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Summary 
 
Gene Expression Profile (GEP) analysis through microarrays represents a powerful tool for the 

classification, the prediction and the identification of several leukemia subclasses. In this thesis, we 

have reported the results we have obtained applying the microarray technology to the study of 

pediatric onco-hematological diseases.  

A huge amount of reports have highlighted the robustness of GEP in the classification of leukemia 

in both children and adults and these results support the application of microarrays in future routine 

diagnostic settings. 

Since the quality of RNA used for the experiments is one of the critical factors when performing 

microarrays analysis and seeing that all laboratories commonly use their own distinctive RNA 

isolation protocol, we have questioned the influence of the three most frequently used extraction 

protocols in the gene expression profile analysis of pediatric leukemia. Our data have showed that 

different sample preparation procedures do not impair samples classification and that the underlying 

biological characteristics of the pediatric acute leukemia classes largely exceed the variations between 

different RNA preparation protocols. 

We have then applied GEP analysis to the study of MLL/AF4-rearranged B-cell precursor acute 

lymphoblastic leukemia (BCP-ALL). Among the MLL/AF4 BCPs leukemia samples, we have 

identified the presence of two subgroups of patients characterized by a distinctive gene expression 

signature in which the down-regulation of the HOXA genes is a particularly outstanding factor. HOXA 

genes deregulation, indeed, is commonly believed to be a key mechanism of MLL-fusion gene 

mediated leukemogenesis. Apart from the differential HOXA genes expression level in these 

subgroups of patients, no transcriptional deregulation of other known MLL-related genes (i.e. MENIN, 

HOXC8 and MEIS1) could be identified. 

We have also performed a microRNA expression profile analysis of the patients characterized by 

the up- or down-regulation of HOXA genes and we have demonstrated that they are characterized also 

by a distinct microRNA signature. Interestingly, patients displaying a low expression value of HOXA 

genes do not express the miR-196b which is located within the HOXA cluster and which is involved in 

leukemogenesis. 

Furthermore, we have used microarray analysis to study Juvenile Myelomonocytic Leukemia 

(JMML). Remarkably, we could distinguish two distinct subgroups among the analyzed patients and 

this subdivision resulted to have a high prognostic value in the identification of subgroups of patients 

with distinct clinical outcome. The same result is not reproducible if the usual clinical factors (fetal 

Hb, age at diagnosis and platelet count) are applied.  

Finally, we have focused on the role of the suppressor of cytokine signaling 2 (SOCS-2). This gene 

is reported to be up-regulated in stem cells and we have identified SOCS-2 as one of the most up-

regulated genes in MLL/AF4 patients irrespective of HOXA gene expression level, when comparing 

t(4;11) samples with normal bone marrow controls. Transient silencing of SOCS-2 in the lymphoid 
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cell line RS4;11 showed that SOCS-2 depletion induces apoptosis in silenced cells and that this 

process is characterized by the concurrent increased expression of TP53 and BAX. Thus, SOCS-2 up-

regulation seems to be a mechanism in RS4;11 cells to impair apoptosis activation. We have analyzed 

SOCS-2 expression levels in patients belonging to several different ALL subclasses and have found 

that SOCS-2 is up-regulated in all but T-lineage leukemia. This finding suggests that SOCS-2 up-

regulation could be a common mechanism in ALLs to prevent induction of apoptosis.  
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Sommario 
 

L’analisi del profilo d’espressione genica mediante microarray rappresenta uno strumento utile per 

la classificazione delle leucemie in ambito diagnostico, l’identificazione di nuove sottoclassi di 

malattia e l’associazione di profili d’espressione genica con la prognosi. I molteplici lavori pubblicati 

nell’ambito delle malattie onco-ematologiche sia nell’adulto che nel bambino hanno evidenziato la 

robustezza della tecnologia microarray ed auspicano, quindi, l’ utilizzo dei microarrays in 

affiancamento alle metodiche “gold standard” per la diagnosi di leucemia. Considerando che la 

qualità dell’RNA di partenza è un fattore determinante per la buona riuscita di un esperimento di 

studio dell’espressione genica, abbiamo valutato se diverse metodiche di isolamento dell’RNA 

avessero una qualche influenza sulla variazione del profilo d’espressione genica. I risultati ottenuti nel 

nostro studio, analizzando diversi sottotipi di leucemie pediatriche, hanno evidenziato che le 

metodiche impiegate per l’estrazione dell’RNA non vanno ad influire sul profilo d’espressione genico 

e che quest’ultimo rimane, comunque, ben identificabile a prescindere dalla metodologia usata per 

l’isolamento dell’RNA. 

Applicando, poi, l’analisi microarrays alle leucemie a cellule precursori B e con traslocazione 

MLL/AF4, abbiamo individuato, all’interno di questo sottotipo di leucemia ritenuto fino ad ora 

omogeneo, due sottogruppi di pazienti caratterizzati da un differente profilo d’espressione genica in 

cui spiccava la diversa espressione dei geni HOXA. Questo risultato è alquanto sorprendente poiché la 

maggiore espressione dei geni HOXA è una caratteristica distintiva delle leucemie con riarrangiamento 

del gene MLL. Non abbiamo identificato nessuna altra variazione d’espressione di geni (per es. 

MENIN, HOXC8 e MEIS1) comunemente associati con le leucemie con riarrangiamento del gene 

MLL. 

Anche l’analisi del profilo dell’espressione dei microRNA ha dimostrato che questi pazienti 

possono essere suddivisi in due sottogruppi ben distinti ed, inoltre, ha evidenziato che i pazienti con 

bassa espressione dei geni HOXA non esprimono il microRNA mir-196b, che è localizzato nel 

medesimo cluster dei geni HOXA e che è coinvolto nei processi di leucemogenesi. 

Lo studio del profilo d’espressione genica di pazienti affetti da leucemia mielomonocitica giovanile 

(JMML) ci ha, poi, consentito di dividere i campioni analizzati in due sottogruppi. Questa 

suddivisione è associata, in modo altamente significativo, con la prognosi di malattia. Il medesimo 

risultato prognostico non è conseguibile prendendo in considerazione i fattori prognostici clinici 

standard (emoglobina fetale, età alla diagnosi e conta piastrinica). 

Infine, abbiamo studiato il ruolo del gene SOCS-2 nelle leucemie con riarrangiamento MLL/AF4. 

Questo gene, up-regolato nelle cellule staminali, è uno dei geni maggiormente espressi nei pazienti 

con MLL/AF4 rispetto ai controlli normali. Il silenziamento di SOCS-2 nelle cellule RS4;11 determina 

un aumento dell’apoptosi rispetto alle cellule silenziate con un siRNA di controllo ed una simultanea 

maggiore espressione di TP53 e BAX. L’over-espressione di SOCS-2 nelle cellule RS4;11 sembra 
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essere, quindi, un meccanismo in grado di aumentare la sensibilità di queste cellule all’apoptosi. 

L’analisi dell’espressione di SOCS-2 in più pazienti affetti da leucemia linfoblastica acuta (LLA) ha 

evidenziato che SOCS-2 è over-espresso in tutte le LAL tranne le LAL a cellule T. Questo dato 

suggerisce che l’azione anti-apoptotica di SOCS-2 potrebbe essere comune in più sottotipi di leucemia. 
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1. Introduction 
 

Human acute leukemias arise from blood cell progenitors developing in the lymphoid or myeloid 

pathway or from primitive stem cells with multilineage potential. The analysis of clonal chromosomal 

abnormalities in acute myeloid (AML) and acute lymphoblastic leukemia (ALL) of both B- and T-

lineage has identified a massive quantity of different genetic aberrations (Fig. 1). In AML, 

chromosomal alterations are identified in 55% of patients at diagnosis and molecular mutations can be 

detected in about 85% of cases with normal karyotype (1). In B-lineage ALL the frequency of 

chromosomal abnormalities is about 90% (2, 3) and 50-70% in T-lineage ALL (4, 5). Moreover, the 

simultaneous presence of mutations of the genes FLT3 and NPM1 in normal karyotype AML expands 

the range of genetic aberrations in AML (6). 
 

 

 
Figure 1. Distribution of translocation-generated oncogenes among the acute leukemia of 
children and young adults. “Random” refers to sporadic translocations; “None” refers to leukemia 
that lacks identifiable gene abnormalities (from Look 1997) (7). 

 

Several approaches, such as morphology, cytogenetics, immunophenotyping, cytochemistry, 

fluorescence in situ hybridization (FISH) and molecular assays, are required for a proper diagnosis of 

all leukemias subtypes. Moreover, The precise classification of the specific leukemia subtypes, a more 

accurate patients risk group stratification and the early detection of patient’s therapy response are the 

main objectives of the current studies on leukemias. 

Since its introduction in leukemia subtypes distinction in 1999 (8), microarray technology has 

proved to be a powerful tool for the study of leukemia as it can quantify the expression of ten of 

thousands genes in a single experimental approach. Furthermore, the analysis of the data obtained 

through microarray technology allows the identification and clustering of cases according to similar 

gene expression signatures.  

The pivotal work reported by Golub et al (1999) identifies a limited number of genes (50) whose 

gene expression level is able to separate 27 patients with ALL from 11 patients with AML (Fig. 2); 
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moreover ALL are further separated in T-lineage and B-lineage. This study suggests three potential 

applications of GEP: “class discovery”, “class prediction” and “class comparison”. “Class discovery” 

focuses on the identification of new subgroups of patients and involves no pre-specified classes in the 

data collection whereas “class prediction” refers to the possibility to use gene expression data to 

predict already defined subgroups. “Class comparison” refers to the identification of genes 

differentially expressed among pre-specified groups and it is usually performed after a “class 

prediction “ or a “class discovery” analysis. 

 

 

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Figure 2. The 50 genes most highly correlated with the ALL-AML class distinction are shown. 
The top panel shows genes highly expressed in ALL, the bottom panel shows genes more highly 
expressed in AML (from Golub et al, 1999) (8). 

 

 

1.1 Gene Expression Profile Analysis: a 10-year-overview in the diagnosis of Acute Leukemia 

 
The data provided by Golub and his colleagues were subsequently confirmed by several works and 

represent the starting point for a widespread use of GEP in the study of leukemia. In the last ten years, 

more than two thousand reports applying microarray technology in hematological malignances have 

been published; this introductory section will focus on a part of these works showing that microarray 

technology represents a new tool for the classification of leukemia (class prediction), for the 
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identification of the de-regulated genes characterizing different leukemia sub-entities (class 

comparison) and for the detection of new biological and clinically relevant subtypes in leukemia (class 

discovery) in both children and adults. 	  

	  

	  
1.1.1 “Class Prediction” through Gene Expression Profile Analysis	  

	  
Since Golub et al (1999) first demonstrated that GEP can separate ALL from AML, great efforts have 

been made to prove that the GEP study can predict genetically well-defined leukemia sub-groups in 

both ALLs and AMLs. The studies by Schoch et al (2002)(9) and Ross et al (2003 and 2004)(10, 11) 

have demonstrated that the favorable AML subgroups harboring the t(8;21), t(15;17) and inv(16) 

genetic abnormalities can be divided according to their distinct gene expression profile both in 

children and adults  and can also be predicted with up to 100% accuracy (12).  

High prediction accuracy has also been achieved in the identification of the well-defined subgroup 

of leukemias harboring the translocation of the MLL/11q23 gene. Armstrong et al (2002) (13) have 

demonstrated that MLL-rearranged ALLs have a distinct gene expression signature and are 

characterized by the expression of early hematopoietic progenitor cell multilineage markers and 

specific HOXA genes. 

The specific gene signature that distinguishes MLL-rearranged acute lymphoblastic leukemias with 

respect to all other ALLs and AMLs has also been widely investigated (14-16) and genes such as 

HOXA9, MEIS1 and PBX3 have resulted to be the genes most differentially regulated in both 

lymphoblastic and myeloid MLL-rearranged leukemias with respect to other leukemia subgroups.  

Schichman et al (1994) (17) have proved that, in addition to chromosomal translocation, the MLL 

gene can also be altered by an internal partial tandem duplication (PTD). MLL-PTDs are typically 

found in AML cases that have either normal cytogenetics or a trisomy of chromosome 11; GEP 

analysis has revealed that AML with MLL-PTD do not cluster with MLL chimeric fusion gene cases 

(18). Thus, the pathogenic mechanisms of partial duplications and of chimeric gene fusions of the 

MLL gene seem to differ significantly.  

The T-precursor ALL, the mature B-ALL with IgH-c-MYC/t(8;14), the B-ALL with TEL-

AML1/t(12;21), E2A-PBX1/t(1;19) and the precursor B-ALL with BCR-ABL/t(9;22) ALL present also 

a distinct gene signature and can be properly classified by GEP (14, 19-23). Furthermore, ALL with 

hyperdyploid karyotype (> 50) (21) and AML with complex aberrant karyotype (defined by the 

occurance of at least three clonal chromosomal abnormalities) can also be properly separated by GEP 

from other genetically defined subtypes. In particular, complex AMLs showed a significantly higher 

expression of RAD21 and a differential expression of genes localized on chromosomes such as 5q, 7 

and 17p, which are frequently involved in karyotype aberrations identified in this genetic AML 

subgroup (9, 24, 25). 
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Nevertheless, some others AML subtypes presenting chromosomal abnormalities such as trisomy 8 

and defects involving the 3q, have showed to be not well predictable by GEP in representative cohorts 

of AMLs (26-28). Also patients presenting a c-ALL/pre-B-ALL immunophenotype and without the 

t(9;22)  are not precisely identified by GEP (21, 29).  

 

 

1.1.2 “Class Discovery” through Gene Expression Profile Analysis	  

	  
 As reported, GEP analysis can identify several leukemia subgroups and this classification reflects 

also the division of the different leukemia sub-groups in prognostically unfavorable groups (i.e. T-

lineage ALL, the precursor B-lineage subtypes with MLL-rearrangements, the BCR-ABL gene fusion) 

and prognostically favorable precursor B-subtypes (i.e. TEL-AML1-positive ALL, hyperdiploid ALL 

and E2A-rearranged ALL). Nevertheless, about 25% of cases are currently genetically unclassified 

ALL (B-other) at diagnosis.  

The application of GEP to a cohort of 190 children has identified a new high-risk subtype of ALL 

that comprises 15–20% of all precursor B-ALL cases whose gene expression pattern is very similar to 

that of BCR-ABL-positive ALL (30). The same results have been described by Mullighan et al (2009) 

(31) in an independent study. The authors analyzed the GEP of 221 pediatric patients with high risk B-

cell progenitor ALL. Making use of a new prognostic predictor based on single nucleotide 

polymorphism array analysis, the authors identified a group of patients characterized by the mutation 

of IKZF1 and a very poor outcome. The GEP analysis revealed that these patients were characterized 

by an increased expression of hematopoietic stem cell genes and reduced expression of B-cell lineage 

genes. Remarkably, this signature is very similar to the gene signature of BCR-ABL positive patients 

(another high-risk ALL subtype with a high frequency of IKZF1 deletion). 

Also Bullinger et al (2004) (27) have used GEP analysis to detect new leukemia subgroups and 

better classify these diseases. They identified a specific gene signature, which was able to divide 

normal karyotype AML into two clusters with different prognosis in a cohort of 166 cases of AML. 

One cluster presented the high expression of several transcriptional regulators (i.e. GATA2, DNMT3A 

and DNMT3B), whereas the second cluster was characterized by granulocytic or monocytic 

differentiation and immune response. The prognostic significance of this gene signature was further 

validated in an independent study (32).  

Wouters et al (2007) (33) have identified a new biologically and clinically relevant subgroup in 

AMLs characterized by the CEBPA silencing and an immature myeloid/T-lymphoid phenotype. 

Furthermore, within a group of 166 AML, the patients with t(8;21) and inv(16) could be split into 

subgroups based merely on their gene expression signature, which suggests that also well-defined 

subgroups may represent heterogeneous entities in term of gene expression (27). For example, a 

subgroup of patients with shorter overall survival and characterized by an elevated white blood cells 
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count and FLT3-internal tandem duplication (ITD) was identified by GEP among the favorable group 

of AML with inv(16)/CBFB-MYH11.  

A high heterogeneity has also been reported when studying the gene expression profile of patients 

with down-syndrome (DS). DS-ALLs are mostly of B-cell precursor (BCP) origin and similar in the 

age of diagnosis and immunophenotype to the two most common genetic subtypes of childhood ALL, 

i.e. high hyperdiploid (HD) and TEL-AML1 ALLs. An unsupervised gene expression analysis has 

revealed that DS-ALLs are markedly less homogenous than the other ALL genetic subtypes 

suggesting that DS leukemia should not be considered as a unique molecular entity (34). Moreover, 

the comparison of the gene signature of the analyzed patients revealed that 62% of the DS-ALL 

samples were characterized by the high expression of type I cytokine receptor CRLF2.  

 

 

1.1.3 Gene Expression Profile Analysis for the prediction of response to therapy  
 

The current cure rate of 80% in childhood acute lymphoblastic leukemia (ALL) attested to the 

effectiveness of risk-directed therapy developed through clinical trials in the last ten years (35, 36). 

Children whose ALL cells exhibit in vitro resistance to anti- leukemic agents have a substantially 

worse prognosis than children whose ALL cells are drug-sensitive. However, little is known about the 

genetic basis of resistance to chemotherapy. Multidrug-resistant genes and genes involved in cell-

cycle progression, DNA repair, drug metabolism and apoptosis have been associated with the 

prognosis of ALL, but their role in determining the sensitivity of ALL cells to individual antileukemic 

agents is not known.  

Gene expression profile analysis has been used for the identification of genes that are differentially 

expressed in primary ALL cells that exhibit either resistance or sensitivity to prednisone, vincristine, 

aspareginase or daunorubicin (37). In the study reported by Holleman et al (2004) genes resulted to be 

differentially expressed among sensitive and resistant patients and all but 3 genes were not previously 

associated with the resistance to the four drugs.  

Prediction of patients’ response to therapy has also been achieved in another group of pediatric 

ALL samples; as reported by Willenbrock et al (2004) (23), GEP analysis was able to predict 5-year 

event free survival or relapse with a classification accuracy of 78%, regardless of immunophenotype 

in 45 pediatric ALL patients. Bhojwani et al (2008) (38) used GEP to identify children with acute 

lymphoblastic leukemia at initial diagnosis and who were at risk due to inferior response to therapy. 

They detected a 24-probe set signature highly predictive of day 7 marrow status was identified in 99 

children with high risk ALL at diagnosis and also identified a 47-probe set signature predictive of 

long-term outcome not only in the 99 analyzed specimens but also in three large independent data sets 

of patients with childhood ALL treated on different protocols.  
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Hoffmann et al (2008) (39) and Chiaretti et al (2004) (40) have identified the genes that can predict 

the response to induction treatment or to specific compound. In particular, Hofmann et al (2002) (41) 

found 95 genes that were the most predictive of sensitivity to imatinib, a tyrosine kinase inhibitor used 

for the treatment of t(9;22) ALL. Resistant leukemic cells expressed high levels of Bruton's tyrosine 

kinase and two ATP synthetases (ATP5A1 and ATP5C1) and showed significantly reduced expression 

of the pro-apoptotic gene BAK1 and the cell-cycle control gene p15 INK4b. 

Furthermore, Cheok et al (2003) (42) recognized through microarray analysis the genes involved in 

resistance to methotrexate and mercaptopurine. A recent gene expression study on MLL-rearranged 

infant patients has linked high-level MCL-1 to resistance to prednisolone (43). This finding represents 

an important step towards the comprehension of the mechanisms of resistance to prednisone in MLL-

rearranged infant patients. Prednisone is, indeed, the spearhead drug of ALL treatment regimens (44) 

and MLL-infant patients show a poor response to prednisone in vivo (defined as the presence of ≥ 

1000 leukemic blast/µl after a 7-day window of prednisone mono-therapy (45, 46) in contrast to 

children older than 1 year of age (non-infants) diagnosed with ALL and who show a poor in vivo 

response to prednisone in less than 10% of the cases (47). 
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2. Scope of the thesis  
 

Since its introduction, microarray technology has resulted to be a powerful tool for the 

classification of the diverse leukemia subtypes, for the identification of new subgroups of patients 

characterized by presenting so far unknown mutations, for the recognition of patients with dismal 

outcome already at diagnosis and for the identification of genes associated with therapy resistance.  

This thesis aims to use the above-mentioned distinctive properties of microarray technology for the 

study of hematological diseases in pediatric patients.  

In the first part of the thesis, we have provided new evidence of the robustness of the gene 

expression profile technology. The works previously published by Kohlmann et al (2005; 2008)(1, 2) 

and Mitchell et al (2004)(3) have demonstrated that this technique is characterized by both a high 

inter-platform comparability and reproducible capacity. These results support the application of 

microarrays in future routine diagnostic settings; we have analyzed the influence of the three most 

frequently used RNA extraction protocols in the gene expression profile analysis of pediatric leukemia 

and thus focused on the potential introduction of microarrays in the diagnosis of leukemia.  

As described in the introduction, the gene expression profile technology has been frequently to 

identify some heterogeneity among an already established disease subgroup or to predict the patient’s 

outcome. In the second part of the thesis we have reported the results we obtained using microarray 

technology for the study of MLL/AF4 rearranged B-cell precursor acute lymphoblastic leukemia 

(BCP-ALL) and juvenile myelomonocytic leukemia (JMML) which are usually diagnosed in early 

childhood and are characterized by a very poor outcome.  

Finally, as GEP technology can also be considered a useful tool for the discovery of new potential 

target genes, we have used the data collected from the GEP analysis of MLL/AF4 BCPs ALL patients 

to identify a particularly up-regulated gene that has not been broadly described so far in relation to 

leukemogenesis, SOCS-2, that we analyzed for its role in MLL/AF4 BCPs ALL. 
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3. The Gene Expression Profile Analysis in leukemia classification: the MILE study 
 

3.1 Introduction 

The data collected so far and concerning the classification of leukemia in both children and adults 

through GEP analysis, suggests that this technology is quite robust, replicable and should be 

introduced into the routinely established gold standard practice for the diagnosis of leukemia. 

According to these notions, the European Leukemia Network (ELN, WP13) between years 2005 and 

2008 performed the Microarray Innovation in LEukemia (MILE) study in order to evaluate the role of 

microarray technology in the diagnosis and prediction of the various subtypes of leukemia and 

myelodysplastic syndromes (MDS) in both children and adults using standardized protocols and 

instruments. 

This study includes 11 laboratories across three continents: 7 from the European Leukemia 

Network, including the Laboratory of Pediatric Onco-Hematology of Padova, 3 from the US and 1 

from Singapore. Each centre was trained on an identical microarray (Affymetrix HG-U133 Plus 2.0) 

and used the same equipment and kits for target preparation (i.e. cDNA synthesis, in vitro 

transcription, labeling and washing procedures); a total of 3252 cases (leukemias and MDS) were 

analyzed.  

The study included a biomarker discovery phase and a classification phase. The biomarker 

discovery phase was used to generate a whole-genome gene expression profile from recognized 

categories of clinically relevant leukemias and myelodysplastic syndromes. During this phase an 

algorithm called DC model was developed; this algorithm allowed the assignment of a diagnostic 

sample to one of the following 18 classes using only a small subset of genes corresponding to 534 

probe sets: class 1: mature B-ALL with t(8;14), class 2: pro-B-ALL with t(11q23)/MLL, class 3: c-

ALL/pre-B-ALL with t(9;22), class 4: T-ALL, class 5: ALL with t(12;21), class 6: ALL with t(1;19), 

class 7: ALL with hyperdiploid karyotype, class 8: c-ALL /pre-B ALL without specific genetic 

abnormalities, class 9: AML with t(8;21), class 10: AML with t(15;17), class 11: AML with inv(16), 

class 12: AML with t(11q23)/MLL, class 13: AML with normal karyotype or other abnormalities, 

class 14: AML with complex aberrant phenotype, class 15: CLL, class 16: CML, class 17: MDS and 

class 18: non leukemic and healthy bone marrow.  

The classification phase of the MILE study was performed using a customized array representing 

the 1480 probe sets used by the algorithm to classify diagnostic specimens. This phase represented an 

independent and blinded test set for the algorithm developed during MILE stage one. 

A classification scheme aiming to accurately addressing acute leukemia only resulted in 95.5% 

median sensitivity and 99,5% median specificity for the 14 classes included in the classifier (class1-

14). Lower accuracies were observed for the samples diagnosed as class 7-8 in ALL as well as class 

12 and class 14 in AML. In addition, lower sensitivities were also observed for class 17.  
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The data collected during the MILE study on the 3252 patients confirms that microarrays can 

accurately classify acute and chronic leukemias samples into known diagnostic sub-categories. 

Moreover, this study has showed that standardized methods in the gene expression profile analysis and 

their operating procedures may improve current diagnostic techniques, considering that 52 cases were 

correctly diagnosed by microarray analysis if compared to the initial diagnoses (1). 

As stated before, during the MILE study, all the centers collaborating to the project used the same 

platform and procedures and this standardization was decided in view of the possible future 

introduction of microarray analysis into the standard diagnostic techniques. Nevertheless, this is not 

the rule as each laboratory commonly uses different protocol and can vary the various steps of the 

sample-preparation procedure, such as RNA extraction protocol or the amount of RNA used for the 

cDNA synthesis. 

Since the quality of RNA is one of the major concerns in microarrays experiments, our study aims 

to address to what extent distinct total RNA template isolation techniques impair the precision and 

reproducibility of gene expression data from the same sample and whether the underlying 

characteristic leukemia-specific gene expression signatures are affected by the RNA preparation 

procedure.  
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4. Gene Expression Profile Analysis as a prognostic tool in Juvenile Myelomonocytic Leukemia 
(JMML) 

 

4.1 Introduction 
Juvenile myelomonocytic leukemia (JMML) is rare childhood hematopoietic stem cell disease 

characterized by the excessive proliferation of monocytic and granulocytic cells. 

 JMML is characterized by the hypersensitivity of the myeloid progenitor cells to granulocyte–

macrophage colony-stimulating factor (GM-CSF) in culture (1), which is caused by a selective 

inability of these cells to modulate the RAS-dependent signaling pathways. This hypersensibility is 

also partially due to mutually exclusive mutations in NRAS, KRAS, NF1, CBL and PTPN11. These 

mutations are found in more than 75% of patients with JMML (2, 3). The patients’ karyotype is 

usually normal, whereas monosomoy 7 is present in 25% of cases of JMML and other abnormalities 

are detected in 10% of cases (4). To date, hematopoietic stem cell transplantation (HSCT) is the only 

available treatment. The median survival time without HSCT is approximately one year; low platelet 

count, age more than two years at diagnosis and high fetal hemoglobin (HbF) at diagnosis are the main 

predictors of short survival (5, 6). 

We performed the GEP analysis of 44 patients with JMML and, using the DC model classifier 

developed during the MILE study, we distinguished two distinct subgroups among the analyzed 

patients (class prediction). This subdivision resulted to have a high prognostic value in the 

identification of subgroups of patients with distinct clinical outcome; the same result is not 

reproducible if the usual clinical factors are applied.  

We then compared the expression value of the genes used by the DC model algorithm among the 

two recognized sub-groups (class comparison) and we identified twenty-seven genes involved in the 

B-cell lineage differentiation and proliferation. 
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5. “Class Discovery” through Gene expression Profile Analysis: the identification of a new 
leukemia subgroup among MLL/AF4-rearranged patients. 

 

5.1 Introduction 
Mixed lineage leukemia (MLL) was recognized more than 30 years ago and is characterized by the 

presence of both lymphoid and myeloid antigens (1) as well as by a chromosomal translocation at 

11q23 (2). The gene spanning the translocation breakpoint was identified as the human homolog of the 

Drosophila melanogaster gene named trithorax (Trx) and because of this relationship and the 

association with leukemia, the human gene was labeled as either HRX (human trithorax), ALL-1 (acute 

lymphblastic leukemia-1) or MLL (mixed lineage leukemia).  

The MLL gene is highly promiscuous as it is translocated in malignancies such as ALL (both B- 

and T-lineage), AML and myelodysplastic syndrome (MDS) in both children and adults (3) with more 

than 70 different partner genes mapped on quite all chromosomes (4). Nevertheless, the five most 

frequent MLL rearrangements accounting for approximately 80% of all MLL-translocation-bearing 

leukemias, are: t(4;11) (q21;q23) or MLL/AF4; t(9;11)(p22;q23) or MLL/AF9; t(11;19)(q23;p13.3) or 

MLL/ENL; t(10;11)(p12;q23) or MLL/AF10; and t(6;11)(q27;q23) or MLL/AF6 (Fig. 3) 

 

 
Figure 3. Distribution of the major MLL fusion partner genes in de novo childhood and adult 
leukemia. Mixed lineage leukemia (MLL) rearrangements are found in approximately 5% of acute 
lymphoblastic leukemia (ALL), in approximately 5–10% of acute myeloid leukemia (AML) and 
virtually in all cases of mixed lineage leukemia (MLL). Major MLL fusion partner genes are AF4, 
which is predominantly found in ALL; AF9, which is predominantly found in AML; and ENL, which 
is found in both ALL and AML (from Krivtsov et al, 2007)(5). 
 

MLL rearrangements are found in >70% of infant (less then one years old at the time of diagnosis) 

leukemia (6) but are less frequent in leukemia involving older children. MLL translocations are also 

found in approximately 10% of AMLs in adult patients, and in therapy-related leukemias (t-

leukemias) that develop in patients previously treated with topoisomerase II inhibitors for other 

malignancies (7). Overall, leukemia with MLL rearrangements are found in approximately 10% of all 
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human leukemia. Patients with de novo or therapy-related MLL leukemia display a particular dismal 

outcome (8, 9). 

 

 

5.1.2 Structure and function of normal MLL 

 

The MLL gene spans approximately 90 kb on chromosome 11q23 with nearly 12 kb of coding 

sequence (consisting of 36 exons) and encodes a protein product of 3969 amino acid residues with a 

molecular weight of almost 430 kDa (10-12). MLL is proteolytically cleaved by Taspase1 into a 320-

kd N-terminal fragment (MLLN) and a 180-kd C-terminal fragment (MLLC), which interact with each 

other in order to avoid degradation and confer stability to the MLL protein (13). MLL presents several 

functional domains (Fig. 4) (14).  

The MLLN terminal fragment, which displays a transcriptional-repression activity, possesses 3 AT 

hooks involved in the MLL-DNA-binding activity and a transcriptional repression domain (RD) (15). 

The RD consists of two distinct domains, called RD1 and RD2, and binds several other repressor 

proteins belonging to the PcG and histone deacetylases (i.e. HDAC1 and HDAC2) (16). Moreover, 

RD1 contains a DNA methyltransferase (MT) homology domain, known also as CXXC domain, 

which is essential for the transformation potential of MLL fusion protein, as it has a specific DNA-

binding activity for unmethylated CpG DNA sequences (17). The MLLN fragment also includes 

multiple PHD (plant homeodomain) zinc finger domains, which are thought to be involved in the 

transcriptional regulation and chromatin-remodeling activity of MLL (18).  

Differently, MLLC possesses a transcriptional-activation domain that binds to CBP (CREB-binding 

protein), a histone acetylase that promotes transcriptional activation by acetylating histones H3 and H4 

at target gene loci (19). The C-terminal–located SET (su[var]3-9, enhancer of zeste, trithorax) domain, 

a highly evolutionarily conserved region, has a lysine-directed histone methyltransferase activity that 

methylates lysine 4 of histone H3, with the results of maintaining active chromatin (20, 21). 

The MLL protein is a component of a large multiprotein super-complex with at least 27 proteins, 

including components of the human transcription complexes TFIID, SWI/ SNF, NuRD, hSNFsH, and 

Sin3A (20). The complex acetylates, deacetylates and methylates nucleosome-attached histones, 

resulting in chromatin remodeling. MLL is believed to have a role in the assembly of the complex and 

in the binding of the multiprotein complex to the promoters of the target genes (20, 21). Two proteins 

have also been identified as essential for the correct functioning and targeting of the MLL complex: 

MENIN (22) and LEDGF (lens epithelium derived growth factor) (23).  
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Figure 4. Protein structure of MLL. The different functional domains are shown. MLL is 
proteolytically cleaved by Taspase1 into MLLN and MLLC moieties which interact together to stabilize 
the protein complex. MLL is a component of a larger multiprotein supercomplex with at least 27 
proteins. Dotted vertical arrow indicates the location of the breakpoint occurring in MLL related 
leukemia. MT: DNA methyltransferase homology domain; PHD: PHD zinc fingers; TA: 
transactivation domain; SET: SET domain; SNL1 and SNL2: speckled nuclear localization signals 1 
and 2 (from Eguchi et al, 2005 and Eguchi et al, 2003)(3, 24) 

 

The MLL multiprotein complex is involved in the regulation of transcription of thousands of genes 

(25). One of the critical functions of MLL is to maintain HOX genes expression (26) such as HOXA9, 

HOXC8, HOXA7 and HOXC9 (26-28). Moreover, MLL has a critical role in the control of the 

development of axial skeleton (27) and hematopoietic system (29-31). In MLL-null embryos, the 

hematopoietic cells of the yolk sac and the early fetal liver have reduced clonogenic capacity and 

chimeric mice with MLL-/- cells possess adult lymphoid or myeloid cells, which suggest a role for 

MLL at a multipotent hematopoietic stem cell (HSC) stage.  

 

 

5.1.3 MLL fusion proteins: structure and mechanisms of action 

 

The MLL gene is the frequent target of chromosomal translocation and most of the genomic 

breakpoints are located within a 8,3 kb fragment encompassed exons 8 to 13 (32). MLL has been 

found in 73 different translocations and 54 partner genes have been cloned (http://atlasgeneticson- 

cology.org/Genes/MLL.html; last update 5/08). All fusions are in frame and code for a chimeric 

protein with novel aberrant properties (24). Regardless of the MLL fusion partner genes (FPGs), all 

chimeric proteins include, at the N-terminus, the DNA-binding AT hooks and MT homology domains 

of MLL but not the PHD zinc finger, and SET domain (Fig. 5).  
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Figure 5. Simplified representation of a generic MLL fusion protein. The MLLN terminal fragment 
of MLL is fused in frame with the C-terminal portion of a generic fusion partner protein (from Eguchi 
et al, 2005)(3). 
 

The differences between the various MLL fusions therefore reside in the domains contributed by 

fusion partners. Some of the fusion partner genes encode nuclear proteins with transcriptional 

regulation activity, whereas some FPGs are cytoplasmatic with diverse functions. Neverthless, all the 

MLL chimeric proteins localized to the nucleus, regardless of whether the fusion gene itself is nuclear 

or cytoplasmatic (33, 34). Despite the huge number of FPGs, the most frequent MLL translocation 

partner genes can be grouped in 4 clusters: the first comprises genes encoding for nuclear protein such 

as AF4, AF9, AF10, ENL and ELL; the second one includes cytoplasmic proteins such as GAS7, 

EEN, AF6, AFX; the third group includes the septins (SEPT2, SEPT5, SEPT6, SEPT9 and SEPT11) 

and the fourth includes histone acetyltransferases p300 and CBP (5).  

The transforming capacity of MLL fusion proteins is believed to be mediate through four major 

mechanisms.  As the MLL fusion proteins lack the SET domain, the first mechanism is believed to be 

related to a perturbation of the normal H3K4 methylation. Furthermore, functional studies of the 

respective fusion proteins have revealed that the minimal domains required for transformation display 

transactivation properties (35, 36). This data supports that a common mechanism of transformation in 

at least some MLL’s nuclear protein fusion partner is that the partner gene provides a transcriptional 

domain to the MLL fusion protein (37, 37, 38). A third mechanism of gene expression activation 

relates to the property of the MLL partner gene to direct oligomerization of the fusion gene (38). 

Finally, accumulating evidences suggest that many MLL fusion partners belong to a network involved 

in transcriptional regulation through chromatin remodeling (39). For example, the MLL-fusion partner 

AF10 associates with the DOT1L histone methyltransferase which methylates lysine 79 residues in 

histone H3 (H3K79) (40).  

Moreover, Cozzio et al (2003)(41) have provided important insights into MLL fusion-protein 

mediated leukemogenesis: when assessing the transformation potential of MLL/ENL in committed 

myeloid progenitors, the authors demonstrated that mouse myeloid leukemia can originate not only 

from HSCs but also from committed myeloid progenitors that lack self-renewal potentials. Thus, 

MLL/ENL appears to be able to re-activate some parts of the hematopoietic stem-cell program. This 

finding has also been confirmed by the analysis of the MLL/AF9 transformation potential in 

granulocyte macrophage progenitors (GMP) (42). Moreover, the analysis of the genes activated 
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immediately after the induction of MLL/AF9 has showed that only a small subset including the HoxA 

cluster genes (i.e. HoxA5, HoxA9, HoxA10) Meis1 and Mef2c is up-regulated (43), whereas the full 

signature evolves over time probably as a consequence of additional events (44). Therefore, the MLL 

fusion does not seem to induce de-differentiation but, rather, appears to generate a cell with stem-cell 

like properties and gene expression programmes at an inappropriate stage of the hematopoietic 

differentiation.  

 

 

5.1.4 MLL fusion proteins and HOXA gene expression deregulation 

 

Several gene expression studies on MLL-rearranged leukemia (ALL and AML) have demonstrated 

that MLL leukemia represents a distinct leukemia subtype and have also provided insights into the 

gene expression profiles of these diseases and their downstream targets (45-48). Among these targets, 

HOXA7, HOXA9, HOXA10, HOXC8 and MEIS1 are involved in the MLL fusion gene mediated 

oncogenesis (45-47, 49). 

HOX genes belong to the homeobox (Hox) gene family and encode a group of transcription factors 

that control both embryonic development and hematopoietic cell differentiation (50). In general, HOX 

transcription factors are not only master controls of embryonic development but they also direct 

normal hematopoietic differentiation. HOX expression is high in stem cells and early precursors and 

needs to be down-regulated for maturation. Therefore, a continuous ectopic HOX expression through 

MLL-fusion protein can block differentiation and create a rapidly proliferating pre-leukemic precursor 

pool. 

Besides, MLL wild type is a positive regulator of HOX genes expression (26, 51) and over-

expression of HoxA9 has proved to alter normal hematopoiesis in mice, thus leading to development of 

leukemia (52). Even though the up-regulation of HOXA genes is considered a key mechanism of 

leukemic transformation initiated by MLL fusion proteins, whether the over-expression of HOXA 

genes is essential for leukemia onset and progression or not is still controversial. 

Several studies on myeloid MLL-rearranged leukemia using in vivo and in vitro models suggest a 

direct role of HOXA genes in the development of leukemia (42, 53, 54), even though some works (55, 

56) have questioned the role of HOXA genes in myeloid MLL related leukemias.  

 

 

5.2 Gene Expression Profile Analysis of B-cell precursors (BCPs) ALL pediatric patients with 

MLL/AF4 
 

The most prevalent MLL fusion gene in pediatric infant patients is the translocation MLL/AF4 or 

t(4;11) (q21;q23), which fuses MLL with the AF4 gene located on chromosome 4 band q21.3-5 (57-
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59). The AF4 gene encodes a serine/proline-rich protein containing a nuclear localization signal and a 

guanoside triphosphate (GTP-binding domain). It is localized to the nucleus and it is probably 

involved in the control of gene transcription. Moreover, AF4-deficient mice exhibit imperfect T-cell 

development and modest alteration in B-cell development (60). The t(4;11) translocation generates 

two fusion genes, MLL/AF4 and AF4/MLL; the significance of either fusion genes for leukemogenesis 

is not yet completely understood. Gaussmann et al 2007(61) have demonstrated that both fusion 

proteins are involved in the pathological disease mechanism of t(4;11) leukemia; the MLL/AF4 fusion 

protein increases resistance against apoptosis, whereas AF4/MLL fusion protein is able to growth 

transform cells.  

The critical requirement of HOXA genes expression (particularly HOXA9) in BCPs ALL, and 

particularly in MLL/AF4 leukemia, has been poorly investigated so far, although the high 

transcriptional level of HOXA9 has proved to be a specific feature also in lymphoid leukemia bearing 

MLL rearrangements (62) and HOXA9 suppression has shown to interfere with cell viability in cell 

lines harboring the MLL/AF4 fusion gene (54).  

We have analyzed the GEP of 20 MLL/AF4 positive B-cell precursors ALL pediatric patients at 

diagnosis; after a pairwise subtraction approach using the gene expression profile of three normal bone 

marrow samples, we could first identify a common gene signature for all the analyzed patients. 

Secondarily, considering four distinct biological discriminators (HOXA gene expression, age at 

diagnosis, fusion gene transcripts and chromosomal breakpoints) we could divide patients into two 

distinct subgroups:  the first one comprised infant patients with low HOXA genes expression and the 

MLL breakpoints within introns 11/12. The second one comprised non-infant patients with high HOXA 

expression and MLL breakpoints within introns 9/10. Thus, we demonstrated once again that GEP 

technology could be successfully used for the identification (class discovery) of new leukemia 

subtypes among already defined leukemia entities. Moreover, the outstanding differential expression 

of HOXA genes in the analyzed t(4;11) specimens assigns a less prominent role to HOXA genes in 

MLL-related ALL leukemogenesis, which has also been observed in models of MLL-related acute 

myeloid leukemia (55, 56). Moreover, the presence of two separate clusters among t(4;11)-positive 

patients has been recently confirmed (63). These findings are particularly remarkable, as HOXA over-

expression is believed to be a hallmark of MLL-rearranged leukemia (45, 47). 
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5.3 Molecular analysis of “HOXA high” and “HOXA low” MLL/AF4 patients 
 

 

The remarkable difference in HOXA gene expression identified through GEP in 20 MLL/AF4 patients 

has been further investigated. 

At first, using the GEP raw data of the 20 analyzed samples, we searched for any differential 

expression of genes commonly associated to MLL; apart from the differential HOXA genes expression 

level (HOXA9, HOXA7, HOXA4, HOXA5, HOXA10), no transcriptional deregulation of other known 

MLL-related genes (i.e. MENIN, HOXC8 and MEIS1) could be identified (Fig. 5 A-E). The analysis of 

the transcriptional expression of MEIS1 (Fig. 6 A-C) showed that only one of the “HOXA high” 

patients displayed a weaker MEIS1 transcription level. 

 

A

	  

B

	  

C

	  
D

	  

E

	  

	  

 

Figure 6. The normalized expression values of the probe sets relative to the MEIS1 (A-C), 
MENIN (D), and HOXC8 (E) genes. The normalized expression value of the selected genes is 
reported in log2 scale as measured by the HG-U133 Plus 2.0 array in 20 t(4;11) pediatric patients at 
diagnosis. 
 

The up-regulation of MEIS1 in both groups of patients is particularly intriguing: MEIS1 alone is not 

able to induce leukemia, whereas its co-expression with HOXA9 promotes leukemia initiation and 

maintenance. Moreover, Faber et al regard MEIS1 as a downstream target of HOXA9, raising the 

question whether continued HOXA9 expression is required to maintain high levels of MEIS1 in blast 

cells or not. Our results demonstrated that MEIS1 over-expression in t(4;11) leukemic cells is 

maintained irrespective of the presence of up-regulated HOXA9 gene.  
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Then, we also validated the differential HOXA expression in BCPs ALL t(4;11) through HOXA9 

quantitative reverse transcriptase-PCR (qRT-PCR) (Fig. 7) in a larger cohort of patients. We analyzed 

26 BCPs ALL t(4;11) patients and the qRT-PCR confirmed the HOXA9 down-regulation in 9 patients 

(p-value=0.0002). 

	  
 

Figure 7. HOXA9 real-time quantitative PCR analysis was performed on 22 t(4;11) patients at 
diagnosis and 2 paired samples both at diagnosis and relapse. The pair belonging to the “HOXA 
high” group is shown as black-filled triangles and the pair belonging to the “HOXA low” group is 
shown as black-filled circles. Fifteen patients at diagnosis (8 “HOXA high” and 7 “HOXA low”) 
belong to the initial cohort of samples analyzed by GEP. The relative HOXA9 gene expression value 
has been calculated in the 26 samples using the 2-

ΔΔ
Ct method and the normal CD19+ as calibrator. GUS 

B was used as reference gene. The real time quantitative PCR analysis confirms the presence of a 
highly significant difference in HOXA9 gene expression among the 26 specimens. The relative 
HOXA9 expression value is reported in log10 scale. All the p-values have been calculated using the 
two-sample Welch t-statistics (unequal variance) in PRISM 4 Version 4.0 (GraphPad Software). 
 

We then questioned whether the outstanding difference in HOXA9 mRNA expression between 

“HOXA high” and “HOXA low” patients could also be recognized at protein level.  

We analyzed the HOXA9 protein expression level in three MLL/AF4 positive patients (i.e. two 

“HOXA low” and one “HOXA high”) at diagnosis, whose gene expression profiles were also 

available. We analyzed also the HOXA9 expression of the RS4;11 cell line that carries the MLL/AF4 

fusion gene and one normal bone marrow (BM) control (Fig. 8).   

	  
	  	  
 

 
 

 

 
Figure 8. Western Blot analysis of 3 MLL/AF4 pediatric patients. The immunoblots show the 
HOXA9 and β-ACTIN expression level in one cell line (RS4;11), 3 MLL/AF4 positive patients and 1 
normal control. β-ACTIN was used as loading control. L: “HOXA low” patient; H: “HOXA high” 
patient; BM: normal bone marrow control. The proteins of the 3 patients and of the normal control 
were extracted from total BM and 20 µg of lysate were loaded.  
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As shown in Fig. 8, the two “HOXA low” patients lacked HOXA9 expression to the same as the 

normal BM control, whereas the “HOXA high” patient expressed HOXA9 to an extent not seen also in 

the RS4;11 cell line.  

On the whole, this data proved that MLL/AF4 leukemia develops regardless of the contribution of 

the HOXA genes (mRNA and protein) expression and this prompts new questions on the function of 

HOXA genes in MLL-mediated leukemogenesis. 

We then aimed to identify a rationale for the absence of HOXA genes expression in patients with 

MLL/AF4.  

At first, we collected the available information about the karyotype of the analyzed patients; no 

particular abnormalities affecting the chromosomal region encompassing the HOXA9 locus on 

chromosome 7 could be identified. Moreover, an independent study by Bardini et al (2009)(64) 

analyzed the single nucleotide polymorphism (SNP) profile of 28 pediatric MLL/AF4 patients using 

the 100K SNP arrays; this study revealed that only a limited numbers of deletions/amplifications could 

be identified in these patients. Thus, it seems unlikely that the differential HOXA cluster genes 

expression is due to additional genetic abnormalities. 

We also searched for any clinical differences between the two recognized subgroups. The two 

different identified signatures didn’t reflect a diverse clinical disease course and both groups of 

patients presented a fully developed leukemia; we were not able to identify, indeed, any significant 

correlations between the two subgroups and clinical data such as gender, age at diagnosis, risk group 

stratification, disease status and white blood cells count (WBCs) at diagnosis.  Nevertheless, age at 

diagnosis in all “HOXA low” patients is below six months, whereas age at diagnosis in “HOXA high” 

patients is heterogeneously distributed. 

Besides confirming the presence of two distinct gene signatures among MLL/AF4 infant ALL, the 

recent work by Stam et al (2009)(63) has showed that patients lacking HOXA genes expression are at 

extreme high risk of disease relapse. We did not identify the same correlation, which may be due to 

the limited number of patients present in our study.  

Moreover, we analyzed the clusters of differentiation (CD) expression values in “HOXA low” and 

“HOXA high” patients; we used only data obtained making use of the same flow cytometry instrument 

in order to avoid possible differences in fluorescence detection. We compared the CD45, CD34, 

CD58, CD19, CD24 and CD52 expression value in 16 patients (10 “HOXA high” and 6 “HOXA 

low”). We identified a higher expression of CD34 in “HOXA low” patients in comparison with 

“HOXA high” patients (Fig. 9). This significant difference (p= 0.0095) was recognizable when 

considering the percentage (%) of CD34+ blast cells (Fig. 9 A); this statistically significant difference 

was not achieved when considering the mean intensity expression value of CD34 between the same 

subgroups of patients (Fig. 9 B). Nevertheless, a trend toward higher CD34 expression could be all the 

same recognized in “HOXA low” patients.  
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A 

 
B 

 
Figure 9. CD34 expression value in 16 MLL/AF4 patients at diagnosis. A: CD34 expression value 
considering the percentage (%) of CD34+ blast cells. 11 B: CD34 expression value considering the 
mean intensity value of CD34 + blast cells. Each dot represents a patient. The p-values have been 
calculated using the two-sample Welch t-statistics (unequal variance) in PRISM 4 Version 4.0 
(GraphPad Software). 
 

As HOXA9 was found to be down-regulated through its promoter methylation in several 

malignancies such as ovarian carcinomas (65) and neuroblastoma (66), we have analyzed the 

methylation status of the HOXA9 promoter in 2 “HOXA high” and 2 “HOXA low” MLL/AF4 

patients; for one “HOXA low” patient the paired material at diagnosis and relapse was also available 

for analysis. Besides, we used a mix of normal peripheral blood (PB) as negative control and a cell 

line, kindly provided by Dott. Franco Fais, harboring the MLL/AF4 fusion gene and expressing low 

transcriptional level of HOXA genes as positive control; this cell line, indeed, resulted to be 

methylated in the HOXA9 promoter region. As shown in Fig. 10, the amplified HOXA9 promoter 

region was not methylated in the analyzed samples regardless of the HOXA9 high or HOXA9 low 

expression level. After DNA bisulphite conversion, the MSP products were also sequenced in order to 

verify the accuracy of the amplified promoter sequence confirming that promoter sequences are not 

methylated in “HOXA low” patients. 

 

 

 

 

 

 

 

 
Figure 10. Methylation Specific PCR (MSP) for HOXA9. PBL: mix of 5 different PB normal 
controls; CL: cell line with low HOXA genes expression level. L ES: “HOXA low” patient at 
diagnosis; L REL: “HOXA low” patient at relapse; MW: marker 50 bp; L: “HOXA low” patient; H: 
“HOXA high” patient. M: methylated; U: unmethylated; -M and -U: MSP negative controls. HOXA9 
MSP-M 127 bp; HOXA9 MSP-U 139bp. 
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Therefore, we conclude that HOXA9 silencing in these MLL/AF4 patients is not due to promoter 

methylation.  

The recent work by Popovic et al 2009(67) has demonstrated that wild-type MLL regulates the 

expression of the microRNA mir-196b located in a highly evolutionary conserved region between 

HOXA9 and HOXA10 genes at chromosome band 7p15.2 in human. The study indicates that MLL 

regulates hsa-mir-196b in a pattern similar to that of the surrounding genes and that mir-196b is over-

expressed specifically in primary leukemia samples from patients with MLL-fusion gene but not from 

other subtypes of leukemia and expression of MLL fusion proteins in primary bone marrow cells 

causes over-expression of mir-196b. Furthermore, mir-196b expression increases proliferation and 

survival, and also partially blocks differentiation of normal bone marrow hematopoietic progenitor 

cells. Thus, up-regulation of mir-196b by MLL fusion genes is an important component in leukemia 

development caused by MLL-fusion proteins. 

On the basis of this data, we analyzed the microRNA expression profile of 3 “HOXA high”, 3 

“HOXA low” patients, 2 normal BM controls and 2 cell lines (i.e. the RS4;11 and the cell line with 

low HOXA genes  expression level), as we aimed to evaluate whether the mir-196b was expressed or 

not in “HOXA high” and “HOXA low” patients independently from the HOXA genes expression level. 

Interestingly, mir-196b resulted to be down-regulated in the 3 “HOXA low” patients compared to 

the 3 “HOXA high” patients and resembled the microRNA’s expression level detectable in normal 

BM controls (Fig. 11).  

 

	  
 
Figure 11. The expression level of hsa-mir-196b in 3 “HOXA low”, 3 “HOXA high”, 2 normal 
BM controls and 2 cell lines is illustrated. Each dot represents a sample; the expression value is 
expressed in log2 scale. HL: cell line with low HOXA genes expression value 
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Thus, leukemia develops in the “HOXA low” MLL/AF4 patients not only without the involvement 

of HOXA de-regulation but also without the aberrant mir-196b expression mediated by the MLL/AF4 

fusion gene. 

Moreover, we questioned whether it was possible to divide the 3 “HOXA high” and the 3 “HOXA 

low” patients on the basis of differentially expressed microRNAs. We performed a class comparison 

analysis between the two subgroups and we could clearly divide the two subgroups of patients using 

the microRNAs whose expression varied by at least 2.0 fold (Fig. 12). Remarkably, the same division 

was obtained also performing an unsupervised analysis using all the microRNA probes spotted in the 

array. 

 

 
Figure 12. Heat map showing the differentially expressed microRNAs between “HOXA high” 
and “HOXA low” patients. The red and blue bars indicate “HOXA high” and “HOXA low” patients 
respectively. Each column represents a patient and each row represents an individual microRNA. 
Expression levels are normalized for each microRNA and the expression level is indicated by color: 
intensity of red is proportional to the degree of expression above the mean and intensity of green is 
proportional to the degree of expression below the mean. For the heat map generation, only 
microRNAs with fold change ≥ 2.0 were used. 

 

Thus, the two subgroups of patients (i.e. “HOXA high” and “HOXA low”) identified using GEP 

analysis are also characterized by a specific microRNA expression signature. 

 

 

5.3.1 Materials and Methods 

 

Patients and cell lines. 
Bone marrow aspirates or peripheral blood (PB) samples of 26 patients with t(4;11) (q21;q23) B-cell 

precursor (BCP) acute lymphoblastic leukemia (ALL) were studied. All samples were t(4;11) 
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(q21;q23) positive. Mononuclear cells from patients and two peripheral blood (PB) samples used as 

normal controls were isolated using Ficoll-Hypaque (Amersham Biosciences) density gradient 

centrifugation. CD19+ B cells were isolated from control PB by positive selection using Milthenyi 

CD19 Microbeads (Milthenyi Biotec). The purity of the isolated CD19+ B cells was over 98%, as 

determined by flow cytometric analysis.  

The RS4;11 cell line was obtained from DSMZ (Braunschweig, Germany); the cell line with low 

HOXA gene expression level was a kind gift of Dott. Franco Fais (University of Genoa). Both cell 

lines were maintained in RPMI 1640 (Biochrom AG, Berlin, Germany) with 10% FCS, penicillin (100 

units/ml) and streptomycin (100 µg/ml) and maintained at 37°C in a humidified atmosphere with 5% 

CO2. 

 

RNA isolation and real-time PCR analysis.  

Total RNA was isolated using TRIzol reagent (Invitrogen). The RNA quality and concentration were 

assessed on the Agilent 2100 Bioanalyzer (Agilent Technologies) and the NanoDrop ND-1000 

spectrofotometer (NanoDrop Technologies), respectively. cDNA was synthesized using SuperScripII 

reverse transcriptase (Invitrogen) and 1µg of RNA. Real-time PCR analysis was performed on an ABI 

PRISM 7900HT Sequence Detection System (Applied Biosystems) using Platinum SYBR Green 

qPCR SuperMix UDG (Invitrogen). HOXA9 and GUS B primers sequences are the following: Fw 5’-

GGTGACTGTCCCACGCTTGAC-3’, Rw 5’-GAGTGGAGCGCGCATGAAG-3’, Fw 5’-

GAAAATATGTGGTTGGAGAGCTCATT-3’, Rw 5’- CCGAGTGAAGATCCCCTTTTTA-3’. 

 

Western Blot. 
20 µg from total protein fraction (Buffer-Biosource by Invitrogen-Gibco) obtained from the 2 cell 

lines and 3 BM patients were used to perform protein analysis. Protein concentration was determined 

using the BCA method (Pierce). Samples were ran on a 15% SDS-plyacrylamide gel and then 

transferred to 0,2 µm polyvylidene difluoride membrane (GE-Healthcare) for immunodetection with 

specific antibodies followed by horseradish peroxidase-conjugated goat anti-rabbit or mouse IgG 

(Upstate). Anti-HOXA9 antibody was obtained by Millipore (catalog# 07-178) and anti β–ACTIN 

was obtained by Sigma Aldrich. The specific bands of the target proteins were visualized by enhanced 

chemoluminescence (ECL advance) according to the manufacturer’s instructions (GE-Healthcare). 

 

Sodium bisulfite modification of DNA and methylation-specific plymerase chain reaction (MSP). 

Gemonic DNA was extracted using the Purogene kit (Gentra); 2 µg of DNA was subjected to bisulfite 

conversion using the EZ DNA Methylation-Gold Kit (Zymo Research). Methylation analysis was 

carried out by methylation specific PCR (MSP) using 200 ng of modified DNA and HOXA9 specific 

primers.  HOXA9-MSP-M Fw 5’- GGTTAATGGGGGCGCGGGCGTC-3’; HOXA9-MSP-M Rw5’- 

AACGCCTAACCCGCCCGACCCG-3’; HOXA9-MSP-U Fw 5’- 
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GTATGGTTAATGGGGGTGTGGGTGTT-3’; HOXA9-MSP-U Rw5’- 

CCATACCCAACACCTAACCCACCCAACCCA-3’ (65). 

 

 

MicroRNA Expression and data analysis. 

1 µg of total RNA was used for the experiments. The RNA was labeled using the FlashTag Kit 

(Genisphere) following the manufacturer instruction. Briefly, the process begins with a tailing reaction 

followed by ligation of the biotinylated signal molecule to target RNA sample. The biotin-labeled 

RNA was then hybridized on miRNA arrays (Affymetrix). Hybridization, washing, staining and 

scanning protocols were performed on Affymetrix GeneChip instruments (Hybridization Oven 640, 

Fluidics Station 450Dx, Scanner GCS3000Dx, respectively), following the manufacturer’s 

instructions. All arrays used for the following analysis passed the overall quality control. MicroRNA 

expression data was analyzed with Partek Genomics Suite Software. 
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6. Identification of a new putative molecular target gene in MLL/AF4-rearranged patients 
through Gene Expression Profile Analysis: the suppressor of cytokine signaling 2 (SOCS-2) 

 

 
6.1 Introduction 

 

Several studies (1-3) have suggested that MLL-fusion genes could re-activate a stem cell-like gene 

expression program in target cells. When performing a “class comparison” analysis between the 

MLL/AF4 patients and the normal BM control samples, we identified several up- and down-regulated 

genes and among these genes we searched for those known to be up- or down-regulated in HSCs (4-

6). One of the most up-regulated stem-like genes in MLL/AF4 patients was SOCS-2 (suppressor of 

cytokine signaling 2), regardless of HOXA genes expression levels. 

SOCS-2 belongs to a group of proteins identified in 1997 (7) including eight members: (cytockine-

inducible SH2 containing protein) CIS and SOCS1 through SOCS7. All these proteins are 

characterized by a central SH2 domain, a conserved C-terminal domain named SOCS box and a 

vatriable N-terminal domain (8). A small kinase inhibitor domain (KIR) is present in the N-terminal 

region of SOCS-1 and SOCS-3.  

SOCS proteins are implicated in the tight regulation of the JAK-STAT pathway (9) and this 

pathway is involved in the activation of several signal cascades such as those activating RAS, PI3K 

and in the transcriptional activation of numerous target genes (10). 

SOCS mRNA and protein levels are constitutively low in un-stimulated cells but their expression is 

rapidly induced upon cytokine stimulation, suggested to create a negative feedback loop (8). In 

particular, SOCS-2 is able to regulate the JAK/STAT signaling pathway in several systems in vitro and 

has been associated with the regulation of growth hormone (GH), insulin like growth factor 1(IGF-1), 

prolactin (PRL), interleukin 2 (IL-2), interleukin 3 (IL-3), erythropoietin (EPO), leukemia inhibitor 

factor (LIF), epidermal growth factor (EGF), leptin and IFN-α-dependent signaling pathways, either 

positive or negative (8). 

The mechanisms regulating SOCS-2 functions have been only partially revealed: although it can 

inhibit GH (11) and PRL responses (12), it can also potentiate the signals induced by cytokines. 

SOCS-2, indeed, is believed to have a dual role, since low concentration of SOCS-2 inhibits GH 

action whereas higher concentration of SOCS-2 enhanced GH signaling (13). Accordingly, mice over-

expressing and mice lacking SOCS-2 display a gigantism phenotype (14). Moreover, the work by 

Tannahill et al (2005) (15) supports the hypothesis that expression of SOCS-2 can enhance cytokine 

responses (16-18), most likely through degradation of other SOCS proteins, especially CIS and SOCS-

3 (13).  

Research has also been carried out on the role of SOCS-2 in the regulation of hematopoiesis. 

Despite data suggesting that SOCS-2 transgenic mice do not show leukemia development or 
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maturation arrest in hematopoietic cells of any lineage (19), high levels of SOCS-2 mRNA have been 

found in patients with chronic myeloid leukemia during the onset of blast crisis (20) and SOCS-2 has 

been identified as a downstream target of the BCR/ABL1 fusion gene (21).  

SOCS-2 is involved in osteoblast differentiation as well. Bone mineral density analysis in SOCS-2 

deficient mice has revealed that, the absence of SOCS-2 induces a reduction in the trabecular and 

cortical volume of the bone mineral density (BMD). SOCS-2 induces also the differentiation of 

mesenchymal cells into myoblasts or osteoblasts through the up-regulation of JunB; this data is 

particularly intriguing because of the known relationship between hematopoiesis and osteogenesis (22) 

and prompts for further investigation into the role of SOCS-2 in the hematopoiesis and development of 

leukemia. 

Gene expression analysis of ALL patients with MLL/AF4 revealed that these patients are 

characterized by a high expression of SOCS-2 mRNA compared to normal bone marrow controls. We 

used RNA interference (RNAi) to specifically inhibit SOCS-2 expression in t(4;11) cells and we 

demonstrated that depletion of SOCS-2 induces apoptosis in the silenced RS4;11 cells through the 

over-expression of TP53 and BAX.  

 

 

6.2 RS4;11: in vitro model for silencing experiments 

 

We analyzed the gene expression profile of 3 MLL-rearranged cell lines (RS4;11, SEM and 

MV4;11) in order to identify the most suitable ones for the analysis. The RS4;11 cell line resulted to 

express SOCS-2 at levels similar to that in patients and was therefore used in further experiments. 

Remarkably, the SEM cell line expressed SOCS-2 mRNA at a very low level and was used as a 

control for SOCS-2 antibody during the Western Blot analysis. 

 

6.3 Efficiency of SOCS-2 silencing 

 
A chimera small interfering RNA (siRNA) designed according to the most recent RNAi technology 

in order to avoid the siRNA off-target effects (including microRNA-based influence) and interferon 

induction (23) was used to silence SOCS-2. Two separate time course experiments were performed; in 

both cases, 3*106 cells were transefcted with 1,75 µM siRNA anti-SOCS-2 and with 1,75 µM siRNA 

control (Naito-1). As transfection control (mock) 3*106 cells were treated only with the transfection 

solution. As shown in Fig. 13 A-B, the SOCS-2 amount reached its minimum at 48h after siRNA 

transfection and recovered to normal level at day 4. The silencing efficiency of SOCS-2 in the RS4;11 

was calculated after normalization with β-ACTIN and ranged between 80 and 85% at 48h post-

transfection.  
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A 

 
B 

Figure 13. Time course of SOCS-2 depletion. Total proteins were isolated at the indicated time 
points after transfection with 1,75 µM siRNA anti-SOCS-2 and with 1,75 µM siRNA control (Naito-
1). Total proteins were also isolated from cells transfected without siRNA treatment (mock); 15 µg of 
total protein have been used for the immunoblot analysis. β-ACTIN was used as loading control and 
for normalization. The SEM cell line was used as antibody negative control. A: immunoblot analysis 
of the first time course analysis of SOCS-2 depletion at 24h and 48h post single transfection; B: 
immunoblot analysis of the second time course analysis of SOCS-2 silencing at 48h, 72h and 96h post 
single transfection. 

 

 

6.4 Apoptosis induction in RS4;11 through SOCS-2 silencing 
 

RS4;11 cells were transfected twice with both siRNAs in order to obtain a nearly continuous 

depletion of SOCS-2 protein; a similar approach was used by Thomas et al (2005) (24) for the 

targeting of MLL/AF4 fusion protein with transient short interfering RNA. The immunoblot analysis 

revealed that SOCS-2 was significantly down-regulated (Fig. 14 A-B) compared with SOCS-2 

expression levels in cells transfected with the Naito-1 control siRNA; the most significantly depletion 

of SOCS-2 was achieved at 48h post-second transfection. 
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A 
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B 

 
 
 
Figure 14. Effects of SOCS-2 silencing in RS4;11. Immunoblot analysis of SOCS-2, TP53 and BAX 
after SOCS-2 depletion is shown in A and C. The depletion of SOCS-2 determines the increased 
expression of TP53 and BAX at the reported time points after the second transfection (C). The SOCS-
2 depletion is highly significant at every considered time points. The expression value of SOCS-2 
normalized to the respective β–ACTIN is reported in B. All the p-values have been calculated using 
the two-sample Welch t-statistics (unequal variance) in PRISM 4 Version 4.0 (GraphPad Software). 
***: p-value ≤ 0,001. 
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Figure 15. SOCS-2 depletion induces apoptosis in RS4;11 cell line. The induction of apoptosis after 
SOCS-2 depletion in RS4;11 cell is reported. Plots A-D show the annexin V/PI acquisition data after 
RS4;11 transfection with the Naito-1 control siRNA at 48h (A) and 72h (C) post second transfection. 
The annexin V/PI acquisition data of RS4;11 treated with the SOCS-2 siRNA is shown in plot B (48h) 
and D (72h). X axis: Annexin V; Y axis: PI. The graph bars depicted in figure E and F represent the 
percentage of annexin V (E) and annnexin V/PI (F) positive cells at the indicated time points post 
second transduction.  
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At 48h, 72h and 96h post second-trasfection, 5*105 cells were collected and labeled with annexin V 

and propidium iodide (PI). SOCS-2 depletion induced an increase of annexin-V and annexin V/PI-

positive cells at 48h and 72h post-transfection (Fig. 15), suggesting a correlation between SOCS-2 

depletion and rate of apoptosis.  

According to this data, we sought to investigate if the increased apoptotic rate could be associated 

with a major expression of TP53 which is known to promote apoptosis through the up-regulation of 

several pro-apoptotic genes (i.e. BAX) and to down-regulate anti-apoptotic genes such as those 

belonging to the BCL-2 family. We found that TP53 was significantly up-regulated in SOCS-2 

silenced RS4;11 cells at 48h and 72h post transfection (p-value ≤ 0.001) (Fig. 14 C and Fig. 16 A), 

whereas BAX was significantly up-regulated in SOCS-2 silenced cells at every time point (Fig. 14 C 
and Fig. 16 B).  

 

A 

 

B 
 

 
 

Figure 16. Induction of TP53 and BAX after SOCS-2 silencing. The expression values of TP53 and 
BAX after the second transfection are shown. The graph bars indicate the normalized expression 
values of the proteins TP53 (A) and BAX (B) as calculated at the indicated time points after the 
second transfection. Each protein expression value has been normalized to the corresponding β–
ACTIN value. All the p-values have been calculated using the two-sample Welch t-statistics (unequal 
variance) in PRISM 4 Version 4.0 (GraphPad Software). ***: p-value ≤ 0,001; **: 0,001< p< 0,01; *: 
0,01 <p< 0,05; NS: not significant. 
 

 

Thus, this data suggests that SOCS-2 depletion may contribute to the activation of a TP53-

mediated pro-apoptotic program in the RS4;11 cell line; we also analyzed the gene expression profiles 

of samples belonging to different ALLs subclasses. All but T-ALLs express high levels of SOCS-2 

mRNA signifying that SOCS-2 up-regulation could be a common mechanism in apoptosis resistance.  
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6.5 Materials and Methods 
  

Cell lines 

The RS4;11, the SEM and MV4;11 cell lines were obtain from DSMZ (Braunschweig, Germany); 

both cell lines were maintained in RPMI 1640 (Biochrom AG, Berlin, Germany) with 10% FCS, 

penicillin (100 units/ml) and streptomycin (100 µg/ml) and maintained at 37°C in a humidified 

atmosphere with 5% CO2. 

 

RNA isolation and Microarray analysis 

Total RNA was isolated using TRIzol reagent (Invitrogen) followed by RNA purification on 

RNeasy columns (Qiagen). The RNA quality and concentration were assessed on the Agilent 2100 

Bioanalyzer (Agilent Technologies) and the NanoDrop ND-1000 spectrofotometer (NanoDrop 

Technologies), respectively. For microarray experiments in vitro transcription, hybridization and 

biotin labelling were performed according to Affymetrix One Cycle Target Labeling protocol. 

GeneChip Human Genome U133 Plus 2.0 arrays (Affymetrix) were used. Microarray data (.CEL files) 

were generated using default Affymetrix microarray analyisis parameters (GCOS 1.2 software). 

 

siRNA treatment 

The chimeric siRNA for SOCS-2 and the control siRNA Naito-1 were obtained by Abnova. For the 

silencing experiment 3*106 cells were transfected (AMAXA device, solution V, program L-017) with 

1,75 µM siRNAs; 48h post first transfection cells have been collected and transfected again with 1,75 

µM siRNAs. Cells have been collected for the following experiments at 48h, 72h and 96h post second 

transfection. 

 

Western Blot 

20 µg from total protein fraction (Buffer-Biosource by Invitrogen-Gibco) obtained from the cells 

were used to perform protein analysis. Protein concentration was determined using the BCA method 

(Pierce). Samples were ran on a 15% SDS-plyacrylamide gel and then transferred to 0,2 µm 

polyvylidene difluoride membrane (GE-Healthcare) for immunodetection with specific antibodies 

followed by horseradish peroxidase-conjugated goat anti-rabbit or mouse IgG (Upstate). Anti-SOCS-

2, anti TP53 and anti BAX antibodies were obtained by Cell Signaling (catalog# 2779, 9282 and 2772 

respectively) and anti β–ACTIN antibody was obtained by Sigma Aldrich. The specific bands of the 

target proteins were visualized by enhanced chemoluminescence (ECL advance) according to the 

manufacturer’s instructions (GE-Healthcare).  
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Apoptosis assay 
Apoptosis was examined with a human Annexin V kit (ROCHE) according to manufacturer’s 

instructions; briefly 5*105 cells were washed with Hanks’ salt solution (Biochrom AG) at the indicated 

time points after transfection followed by incubation in the presence of annexinV/PI solition for 15 

minutes at room temperature in the dark. The cells were then washed again with Hanks’ salt solution 

(Biochrom AG) and immediately analyzed by flow cytometry using a flow cytometer (Beckman 

Couter Cytomics FC 500). 
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7. Discussion 

 

The introduction of microarray technology has been a major step towards the comprehensive 

biologic characterization of different hematological diseases. 

The increasing amount of data showing the potential of gene expression profile analysis in the 

classification of leukemia subclasses suggests that microarray analysis should be introduced into the 

routinely established “gold standard” techniques for the diagnosis of leukemia. This concept is also 

supported by works demonstrating that this technique is robust and characterized by a high inter-

platform comparability. Our work focusing on the analysis of the impact of different RNA preparation 

procedures on gene expression data shows that different sample preparation procedures do not impair 

samples classification and that the underlying biological characteristics of the pediatric acute leukemia 

classes largely exceed the variations between different RNA preparation protocols. However, inter-

laboratory reproducibility and gene expression data mining are still two of the major concerns in the 

application of microarray technology (1); looking to a future application of microarray technology in 

the diagnosis of leukemia, this issue should be overtaken, as shown by the MILE study, using 

standardized protocols, instruments and software analysis tools.  

Although microarray analysis represents a powerful tool for the classification and prediction of 

nearly all leukemia subgroups, it is currently not able to predict some less well-defined leukemia 

subclasses (i.e. the B-others); this finding may lead to the interpretation that these kinds of leukemia 

do not represent a homogeneous subgroup but rather a heterogeneous assortment of different leukemia 

subtypes and suggests that more platforms such as microRNA, CGH and SNPs arrays should be used 

in to reveal peculiar features of these kinds of leukemia. 

Our studies on JMML and MLL/AF4 BCPs ALL clearly confirmed that microarray technology can 

be applied to predict patients outcome and to reveal new subgroups of patients among an already 

defined disease entity. 

The study on JMML patients can be considered a remarkable example of the microarray capability 

to identify two gene expression signatures underlying different clinical outcomes. For example, the 

10-year probability of survival after diagnosis for JMML patients classified as AML-like and non 

AML-like is significantly different (7% and 74%, respectively P = 0.005). 

Although our study on MLL/AF4 the B-cell precursors (BCPs) ALL does not identify two 

subgroups characterized by different outcomes, it has allowed us to divide the homogeneous BCPs 

ALL class with t(4;11) into two distinct subgroups and to identify a group of patients in which 

leukemia arises without the canonical contribution of HOXA genes over-expression. This is a striking 

finding as HOXA genes de-regulation is commonly considered a key feature of MLL-rearranged AML 

and ALL leukemia. The reason why the HOXA genes cluster is not expressed in these patients is still 

unclear; further experiments on the HOXA promoter sequence and chromatin immunoprecitipation 

(CHIP) experiments should clarify this issue. Remarkably, the presence of two different gene 
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signature among BCP-ALL MLL/AF4 patients has been recently confirmed by an independent study 

on 29 MLL/AF4 pediatric infant patients; furthermore, it seems that this subdivision has also a 

prognostic value, as patients lacking HOXA expression are at extremely high risk of disease relapse 

(2).  

Patients with MLL/AF4 ALL are characterized by a very poor outcome and resistance to 

conventional treatment such as prednisone. MLL/AF4 ALL patients are characterized by the up-

regulation of SOCS-2 and the SOCS-2 depletion in RS4;11 cells determines the initial activation of a 

pro-apoptotic cascade through over-expression of TP53. We have analyzed also the SOCS-2 

expression profile in patients belonging to several different ALL and have found that SOCS-2 is up-

regulated in all but T-lineage. This finding may suggest that SOCS-2 up-regulation could be a 

common mechanism to prevent induction of apoptosis in ALLs. Silencing experiments in different 

ALL cell lines should be performed in order to confirm this concept. 

The first work by Golub and colleagues applying microarray analysis in leukemia highlighted the 

potential of gene expression profile analysis for the identification of specific gene expression 

signatures distinguishing AML and ALL subgroups. Moreover, this study, demonstrates that 

microarray technology could be applied not only for descriptive studies (3, 4) but also for a more 

comprehensive and systematic approach to cancer and leukemia classification based on the 

simultaneous expression monitoring of thousands of genes. Furthermore, this work points to 

microarray technology as a new promising tool for the identification of the abnormally activated 

biological processes involved in the development of leukemia. Nowadays, these concepts have been 

confirmed and expanded by a huge amount of reports and microarray technology is constantly applied 

as a frontline tool not only for the biological characterization of different leukemia subgroups, but also 

for outcome prediction and for the identification of new leukemia entities. 

Nevertheless, microarray technology does not seem to be sufficient for the complete 

characterization of leukemia subgroups; a clear example is provided by the low accuracy observed 

during the MILE study in the classification of AML with 11q23 rearrangements, hyperdyploid 

katyotype and the MDS or leukemic patients characterized by the absence of known molecular 

markers or translocations (i.e. B-others). Moreover, whereas gene expression microarray technology 

provides information on transcriptionally active genes in a context-dependent moment of the cells, it 

does not contain any data concerning the genes’ regulatory states, gene sequence polymorphisms or 

chromosomal abnormalities. Furthermore, the gene expression signatures obtained through microarray 

analysis are not simple to interpret with respect to the biology of the underlying disease. Thus, 

microarray data should be integrated with information deriving from different platforms such as single 

nucleotide polymorphism (SNP) arrays, array-based comparative genomic hybridization (CGH) and 

epigenomic arrays. Certainly, the elaboration of such a huge amount of data is a great future challenge. 

However, it is likely that the combination of gene expression profile with complementing technologies 

will provide new opportunities to answer questions that cannot be resolved by GEP alone.  
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