898. doi: 

10.3390/ijms19030898. 

 

Tasian SK, Hurtz C, Wertheim GB, et al. High incidence of Philadelphia chromosome-

like acute lymphoblastic leukemia in older adults with B-ALL. Leukemia. 2017 

Apr;31(4):981-984. doi: 10.1038/leu.2016.375. Epub 2016 Dec 9. 

 

Tran TH, Tasian SK. Has Ph-like ALL Superseded Ph+ ALL as the Least Favorable 

Subtype? Best Pract Res Clin Haematol. 2021 Dec;34(4):101331. doi: 

10.1016/j.beha.2021.101331. Epub 2021 Oct 23.  

 

Tvorogov D, Thomas D, Liau NPD, Dottore M, Barry EF, Lathi M, Kan WL, Hercus 

TR, Stomski F, Hughes TP, Tergaonkar V, Parker MW, Ross DM, Majeti R, Babon JJ, 

Lopez AF. Accumulation of JAK activation loop phosphorylation is linked to type I 

JAK inhibitor withdrawal syndrome in myelofibrosis. Sci Adv. 2018 Nov 

28;4(11):eaat3834. doi: 10.1126/sciadv.aat3834.  

 

Wu SC, Li LS, Kopp N, et al. Activity of the Type II JAK2 Inhibitor CHZ868 in B 

Cell Acute Lymphoblastic Leukemia. Cancer Cell. 2015 Jul 13;28(1):29-41. doi: 

10.1016/j.ccell.2015.06.005. 

 

Yadav B, Pemovska T, Szwajda A, et al. Quantitative scoring of differential drug 

sensitivity for individually optimized anticancer therapies. Sci Rep. 2014 Jun 

5;4:5193. doi: 10.1038/srep05193. 

 

Zhang Q, Shi C, Han L, et al. Inhibition of mTORC1/C2 signaling improves anti-

leukemia efficacy of JAK/STAT blockade in CRLF2 rearranged and/or JAK driven 

Philadelphia chromosome-like acute B-cell lymphoblastic leukemia. Oncotarget. 

2018 Jan 17;9(8):8027-8041. doi: 10.18632/oncotarget.24261. 

 



114 
 

Zhao W, Sachsenmeier K, Zhang L,  et al. A New Bliss Independence Model to 

Analyze Drug Combination Data. J Biomol Screen. 2014 Jun;19(5):817-21. doi: 

10.1177/1087057114521867. Epub 2014 Feb 3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



115 
 

Chapter 3 

PAX5 fusion genes are frequent in poor risk 

childhood acute lymphoblastic leukaemia  

and can be targeted with BIBF1120 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



116 
 

EBioMedicine 2022 Sep;83:104224. doi: 

10.1016/j.ebiom.2022.104224. Epub 2022 Aug 16. 

 

 

PAX5 fusion genes are frequent in poor risk 

childhood acute lymphoblastic leukaemia and can 

be targeted with BIBF1120 

 

 

Grazia Fazio,1 Silvia Bresolin,2 Daniela Silvestri,3 Manuel 

Quadri,1 Claudia Saitta,1 Elena Vendramini,2 Barbara Buldini,2 Chiara 

Palmi,1 Michela Bardini,1 Andrea Grioni,1 Silvia Rigamonti,1 Marta 

Galbiati,1 Stefano Mecca,1 Angela Maria Savino,1,4 Alberto Peloso,2 

Jia-Wey Tu,5 Sanil Bhatia,5 Arndt Borkhardt,5 Concetta Micalizzi,6 

Luca Lo Nigro,7 Franco Locatelli,8 Valentino Conter,9 Carmelo 

Rizzari,9 Maria Grazia Valsecchi,3 Geertruij te Kronnie,2 Andrea 

Biondi,1,9, Giovanni Cazzaniga.1,10 

 

 

1. Centro Ricerca M. Tettamanti, Paediatrics, University of Milano 

Bicocca, Monza, Italy 

2. Paediatric Haematology, Oncology and Stem Cell Transplant 

Division, Women and Child Health Department, Padua University and 

Hospital, Padua, Italy 

3. Centre of Biostatistics for Clinical Epidemiology, School of 

Medicine and Surgery, University of Milano-Bicocca, Monza, Italy. 



117 
 

4. Molecular Pharmacology Program, Memorial Sloan Kettering 

Cancer Center, New York, NY 10065, USA 

5. Department of Paediatric Oncology, Haematology and Clinical 

Immunology, Heinrich-Heine University Dusseldorf, Medical Faculty, 

Düsseldorf, Germany 

6. Haematology/Oncology Unit, G. Gaslini Children's Hospital, Genoa, 

Italy 

7. Center of Paediatric Haematology Oncology, Azienda Ospedaliero-

Universitaria "Policlinico Vittorio Emanuele", Catania, Italy. 

8. Department of Paediatric Haematology/Oncology and Cell and Gene 

Therapy, IRCCS Ospedale Pediatrico Bambino Gesù, Department of 

Paediatrics, Sapienza University of Rome, Rome, Italy. 

9. Paediatrics, University of Milano Bicocca, Fondazione MBBM/San 

Gerardo Hospital, Monza, Italy. 

10. Medical Genetics, University of Milano Bicocca, School of 

Medicine and Surgery, Monza, Italy. 

 

Correspondence to: 

Fazio Grazia, grazia.fazio@unimib.it 

Cazzaniga Giovanni, giovanni.cazzaniga@unimib.it 

Centro Ricerca Tettamanti, University of Milano-Bicocca 

Via Pergolesi 33 - 20900 Monza (MB), Italy 

Tel. +39 (0)39 2333661 

 

Running Title: PAX5 fusions in ALL are targeted with BIBF1120 

 

 

mailto:grazia.fazio@unimib.it
mailto:giovanni.cazzaniga@unimib.it


118 
 

 

 

ABSTRACT  

Background 

Despite intensive risk-based treatment protocols, 15% of paediatric 

patients with B-Cell Precursor Acute Lymphoblastic Leukaemia (BCP-

ALL) experience relapse. There is urgent need of novel strategies to 

target poor prognosis subgroups, like PAX5 translocated. 

Methods  

We considered 289 childhood BCP-ALL cases consecutively enrolled 

in Italy in the AIEOP-BFM ALL2000/R2006 protocols and we 

performed extensive molecular profiling, integrating gene expression, 

copy number analyses and fusion genes discovery by target-capture 

NGS. We developed novel preclinical strategies to target PAX5 fusion 

genes. 

Findings  

We identified 135 cases without recurrent genetic rearrangements. 

Among them, 59 patients (43·7%) had a Ph-like signature; the 

remaining cases were identified as ERG-related (26%), High-

Hyperdiploid-like (17%), ETV6::RUNX1-like (8·9%), MEF2D-

rearranged (2·2%) or KMT2A-like (1·5%). A poor prognosis was 

associated with the Ph-like signature, independently from other high-

risk features.  

Interestingly, PAX5 was altered in 54·4% of Ph-like compared to 16·2% 

of non-Ph-like cases, with 7 patients carrying PAX5 fusions (PAX5t), 

involving either novel (ALDH18A1, IKZF1, CDH13) or known 

(FBRSL1, AUTS2, DACH2) partner genes. PAX5t cases have a specific 
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driver activity signature, extending to multiple pathways including 

LCK hyperactivation. Among FDA-approved drugs and inhibitors, we 

selected Dasatinib, Bosutinib and Foretinib, in addition to Nintedanib, 

known to be LCK ligands. We demonstrated the efficacy of the LCK-

inhibitor BIBF1120/Nintedanib, as single agent or in combination with 

conventional chemotherapy, both ex-vivo and in patient-derived 

xenograft model, showing a synergistic effect with dexamethasone. 

Interpretation 

This study provides new insights in the high-risk Ph-like leukaemia and 

identifies a potential novel therapy for targeting PAX5-fusion poor risk 

group. 

 

Funding 

Ricerca Finalizzata-Giovani Ricercatori (Italian Ministry of Health), 

AIRC, Transcall, Fondazione Cariparo.  

 

Keywords: childhood ALL, PAX5 fusion genes, Ph-like ALL, 

BIBF1120, Nintedanib 

 

Research in context  

Evidence before this study  

The discovery of the Philadelphia-like (or BCR/ABL-like) subgroup of 

patients affected by acute lymphoblastic leukaemia is the most relevant 

recent advancement in the definition of the ALL genetic landscape, and 

even more relevant, a step forward in the identification of new patients’ 

subgroups targetable with precision therapy. In addition to the pioneer 

studies by Mulligan’s and Den Boer’s groups (in 2009), we considered 
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several independent studies which further characterized Ph-like patients 

and reviewed both by Pui in 2017 and Shiraz in 2020. Moreover, further 

new genetic subgroups of ALL emerged, with association with outcome 

and potential for targeting, in a continuous path for the definition of 

ALL heterogeneity and a chance for improving the cure rate by 

emerging therapies. More specifically in this context, we focused our 

attention on the ALL subgroup with PAX5 gene alterations, 

summarized by the two most recent studies by Gu 2019 and Jung 2020, 

our own previous studies on both i) PAX5 fusions in infant ALL patients 

and ii) on the functional characterization of the activated pathways 

downstream to PAX5 fusions, as a potential target for therapies. 

Added value of this study  

In this paper, in addition to the description of the Ph-like subgroup in 

the Italian population of childhood ALL, we extend the genomic 

landscape with further details of other ‘-like’ subgroups and additional 

copy number abnormalities. A main advantage of this study is the long 

follow up of the populations in our study allows, with a more stable 

outcome profile. 

Compared to previously published studies, our focus on PAX5 gene 

rearrangements allowed us to detail the characterization of the PAX5 

gene fusion with several different partners. Herewith, we show that 

PAX5 fusion genes are more recurrent among Ph-like patients and they 

have their own specific signature, which is here detailed. Moreover, we 

show that PAX5 fusions can be targeted by Dasatinib, Bosutinib and 

Foretinib, in addition to the kinase inhibitor BIBF1120/Nintedanib, 

which is directed against the Lymphocyte-specific tyrosine kinase 

(LCK), which is over-activated in PAX5 translocated cases.  
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Implications of all the available evidence  

The ex-vivo and in-vivo testing of the LCK inhibitor 

BIBF1120/Nintedanib sustains the rationale for developing novel 

preclinical strategies to target PAX5 fusion genes, a step forward in the 

precision medicine for childhood ALL. In the next future, patients 

carrying PAX5 fusions may benefit from a novel therapeutic approach. 

INTRODUCTION 

Despite intensive risk-based treatment protocols, 15% of paediatric 

patients with B-Cell Precursor Acute Lymphoblastic Leukaemia (BCP-

ALL) experience disease relapse. Technological improvement 

progressively refined the molecular characterization of childhood ALL, 

identifying among other features  the “Ph-like” subgroup (also known 

as “BCR/ABL1-like”).1,2 Ph-like patients are characterized by poor 

outcome regardless of treatment protocol, with a high incidence of 

relapse in children, adolescents and adult cohorts.3,4 Ph-like ALL was 

also recognized as a provisional entity in the 2016 revision to the World 

Health Organization (WHO) classification of haematologic 

neoplasms,5 and there is general agreement on the importance to 

identify the Ph-like subtype. Those patients are characterized by 

recurrent molecular alterations, mainly fusion genes, classifiable as 

either ABL-class (involving ABL1, ABL2, PDGFRA, PDGFRB, 

CSF1R, LYN) or JAK/STAT-class (affecting JAK2, CLRF2, EPOR).4,6 

The pathogenetic involvement of kinase pathways sustained the use of 

kinase inhibitors already in use in trials for Ph-positive ALL.7,8  

In addition, other molecular lesions have been discovered in the Ph-like 

subgroup, whom prognostic impact still needs to be elucidated, also in 
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association with cooperative lesions, e.g., IKZF1-plus profile.9 Namely, 

PAX5 gene alterations have been frequently detected in Ph-like ALL, 

however, their relation with the Ph-like signature, association with 

outcome and targeting have been poorly elucidated. The PAX5 gene, 

which encodes for a B-cell related transcription factor, is altered in 

about 30% of BCP-ALL as being involved in deletions, amplifications, 

mutations and translocations that determine the formation of fusion 

genes encoding aberrant transcription factors.10,11 Recently, Gu et al. 

characterized PAX5 alterations (PAX5alt) as an heterogeneous group in 

childhood and adult cohorts,12 including cases carrying either PAX5 

fusion genes, P80R variant and others, with P80R representing a 

subgroup with intermediate prognosis.12,13 Importantly, the PAX5alt 

signature cluster is very tight and partially overlaps with the Ph-like 

one, whereas PAX5 P80R has a completely separated pattern.12 Overall, 

PAX5alt and PAX5 P80R account for 9·7% of B-other ALL and have a 

significant role in leukaemia initiation, prognosis and risk stratification, 

thus requiring an early identification and target therapy.12 

Our previous studies, in murine pre-BI cells as well as in primary 

patient cells, showed that PAX5 fusions sustain survival of leukemic 

cells through overexpression of the Lymphocyte kinase (LCK) 

gene,14,15 a directly repressed target of PAX5.16 We demonstrated that 

LCK hyperactivation upon PAX5 fusion expression leads to STAT5 

activation and survival advantage, and that LCK phosphorylation can 

be specifically targeted by the kinase inhibitor BIBF1120, also known 

as Nintedanib (Boehringer Ingelheim, Ingelheim am Rhein, 

Germany),15 a small molecule which acts as a triple kinase inhibitor 

with anti-angiogenic anti-tumour effect.17 Nintedanib is approved for 
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the treatment of patients with idiopathic pulmonary fibrosis,18 in use in 

phase 3 and 4 trials for solid tumors19 (e.g. pancreatic, hepatocellular, 

ovarian cancers and lung carcinomas), as well as in three clinical studies 

for relapsed/refractory adult AML (www.clinicaltrial.gov). It binds the 

ATP pocket domain of many molecules and it blocks the activity of 

many receptor-tyrosine kinases,20 such as the VEGF/FGF/PDGF 

receptors and the non-receptor tyrosine kinases Src-family members, 

including LCK.17,20 

The present study aimed at the characterization of PAX5 rearranged 

cases among the Ph-like subgroup of children with BCP-ALL 

diagnosed in Italy. We herewith tested ex-vivo and in-vivo the efficacy 

of the LCK inhibitor Nintedanib/BIBF1120, setting the rationale for 

developing novel preclinical strategies to target PAX5 fusion genes. 

 

MATERIAL AND METHODS 

Patients’ cohort  

We considered a cohort of 289 consecutive childhood BCP-ALL cases 

enrolled in Italy in the AIEOP-BFM ALL2000/R2006 protocols 

(Eudract number: 2007-004270-43).21 Among them, we identified 135 

cases defined as “B-others” by excluding patients with the recurrent 

t(9;22), t(12;21), t(4;11) or t(1;19) translocations, or cases either with 

High Hyperdiploidy state (DNA index>1·16) or carrying constitutional 

trisomy 21. To confirm that the study cohort was representative of the 

whole B-other population, the features of the study cohort of N=135 

cases were compared with the whole B-other population of 837 patients 

enrolled in the same period in Italy in the AIEOP-BFM 

ALL2000/R2006 protocols. Analyses did not reveal any difference 

http://www.clinicaltrial.gov/
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considering gender, age or MRD stratification. Although the study 

cohort was, likely by chance, enriched for high-risk features (i.e., 

prednisone response and WBC and consequently stratification to the 

final High-Risk group), nonetheless, the estimated 5 years EFS did not 

differ between analysed and not-analysed patients (74.2±3.8 vs 

76.5±1.6, respectively, p=0.48) (data not shown). 

Ethics  

Investigation has been conducted in accordance with the ethical 

standards of the Declaration of Helsinki and following national and 

international guidelines. The study is approved by each institutional 

review board (Eudract number: 2007-004270-43). A written informed 

consent was obtained from patients or legal representatives. Regarding 

animal work, ethical approval was obtained by the Animal Welfare 

Office of the University of Milano-Bicocca prior to submit the request 

to the Ministry of Health. Animal testing was conducted in accordance 

with current European and National legislation (authorization n° 

09/2018, protocolFB7CC·38 released by the Italian Minister of Health).  

Gene expression profiling and Leukaemia diagnostic classification 

model 

Patients were analysed using HG-U133 Plus 2.0 microarray 

(Affymetrix, Santa Clara, CA, USA) to assess Gene expression profiles. 

Leukaemia subtypes were classified accordingly to the previously 

published diagnostic GEP categories using The Diagnostic Classifier 

(DC) model. The model is based on all-pairwise linear classifiers for 

the 18 distinct classes of leukaemia, MDS and healthy control, 

developed for the Microarray Innovation LEukemia (MILE) study, as 

described in previous studies.22 Data were normalized using Robust 
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Multiarray Average (RMA) method using Bioconductor R package (r-

package.org). ComBat function in the sva package was used to correct 

the batch effect of different protocol for microarray preparation. 

Unsupervised analyses were generated using the top 1000 variable 

(based on variance) probe sets and processed by t-SNE algorithm with 

a perplexity score of 30. Data are available at GEO (accession numbers 

GSE79547, GSE13164, GSE13159, GSE13204). A data-driven 

network inference algorithm (NetBID, 

https://jyyulab.github.io/NetBID/)23 was applied to identify drivers in 

PAX5-translocated BCP-ALL patients, and a scalable solution of the 

Algorithm was used for the Reconstruction of Accurate Cellular 

Networks (SJARACNe).24 The top 44 drivers for PAX5t were selected 

using default parameters reported in the package and P value < 0·05 on 

the primary comparison PAX5t versus BCP-ALL excluding BCR-

ABL-like group. Genes resulted with a positive driver activity in PAX5t 

by NetBID2 analysis (p<0.05) were subjected to DGIdbv4.2.0 software 

analysis to identified drug approved interactions. Cytoscape v3.9.0 was 

used to build gene-drug interaction network. 

Copy Number Alteration analysis in B-others cohort 

DNA material of BM at diagnosis was available from 131/135 patients 

for Copy Number Alteration (CNA) analysis using Multiplex Ligation-

dependent Probe Amplification (MLPA)25 or the Affymetrix 

Cytogenetics Whole Genome 2.7M Array or Cytoscan-HD 

(Affymetrix, Santa Clara, CA) according to the manufacturer’s 

protocol.  

DNA and RNA Target Capture NGS analysis and Bioinformatics  

http://www.r-package.org/
http://www.r-package.org/
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RNA or DNA target capture Next Generation Sequencing analysis has 

been performed for 86/135 patients, following a bioinformatic pipeline 

previously setup in our laboratory.26 Total RNA was extracted during 

diagnosis from bone marrow mononuclear cells by the guanidinium 

thiocyanate–phenol–chloroform method and the RNA CaptureSeq 

‘TruSight RNA PanCancer’ (Illumina, San Diego, CA, USA) was 

applied. If RNA was not available, we applied a DNA target panel 

including 17 genes, by Nextera Rapid Capture Custom panel (Illumina). 

We used the Illumina MiSeq platform. FASTQ files are available in the 

ArrayExpress database (www.ebi.ac.uk/arrayexpress) under accession 

number E-MTAB-11319. Fusion genes were validated by RT-PCR 

(experimental details are provided in Supplementary Table S7). 

In vivo expansion of leukemic cells and drug experiments  

Primary patient-derived xenograft (PDX) samples were obtained by 

intravenous injection of BM cells at diagnosis of PAX5 translocated 

BCP-ALL patients into female NSG mice (NOD/SCID gamma-/- mice, 

Charles River Laboratories, Calco, Italy) after at least two weeks of 

acclimatization and then after sublethal irradiation (125 Rad, X-ray) 

with Radgil (Gilardoni, Mandello del Lario, Italy). Leukaemia 

engraftment expansion was periodically evaluated by intra-femoral BM 

aspiration and assessed by FACS as positive to hCD10 (eBioCB-

CALLA, APC, #17-0106, RRID AB_11043552, eBiosciences, 

Thermofisher) and to CD19 (HIB19, FITC, #11-0199, RRID 

AB_10669461, eBiosciences,      Thermofisher). We monitored weekly 

the engraftment and for signs of distress or toxicity, such as shaggy fur, 

walking problems and weight loss (if more than 20% the animal is 

considered for the humanitarian end-point). At bulk disease detection 



127 
 

of hCD10/CD19 positive cells (>10% by intra-femoral BM aspiration), 

we randomized mice (at least N=5 for each group) and we started a 

daily treatment by either BIBF1120 (40mg/kg, by oral gavage (o.g)) or 

dexamethasone (0·5mg/kg, by intraperitoneal injection (i.p.)), or in 

combination, for 2 weeks and wash out during the weekend. No animals 

have been excluded. The vehicle group has been treated both by o.g. 

BIBF1120 vehicle (Kolliphor/ethanol/water) and by i.p. physiological 

solution. At the end of treatment, we sacrificed animals and analysed 

data in hematopoietic tissues and organs, such as Bone Marrow (BM), 

Peripheral Blood (PB), Spleen (SP), and meninges of Central Nervous 

Systems (CNS). Spleen weight was recorded prior to cell recovery. We 

collected the absolute number of cells for organs and we assessed the 

percentage of human cells (hCD10/CD19/CD45) vs. murine cells 

(mCD45) by FACS, to assess leukaemia engraftment (hCD45, Clone 

2D1, #347464, RRID: AB_400307, BD Biosciences; mCD45, 30-F11, 

#12-0451, RRID AB_465668, eBioscience). According to experimental 

needs and international guidelines, we estimated to include N=5 

animals to each group (groups of animals, included in a single cage), 

N=4 groups in each experiment, for a total of N=20 animals in each 

experiment. The experimental staff was aware during the conduction of 

the experiment and analysis, not during the allocation and a strategy for 

potential confounders was not applied. We performed the power 

analyses according to Freedman, using a log-rank statistic test and the 

3Rs rules. In details, the number of animals was calculated by 

considering either the final number of animals, the total number of 

events, the proportion of surviving in the control group and the 

estimated proportion of surviving in the experimental group, 
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calculating a difference of 30% in survival outcome. We obtained to use 

20 mice per single experiment, composed by 4 independent treatment 

groups of 5 mice each.  

Ex vivo drug screening experiments of leukemic blasts  

Ex vivo extended drug screenings were performed as previously 

described.27-30 Briefly the DMSO dissolved compound library 

(MedChemExpress, NJ, USA) was dispensed with increasing 

concentrations of the inhibitors in 6 dilution steps (0.008 - 25 µM) using 

digital dispenser (D300e, Tecan, Männedorf, Switzerland), which 

ensures precise and robotic compound application in randomized 

fashion.  Differential responses were monitored with ATP-dependent 

CellTiter-Glo Luminescent cell viability kit (Promega, Madison, USA) 

after 72 h of inhibitor exposure using Microplate reader (Spark® 10M, 

Tecan). Drug sensitivity scores (DSS) for the inhibitors were 

determined, followed by heat map visualization and unsupervised 

hierarchical clustering of the DSS scores were performed using R 

package gplots.31 

Ex vivo apoptosis experiments of leukemic blasts in co-culture with 

human bone marrow stromal cells 

Blasts derived from xenografts were plated on a layer of human bone 

marrow stromal cells (HBMS). Stromal cells were seeded at the 

concentration of 2x104/well in MW96, three days prior to reach 

confluence and then leukemic blasts were plated at 2x105/well in 200μl 

of AIM V (ThermoFisher).  At 48h we tested three different 

concentrations (including IC50) for each drug, in monotherapy or 

combination. Apoptosis/viability was evaluated by Annexin V-PE and 

7-AAD staining (kit GFP CERTIFIED Apoptosis/Necrosis detection, 
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Enzo Life Science Inc., Lausen, Switzerland) on leukemic cells positive 

by anti-hCD10-APC (BD Biosciences). Vincristine (stock 1mg/mL), 

dexamethasone (4mg/mL), L-asparaginase (kidrolase, stock 4000 

IU/mL) and BIBF1120/Nintedanib (stock 10nM) were tested.  In order 

to determine the efficacy of drug treatments and their combinations, the 

following parameters have been used: IC50 to determine the efficacy of 

drugs to inhibit the 50% of their targets and BLISS score: formula used 

to determine synergic (OE>EE), additive (OE=EE) or antagonist 

(OE<EE) activity between the drugs used in experiments Exy=Ex+Ey-

(Ex*Ey), considering the expected effect (EE) of single drugs together 

Ex and Ey, and the Observed Effect (OE) really observed in 

experiments. Furthermore, we analysed data by Compusyn software, 

based on the Chou-Talalay’s combination index theorem (CI) to 

evaluate the effect of interaction between n drugs: CI<1 stands for 

synergy, CI=1 for additivity, CI>1 for antagonism. 

Phosphoflow analysis 

As previously setup and validated in our lab,15 the phosphoflow test was 

used to evaluate the levels of phosphorylation of PDPK1, Akt (Ser473), 

Akt (Thr308), S6 (S235/S236), 4EBP1 (Thr37/46), in leukemic cells 

(CD10+) derived from mice treated with vehicle or Nintedanib mice. 

After 1·5h serum starvation in X-VIVO at 37°C leukemic cells were 

then fixed for 10 minutes at room temperature by 1,5% PFA/mL and 

then permeabilized with 90% cold methanol, kept on ice for 30 minutes 

then washed with Staining Buffer. Further, cells were dark stained for 

30 minutes at room temperature with antibodies directed to PDPK1 

(Anti-PDPK1 pS241 #560092 RRID: AB_1645523 BD Biosciences), 

pAkt (Ser473) (Phospho-Akt Ser473 #4075 Cell Signaling), pAkt 
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(Thr308) (Anti-Akt pT308 #558275 RRID: AB_2225329 BD 

Biosciences), pS6 (Anti-S6 pS235/pS236 #560435 RRID: 

AB_2869348 BD Biosciences) and 4pEBP1 (Phospho-4E-BP1 

Thr37/46 #2846 Cell Signaling). Cells were also stained for CD10 

(CD10 PE-Cy™7 #565282 RRID: AB_2739153 BD Biosciences), in 

order to clearly detect B leukemic cells. 

FACS experiments 

BD FACS CANTOII or LSRX20 FORTESSA cytometer (BD 

Biosciences) and FACSDiva software were used.  

Statistical analysis  

Analysis of clinical characteristics of patients were performed by the 

chi-square test for association, when appropriate. Event-free survival 

(EFS) was calculated from the date of diagnosis to the date of the first 

event. Events considered were resistance, relapse, death or second 

malignant neoplasms, whichever occurred first. EFS curves were 

estimated according to the Kaplan-Meier method, with standard errors 

(SE) according to the Greenwood formula; differences between groups 

were evaluated using the log-rank test. Cumulative incidence of relapse 

(CIR) curves accounting for competing events, were estimated 

according Kalbfleisch and Prentice and compared using the Gray test. 

SAS software, version 9.4, was used for analysis. Statistical analyses 

from in vivo, ex vivo and phosphoflow experiments were performed by 

GraphPad Prism software (ver·9); Anova and T test is shown as 

*p<0·05, **p<0·01, ***p<0·001. Normality of phosphoflow data was 

demonstrated by normal distribution test (Excel). Moreover, for each 

experimental set of data of ex vivo and in vivo drug treatments 
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experiments, data were analysed for D'Agostino-Pearson omnibus K2 

normality test (alpha=0.05) by GraphPad Prism software (ver·9). 

Role of Funders 

This work was supported by Ricerca Finalizzata-Giovani Ricercatori 

(Italian Ministry of Health) for reagents used in ex vivo and in vivo 

experiments. Moreover, AIRC and Transcall grants contributed to 

expenses for patients’ data collection, molecular profiling and 

characterization. Fondazione Cariparo supported costs due for data 

analysis. The funders did not have any role nor in study design, data 

collection, data analyses, interpretation or writing of report. 

 

RESULTS 

With the aim to define targetable subgroups, we considered 

consecutively diagnosed 289 BCP-ALL patients and defined 135 cases 

referred to as ‘B-others’ according to the workflow (outlined in figure 

S1) which excluded recurrent aberrations and specific gene expression 

signatures. B-others were scrutinized for specific GEP profiles and 

fusion transcripts by RNA-seq, and unsupervised t-distributed 

stochastic neighbour embedding (tSNE) analysis (Figure 1a) allowed to 

recognize several BCP-ALL subtypes based on the expression of the 

first 1000 most variable genes and fusion transcripts. Patients with a 

Ph-like profile formed the largest group of 59/135 of B-other patients. 

The remaining cases clustered together with known groups and were 

denominated accordingly. 
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Figure 1. (a) Two dimensional tSNE plot of 289 paediatric BCP-ALL cases based on 

the top 1000 variable genes of gene expression data. The BCP-ALL subgroups are 

represented with different colours. Colour label indicated the different subgroups. 

Yellow highlights a subgroup of Ph-like patient carrying PAX5-translocations 

(PAX5t). Groups recognized as “like” cluster together with samples carrying the 

associated translocations, which is attributed to a similar gene expression profile. (b) 

Plot summarizing the molecular characterization of B-other cohort in childhood ALL: 

a

b
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assessment of specific genetic subtypes, as reported in details in Supplementary Table 

S2. 

 

A significant poor risk was confirmed for our Ph-like patients’ 

cohort. In fact, Ph-like cases had a significantly inferior EFS (5-year 

figure (SE) of 59·9% (6·5) for Ph-like versus 85·2% (4·1) for non-Ph-

like, p=0·001), mainly due to a higher CIR (Table 1; Figure 2, panel a, 

left and middle, p=0·01). The Overall Survival is inferior in Ph-like vs. 

non-Ph-like (5-year, 75·4% vs. 94·6%, p=0·003). The significantly 

poor EFS and OS were confirmed when excluding cases already 

classified as high risk (HR) (p=0·02 and p=0·049, Figure 2, panel b left 

and right), with a trend for higher CIR (Figure 2, panel b middle). In 

HR patients the 5-year EFS (SE) was 35·7% (12·8) for Ph-like vs. 

76·5% (10·3) for non-Ph-like (p=0·03, Figure 2, panel c left), with a 

trend for a difference in CIR (50·0% (13·4) vs. 17·6% (9·6), p=0·08) 

(Figure 2, panel c right). Notably, the survival in Ph-like is 42·9% vs. 

82·4% in non-Ph-like (p=0·029). When medium risk (MR) and 

standard risk (SR) patients were considered separately, the Ph-like 

outcome was associated with worse prognosis only in MR (60·1% vs. 

85·4%, p=0·02, Supplementary Figure S2a and S2b). The EFS analysis 

of the most represented B-other subgroups (Ph-like, ERG-related, 

ETV6/RUNX1-like and HHD-like, whose clinical characteristics are 

described in Supplementary Table S1) confirmed that Ph-like patients 

show the worst outcome (Supplementary Figure S3a), even excluding 

HR patients (Supplementary Figure S3b). Events according to 

subgroups are shown in Supplementary Table S2. Of relevance, 

among 32/135 B-other cases experiencing relapse (23·7%), 20 were 

Ph-like (34%), as indicated in Table 1, and their clinical characteristics 
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are shown in Supplementary Table S3. Moreover, a Cox model was 

fitted on our cohort of 135 patients; given the relatively small sample, 

we adjusted for the main characteristics known as generally associated 

to outcome. A highly significant impact on EFS was confirmed for Ph-

like (hazard ratio (HR)=2·93, p-value=0·003) as well as for assignment 

to final High-Risk group (HR=2·25, p-value=0·03), while age and 

WBC at diagnosis did not have a significant impact on outcome (Table 

2). 
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Figure 2. Outcome analysis of AIEOP B-Other cohort, in terms of EFS (on the left 

column) and CIR (in the middle column) and OS (in the right), comparing Ph-like vs. 

non-Ph-like patients overall (a), in no High Risk (b), in HR patients (c), respectively; 

(d) EFS, CIR and OS analyses according to the fusion classes reveal statistical 

significance in Ph-like cases, classified accordingly to different class fusions, such as 

ABL/JAK-class, PAX5t, other fusions and negative after NGS analysis. 

 

b. Ph-like vs non Ph-like: No high risk patients

a. Ph-like vs non Ph-like: overall analysis

c. Ph-like vs non Ph-like: High risk only patients

p-value=0·02 p-value=0·07 p-value=0·049

p-value=0·001 p-value=0·003p-value=0·01

d. Ph-like patients accordingly to different class fusions

p-value=0·029p-value=0·08p-value=0·03

p-value<0·001 p-value=0·21 p-value=0·009
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Other 
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In addition, we collected data from immunophenotype analysis of 

the complete cohort (N=135) and we classified data according to 

phenotype profiles, according to Ph-like signature: Non-Ph-like: pre-

pre-B: 9%; call: 60%, pre-B: 18%; preB/B: 1%; Biclonal B: 4%and B-

lineage: 8%; whereas Ph-like were distributed as follows: pre-pre-B: 

2%; call: 81%, pre-B: 14% and B-lineage: 3%. Thus, overall, the 

majority of cases were classified as having call phenotype in both 

groups.  

In Ph-like patients, CNAs were recurrent in leukaemia-associated 

genes, such as CDKN2A and/or CDKN2B (33·6%), PAX5 (25·2%), 

IKZF1 (24·4%), ETV6 (15·3%), RB1 (10%) and CLRF2 (8·4%) (Figure 

1b), with the IKZF-plus profile accounting for 7% of cases 

(Supplementary Table S4). The mean number of CNA events per Ph-

like patient is almost double (2·77 events/pt) compared to ERG-related 

patients (1·53 events/pt) or non-Ph-like B-other patients overall (1·57 

events/pt).  

Fusion genes were identified in 30/58 (52%) Ph-like cases analysed 

(see heatmap of Figure 1b and Supplementary Table S4). Among those 

30 fusion genes, 21 included 8 P2RY8::CLRF2, 7 PAX5-translocated 

cases (PAX5t), 2 IGH::CRLF2 (by FISH), 2 ABL-class 

fusion (EBF1::PDGFRB) and single cases carrying either 

TCF3::HLF or BCL9::MEF2D. The remaining 9/30 were novel fusion 

genes, not previously reported in normal or cancer tissues (FusionHub 

database, https://fusionhub.demopersistent.com/) and classified as 

‘other fusions’ in Supplementary Table S4. Notably, fusion genes were 

detected in 19/32 relapsed patients, of which 14/20 (70%) in Ph-like 

and only 5/12 (42%) in non-Ph-like relapsed patients. Overall, the 59 
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Ph-like cases could be sub grouped according to fusions as 2 ABL-

class, 10 JAK-class, 7 PAX5-class, 9 carrying other fusions in addition 

to two single cases carrying either TCF3::HLF or BCL9::MEF2D and 

28 remaining negative after NGS analyses. One case had no available 

RNA for fusion analysis but was IKZF1-plus as described below.  

CRLF2 rearrangements were almost exclusively found in the Ph-like 

group (Figure 1b and Supplementary Table S4), and also the IKZF1-

plus profile was prevalent in Ph-like cases (8/9) and associated with a 

poor outcome (5-year EFS (SE) 37·5% (17·1) vs 65·5% (7·0) for non-

IKZF1-plus cases) (Supplementary Figure S4). Interestingly, also PAX5 

gene lesions were mostly associated with the Ph-like signature. 

Considering CNAs and translocations, the PAX5 gene was involved in 

43/131 B-other patients (32·8%), with 31/57 (54·3%) in Ph-like and 

12/74 (16%) in non-Ph-like cases. (Supplementary Tables S4 and S5). 

Notably, all the 7 PAX5t were found in the Ph-like group 

(Supplementary Table S5). Validation primers are reported in 

Supplementary Table S6). As showed in Figure 2d, EFS (p<0·001) and 

OS (p=0·009) analyses according to the fusion classes reveal statistical 

significance in Ph-like cases, classified accordingly to different class 

fusions, such as ABL/JAK-class, PAX5-class, other fusions and 

negative cases after NGS analysis. In fact, the PAX5t cases have a poor 

EFS, similar to ABL/JAK-class patients (53% and 50%, respectively) 

and lower than Ph-like cases negative for any fusion gene (78%). 

Moreover, PAX5t OS was inferior respect to ABL/JAK-class and 

negative cases (about 53% vs. 83·3% and 88·9%). However, CIR 

analysis was not different among the subgroups (p=0·21). In details 

among PAX5t had 3 events out of 7, corresponding to BM relapse and 
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they died later; among N=12 ABL/JAK, they had one death post HSCT 

and 5 relapses (4 BM and 1 CNS) with only one death (the 4 non-

deceased all have an adequate post-relapse follow-up) 

These features of PAX5t cases prompted us to explore the feasibility 

of targeting patients with this aberration. By applying the NetBID2 

data-driven network interference algorithms (Figure 3a), we 

constructed the BCP-ALL interactome and identified the hub drivers’ 

activity (DA) based on network gene interaction on either PAX5 

translocated patients versus all BCP-ALL excluding Ph-like (Figure 3b, 

left column) or versus Ph-like (Figure 3b, middle column). We also 

assessed a Differential Expression (DE) of genes belonging to these 

pathways (Figure 3c). Interestingly, in the top NetBID2 drivers we 

identified the LCK signalling factor showing a significantly higher 

activity in PAX5t compared to other BCP-ALL subgroups (Figure 3d). 

Furthermore, analysis of LCK activity in BCP-ALL patients with 

known PAX5 status (N=131) revealed that it is an exclusive signature 

of PAX5t cases, with statistically significance compared to all the 

categories, such as patients with amplification or deletion or being wild 

type for PAX5 gene (Figure 3e). Moreover, among the 22 genes resulted 

with a positive driver activity in PAX5t vs. Ph-like by NetBID2 analysis 

(p<0.05) were subjected to DGIdbv4.2.0 software analysis to identified 

drug approved interactions and among them we found 7 genes that can 

be targeted, including LCK by Nintedanib (Supplementary Table S7 

and Supplementary Figure S5a). Further, a positive enrichment of 

upregulated genes has been determined interacting with LCK signalling 

in these patients (Supplementary Figure S5b). These data pointed LCK-

signalling as a potential signalling to target in this subgroup of patients. 
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Thus, in agreement with our previous data on Pax5t targeting by the 

kinase inhibitor BIBF1120/Nintedanib in murine preBI cells and in 

primary patients’ cells,15 and sustained by independent studies in which 

Nintedanib is reported to be effective in LCK targeting as summarized 

in the Drug Gene Interaction Database 

(https://www.dgidb.org/genes/LCK#_interactions), we developed a 

LCK targeting strategy in a preclinical model of PAX5 fusion PDX. 

Moreover, we applied a wider ex-vivo drug screening with FDA-

approved drugs and inhibitors in early to late clinical trials, and we 

selected Dasatinib, Bosutinib and Foretinib, known to be among the top 

10 most potent LCK ligands, as assed by Kinome DiscoveRx study 

(http://www.discoverx.com/services/drug-discovery-development-

services/kinase-profiling/kinomescan)32,33 in addition to 

Nintedanib/BIBF1120. Here we demonstrated their potential 

therapeutic efficacy and specific to (N=3) PAX5t cases (carrying 

PAX5::AUTS2, PAX5::DACH2 and PAX5::SOX5, respectively), by 

evaluating the differential drug sensitivity score of PAX5t samples and 

including both MLLr (ALL-PO, KOPN8, RS4;11 and SEM) and 

CRLF2r cell lines (MUTZ5) and control B-cell lymphoblastoid cell 

lines (derived from healthy donors). As shown in Figure 3f and in 

Supplementary Figure S6 and Table S8, Nintedanib demonstrated to be 

the highest specific and effective compound to PAX5t, considering the 

statistics (One way Anova test), compared to leukaemia cell lines and 

controls. We also tested other kinase inhibitors, not directly related to 

LCK but to BCR/ABL targeting, were not effective on PAX5t cases, 

whereas conventional chemotherapy drugs were effective, e.g., 

Dexamethasone, Vincristine among other (Supplementary Figure S6). 

http://www.discoverx.com/services/drug-discovery-development-services/kinase-profiling/kinomescan
http://www.discoverx.com/services/drug-discovery-development-services/kinase-profiling/kinomescan
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Figure 3. PAX5 translocated cases (or PAX5t) have a specific interactome signature. 

(a) Schema of NetBID2 analysis in BCP-ALL at diagnosis to identify driver in PAX5t 

BCP-ALL patients. To construct the BCP-ALL interactome the SJARCNe algorithm 

was employed on gene expression profiles of BCP-ALL patients (n=289), and driver 

gene networks in PAX5t patients were identified in comparison with BCR/ABL-like 

or all other BCP-ALL subtypes. (b) Heatmap of the top 44 predicted driver’s activity 

(DA) and (c) differentially expressed (DE) in the BCP-ALL interactome based on 
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PAX5t patients. Drivers were ranked according to p-value. Colour code was generated 

by z-score. (left column= PAX5t vs. other BCP-ALL subtypes; middle 

column=PAX5t vs. Ph-like, right column=Ph-like vs other BCP-ALL subtypes). (d) 

Boxplot of LCK activity by NetBID2 analysis of PAX5 translocated patients 

compared between Ph-like and all other BCP-ALL subtypes using gene expression 

data. P-value was calculated using Welch T-test. (e) Boxplot of LCK activity in BCP-

ALL patients with known PAX5 status (N=131).  P-value was calculated by Welch t-

test. PAX5amp: patients with amplification of PAX5 gene; PAX5del: patients with 

deletion of PAX5 gene; PAX5t: patients with translocation of PAX5 gene; PAX5wt: 

patients with PAX5 gene without aberrations. (f) Comparative cellular viability of 

different sub-groups of leukemia (PAX5t, MLLr or CRLFr) samples and control-B-

lymphoblastoid cell lines (CTR-B-LCSs), measured by ATP-Glo based luminescent 

based assay after exposure of the depicted drugs, whereas Staurospsorin was taken as 

a positive control. Drug sensitivity scores (DSS) are plotted as a clustered heat map, 

followed by unsupervised hierarchical clustering. The horizontal and the vertical axis 

of the dendrogram illustrates the dissimilarity between clusters, whereas the color of 

the cell is related to its position along with a DSS gradient. The p-values are calculated 

with the one-way Anova test related to PAX5t group, **** (p<0.0001), *** (p<0.001), 

** (p < 0.01); * (p < 0.05); ns = not significant.  

 

To investigate drug sensitivity and efficacy, we assessed apoptosis in 

leukemic cells. We performed ex-vivo cell incubation by BIBF1120 

alone or in combination with chemotherapeutic drugs used as standard 

therapy in ALL treatment protocols, such as Dexamethasone, 

Vincristine or Asparaginase. Figure 4 shows a representative 

experiment in four different PAX5-fusion BCP-ALL samples at 48h (2 

PAX5::AUTS2 pt.1 and pt.2, PAX5::DACH2 pt.3 and PAX5::SOX5 

pt.4). After treatment viability has been determined, as difference from 

apoptosis and necrosis, by Annexin V-PE and 7-AAD staining. 

BIBF1120 had a synergistic effect with either Dexamethasone or 
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Vincristine, rather than additive with Asparaginase (Combination index 

values are reported in Supplementary Figure S7 a-b, as Bliss score), 

specifically in cases carrying PAX5 fusions, whereas it did not show 

any activity in PAX5-deleted or -wild type cases, regardless of their Ph-

like profile (N=4 cases, Supplementary Figure S7 panel c).  

 

 

Figure 4. Ex-vivo treatment by BIBF1120 either alone or in combination with 

Dexamethasone (a), Vincristine (b) or Asparaginase (c). Experiments have been 

performed in presence of different PAX5 fusion genes, such as PAX5::AUTS2 in Pt. 

n°1 and n°2, or alternatively carrying PAX5::DACH2 as in Pt. n°3 or PAX5::SOX5 

in Pt. n°4. After drug treatment, viability has been determined, as difference from 

b ca

PAX5::DACH2 pt. #3PAX5::DACH2 pt. #3

PAX5::SOX5 pt. #4PAX5::SOX5 pt. #4

PAX5::AUTS2 pt. #2PAX5::AUTS2 pt. #2

PAX5::AUTS2 pt. #1
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apoptosis and necrosis, by Annexin V-PE and 7-AAD staining. Untreated samples (ut) 

have been analysed as internal control. 

 

According to the synergistic effect of dexamethasone and BIBF1120 

in ex vivo experiments, their efficacy was further assessed in the in vivo 

PDX mouse model. The BIBF1120 dose finding experiments were 

carried out in secondary transplants of PAX5::AUTS2 pt.1, determining 

40mg/kg as the most effective dose of BIBF1120 in absence of toxicity, 

phenotypic symptoms or weight loss (data not shown). Further, as 

schematically shown in Figure 5a, we performed secondary transplants 

with cells carrying either PAX5::AUTS2 (pt.1) or PAX5::DACH2 

(pt.3). At bulk disease detection (hCD10/CD19 positive cells >10%, by 

BM aspiration), animals were randomized into four groups (vehicle, 

BIBF1120 alone, dexamethasone alone, combination) and we started 

treatment. 
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Figure 5. In vivo treatment by BIBF1120 either administered alone or in combination 

with Dexamethasone. The experimental plan is depicted in panel (a): NSG mice were 

transplanted with human leukemic cell carrying different PAX5 fusion genes, namely 

PAX5::AUTS2 as in Pt. n°1 (panels b-g) or PAX5::DACH2 as in Pt. n°3 (panels h-o). 

Human leukaemia engraftment was evaluated in hematopoietic tissues prior to start 

treatment in Bone Marrow and Peripheral Blood (panels b and h, in both patients, 

respectively) and after two weeks of treatment, in all hematopoietic organs, such as 

Bone Marrow for Pt.1 (panel c) and Pt.3 (panel i), in Spleen as percentage (panel d 
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and l) and weight (panels e and m), in Peripheral Blood, f and n) and in Central 

Nervous System Meninges (g and o). Data are expressed as percentages of human 

CD10+ cells. Statistical analyses have been performed by GraphPad Prism software 

and T test is shown as *p<0·05, **p<0·01, ***p<0·001. 

 

In PAX5::AUTS2 pt.1, the daily treatment was started at day14 with 

42% hCD10 positive cells mean engraftment detection in BM (ranging 

from 23·3 to 60·6%, Figure 5b). After two weeks, we sacrificed animals 

and assessed the disease levels as percentage of tumour cells in each 

organ, as reported in Figure 5 panels from c to g and the mean 

engraftment in vehicle BM was 82·6% (range 75·5-86·7%). As shown 

in Figure 5c, in the PAX5::AUTS2 PDX mice we detected a mild effect 

in the BM of BIBF1120 alone (disease reduction of 24%, p=0·057), 

further enhanced by the combination with dexamethasone (-49%, 

p=0·005, with a mean engraftment in vehicle mice of 82·6%). In the 

spleen (Figure 5d and S8c), the efficacy was highly significant both for 

BIBF1120 (-52%, p=0·025) and the combination (-91%, p=0·015, 

mean engraftment vehicle 69·5%). We also observed a macroscopic 

effect on spleen weight decrease by the combination treatment (Figure 

5e). A similar statistically significant effect was observed also in 

peripheral blood (Figure 5f and S8d), whilst, BIBF1120 alone showed 

a specific significant efficacy in CNS meninges, considering both 

percentages and absolute number of leukemic cells, as showed in Figure 

5g and S8e, respectively. Moreover, data were further confirmed by 

evaluation of the tumour burden, defined as the absolute number of 

human CD10 positive (hCD10+) leukemic cells over the total number 

of cells in each organ (BM, spleen, CNS and PB), as shown in 

Supplementary Figure S8 panel from b to e. 
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The efficacy of treatment was further confirmed in the 

PAX5::DACH2 PDX mice. We started treatment at day21, with 15% 

BM Engraftment (range 10-34·3%, Figure 5h). After two weeks, the 

number of human leukemic cells in BM deceased of 47% using 

BIBF1120 alone (p=0·02 as % and p=0·004 as n° cells, Figure 5i and 

S8f, respectively), further diminished by the combination (-70% vs. 

vehicle, p=0·001 as % and p=0·00001 as n° cells, with a mean 

engraftment in vehicle mice of 65%, ranging from 53·3 to 70%) (Figure 

5i and S8f). As shown in Figure 5l and Supplementary Figure S8g, in 

the spleen, the efficacy was highly significant both with BIBF1120 (-

45·6%, p=0·00003 as % and p=0·03 n° cells) and the combination (-

97·5% tumour burden, p=0·0008, mean engraftment vehicle 72·4%), 

with considerable effects on spleen weight (Figure 5m). Strikingly, 

BIBF1120 treatment alone showed similar efficacy in PB and CNS, 

with leukaemia decrease as much as -45% (p=0·04) and -76% 

(p=0·007), respectively. Dexamethasone alone was not effective in the 

BM and spleen (Figures 5i and 5l), whereas it decreased the leukaemia 

bulk both in PB (-65%, p=0·0004, Figure 5n) and CNS (-52·8%, 

p=0·03, Figure S8i). Importantly, the combination with BIBF1120 

nearly achieved remission in PB (-94%, p=0·0001, Figure 5n and S8h) 

and it was significant in CNS (-84·7%, p=0·005, Figure 5o and S8i). 

Since the AKT signalling pathway was activated downstream LCK 

via the PIP3 signalling pathway,34 we hypothesised a molecular 

regulation mechanism involving both kinases, as depicted in Figure 6 

panel a. To sustain this molecular regulation, we investigated the in vivo 

Nintedanib/BIBF1120 treatment both in four patients’ primary cells and 

in PAX5::AUTS2 mice (Supplementary Figure S9). In PDX cells 
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phosphoflow analysis showed a marked inhibition of pAKT-Thr308 (-

29%, p<0·01) and the downstream effectors pS6 (-64%, p<0·001) and 

4pEBP1 (-26%, p<0·05), comparing BIBF1120 vs. vehicle group 

(Figure 6b). Inhibitor treatment mildly affected pAKT-Ser473 (-9%) 

and PDPK1 (-13%, p<0·05) phosphorylation levels. As shown in Figure 

6c, we confirmed results in PAX5::DACH2 mice, demonstrating a 

reliable AKT inhibition, with consistent decreased phosphorylation 

levels of both pAKT-Thr308 (-34%, p<0·01) and pAKT-Ser473 (-61%, 

p<0·001), respectively. Moreover, also PDPK1 (-37%, p<0·05), 

4pEBP1 (-38%, p<0·001) and pS6 (-78%, p<0·0001) were decreased.  
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b c
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Figure 6. LCK and Akt pathway involvement in leukemic cells with PAX5 fusion 

genes. (a) A schematic view of molecular hypothesised mechanism of LCK and Akt 

interaction. After in vivo BIBF1120 treatment vs. vehicle mice, in (b) pt.#1 

PAX5::AUTS2 and (c) pt.#3 PAX5::DACH2, respectively. PDPK1, pAKT-Ser473 

and -Thr308, pS6 and 4pEBP1 are analysed by FACS. Data are expressed as ratio of 

Phosphorylation levels, considering vehicle phosphoprotein levels equal to 1 (dotted 

line) and symbols are correspondent to single BIBF1120-treated mice. Statistical 

analyses have been performed by GraphPad Prism software and T test is shown as 

*p<0·05, **p<0·01, ***p<0·001. 

 

DISCUSSION 

After a first definition,1,2 several studies identified the BCR/ABL1-like 

or Ph-like group both in paediatric and in adult cohorts of BCP-ALL, 

demonstrating an association with poor MRD response and overall 

outcome.3 Thus, the terms ‘BCR/ABL1-like’ or Ph-like have been 

included as provisional entity in the 2016 WHO classification of 

ALL.5In the present study, we identified and characterized the Ph-like 

subgroup in an AIEOP cohort of BCP-ALL patients, enrolled into the 

AIEOP-BFM ALL2000/R2006 protocol.21 A Ph-like signature was 

defined at transcriptome level,22 and targeted RNAseq data identified 

underlining molecular lesions. In addition, signatures for ERG-related, 

HHD-like, ETV6/RUNX1-like, KMT2A-like and MEF2Dr subgroups 

were recognized. 

Among B-others ALL patients, which accounted for 47% of a series of 

289 new BCP-ALL diagnoses, the Ph-like profile was identified in 

43·7%, corresponding to about 20% of the entire BCP-ALL cohort, in 

agreement with frequency previously reported.3 The study cohort was, 

likely by chance, enriched for high-risk features (i.e., prednisone 

response and WBC and consequently stratification to the final High-
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Risk group but not for MRD stratification, gender or age), possibly due 

to the relatively limited number of samples available for analysis from 

the total cohort of 837 B-other patients recruited in the study period. 

Nonetheless, the estimated 5 years EFS did not differ between analysed 

and not-analysed patients (74.2±3.8 vs 76.5±1.6, p=0.48). Ph-like ALL 

patients are characterized by a poor outcome, independently of any 

other commonly used risk features, even in homogeneous risk groups, 

including HR patients. Importantly, the Cox model demonstrated the 

highly significant impact on EFS for Ph-like (hazard ratio (HR)=2.93, 

p-value=0.003) as well as for assignment to final High-Risk group 

(HR=2.25, p-value=0.03). 

The Ph-like group showed molecular characteristics known to be 

associated to high-risk features,3,4 including the IKZF1-plus profile.9 In 

addition, a driver fusion gene was identified in more than 50% of Ph-

like cases; including the well-known ABL- or JAK/STAT-class in 20% 

of cases. Many studies are ongoing to target those genetic lesions 

mainly by deploying Tyrosine Kinase Inhibitors (TKIs) or JAK 

Inhibitors (JAKi)7,35 as well as with CAR-based immunotherapy 

approaches.36 These new therapeutic observations support the rationale 

to enrol Ph-like ALL patients in a specific clinical treatment protocol to 

improve treatment response with the use of TKIs.6,8 

Here, we show that PAX5 fusion genes are particularly recurrent among 

Ph-like patients: while PAX5 lesions overall account for more than 50% 

of Ph-like cases, PAX5t were identified exclusively in Ph-like,12 they 

have their specific signature and are associated with a poor EFS similar 

to ABL/JAK-class patients (around 50%), and an inferior OS (about 

53% vs. 83%) unacceptable for childhood ALL. Likewise, we recently 
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reported that PAX5 fusions are recurrent and associated with poor 

outcome in infant ALL patients (<1 year at diagnosis), not carrying a 

KMT2A/MLL rearrangement.37 

Importantly, and in agreement with our previous studies,14,15 we 

demonstrated that PAX5 fusions are characterized by LCK activity 

upregulation and are targetable by the Nintedanib/BIBF1120 

inhibitor.14,15,17,20 Ex-vivo treatment with Nintedanib/BIBF1120 

demonstrated to promote apoptosis of leukemic cells, both in 

monotherapy and in combination with chemotherapy agents 

(Vincristine, Dexamethasone or Asparaginase). Strikingly, 

Dexamethasone and BIBF1120 had a synergistic effect, as further 

assessed in vivo assays in PDX NSG mice with two different PAX5 

fusions (PAX5::AUTS2 and PAX5::DACH2), in which we observed a 

significant efficacy in different organs by BIBF1120 alone and in drug 

combination. Overall BIBF1120 alone was more effective than 

Dexamethasone in reducing tumour burden. Furthermore, ex-vivo drug 

screening revealed differential sensitivity of Nintedanib and Dasatinib 

against PAX5t leukemia samples when compared to MLLr/CRLFr 

samples. Our findings are also in agreement with the role and targeting 

of LCK in T-ALL setting, in which they demonstrate both the role of 

LCK in pathogenesis and how it is possible to target with specific 

inhibitors such as Dasatinib and Nintedanib, through gene silencing 

LCK in Patient-Derived Xenograft model.38,39 

Moreover, we demonstrated that BIBF1120 was also effective on the 

AKT signalling in PAX5t, by inhibiting both the pAkt-Thr308 and 

pAkt-Ser473 residues, essential to activate the pathway.40 This novel 

finding reveals a role for alternative mechanisms of PAX5t leukaemia, 
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considering that AKT is involved in apoptosis, metabolism and 

multidrug resistance in CLL and other malignancies.34  

In conclusions, PAX5 lesions are amongst the most recurrent 

aberrations in Ph-like BCP-ALL, they have a specific signature and an 

unacceptable prognosis; PAX5t involve multiple pathways that can be 

targeted by Nintedanib/BIBF1120. The drug could be inserted in a 

second line of treatment, both to allow the identification of the patient's 

profile and to integrate this information with the MRD analysis data. In 

this way it could be possible to assign these patients to an experimental 

group, where they receive this inhibitor in addition to the chemotherapy 

drugs already in use. This drug has an acceptable tolerability profile and 

is already approved in clinical trials for idiopathic pulmonary fibrosis 

by the US Food and Drug Administration (FDA) since October 2014 

and by the European Medicines Agency (EMA) since January 2015, 

and it is tested in several cancers, with anti-angiogenic and anti-tumour 

effects.17,18,20  

These results strongly encourage further studies for a tailored treatment 

of patients with PAX5 fusions, implementing the deployment of 

inhibitors in combination with chemotherapy.  
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Supplementary materials 

 

Supplementary figure S1. Flow-chart of strategy aiming to identify subgroups of 

BCP-ALL patients with targetable aberrations by characterizing cases according to 

gene expression and molecular profiles.  
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Supplementary figure S2. Outcome analysis of the B-Other cohort, in terms of 

Events Free Survival or EFS In Medium Risk (a) and in Standard Risk groups (b). 

 

 

 

a 

 
 

 
b 

 

          (All events are relapses) 
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Supplementary figure S3. AIEOP ALL 2000/R2006 by GEP class in all risk (a) and 

in non-High-Risk patients (b). 
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Supplementary figure S4. EFS and CIR analyses of IKAROS-plus vs. non IKAROS-

plus patients in Ph-like subgroup. 
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Supplementary figure S5. Activity of each driver inferred with NETBID2 in PAX5 

translocated versus all BCP-ALL subtypes excluding Ph-like. Top panel (a) represents 

the expression ranking genes: at left the highest expressed in all BCP-ALL subtypes 

excluded Ph-like, at right in PAX5 translocated cases (PAX5t). Bottom panel (b) 

shows the impact of the expression patterns of each driver activity. In red, positively-

 a 

b 
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regulated target genes with significantly upregulation in PAX5 translocated compared 

to others BCP-ALL; in blue negatively-regulated target genes have significantly 

downregulation in PAX5 translocated compared to others BCP-ALL. 

 

Supplementary figure S6. Comparative cellular viability of different sub-groups of 

leukemia (PAX5t, MLLr or CRLFr) samples and control-B-lymphoblastoid cell lines 

(CTR-B-LCSs), measured by ATP-Glo based luminescent based assay after exposure 

of the depicted drugs, whereas Staurospsorin was taken as a positive control. Drug 

sensitivity scores (DSS) are plotted as a clustered heat map, followed by unsupervised 

hierarchical clustering. The horizontal and the vertical axis of the dendrogram 

illustrates the dissimilarity between clusters, whereas the color of the cell is related to 

its position along with a DSS gradient. The P-values are calculated with the one-way 

Anova test related to PAX5t group, **** (P<0.0001), *** (P<0.001), ** (P<0.01); 
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*(P<0.05); ns=not significant. - represent significance cannot be calculated as DSS 

are 0, i.e., respective candidate is inactive. 

 

 

 

                

 

 

 

 

 

 

 

 

 

 

Supplementary figure S7. BIBF1120 combination index with Vincristine, 

Dexamethasone and Asparaginase, evaluated as Bliss score are shown in panel (a), 

while a summary of results is reported in panel (b), in patients’ samples carrying a 

PAX5-fusion gene. Moreover, in panel (c), BIBF1120 treatment in N=5 Ph-like 

patients either PAX5-deleted or -wildtype status did not show any efficacy at 48h, 

evaluated as Annexin V/7-AAD by FACS. 
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Supplementary figure S8. In vivo treatment by BIBF1120 alone or in combination 

with Dexamethasone. The experimental plan is depicted in panel (a): NSG mice were 

transplanted with human leukemic cell carrying different PAX5 fusion genes, namely 

 a 

  PAX5::AUTS2 pt. #1  PAX5::DACH2 pt. #3 

b f 

c g 

d h 

e i 
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PAX5::AUTS2 as in Pt. n°1 (left panels) or PAX5::DACH2 as in Pt. n°3 (right panels). 

Data are expressed as absolute number of leukemic cells per organ, calculated mean 

of number of cells normalized for % human CD10 positive cells in hematopoietic 

tissues, such as Bone Marrow for Pt.1 (panel b) and Pt.3 (panel f), Spleen (panel c and 

g), Peripheral Blood (d and h) and Central Nervous System Meninges (e and i). 

Statistical analyses have been performed by Graphpad prism software and T test is 

shown as *P<0·05, **P<0·01, ***P<0·001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary figure S9. Phosphoflow Flow Cytometry images of AKT pathway, 

at basal level in primary patients’ blast cells. 
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Table S1. AIEOP ALL 2000/R2006 GEP class characteristics. 

 

 

Table S2. Characteristics of events among different GEP class subgroups. 

 

 

 Ph-like ERG-
related 

ETV6/RUNX1 
like 

HHD-like 

 N % N % N % N % 

Total n. of patients 59  35  12  23  

GENDER 
Male 
Female 

 
36 
23 

 
61·0 
39·0 

 
13 
22 

 
37·1 
62·9 

 
5 
7 

 
41·7 
58·3 

 
14 

9 

 
60·9 
39·1 

AGE 
1-5 yrs 
6-9 yrs 
10-17 yrs 

 
28 
11 
20 

 
47·5 
18·6 
33·9 

 
14 
12 

9 

 
40·0 
34·3 
25·7 

 
6 
5 
1 

 
50·0 
41·7 

8·3 

 
20 

3 
0 

 
87·0 
13·0 

WBC 
<20000 
20-100000 

100000 

 
25 
28 

6 

 
42·4 
47·4 
10·2 

 
26 

8 
1 

 
74·3 
22·9 

2·8 

 
6 
2 
4 

 
50·0 
16·7 
33·3 

 
12 

9 
2 

 
52·2 
39·1 

8·7 

Prednisone RESPONSE 
Good 
Poor 

 
52 

7 

 
88·1 
11·9 

 
29 

6 

 
82·9 
17·1 

 
10 

2 

 
83·3 
16·7 

 
18 

5 

 
78·3 
21·7 

MRD stratification 
Standard 
Medium 
High 
Not known 

 
15 
28 

9 
7 

 
28·8 
53·9 
17·3 

 
5 

21 
5 
4 

 
16·1 
67·7 
16·1 

 
1 
8 
0 
3 

 
11·1 
88·9 
10·0 

 
9 
7 
0 
7 

 
56·3 
43·7 

FINAL RISK 
Standard 
Medium 
High 

 
14 
31 
14 

 
23·7 
52·6 
23·7 

 
5 

22 
8 

 
14·3 
62·9 
22·8 

 
1 
9 
2 

 
8·3 

75·0 
16·7 

 
8 

10 
5 

 
34·8 
43·5 
21·7 

 

3 MEF2Dr patients: 1 male, 2 females; 2 with WBC <20000, 1 with WBC 100000; 2 PGR and 1 PPR 

2 KMT2A-like patients: 2 females; 1 with WBC 20-100, 1 with WBC 100000; 1 PGR and 1 PPR. 
 
 
 

 

 Ph-like ERG-
related 

ETV6/RUNX1- 
like 

HHD-like 

 N % N % N % N % 

Total n. of patients 59  35  12  23  

Resistant 
Death IND 
 

0 
1 

 
1·7 

0 
0 

 0 
0 

 0 
0 

 

Relapses 
- BM 
- CNS 
- BM+other 

 

20 

17 

1 

2 

33·9 4 
2 
0 
2 

11·4 2 
1 
0 
1 

16·7 5 
1 
0 
4 

21·7 

Death in CCR 
- After CHEMO 
- After HSCT 

 

3 

2 

1 

5·1 0  0  0  

SMN 

 

0  1 2·9 0  0  

Alive in CCR 35 59·3 30 85·7 10 83·3 18 78·3 
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Table S3. Ph-like vs non-Ph-like characteristics of relapsed pts (protocol AIEOP ALL 

2000/R2006). 

 

 

 

 

 

 

 

 

 

 

 Ph-like Non-Ph-like 

 N % %* N % %* 

Total n. of patients 20   12   

GENDER 
Male 
Female 

 
13 

7 

 
65·0 
35·0 

 
36·1 
30·4 

 
5 
7 

 
41·7 
58·3 

 
13·5 
17·9 

AGE 
1-5 yrs 
6-9 yrs 
10-17 yrs 

 
13 

1 
6 

 
65·0 

5·0 
30·0 

 
46·4 

9·1 
30·0 

 
7 
5 
0 

 
58·3 
41·7 

 
16·7 
21·7 

WBC 
<20000 
20-100000 

100000 

 
8 

10 
2 

 
40·0 
50·0 
10·0 

 
32·0 
35·7 
33·3 

 
2 
8 
2 

 
16·7 
66·6 
16·7 

 
4·3 

40·0 
22·2 

Prednisone RESPONSE 
Good 
Poor 

 
18 

2 

 
90·0 
10·0 

 
34·6 
28·6 

 
9 
3 

 
75·0 
25·0 

 
14·8 
20·0 

MRD stratification 
Standard 
Medium 
High 
Not known 

 
2 

11 
6 
1 

 
10·5 
57·9 
31·6 

 
13·3 
39·3 
66·7 
14·3 

 
1 
8 
1 
2 

 
10·0 
80·0 
10·0 

 
5·9 

21·1 
14·3 
14·3 

FINAL RISK 
Standard 
Medium 
High 

 
2 

11 
7 

 
10·0 
55·0 
35·0 

 
14·3 
35·5 
50·0 

 
1 
8 
3 

 
8·3 

66·7 
25·0 

 
6·3 

18·6 
17·7 

(*) calculated on total number of patients with a specific characteristic. 
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Table S4. Clinical and Molecular Characteristics of AIEOP ALL 2000/R2006 B- other 

cohort, such as GEP-class, CNV data, Fusion genes. Legend: 0=wt; 1=del; 2=amp; 

n.a.=not applicable; n.k.=not known. 
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Table S5. PAX5 gene status in B-other cohort, according to Ph-like (or not) profiles.  

 

 

 

 Ph-like Not Ph-like 

 N % N % 

Total n. of patients with available 
PAX5 status  

57(59) 96·6 74(76) 97·4 

 
PAX5wt 

 
26 

 
45·6 

 
62 

 
83·8 

 
PAX5del 

 

 
20 

 
35·1 

 
9 

 
12·2 

  
PAX5amp 

 
4 

 
7 

 
3 

 
4 

 
PAX5t 

 

 
7 

 
12·3 

 
0 

 
0 
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Supplemental Table S6. Fusion gene validation RT-PCR primers.  
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Supplemental Table S7. List of genes resulted with a positive high driver activity in 
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PAX5t versus BCR/ABL like patients by NetBID2 analysis (P<0.05); when present, 

names of drug with interaction among the genes is reported.   

 

 

Table S8. Differential drug sensitivity score data by drug screening in PAX5t 
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Chapter 4 

Recurrent genetic fusions redefine MLL germline 
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Letter to Blood 

B-cell precursor (BCP) acute lymphoblastic leukemia (BCP-ALL) in 

infants (ie, children age <1 year) is a rare disease traditionally 

subdivided into MLL-rearranged (alias KMT2A; MLL-R) and MLL 

germ line (MLL-G) subtypes. MLL gene rearrangements occur in ⁓75% 

of infants with BCP-ALL1-3 and are typically associated with a mixed-

lineage phenotype.4 MLL rearrangements originate prenatally in utero5 

and play a role in transcription factor dysregulation.6 MLL-R BCP-

ALL in infants is associated with dismal outcomes.1-3 

Infants with MLL-G ALL treated with intensive therapies in the 

Interfant-06 protocol may have a relatively favorable prognosis, with a 

6-year event-free survival (EFS) rate of 73.9%,2 slightly inferior to that 

observed in older children with BCP-ALL.1,2 Of interest, a recent study 

from the Japanese Pediatric Leukemia/ Lymphoma Study Group MLL-

10 trial reported more favorable outcomes in infants with MLL-G ALL, 

with a 3-year EFS rate of 93.3%.7 However, it must be noted that in the 

Japanese study, the cohort of patients was relatively small (15 patients 

with MLL-G ALL were enrolled, compared with 167 patients in the 

Interfant-06 Consortium, which includes many national groups from 

different countries with different outcomes), and the chemotherapy 

treatment was overall more intensive, with additional high-dose 

cytarabine and L-asparaginase in early consolidation. Despite the great 

interest and efforts in clarifying the biology of MLL-G BCP-ALL in 

infants, the information available on genetic alterations is still rather 

limited.8 Conversely, BCP-ALL in noninfants is MLL-G in 98% of the 
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cases, and it is characterized by a great diversity of chromosomal 

aberrations and gene rearrangements, which correlate with favorable or 

unfavorable early treatment response and prognosis and are currently 

used, in association with minimal residual disease (MRD) assessment, 

for treatment stratification.9-12 The identification of specific genetic 

abnormalities in MLL-G BCP-ALL in infants might be crucial for 

selecting appropriate personalized treatments and improving 

outcomes.13 Recently, the NUTM1 gene was found to be rearranged in 

MLL-G BCP-ALL in pediatric, as well as infant cases, and the presence 

of NUTM1 fusions was associated with favorable outcomes in both 

settings.14,15 Herein, we report results on the incidence and associated 

outcomes of fusion genes in a cohort of 30 infants with MLL-G BCP-

ALL. We retrospectively analyzed 30 of 37 consecutive infant patients 

with MLL-G BCP-ALL treated in centers of the Italian Association of 

Pediatric Hemato-Oncology from 2006 to 2019 within the Interfant-06 

(n=29)2 or Italian Association of Pediatric Hemato-Oncology/Berlin-

Frankfurt-Munster ALL2017 (n=1) protocols for whom biological 

material was available. The study was approved by the ethics 

committees of the participating institutions, and written consent was 

obtained from parents. Split-signal fluorescence in situ hybridization 

analysis was mandatory to assess MLL rearrangements; multiplex 

reverse transcription polymerase chain reaction and genomic 

breakpoint cloning were performed to identify MLL fusion partners.16 

RNA samples were analyzed using a custom next-generation 

sequencing (NGS) panel, with probes capturing 95 leukemia-related 

genes, including ABL1, JAK2, PAX5, EBF1, PDGFRB, CRLF2, and 

TCF3 (Nugen, Tecan, CA). Sequencing analysis was performed in 
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2x150 paired ends on NextSeq550 (Illumina, San Diego, CA). Fusion 

genes were identified by STAR-Fusion, Dragen RNA, and an in-house 

bioinformatic pipeline.17 In a subset of cases, whole-transcriptome 

RNA sequencing analysis was also performed (Nugen). All identified 

fusions were validated by reverse transcription polymerase chain 

reaction and Sanger sequencing (supplemental Figure 1; supplemental 

Tables 1-2, available on the Blood Web site). EFS was defined as time 

from diagnosis to first event (ie, resistance, relapse, death resulting from 

any cause, or second malignancy, whichever occurred first). 

Observation periods were censored at time of last contact when no 

events were reported. EFS was estimated according to the Kaplan-

Meier method (with Greenwood standard error). Median follow-up was 

4.0 years (range, 0.4-10.2 years). Analyses were performed using SAS 

software (version 9.4). 

Overall, 30 infant patients with MLL-G BCP-ALL were screened. 

Table 1 describes their main features: 24 patients were aged >6 months, 

29 had white blood cell count < 300 x 109/L at presentation, and two 

thirds were female. In contrast to MLL-R cases, which are typically 

CD102, a CD101 immunophenotype was observed in 28 (93%) of 30 

MLL-G cases. Supplemental Table 3 reports the details of cytogenetic 

data. In addition, 26 of 30 cases were prednisone good responders, and 

all achieved complete remission at the end of induction therapy. Of 21 

patients with available data, MRD at the end of induction therapy was 

negative in 7 (33%), low (<5 x 10-4) in 11 (52%), and high (≥5 x 10-4) 

only in 3 cases (14%). Only 1 (5%) of 19 patients had high MRD (≥5 x 

10-4) at the end of consolidation phase 1B. These data confirm that 

MLL-G BCP-ALL in infants is associated with favorable clinical 
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features at diagnosis (ie, age >6 months and low white blood cell count) 

and favorable initial response to therapy (ie, prednisone good response 

and low MRD level).2 

Strikingly, the NGS analysis revealed that MLL-G BCP-ALL in infants 

is characterized by a high rate of fusion genes. Indeed, among these 30 

patients, as many as 22 (73%) carried a fusion gene. NUTM1 fusions 

were the most frequent, identified in 9 cases (30%), with ACIN1 (n=5), 

CUX1 (n=2), BRD9 (n=1), and ZNF618 (n=1) as fusion partners (Figure 

1A). NUTM1 class patients (mean age at diagnosis, 8.8 months) had a 

3-year EFS rate of 100% (Figure 1C). This finding suggests that 

NUTM1 fusions are associated with very good outcomes, in agreement 

with recent data from an ongoing International collaborative ’Ponte di 

Legno’ Childhood ALL Working Group project.15 Remarkably, we 

found that rearrangement of the PAX5 gene was also recurrent, detected 

in 6 (20%) of 30 cases, with DNAJA1 (n=3), FBRSL1 (n=1), MBNL1 

(n=1), and GRHPR (n=1) as fusion partner genes (Figure 1B). To our 

knowledge, these PAX5 fusion partners have not been reported in the 

literature or databases as common PAX5 partners in older patients.18 As 

in older children, the PAX5 fusion genes found in most of the infant 

patients retained the DNA binding domain and the homeodomain, with 

PAX5/GRHPR as the only exception, where the first exon of PAX5 is 

fused with almost the entire structure of GRHPR. Whether the 

disruption of PAX5 or the expression of GRPHR under the PAX5 

promoter might represent the driver event for leukemogenesis must be 

further explored. In contrast with NUTM1 class patients, patients 

carrying PAX5 fusions had a mean age at diagnosis of 11.4 months and 

had poorer outcomes, with 4 events (bone marrow relapse, n=3; death 
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in first remission, n=1) occurring in 6 patients, leading to a 3-year EFS 

rate of 25.0% (±20.4%; Figure 1C). Notably, the outcomes of PAX5 

patients did not differ from those of 65 concurrent MLL-R BCP-ALL 

patients, whose 3-year EFS rate was 43.6% (66.5%; supplemental 

Figure 2). Moreover, in 7 cases (23%), other fusion transcripts were 

detected, including TCF3 (with different partner genes) and ABL class 

fusions. We identified the following: TCF3/PBX1 (n=2), 

TCF3/ZNF384 (n=1), ETV6/ABL1 (n=1), P2RY8/CRLF2 (n=1), and a 

new KDM2B/GATAD2B fusion in a pair of monozygotic twins. None 

of the cases was positive for the fusions more commonly found in 

patients age >1 year (ie, ETV6/RUNX1 or BCR/ABL1). The 3-year EFS 

rate in this heterogeneous group was 57.1% (±18.7%; Figure 1C). 

Finally, no fusion genes were detectable in the remaining 8 cases (27%), 

neither by the RNA-targeted NGS approach nor by whole-

transcriptome RNA sequencing screening. Interestingly, 3 of 4 patients 

for whom we had cytogenetic data were hyperdiploid. These negative 

cases had a 3-year EFS rate of 83.3% (±15.2%; Figure 1C), with 1 testis 

relapse occurring 3.1 years after diagnosis in this subgroup.  

Overall, this study shows that MLL-G BCP-ALL in infants is 

characterized by remarkable genetic heterogeneity. An unexpectedly 

high rate of fusion genes was found, associated with distinct treatment 

responses and outcomes. This study shows for the first time that PAX5 

fusions are recurrent in MLL-G BCP-ALL in infants and associated 

with worse outcomes compared with NUTM1 class fusions. The major 

limitation in this study is the small size of the patient cohort and 

subgroups. Because of the rarity of the disease, confirmation of these 

findings can only be pursued through large international collaborations. 
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If confirmed, the detection of PAX5 and NUTM1 class (and potentially 

other) fusions by either fluorescence in situ hybridization and/or NGS 

targeted strategies17 might be applied prospectively to stratify more 

properly infant patients with ALL in the context of a dedicated clinical 

protocol. The dismal prognosis observed in infant ALL with PAX5 

fusions is of particular interest, because these patients may benefit from 

novel therapeutic approaches, such as the kinase inhibitor nintedanib. 

This compound, also known as BIBF1120, Vargatef, or Ofev 

(Boehringer Ingelheim, Ingelheim am Rhein, Germany), has 

antiangiogenic and antitumoral effects in several cancers19,20 and is 

already used in patients with pulmonary fibrosis.21 Of note, we 

previously demonstrated the in vitro and ex vivo antileukemic activity 

of nintedanib in PAX5+ ALL cells from pediatric patients (age .1 year 

at diagnosis), both alone and in combination with standard 

chemotherapy.22,23 Other innovative therapies (eg, immunotherapy) 

may be considered in infants with MLL-G BCP-ALL not associated 

with NUTM1 fusions, because prognosis in these patients seems 

unfavorable. In summary, if confirmed in a larger cohort, these data 

would support the redefinition of the infant MLL-G BCP-ALL 

subgroup, where specific genetic features might have prominent 

biological and prognostic roles, with a rationale for risk stratification 

and potential benefit from genetically driven or other innovative 

treatments.  
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Figure 1. Genomics and outcome of infant patients with MLL-G BCP-ALL. 

Schematic representation of NUTM1 (A) and PAX5 (B) fusion genes identified in 

infant patients with MLL-G B-ALL compared with the respective wild-type genes. 

A
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For each gene, exons and relevant protein domains are indicated at the bottom and 

top, respectively. Arrows indicate the fusion breakpoints. (C) EFS according to the 

class of fusion transcript detected in 30 infant patients with MLL-G BCP-ALL. The 

negative (NEG; no fusion gene detected) curve does not depict 1 relapse (testis) that 

occurred at 3.1 years. Table reports the details of patients and events. ^Relapses 

occurred in: TCF3 class (n 5 1; died after relapse), ABL class (n 5 1), and CRLF2 

class (n 5 1). BRD, bromodomain; CUT, CUT DNA binding motif; DBD, DNA 

binding domain; DNA-J, DNA-J peptide binding; FHD, fibrosin homology domain; 

GDH, glycerate dehydrogenase catalytic domain; HD, homeodomain; ID, inhibitory 

domain; NAD(P), NAD(P) binding domain; NUT, NUT domain; NUTM1, NUTM1 

class fusions; other, other fusions; PAX5, PAX5 fusions; OP, octapepdtie domain; 

SAP, SAP motif; TAD, transactivation domain; ZF, zinc finger. 

 

Table 1. Clinical and biological features of patients 

 

EOI, end of induction therapy; NK, not known; PGR, prednisone good responder; PPR, prednisone poor responder; WBC, white blood 

cell. 

*Values in parentheses indicate no. of relapses. MRD data were available for 21 patients. 

 
Fusion class, no. of patients 

Negative NUTM1 class PAX5 class Other Total 

Sex      

Male 4 2 2 1 9 

Female 4 7 4 6 21 

Age at diagnosis, mo 
     

0 to ,3 1 3 0 0 4 

3 to ,6 0 1 0 1 2 

6 to ,9 0 2 1 2 5 

9 to ,12 7 3 5 4 19 

WBC count, 3109/L 
     

#100 8 6 5 4 23 

100-300 0 2 1 3 6 

$300 0 1 0 0 1 

Immunophenotype 
     

CD102
 0 1 0 1 2 

CD101
 8 8 6 6 28 

Prednisone response 
     

PGR 6 8 5 7 26 

PPR 1 1 1 0 3 

NK 1 0 0 0 1 

MRD at EOI, 31024* 
     

Negative 4 (0) 2 (0) 0 1 (0) 7 (0) 

,5 0 5 (0) 2 (1) 4 (2) 11 (3) 

$5 0 0 2 (2) 1 (1) 3 (3) 

Total 8 9 6 7 30 
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Supplementary Material 

Supplementary Figure 1. Validation of NUTM1 (Panel A) and PAX5 (Panel B) 

fusion genes, identified in the present study. All the fusion transcripts detected by NGS 

have been validated by RT-PCR and Sanger analysis.  
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A. NUTM1 fusions: 

Pt. 382  ACIN1ex3-NUTM1ex2 + ACIN1ex4-NUTM1ex2 

                

                                                        

                                                       

Pt. 411  ACIN1ex3-NUTM1ex3 + ACIN1ex4-NUTM1ex2 

          

  

                                                     

Pt. 440  ACIN1ex3-NUTM1ex2 + ACIN1ex4-NUTM1ex2 (not shown) 

ACIN1 ex4 NUTM1 ex2 

ACIN1 ex3 NUTM1 ex2 

ACIN1 ex4 NUTM1 ex2 

ACIN1-NUTM1 CTRL- 

CTRL- ACIN1-NUTM1 

ACIN1 ex3 NUTM1 ex3 
Homologous 

region 
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Pt. 999 ACIN1ex4-NUTM1ex2 + ACIN1ex3-NUTM1ex2 

          

 

                                                   

CTRL- ACIN1-NUTM1 

ACIN1 ex4 NUTM1 ex2 

ACIN1 ex3 NUTM1 ex2 

Pt. 468 CUX1ex23-NUTM1ex3 + CUX1ex23-NUTM1ex4 

                  

                                                           

                                                          

CUX1ex23 

ex23 

NUTM1ex3 

ex3 

CUX1ex23 

ex23 

NUTM1ex4 

ex4 

CTRL- CUX1-NUTM1 
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Pt. 550 CUX1ex23-NUTM1ex4  

                      

 

Pt. 571 BRD9ex14-NUTM1ex2 

                       

BRD9 ex14 NUTM1 ex2 

CUX1 ex23 NUTM1 ex4 

CTRL- CUX1-NUTM1 

CTRL- BRD9-NUTM1 

Pt. 370 ZNF618ex10-NUTM1ex2 

                      

ZNF618 ex10 NUTM1 ex2 

ZNF618-NUTM1 CTRL- 



193 
 

 

 

 

A. PAX5 fusions: 

Pt. 538 PAX5ex9-DNAJA1ex4 

                   

 

 

Pt. 849 PAX5ex9-DNAJA1ex4 

                

 

 

Pt. 142 PAX5ex8-DNAJA1ex5 

PAX5 ex9 DNAJA1 ex4 

PAX5 ex9 DNAJA1 ex4 

CTRL- PAX5-DNAJA1 

PAX5-DNAJA1 CTRL- 

Pt. 142 PAX5ex8-DNAJA1ex5 

                   

 

Pt. 689 PAX5ex1-GRHPRex3 

      

PAX5 ex8 DNAJA1 ex5 

PAX5 ex1 GRHPR ex3 

PAX5-DNAJA1 CTRL- 

CTRL- PAX5-GRHPR 



194 
 

 

 

Supplementary Table 1. Sequence of primers used for RT-PCR validations. 

Primers 5'-3' sequence 

NUTM1ex2_R  GGCTGACACCAACAGCCTTA 

NUTM1ex4_R GGGCCCTAGAGGATCAAGTTTC 

ACIN1ex2_F  CAACACCCCATGCTGCATTC 

ACIN1ex3_F  TACTTAGGCAGCGTCTGGAAC 

BRD9ex12_F GGAGACCACTCTAGGACGC 

ZNF618ex9_F TTAAGAAGAAAGAAGTTAGGCAGTG 

CUX1ex22_F CCAGCGCTTATTTGGGGAGA 

PAX5ex1_F  GGGAGCGGAAGGCTTGAATTA 

PAX5ex3_F   ACGCCAAAATCCCACCATGT 

PAX5ex6_F GATGCGGGGAGACTTGTTCA 

Pt. 593 PAX5ex6-MBNL1ex3 

                     

 

Pt. 75 PAX5ex6-FBRSL1ex10 

                    

 

PAX5 ex6 
FBRSL1 ex10 

PAX5 ex6 MBNL1 ex3 

PAX5-FBRSL1 CTRL- 

CTRL- PAX5-MBNL1 
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PAX5ex7_F GCAGTCCTACCCCATTGTGAC 

PAX5ex8_F    GTGACTTGGCGAGCACGA 

GRHPRex7_R AATCAGATTGGGCAGCCAGC 

MBNL1ex4_R CACCCGGATTCCCTGTAACC 

FBRSL1ex11_R GGATGGCAGGAGGGAAGG 

DNAJAex5_R   GCACTCCATGCACACAGACT 

DNAJAex5_R2 TGCATTCCAGTACCTCGGC 

 

Supplementary Table 2. Combination of primer pairs used for RT-PCR validations 

and size of PCR products. Annealing Temperature was 60°C for all combinations. 

 

Primers pairs PCR amplicon (bp) 

ACIN1ex2_F  

NUTM1ex2_R  

705 

ACIN1ex3_F  609 

BRD9ex12_F 616 

ZNF618ex9_F 230 

CUX1ex22_F NUTM1ex4_R 691 

PAX5ex1_F     GRHPRex7_R    328 

PAX5ex3_F   MBNL1ex4_R   609 

PAX5ex6_F     FBRSL1ex11_R  197 

PAX5ex7_F      DNAJAex5_R 442 

PAX5ex8_F       DNAJAex5_R2  352 
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Supplementary Figure 2. Outcome of MLL-rearranged cases and comparison with 

PAX5-fusion patients. Overall, N=102 infants were enrolled, of whom N=65 were 

MLL rearranged. Their outcome did not differ from that of PAX5 rearranged patients 

(3-year EFS ± SE was 43.6 ± 6.5 vs.25.0 ± 20.4, respectively). Details on type and 

number of events are given in the table. 

 

 

 

 

 

 

 
PAX5 MLL rearranged 

N. pts. 6 65 

N. events 4 36 

N. induction failures   0     2 

N. relapses   3   29 

N. deaths CCR   1     5 

   

3-year EFS (SE) 25.0 (20.4) 43.6 (6.5) 
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Supplementary Table 3. Cytogenetic features of MLL-G Infant ALL cases analyzed.  
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Chapter 5 
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ABSTRACT 

PAX5 is rearranged in 30% of BCP-ALL cases, having several partner 

genes as the kinase JAK2. PAX5 is fundamental as a regulator of 

development of B cells, and its alterations may have opposite effects to 

wild type PAX5. In addition to the known key role of PAX5 as a 
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transcription factor in B cells, PAX5 is also considered a metabolic 

gatekeep, lowering glycolysis and ATP production in B cells. It is still 

to define whether JAK2 alterations may contribute in metabolic 

regulation of B cells. To functionally and metabolically characterize 

PAX5 and JAK2 fusions in leukemic B cells, we set up 

xenotransplantation in mice of blasts carrying JAK2 and PAX5 

rearrangement, obtaining bone marrow cells to simultaneously analyze 

at single cell level the expression of PAX5 and JAK2 related multiple 

proteins by CyTOF. We firstly demonstrated a peculiar blockade of 

maturation at pre-proB, pro-BII and pre-BII stages of cells due to the 

presence of the fusion genes. As LCK, overexpressed by PAX5 fusions, 

and kinases are target of dasatinib, we ex-vivo targeted blasts cells with 

dasatinib observing an inhibition of mainly phosphoproteins related to 

PAX5 and JAK2 fusions, as pJAK2 and pERK. Moreover, we 

confirmed that PAX5 and JAK2 fusions lead to an increased glycolysis 

toward lactate production, with alterations at mitochondria level. We 

may say that those fusions alter B cells development, and that they can 

be specifically targeted by dasatinib. 

In this chapter, we reported preliminary results on this ongoing study. 

INTRODUCTION 

PAX5 is considered a metabolic gatekeeper reducing glucose uptake 

and consumption in PAX5wt cells, while in presence of heterozygous 

deletion of PAX5, glycolysis increases as marked glucose uptake and 

ATP production are observed (Chan, et al. 2019).  

By sequential developmental stages defined by changes in the surface 

proteins and intracellular mediator of DNA rearrangements, and 



206 
 

regulation of signaling pathways, intracellular mediators of DNA 

rearrangements, there is the normal development of B cells (Bendall, et 

al 2014). By CyTOF application, B cell subpopulations can be finely 

studied and classified quantified multiple proteins at the same time 

(Bendall, et al. 2014; Good, et al 2018), an important application to 

eventually study the many consequences of genetic aberrations of B 

cells. 

Recently, dasatinib has been found to be effective in the T-ALL setting 

with LCK overexpression (Laukkanen, et al. 2022), being among the 

most potent inhibitors of LCK (Fazio, et al. 2022). PAX5 fusions are 

known to have an overexpression of LCK (Cazzaniga, et al. 2015). 

Moreover, as a general tyrosine kinase inhibitor, dasatinib application 

may be appealing also on the Philadelphia-like subgroup of BCP-ALL 

with JAK2 rearrangements. Indeed, it showed efficacy on Philadelphia 

positive pediatric BCP-ALL (Cerchione, et al. 2021).  

The aim is to better functionally and metabolically characterized PAX5 

and JAK2 rearrangements at single cell level, to verify the preclinically 

activity of dasatinib on pediatric leukemic blasts carrying those fusions. 

 

PATIENTS’ COHORT DEFINITION 

A cohort of 20 patients has been identified by a wide screening of RNA 

samples of Italian pediatric patients through a next generation 

sequencing approach. The 20 patients were found to be characterized 

by the presence of PAX5 and/or JAK2 rearrangements. PAX5r patients 

had been also divided in different subclasses according to the partner 

gene function (Table 1). 
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Primary cells from patients were used to set up in-vivo 

xenotransplantations in NSG mice of blasts carrying PAX5r and JAK2r. 

Bone marrow cells expanded in PDX mice were used for the CyTOF 

application. Only samples characterized by at least 80% of leukemia 

cells in BM were used. 

We moreover included studies on NALL1 cell line, a cell line carrying 

a PAX5::ETV6 fusion gene (Hiraki, et al. 1977). 

CyTOF SAMPLES PREPARATION 

Frozen viably preserved samples of bone marrow of PDXs carrying 

PAX5 and/or JAK2 fusions were thawed at 37°C and resuspended in 

RPMI 10% FBS supplemented with 20 U/mL sodium heparin (Sigma-

Aldrich, St. Louis, MO, USA), 0.025 U/mL benzonase (Sigma-

Aldrich), 1X L-glutamine and 1X penicillin/streptomycin (Invitrogen, 

Carlsbad, CA, USA). After counting the cells to take from 1 to 2M of 

cells for each condition, cells were stained for monoisotopic cisplatin 

viability, by adding 0.2mM of Pt-194 to each condition for 5 minutes 

and quenching the reaction with RPMI 10%FBS. Cells were washed 

and a pellet was obtained, resuspended then left in incubator for 30 

minutes. Following cisplatin viability staining and starvation, cells were 

treated 30’ with dasatinib (100nM). Cells were then fixed with 1.6% 

final concentration of PFA for 10 minutes RT. Cells were then barcoded 

using 20-plex palladium barcoding plates prepared in-house (Zunder, et 

al. 2015), including one healthy bone marrow as a reference in each of 

the barcoding plates and NALL-1 cell lines prepared in at least one of 

the three conditions of treatment (pre-BCR stimulation, IL7 

stimulation, dasatinib treatment), to control for batch effects. After 
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barcoding, cells were washed once with cell staining media (PBS with 

0.5% BSA, 0.02% sodium azide), to remove residues of PFA. Cells 

were blocked 10’ RT using purified human Fc receptor binding inhibitor 

(eBioscience, San Diego, CA, USA). Surface markers antibodies 

staining was performed for 30’ RT on shaker (see CyTOF panels). Cells 

were then washed in cell staining media (CSM) and permeabilized with 

1ml 4°C 100% methanol for 10’ at 4°C, washed three times with CSM 

and stained for intracellular markers antibodies for 30’ RT on shaker 

(see CyTOF panels). Cells were washed with CSM and resuspended in 

100uL of CSM, then intercalated with the 1:500 103Rd DNA intercalator 

(Fluidigm, South San Francisco, CA, USA) in PBS 1.6%PFA, keeping 

cells resuspended in 1mL over night at 4°C. Cells were washed one time 

with CSM and two times with ddH2O, and resuspended in 

139La/142Pr/159Tb/169Tm/175Lu normalization beads (Finck, et al. 2013) 

before the analysis at Helios CyTOF mass cytometer (Fluidigm). 

During the readout cells were kept at 4°C introducing no more than 300 

cells/sec at CyTOF, keeping the ratio constant. 

 CyTOF PANELS 

We developed two independent panels were developed considering 

literature data and our functional results on PAX5 and JAK2 

rearrangements and consist of both surface and intracellular markers. 

They were applied to both JAK2 and PAX5 rearranged PDXs bone 

marrow samples The first panel is related to B cells classification and 

functions, consisting of mostly signaling related molecules (Table 3), 

while the second panel is related to the metabolism (Table 4). 

Antibodies were conjugated with heavy metals ions following an in-
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house protocol based on sequential steps of incubations, filtrations and 

washes. 

CyTOF ANALYSIS   

Data were analyzed after beads normalization and files debarcoding 

(Zunder, et al. 2015, Finck, et al. 2013).  Single-cell protein expression 

data were extracted using in-house software and transformed using the 

inverse hyperbolic sine (arsinh). Analyses were done using Cytobank 

and Graphpad.  

RESULTS 

Classification of PAX5 and JAK2 rearranged PDXs, 

highlighting leukemic blockade of development in the most 

delicate phases of B cell maturation 

By CyTOF approach, we obtained a high amount of data, that we are 

still deeply analyzing, therefore herein we reported preliminary data. 

Firstly, we classified our patients to evaluate at which stage they are 

collocated on the B cell development from HSC to mature B cells, by 

aligning each individual PAX5r and JAK2r carrying-cell to its nearest 

healthy B cell population through a developmental classifier along the 

healthy B cell trajectory, as done by Good, et al. 2018. 

We obtained patient specific classifications, with some similarities 

among the groups, also considering PAX5 rearranged samples 

according to the PAX5 partner gene function. However, JAK2 

rearranged patients showed more similarity with increased percentage 

in the pre-BI and pre-BII populations, except from patient MZ2 

ATF7IP::JAK2 having a more early blockade of differentiation, 
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highlighted by the marked pre-pro-B subpopulation (Figure 1A). 

Considering PAX5r, the ‘transcription factor’ subgroup showed the 

higher differences in development, due to the different partner genes 

(Figure 1B), while PAX5:.AUTS2, the 2 cases of ‘activator of 

transcription factors’ class, showed a good similarity with high from 

pro-BI to pre-BII cells (Figure 1C). The different partner genes in the 

‘structural protein’ group differentially influenced the development of 

B cells, as well as in the ‘enzyme’ class (Figure 1D-E). In the ‘kinase’ 

group, we observed a marked difference between the two patients, 

therefore MZ3 patient carrying PAX5::JAK2, having instead higher 

similarity to JAK2r patients development, was finally included in 

JAK2r class and not in the ‘kinase’ group for the following results 

(Figure 1F). Finally, the same fusion PAX5::FBRSL1 in the 2 cases of 

‘RNA binding activity’ leads to the same expression of mainly of pro-

BII and pre-BII.  (Figure 1G). NALL1 cell line and MZ10 patient, 

which share the same fusion PAX5::ETV6, showed a different 

distribution of populations as NALL1 are markedly pre-BI cells. To 

note only patients in JAK2r and ‘structural protein’ group of PAX5r 

showed very low % of immature BI, immature BII and mature B cells. 

We moreover combined the % of subpopulations of the 20 PDXs to 

check which were the main expressed subpopulations in the cohort, 

observing a significant early blockade of maturation in pre-pro-B, pro-

BII and pre-BII stages compared to immature and mature B cells 

(Figure 1I). The expression of the markers used for their classification 

at basal level is highlighted in figure 2A.  
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Figure 1. Classification of B cells subpopulations of JAK2 and PAX5 rearranged 

patients. A. JAK2r patients. B. PAX5r patients of ‘transcription factor’ group. C. 

PAX5r patients of ‘activator of transcription’ group. D. PAX5r patients of ‘structural 

protein’ group. E. PAX5r patients of ‘enzyme’ group. F. PAX5r patients of 

‘kinase’ group. G. PAX5r patients of ‘RNA binding activity’ group. H. Nall-1 and 

MZ10, carrying both a PAX5::ETV6 fusion gene, subpopulations. I. Istogram 

representation of different B cells subpopulations of the entire cohort of PDXs. P 

values: * p< 0.05; ** p<0.01; *** p<0.001 (same values for # and $ statistics).  

 

Dasatinib treatment acts on PAX5 and JAK2 related targets in 

PAX5 and JAK2 rearranged samples at B cell level 

The treatment of BM PDXs cells for 30 minutes with dasatinib didn’t 

change the expression of proteins of marker used for their classification 

in subpopulations compared to basal level, at the level of B cell gating, 

not considering the single subpopulations. Only patient MZ14 showed 

more evident differences in some markers as increased CD38 and CD19 

(Figure 2B). We compared dasatinib treatment in PDXs and in treated 

NALL1 cell lines carrying a PAX5::ETV6 fusion. 
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Figure 2. Protein expression of surface and intracellular markers defined to classify 

B cells’ subpopulations in rearranged sample, expressed as arcsinh of expression. A. 

Expression at basal level of B cells classification’s markers in HBM and rearranged 

PDXs. B. Expression of B cells classification’s markers after dasatinib treatment in 

NALL-1 and rearranged PDXs.  

 

Dasatinib mediated a fine regulation on PAX5 and JAK2 related factors, 

as surface proteins, transcription factors and signaling related effectors, 
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such as phosphoproteins. First, we observed that at basal level PAX5 

and JAK2 related proteins have an overall higher expression of proteins 

compared to HBM, with evidence of some patient specific regulation 

of expression (e.g., pCREB) (Figure 3A). Considering an overview of 

all the patients, as in Figure 3B, we found that dasatinib treatment is 

significatively effective after 30 minutes of treatment.  

 

  

Figure 3. Protein expression of PAX5 and JAK2 related surface and intracellular 

markers, expressed as arcsinh of expression. A. Expression at basal level of PAX5 and 
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JAK2 related proteins in HBM and rearranged PDXs. B. Expression of PAX5 and 

JAK2 related proteins after dasatinib treatment in NALL-1 and rearranged PDXs.  

 

We also combined the patients dividing them into 6 separated groups 

depending on the class to which PAX5 partner genes belonged, and 1 

group for the JAK2 rearranged PDXs, to check protein expressions into 

the different subgroups. In general, among the groups, we observed a 

similar increase of proteins’ expression at basal levels compared to 

HBM (Figure 4A). Moreover, there was a similar trend to inhibit some 

of those proteins after dasatinib treatment, mainly regarding the 

phosphoproteins such as pJAK2 and pSRC, compared to basal level. 

The inhibition was also observed comparing different PAX5 subgroups, 

but also comparing PAX5 subgroups vs JAK2 subgroup (Figure 4B).  
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Figure 4. Protein expression of PAX5 and JAK2 related surface and intracellular 

markers, expressed as arcsinh of expression, evaluated in different subgroups. A. 

Expression at basal level of PAX5 and JAK2 related proteins in HBM and rearranged 

PDXs divided into 7 groups based on the fusions. B. Expression of PAX5 and JAK2 

related proteins after dasatinib treatment in NALL-1 and rearranged PDXs divided 

into 7 groups based on the fusions. 

 

Beside the general overview, we did considerations for each of the 

subgroups, comparing their basal levels of expression to the expression 

after dasatinib treatment, observing a wide significant effect of 

inhibition on most of the proteins.  
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Figure 4. Protein expression of PAX5 and JAK2 related surface and intracellular 

markers, expressed as ratio of arcsinh(expression) of basal vs dasatinib, evaluated in 

different subgroups. A. Expression of proteins in JAK2r patients, basal vs dasatinib. 

B. Expression of proteins in ‘transcription factor’ of PAX5r patients, basal vs 

dasatinib. C. Expression of proteins in ‘activator of transcriptio’ of PAX5r patients, 

basal vs dasatinib. D. Expression of proteins in ‘structural protein’ of PAX5r patients, 

basal vs dasatinib. E. Expression of proteins in ‘enzyme’ of PAX5r patients, basal vs 

dasatinib. F. Expression of proteins in ‘kinase’ of PAX5r patients, basal vs dasatinib. 

G. Expression of proteins in ‘RNA binding activity’ of PAX5r patients, basal vs 

dasatinib. P values calculated on treated blasts vs untreated, by One Sample T-test: 

*p<0.05, **p<0.01, ***p<0.001. 

 

The significant inhibition of proteins due to dasatinib treatment is 

subgroup dependent, due to the variability among the single patients. 

We evaluated that dasatinib is slightly more effective on 

phosphoproteins rather than on other JAK2r and PAX5r related proteins 

represented. Indeed, overall, surface marker (e.g., CD10, CD79a) and 
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transcription factors (e.g., IKAROS, FOXO1) are not inhibited. To note, 

only c-Jun (up to p<0.01) is commonly inhibited among most of the 

subgroups. Considering the phosphoproteins, pJAK2 (up to p<0.001), 

pERK (p<0.05) and LCK (p<0.05) are the most inhibited overall 

(Figure 5A-G).  

 

PAX5 and JAK2 rearrangements show a peculiar metabolic 

state  

Blast cells carrying PAX5 and JAK2 fusions have been analyzed at 

basal level, without previous treatment to stimulate the metabolism. 

Metabolic markers have been analyzed in the Lin- cells population 

gated to keep only B cells, not in the different subpopulations, as future 

analysis will implement our findings in subpopulations. MZ13 patients 

is not included due to lack of cells to apply also the metabolic panel. 

Interestingly we demonstrated that JAK2 and PAX5 rearrangements 

showed an overall expression of the same metabolic markers, with both 

overexpression and reduction of expression of proteins, compared to 

healthy BM. To note, differences in protein expression were found at 

single patient level (Figure 6A) but also comparing subtypes of PAX5 

rearranged patients which were organized into 6 different classes based 

on the type of the partner gene of PAX5 (Figure 6B).  
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Figure 6. Protein expression of metabolic markers, expressed as arcsinh(expression), 

evaluated in PAX5r and JAK2r PDXs. A. Expression of proteins in basal condition in 

each patient of the cohort. B. Expression of proteins in basal condition in different 

subgroups of PAX5r and in JAK2r group.  
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Firstly, the two patients carrying a PAX5::FBRSL1 fusion, representing 

the 2 cases of the class of ‘RNA binding activity’, showed a lower 

activation of metabolism at basal level compared to the other classes of 

fusions. In all the groups, both JAK2 and PAX5r, we evaluated an 

increase in glycolysis towards lactate production, with marked 

expression of GLUT1 and MCT1, followed by a subsequent higher 

expression of GAPDH, ENO1 and LDHA compared to the healthy BM. 

Among the ‘transcription factors’, MZ17 (PAX5::DACH2) patient, 

showed a marked increased expression of ATPA5 in OXPHOS markers 

and a  reduction of expression of LDHA. MCL1, BCL2, ASCT2, GSS, 

pSYK, pCREB and PAX5 were little higher expressed compared to 

healthy BM, while CytC showed a marked lower expression in the 

‘activator of transcription’ group compared to the other PAX5r classes. 

To note, all the patients showed a strong increased expression of OPA1, 

indicating a strong alteration of mitochondria dynamics. In JAK2r cases 

the reduced expression of some proteins was slightly more evident than 

in PAX5 rearranged cases, as in CS and ATPA5. Patients showed 

specific responses due to their fusion genes, but overall, they had 

similar tendency to increase the glycolysis towards lactate production. 

 

 

 

TABLES 

Patient First Fusion Second Fusion Subgroup 

MZ1 ZEB2-JAK2 chr7-chr7 IKZF1-DDC JAK2r 

MZ2 ATF7IP-JAK2 No JAK2r 

MZ3 PAX5-JAK2 No JAK2r 

MZ4 GIT2-JAK2 PAX5-SPTBN1 JAK2r 
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Table 2. Table of the 20 patients, with indication of their first fusion and additional 

fusions, and the subgroup in which they have been divided depending on the function 

of the partner gene of PAX5 involved in the fusion. 

B cell panel  Metabolic Panel 

Antigen 

Panel 

(Surface 

or Iintra) 

Symb Mass 

 

Antigen 

Panel 

(Surface 

or Intra) 

Metal Mass 

CD45 S Y 89  CD45 S Y 89 

DNA intercalator     103  

DNA 

intercalator     103 

mCD45.1 S In 113  mCD45.1 S In 113 

IgMi I Cd 116  IgMi I Cd 116 

Cparp I La 139  cPARP I La 139 

pSRC I Pr 141  PKM1 I Ce 140 

CD19 S Nd 142  pSRC I Pr 141 

CD22 S Nd 143  CD19 S Nd 142 

p4EBP1 I Nd 144  GAPDH I Nd 143 

tIKAROS I Nd 145  
GSS I Nd 144 

CD79a S Nd 146  tIKAROS I Nd 145 

CD20 S Sm 147  PHGDH I Nd 146 

CD34 S Nd 148  CD20 S Sm 147 

CD179a I Sm 149  CD34 S Nd 148 

pLCK I Nd 150  CD179a I Sm 149 

MZ8 PAX5-ZNF521 No Transcription Factor 

MZ9 PAX5-ETV6 chr19-chr19 TCF3-LMNB Transcription Factor 

MZ16 PAX5-SOX5 No Transcription Factor 

MZ17 PAX5-DACH2 No Transcription Factor 

MZ19 PAX5-ZNF521 No Transcription Factor 

MZ14 PAX5-AUTS2 No activator of transcription 

MZ15 PAX5-AUTS2 No activator of transcription 

MZ10 PAX5-FAM219A No Structural protein 

MZ11 PAX5-C20orf112 No Structural protein 

MZ20 PAX5-COL13A1 TCF3-ZNF384 Structural protein 

MZ5 PAX5-DNAJA1 No Enzyme 

MZ12 PAX5-ALDH18A1 P2RY8-CRLF2 Enzyme 

MZ13 PAX5-CHFR No Enzyme 

MZ6 PAX5-FBRSL1 No rna binding activity 

MZ7 PAX5-FBRSL1 No rna binding activity 



225 
 

GCR (NR3C1) I Eu 151  SDHA I Nd 150 

pAKT (Ser473) I Sm 152  

GCR 

(NR3C1) I Eu 151 

total LCK I Eu 153  ENO1 I Sm 152 

pJAK2 I Sm 154  CS I Eu 153 

pSTAT5 I Gd 155  BCAT1 I Sm 154 

CD10 S Gd 156  CytC I Gd 155 

AP1 (c-Jun) I Gd 157  VDAC1 I Gd 156 

CD179b I Gd 158  tSYK I Gd 157 

BCL-2 I Tb 159  ATPA5 I Gd 158 

pBLNK I Gd 160  BCL2 I Tb 159 

c-myc I Dy 161  NDUFB8 I Gd 160 

IRF4 I Dy 162  HK2 I Dy 161 

RAG1 I Dy 163  G6PD I Dy 162 

TdT I Dy 164  TdT I Dy 163 

PAX5 I Ho 165  MCL1 I Dy 164 

pSYK I Er 166  PAX5 I Ho 165 

FOXO-1 I Er 167  ASCT2  S Er 166 

CD38 S Er 168  LDHA I Er 167 

pAKT (308) I Tm 169  CD38 S Er 168 

FLT3 (CD135) S Er 170  XCT S Tm 169 

CD24 S Yb 171  IDH2 I Er 170 

pS6 I Yb 172  CD24 S Yb 171 

pERK I Yb 173  MCT1 S Yb 172 

pBTK I Yb 174  GLS I Yb 173 

IgMs S Lu 175  OPA1 I Yb 174 

pCREB I Yb 176  IgMs   Lu 175 

cisplatin monoisotopyc   Pt 194  pCREB I Yb 176 

CD43 S Pt 198  MPO I Pt 196 

CD33 S Bi 209  GLUT1 S Pt 198 

CD16 S Bi 209  CD33 S Bi 209 

CD3 S Bi 209  CD16 S Bi 209 

     CD3 S Bi 209 

Table 3 and 4. CyTOF Panels. 3. B cell panel. 4. Metabolic panel. 
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DISCUSSION 

CyTOF application has become hugely important for the single cell 

analysis of multiple proteins, both surface and intracellular ones. To 

note, CyTOF has been fundamental to classify B cells subpopulations 

in the setting of B cell development, from very early HSC to mature B 

cells, having the possibility to contemporaneously evaluate multiple B 

cell protein to consider for their classification (Bendall, et al. 2014). The 

classifier of B cell subpopulation is a useful tool to define and discover 

altered protein expressions in leukemic cells, as indicated in Good, et 

al. 2018. Following the developmental classifier approach, we aligned 

our single cells carrying PAX and/or JAK2 rearrangement to their 

nearest healthy B cell populations. We defined the different % of B cells 

subpopulations in our 20 PDXs, noting a peculiar increase firstly in the 

pro-BII subpopulations, followed by pre-pro-B and pre-BII settings. 

This aspect shows that the presence of PAX5 and JAK2 rearrangements 

blocks B cells maturation at early stage of maturation. Remarkably, 

PAX5 alteration due to the fusion seems to alter its normal B cell 

regulation of maturation, blocking cells before pro-BII and pre-BII 

stage as observed in cases of absence of PAX5 (Matthias, et al. 2005; 

Cobaleda, et al. 2007), but further analysis on the single subpopulations 

are ongoing to check the specific protein expression of B cell related 

markers. To note, all the patients confirmed to be blocked in the B cells 

development in the early-middle stages, involving only in very few 

patients among the 20 very low % of immature BI, immature BII and 

mature B cells (below 10% of the entire population of B cells). 

Depending on the group considered, the % of populations were similar 

among the patients, due to the different partner genes of PAX5 or JAK2, 
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even though sharing the same function within their group.  A very 

reassuring finding is that patients having the same fusion showed 

enrichments in the same subpopulations, as evaluated in pro-BII to pre-

BII in PAX5::AUTS2, and in pro-BII and pre-BII in PAX5::FBRSL1, 

underlying the evidence of the same mechanism of blockade of 

differentiation due to PAX5 rearrangement.  

Dasatinib is a tyrosine kinase inhibitor which has been preclinically and 

clinically applied in leukemia setting, know to inhibit multiple kinase 

pathways. Initially introduced to target BCR::ABL1 in CML  

(Cerchione, et al. 2021), it also showed high affinity for LCK in T-ALL 

(Laukkanen, et al. 2022), and discovered to be among the most potent 

inhibitors of LCK. Considering those premises, we decide to test it on 

our PAX5 and JAK2 rearranged PDXs. Indeed, PAX5r are known to 

overexpress LCK and its downstream signaling (Cazzaniga, et al. 2015; 

Fazio, et al. 2022).  

We first evaluated, after 30 minutes of treatment with dasatinib, that 

overall, on the B cell gating, there were no changes in the expression of 

proteins used for the classification of the B cell subpopulations among 

our patients. Interestingly, MZ14 patient showed an increase in the 

expression of CD19, CD38 and CD24, but further studies are ongoing 

at the level of the single subpopulations. 

Instead, more interesting results were found on the regulation of PAX5 

and JAK2 related proteins, such as surface markers, transcription 

factors and phosphoproteins, defined by patient specific responses but 

overall, quite similar. If on one side, the effects of inhibition of dasatinib 

compared to basal level in each group were low on surface markers and 

transcription factors, with group and patients’ specific responses, the 
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effect of dasatinib was higher on the group of the phosphoproteins. In 

particular, pJAK2 was among the most inhibited (up to p<0.001), a 

promising preliminary result to consider not only PAX5r targeting by 

dasatinib, but also JAK2r in future preclinical studies, but also pERK 

(p<0.05). The broad inhibition of proteins’ expression due to dasatinib 

treatment, which was subgroup dependent, confirmed its action as multi 

kinase inhibitor (e.g, c-Jun p<0.01, LCK p<0.05). Overall, each 

subgroup showed specific inhibitions, remarking the importance of the 

previous determination of the B cell classification and of the protein 

expression in PAX5 and JAK2 rearranged blasts to predict the efficacy 

of dasatinib on some of those fusions. Therefore, those findings indicate 

dasatinib as a promising candidate to target the different PAX5 and 

JAK2 fusions which harbors their specific signaling alterations 

depending on the partner genes involved in the fusion. 

PAX5 role as metabolic gatekeeper was previously demonstrated in 

leukemic cell lines double negative for PAX5 due to the introduction of 

a PAX5 fusion gene, in which PAX5 alteration induced increased 

glycolysis (Chan, et al. 2017), while JAK2 rearrangements’ role in 

metabolism of BCP-ALL cells is still unknown. Here we demonstrated 

in a cohort of 16 PDXs carrying PAX5 fusion genes, that we divided 

into six different subtypes based on PAX5 partner gene in the fusions, 

the role of PAX5 in the maintenance of a leukemic cells peculiar 

metabolism that differs from healthy bone marrow. Moreover, we 

obtained slightly more marked results in a smaller cohort of 4 JAK2 

rearranged PDXs, one of them carrying a PAX5::JAK2 fusion gene, 

therefore with a gene expression supposed to be more similar to Ph-like 

patients, specifically the JAK2 fusions (Gu, et al. 2019), compared to 
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PAX5r cases, and a second one carrying one fusion involving JAK2 and 

an additional second fusion involving PAX5. We confirmed an 

increased glycolysis in our cells, both JAK2r and PAX5r, with marked 

overexpression of GLUT1 and MCT1 in particular. Moreover, as CS 

expression was comparable to health BM, and LDHA and MCT1 

expression was higher, we may expect a shift towards aerobic 

metabolism with lactate production. We may say that leukemic cells 

carrying PAX5 and JAK2 fusion genes undergo the Warburg effect, 

known to be activated in cancer cells and being responsible of 

chemoresistance (Liu, et al. 2021), to produce ATP with anaerobic 

reactions even in presence of oxygen. Signaling molecules were more 

expressed (e.g. pCREB, tSYK), with evidence of an activate signaling 

in cells even at basal level and suggesting the role of signaling 

molecules in the maintenance of leukemic metabolism (Polak, et al. 

2020; Altarejos, et al. 2011).   

Further studies are ongoing to better elucidate PAX5 and JAK2 

rearrangements in pediatric BCP-ALL at single cell level through their 

B cell classification and protein expression. 
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Summary, discussion and future perspectives 

 

In this project we aimed to develop a preclinical target strategy towards 

pediatric patients of B-ALL carrying JAK2 and/or PAX5 

rearrangements. As they are a delicate and fragile group of patients, 

lacking their specific and effective drugs, it is fundamental to achieve a 

personalized medicine regimen.  

Firstly, taking advantage of the constant NGS screening performed in 

our laboratory on RNA samples of all cohort of Italian pediatric 

leukemic patients enrolled into the AIEOP centers, we have identified 

a recurrency in JAK2 and PAX5 fusion genes. Indeed, a total of 13 cases 

has been found to carry JAK2 fusion genes, some of them identified as 

novel genes (ZEB2::JAK2, GIT2::JAK2, TLE4::JAK2, RAB7::JAK2, 

MPRIP::JAK2). To note, PAX5::JAK2 fusion was the only recurrent in 

6/13 cases, which confirms data referring to PAX5::JAK2 fusion as one 

of the most frequent in B-ALL (Jia and Gu, et al. 2022). On the other 

hand, considering PAX5 fusion genes, we recently identified 18 

rearrangements, as indicated in chapter 4, in addition to the 7 described 

in chapter 2. Among PAX5 rearrangements, we found several novel 

fusion genes such as the ones involving ALDH18A1, IKZF1, CDH13 

(Fazio, et al. 2022). We noted that PAX5 fusion genes are particularly 

recurrent among Ph-like patients. Indeed, while more than 50% of Ph-

like patients have PAX5 lesions, we identified PAX5r exclusively in Ph-

like, having their specific signature and being associated with a poor 

EFS similar to ABL/JAK-class patients (around 50%), and an inferior 

OS (about 53% vs. 83%), unacceptable for childhood ALL (Fazio, et al. 
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2022). Remarkably, we described for the first time in infants (<1 year 

at diagnosis) germline for KMT2A an enrichment in fusion genes 

involving PAX5, identifying novel fusion partner genes involving 

DNAJA1, FBRSL1, MBNL1, and GRHPR, which lead to a poor 

outcome (Fazio, et al. 2021).   

Therefore, in this project, the large NGS screening applied has been 

fundamental to define molecular aberrations, specifically fusion genes, 

which characterize delicate subgroups of patients.  

To get to our final goal of a personalized medicine, we expanded in-

vivo in NSG mice primary blasts derived from ALL patients carrying 

JAK2 and/or PAX5 rearrangements, in order to use expanded leukemic 

cells for our ex-vivo and in-vivo experiments. 

We obtained a complete molecular characterization of JAK2 

rearrangements from 3 PDXs (PAX5::JAK2, ATF7IP::JAK2, 

ZEB2::JAK2 respectively). We demonstrated a basal 

hyperphosphorylation of JAK2r that can be targeted by tyrosine kinase 

inhibitors directed to JAK2, from short to long exposure.  CHZ868, a 

type-II TKI which is becoming of interest in the setting of JAK2 

alterations (Wu, et al 2015; Meyer et al. 2015), proved to be more 

specific on pJAK2 on all the three patients rather than ruxolitinib, a 

type-I TKI, which showed more efficacy on STATs family. To note, 

CHZ868 dosages were 100-fold lower than Ruxolitinib ones, which is 

important to reduce the toxicity related to the treatment. Moreover 

CHZ868 had a synergistic effect in combination with Ruxolitinib but 

also with BIBF1120, applied on the PAX5::JAK2 setting. In addition, 

we have also demonstrated that BIBF1120 targets PAX5 fusions in 

pediatric B-ALL (Fazio, et al 2022). Remarkably, CHZ868 proved its 
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efficacy also in in-vivo setting, in mice xenotransplant with primary 

cells carrying JAK2 fusions. Therefore, CHZ868 proved to be an ideal 

candidate for JAK2 fusions in presence of an aberrant JAK2/STATs 

pathway in pediatric B-ALL. 

Not only JAK2 rearrangements have been deeply characterized, but 

also PAX5 fusions. Indeed, we demonstrated that PAX5 fusions cluster 

and partially overlaps to Philadelphia-like patients; moreover, we 

deepened our interest on the alterations induced by PAX5 fusions to set 

up a targeted therapy. In particular, PAX5t cases have a specific driver 

activity signature, extending to multiple pathways including LCK 

hyperactivation. We also further demonstrated that in presence of PAX5 

fusions there is a peculiar overexpression of LCK in addition to its 

hyperactivation, that is not seen nor in deleted or wild type PAX5 cases. 

Moreover, we considered the opportunity to target PAX5 fusion by 

BIBF1120/Nintedanib, as previously demonstrated in our lab in murine 

pre-B cells carrying PAX5/ETV6 (Cazzaniga, et al 2015). Indeed, we 

tested it on our PAX5 rearranged samples, in (N=4) ex-vivo and (N=2) 

in-vivo experiments. Interestingly, BIBF1120 proved to be effective at 

low dosages in monotherapy, and showed synergistic and additive 

effects in combination with three different standard chemotherapy 

drugs (ex-vivo data). Moreover, in-vivo BIBF1120 treatment proved to 

be significantly effective in PDX mice with PAX5 fusions, not only in 

monotherapy but also in combination with dexamethasone. We also 

confirmed LCK regulation of PI3K-AKT pathway, and the capacity of 

BIBF1120 to downregulate it after in-vivo treatment. Our results on 

PAX rearranged samples indicate BIBF1120 as a promising candidate 

drug for the treatment of pediatric B-ALL with PAX5 fusions, 
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remarking its synergistic effect with dexamethasone to introduce it as a 

second line treatment. Moreover, among FDA-approved drugs and 

inhibitors, we also selected Dasatinib, Bosutinib and Foretinib, known 

to be among the top 10 compound to target LCK, in addition to 

Nintedanib. 

To better understand the mechanisms underlying the development and 

maintenance of leukemic cells due to the presence of fusion genes 

involving JAK2 and PAX5, we simultaneously checked the expression 

of a wide pool of proteins related to B cells and PAX5 and JAK2, 

through a single cell analysis of mass spectrometry by CyTOF. We 

observe in a cohort of 20 PDXs that PAX5 and JAK2 fusions lead to a 

blockade of maturation mainly in the pre-pro-B, pro-BII and pre-BII 

stag of B cells maturation, meaning that these fusions maintain the 

leukemic cells in an immature state. We interestingly found that PAX5 

and JAK2 fusions have a similar pattern of expression of signaling 

related molecules, that are mainly upregulated compared to healthy 

BM, such as phosphoproteins and surface molecules. We confirmed that 

dasatinib is among the potent inhibitors of LCK (Fazio, et al. 2022) and 

it is known to target LCK in T-ALL (Serafin, et al. 2017). Moreover, it 

is a broad range kinase inhibitor used for BCR::ABL1 targeting in Ph+ 

ALL (Cerchione, et al. 2021). For those reasons, we tested dasatinib on 

our JAK2 and PAX5 rearranged cases, finding an interesting significant 

decrease of expression of PAX5 and JAK2 related proteins, such as c-

Jun, LCK, pJAK2, pERK, among the others. We have to consider that, 

due to the classification of our patients in different subgroups, we 

obtained interesting subgroup specific responses to dasatinib treatment. 

Those preliminary data proved that dasatinib may be an additional 
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potential candidate for PAX5 and JAK2 rearrangements targeting in B-

ALL. Moreover, we interestingly noted a metabolic switch in our 

rearranged samples compared to healthy BM, with a peculiar increased 

glycolysis and lactate production, which may be a potential branch of 

novel studies for our rearranged cases. 

Finally, a high throughput wide drug screening of 174 FDA approved 

drugs was applied on our JAK2 and PAX5 rearranged PDXs. Having 

positive and negative controls to compare our results with, we could 

define a group of ideal candidates that may be used to develop future 

preclinical models of validation ex-vivo and in-vivo of their efficacy and 

specificity on JAK2 or PAX5 fusions in pediatric B-ALL. To note, 

Birinapant and AT9283 were the most effective drugs on JAK2 

rearrangements, while venetoclax may be a potential candidate for 

PAX5 fusions (see preliminary data). 

Therefore, we will deeply analyze our wide data found through the 

CyTOF evaluation of proteins expression in our cohort of PDXs, not 

only considering B cells, but going into the details of the 

subpopulations. This analysis will deepen our knowledge of what led to 

and sustain the leukemic state in presence of fusion genes and will 

contribute to predict drug responsiveness. 

Remarkably, we obtained some preliminary results on JAK2 

rearrangements. By NGS RNAseq, we defined a peculiar gene 

expression profile, with the top 30 genes expressed indicated in figure 

1. 
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Figure 1. Heatmap of top expressed genes in N=8 JAK2 rearranged pediatric patients 

compared to N=4 lymphoblastoid cell lines (LCL) used as healthy controls, derived 

from transcriptome analysis after RNA sequencing. 

 

Considering n=8 JAK2t cases, we applied the RNAseq analysis 

comparing their gene expression profile to the one of four 

lymphoblastoid cell lines (LCLs), used as healthy controls. We 

interestingly found that, among the top 30 differentially expressed 

genes, MME/CD10, phenotypic marked of pre-B cells in B-ALL 
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(Mishra, et al. 2016), LEF1 and RAG1, direct targets of PAX5 

(Cobaleda, et al. 2007), SOCS2, known to be activated by JAK2 fusions 

(Ehrentraut, et al. 2013) and ETS2, amplified in JAK2m (Takeda, et al. 

2022), were the most upregulated. Conversely, MACC1, a metabolic 

marker (Lisec, et al. 2021), was among the most downregulated, leading 

a finding that could be integrated to our CyTOF results on metabolism.  

Moreover, we are deepening our interest in recent results regarding a 

high throughput drug screening on PAX5 rearranged PDXs. A library 

of 174 compounds, from preclinical stage to FDA/EMA approved 

drugs, has been screened. To dissect compounds with a profound 

efficacy for PAX5r versus a pool of 14 healthy samples, we considered 

a threshold from zero to minimal activity on heathy controls. We 

performed Mann Whitney U-tests on the drug responses of PAX5 

rearranged PDXs versus the responses of the healthy controls. We 

identified 82/174 drugs to be effective in PAX5r-ALL (Figure 2). 

 

Figure 2. Volcano plot summarizing the statistical significance (y-axis) of the mean 

rank difference (x-axis) as defined by Mann-Whitney U-test using the DSS sensitivity 

scores for N=15 PAX5r PDXs against the DSS scores of the cohort of healthy cells 

(in total n=14; healthy lymphoblastoid B-cell lines: n=5, hematopoietic stem cells-

HSCs: n=3 , T cells: n=3, PBMCs: n=3). Highlighted in red the compounds with 
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statistically significant difference less than 0.05 between PAX5r and the healthy 

controls.  A positive mean rank difference represents higher activity in PAX5r versus 

the healthy controls while negative mean rank difference corresponds to the opposite 

effect. 

 

We combined PAX5r drug screening results to the results on other 

categories of high-risk ALL (KMT2Ar and CRLF2r), applying also 

stringent selection criteria (median DSS of ALL patients > 50 

accompanied by a median DSS of healthy controls <10) determining 

N=9 compounds to be the most communal effective on the three high-

risk subgroups. We decided to start to validate, among them, 

venetoclax, as it is not only used for the treatment of AML (Samra, et 

al. 2020), but it is also known to correlate with metabolic changes in 

leukemic cells (Carter, et al. 2022), important aspect for us considering 

our promising preliminary data on metabolism obtained by CyTOF 

technique. So far, we demonstrated its efficacy on N=3 PAX5r cases 

(Figure 3).  

 

Figure 3. 72h ex-vivo venetoclax treatment of blast cells carrying PAX5 

rearrangements after 72h, in biological triplicate and technical duplicate. Apoptosis 

evaluation by FACS through Annexin V-PE/7AAD staining and affected metabolic 

activity evaluation by CellTiterGlo through luminescence assay. 
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In conclusion, on one side we better defined the features sustaining the 

molecular alterations in novel subgroups of B-ALL, based on the 

identification of specific fusion genes and analyzing their downstream 

related altered signaling pathways. 

Moreover, on the other side, we identified novel molecular drugs and 

compounds which could lead novel preclinical targeting approaches 

specific for JAK2 and PAX5 fusions. In the next future, the final goal 

would be to introduce those compounds, previously knowing the 

features of PAX5 and JAK2 rearrangements, into the clinics as novel 

targeted therapy for a personalized medicine which is still lacking for 

pediatric patients of B-ALL carrying JAK2 and PAX5 rearrangements. 

Indeed, Nintedanib/BIBF1120 drug could be considered as a second 

line of treatment, not only allowing the identification of the patient's 

profile but also integrating this information with the MRD analysis 

data. This approach would be fundamental to assign PAX5 rearranged 

patients to an experimental group, where they could receive BIBF1120 

in addition to the chemotherapy drugs already in use. 

In future perspective, we will focus on one side on the validation of 

novel drugs, which have shown to be highly specific and effective on 

our PAX5 and JAK2 cases. Moreover, more needs to be known about 

leukemia maintenance and development of leukemia in presence of 

fusion genes.  
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Absent B cells, agammaglobulinemia, and hypertrophic 

cardiomyopathy in folliculin-interacting protein 1 

deficiency 
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Abstract 

Agammaglobulinemia is the most profound primary antibody 

deficiency that can occur due to an early termination of B-cell 

development. We here investigated 3 novel patients, including the first 

known adult, from unrelated families with agammaglobulinemia, 

recurrent infections, and hypertrophic cardiomyopathy (HCM). Two of 

them also presented with intermittent or severe chronic neutropenia. We 

identified homozygous or compound-heterozygous variants in the gene 

for folliculin interacting protein 1 (FNIP1), leading to loss of the FNIP1 
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protein. B-cell metabolism, including mitochondrial numbers and 

activity and phosphatidylinositol 3-kinase/AKT pathway, was 

impaired. These defects recapitulated the Fnip1-/- animal model. 

Moreover, we identified either uniparental disomy or copy-number 

variants (CNVs) in 2 patients, expanding the variant spectrum of this 

novel inborn error of immunity. The results indicate that FNIP1 

deficiency can be caused by complex genetic mechanisms and support 

the clinical utility of exome sequencing and CNV analysis in patients 

with broad phenotypes, including agammaglobulinemia and HCM. 

FNIP1 deficiency is a novel inborn error of immunity characterized by 

early and severe B-cell development defect, agammaglobulinemia, 

variable neutropenia, and HCM. Our findings elucidate a functional and 

relevant role of FNIP1 in B-cell development and metabolism and 

potentially neutrophil activity. 
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Abstract 

The presence of large granular lymphocytes has been reported in 

patients with ADA2 deficiency and T-LGL leukemia. Here we describe 

two siblings with novel ADA2 variants, expanding the mutational 

spectrum of ADA2 deficiency. We show that lymphoproliferation, 

persistence of large granular lymphocytes, T-cell perturbations, and 

activation of PI3K pathway, measured by means of phosphorylation 

levels of S6, are detectable in DADA2 patients without T-LGL 

leukemia. 

 

Keywords: ADA2 deficiency; DADA2; Hypogammaglobulinemia; 

Large granular lymphocytes; Lymphopenia; Lymphoproliferation; T-

cell repertoire. 


