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Introduction

Wilms' tumor gene 1 (WT1) is an embryonic zinc-finger transcription factor, which was originally identified as a tumor suppressor gene inactivated in Wilms' tumors [START_REF] Haber | Role of the WT1 gene in Wilms' tumour[END_REF]. In addition, WT1 may function as a transcriptional cofactor and has also been implicated in post-transcriptional regulation, including RNA-splicing. As a result of alternative splicing, alternative translational initiation sites, and RNA editing, the WT1 gene can encode for as many as 36 different proteins [START_REF] Hohenstein | The many facets of the Wilms' tumour gene, WT1[END_REF]. The four major isoforms are characterized by the presence or the absence of exon 5 and/or the terminal 9 nucleotides of exon 9, which encodes the tripeptide KTS [START_REF] Haber | Alternative splicing and genomic structure of the Wilms tumor gene WT1[END_REF]. In normal tissue, WT1 is expressed during embryogenesis where it plays a pivotal role in the development of the urogenital tract [START_REF] Pritchard-Jones | The Wilms tumour gene, WT1, in normal and abnormal nephrogenesis[END_REF][START_REF] Kreidberg | Gene targeting in kidney development[END_REF]. In adults, it is expressed at very low levels in the kidney, ovary, testis, spleen, and normal hematopoietic progenitor cells [START_REF] Haber | Role of the WT1 gene in Wilms' tumour[END_REF][START_REF] Maurer | The Wilms' tumor gene is expressed in a subset of CD34+ progenitors and downregulated early in the course of differentiation in vitro[END_REF].

Overexpression of WT1 is present in a variety of malignant tumors with a putative role of an oncogene [START_REF] Sugiyama | Wilms' tumor gene WT1: its oncogenic function and clinical application[END_REF]. It plays an important role in the proliferation and inhibition of differentiation of neoplastic cells [START_REF] Algar | A WT1 antisense oligonucleotide inhibits proliferation and induces apoptosis in myeloid leukaemia cell lines[END_REF][START_REF] Inoue | Wilms' tumor gene (WT1) competes with differentiation-inducing signal in hematopoietic progenitor cells[END_REF][START_REF] Yamagami | Growth inhibition of human leukemic cells by WT1 (Wilms tumor gene) antisense oligodeoxynucleotides: implications for the involvement of WT1 in leukemogenesis[END_REF], making it a suitable therapeutic target, especially for tumor-directed immunotherapy [START_REF] Xue | WT1-targeted immunotherapy of leukaemia[END_REF][START_REF] Keilholz | Wilms' tumour gene 1 (WT1) in human neoplasia[END_REF][START_REF] Oka | WT1 peptide vaccine for the treatment of cancer[END_REF].

Considering hematopoietic malignancies, high expression of WT1 was reported in blasts of acute myeloid leukemia (AML), chronic myeloid leukemia, and acute lymphatic leukemia (ALL) patients, and in myelodysplastic syndromes (MDS), both on RNA and protein levels [START_REF] Cilloni | Myelodysplastic syndromes[END_REF][START_REF] Menssen | Presence of Wilms' tumor gene (wt1) transcripts and the WT1 nuclear protein in the majority of human acute leukemias[END_REF][START_REF] Miwa | Expression of the Wilms' tumor gene (WT1) in human leukemias[END_REF][START_REF] Inoue | Aberrant overexpression of the Wilms tumor gene (WT1) in human leukemia[END_REF]. WT1 messenger RNA (mRNA) expression in leukemias was found to be several orders of magnitude higher in comparison to normal hematopoietic stem cell compartments [START_REF] Baird | Expression of the Wilms' tumor gene (WT1) in normal hemopoiesis[END_REF], and several authors showed that WT1 expres-sion could be a useful marker for minimal residual disease, both in acute leukemias and MDS [START_REF] Inoue | Long-term followup of minimal residual disease in leukemia patients by monitoring WT1 (Wilms tumor gene) expression levels[END_REF][START_REF] Cilloni | WT1 as a universal marker for minimal residual disease detection and quantification in myeloid leukemias and in myelodysplastic syndrome[END_REF][START_REF] Tamaki | Monitoring minimal residual disease in leukemia using real-time quantitative polymerase chain reaction for Wilms tumor gene (WT1)[END_REF].

WT1 expression has extensively been studied in AML, but reports in adult ALL in relation to ALL subtypes and treatment outcome were limited. There are only few studies with small samples sizes showing WT1 overexpression in 65-100% of adult ALL cases [START_REF] Cilloni | Quantitative assessment of WT1 expression by real time quantitative PCR may be a useful tool for monitoring minimal residual disease in acute leukemia patients[END_REF][START_REF] Inoue | WT1 as a new prognostic factor and a new marker for the detection of minimal residual disease in acute leukemia[END_REF][START_REF] Omran | Cross-sectional monitoring of Wilms' tumor gene 1 (WT1) expression in Iranian patients with acute lymphoblastic leukemia at diagnosis, relapse and remission[END_REF].

In pediatric ALL, WT1 expression levels were higher in T-compared to B-lineage ALL. Interestingly, high WT1 levels in pediatric ALL were a negative prognostic factor for event-free and overall survival [START_REF] Im | Expression of Wilms tumor gene (WT1) in children with acute leukemia[END_REF][START_REF] Boublikova | Wilms' tumor gene 1 (WT1) expression in childhood acute lymphoblastic leukemia: a wide range of WT1 expression levels, its impact on prognosis and minimal residual disease monitoring[END_REF].

Here, we examined WT1 mRNA expression levels in a large series of 238 samples from adult patients with ALL and the relation to ALL subtypes and clinical outcome.

Materials and methods

Patients

Between February 2003 and February 2005, bone marrow and peripheral blood samples from 238 adult patients with ALL and 43 patients with AML have been collected at diagnosis after informed consent. Approval by the appropriate ethics committee has been obtained, and analyses have therefore been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki.

ALL patients were treated within the German Multicenter ALL 07/03 study (http://ClinicalTrials.gov, identifier: NCT00198991) [START_REF] Bruggemann | Clinical significance of minimal residual disease quantification in adult patients with standard-risk acute lymphoblastic leukemia[END_REF]. Characteristics of patients and samples were summarized in Table 1 Blood and bone marrow samples, mRNA extraction, and reverse transcription Fresh blood or bone marrow samples of ALL and AML patients were investigated. Because of low WT1 expression in normal B precursor cells in bone marrow, only samples containing at least 60% blasts were used for analysis. Blood and bone marrow samples were collected in heparinized tubes, and mononuclear cells were isolated by Ficoll Isopaque density gradient centrifugation (Pharmacia, Erlangen, Germany). Samples were resuspended in guanidium thiocyanate buffer and stored at -80°C. Further processing of samples was performed as previously described [START_REF] Siehl | Possible regulation of Wilms' tumour gene 1 (WT1) expression by the paired box genes PAX2 and PAX8 and by the haematopoietic transcription factor GATA-1 in human acute myeloid leukaemias[END_REF]. In brief, total RNA was isolated by RNeasy mini kit including RNase-free DNase set (Qiagen, Hilden, Germany) according to the manufactures recommendations. For reverse transcription, Omniscript reverse transcriptase kit (Qiagen, Hilden, Germany) was used.

Quantification of WT1 expression levels

Quantitative real-time reverse transcriptase-polymerase chain reaction (RT-PCR) assays were performed using a LightCycler (Roche Diagnostics) with specific primers for WT1 and the housekeeping gene porphobilinogen deaminase (PBGD) as described elsewhere [START_REF] Siehl | Possible regulation of Wilms' tumour gene 1 (WT1) expression by the paired box genes PAX2 and PAX8 and by the haematopoietic transcription factor GATA-1 in human acute myeloid leukaemias[END_REF]. For quantification, PCR products generated from WT1 complementary DNAs (cDNAs) and from PBGD cDNAs were cloned into the vector pCR2.1-TOPO (Invitrogen, Groningen, The Netherlands). A standard curve with three dilutions of the appropriate plasmid in duplicates was included in each PCR run. The specificity of the PCR products was confirmed by melting curve analysis as well as by gel electrophoresis.

Statistical analysis

Analysis of RT-PCR expression data was performed with the LightCycler software (version 3). Crossing points were assessed by the second derivate maximum algorithm and plotted against the concentrations of the standards. Sample concentrations were calculated using the plasmid standard curve resulting in marker concentrations. All samples were analyzed in duplicate. The average value of both duplicates was used as a quantitative value. To correct for differences of cDNA amount on a per-sample basis, results were provided as ratio to PBGD expression. For comparison of WT1 expression levels among different ALL subtypes, significance was estimated by the Mann-Whitney U test for comparison of two different groups or by the Kruskal-Wallis H test for comparison of more than two groups.

Outcome events were CR to induction treatment, overall survival from the time of diagnosis to death or last followup, and disease-free survival to death, relapse, or last follow-up. Patients were grouped into four groups of WT1 expression levels based on distribution (quartiles). Survival curves were plotted according to the Kaplan-Meier method and were compared with the log-rank test. Cox regression was used to test for prognostic influence of WT1 expression level as a continuous variable. Tests were performed using SPSS 15.0 software.

Results

Expression levels of WT1

WT1 was detected in 219 of 238 (92%) of ALL samples. Compared to a series of AML samples, WT1 expression levels largely overlapped, but the median expression level was lower in ALL than in AML [START_REF] Siehl | Possible regulation of Wilms' tumour gene 1 (WT1) expression by the paired box genes PAX2 and PAX8 and by the haematopoietic transcription factor GATA-1 in human acute myeloid leukaemias[END_REF] (6.69×10 -3 vs 1.19× 10 -2 respectively, p=0.024, Fig. 1a).

There were profound differences in WT1 expression levels among ALL immunophenotypic subgroups (Fig. 1b). In mature B-ALL, WT1 expression levels with a median of 3.37×10 -5 were below the normal bone marrow cutoff level [START_REF] Siehl | Expression of Wilms' tumor gene 1 at different stages of acute myeloid leukemia and analysis of its major splice variants[END_REF] and significantly lower in comparison to the Tlineage and the more immature B-lineage subgroups (p< 0.001, Fig. 1b). In ALL cases with co-expression of myeloid markers, WT1 expression levels were significantly higher than in samples without myeloid markers (p<0.001, Fig. 1c,d). Concerning t(9;22) translocation in the c/pre-B-ALL samples, no significant difference between t(9;22)/ BCR-ABL positive (median 2.38 × 10 -3 ) and negative samples (median 7.49×10 -3 ) was observed (p=0.128, Fig. 1e). Within the t(9;22)/BCR-ABL positive group, a higher expression of WT1 was found in the c-ALL samples compared to the pre-B-ALL samples (median 5.04×10 -3 vs 1.95×10 -4 , respectively, p=0.005). No differences could be observed between t(4;11)/ALL1-AF4 positive and negative cases in the pro-B-ALL group (p=0.41, Fig. 1f). WT1 expression levels did not correlate with absolute leukocyte or blast count at diagnosis, involvement of lymph nodes, liver, spleen, or central nervous system (data not shown). Comparing ALL blasts in bone marrow and ALL blasts in blood considering different subtypes, we observed no differences in WT1 expression levels.

WT1 expression and outcome

Clinical outcome data were available for 148 patients. There was no selection of patients. According to the distribution pattern of WT1 expression levels, patients were divided into four groups (quartiles): high (≥0.44), intermediate high (≥0.006-0.44), intermediate low (≥0.0003- -3 ). c Comparison between myeloid marker positive (median 2.45×10 -2 ) vs negative cases (median 2.63×10 -3 ), p< 0.0001. d Comparison of co-expression of different myeloid markers: CD13 (median 1.56×10 -2 ), CD33 (median 6.28×10 -3 ), CD13+CD33 (median 1.84×10 -2 ), CD15 (median 5.9×10 -1 ), CD65 (median 1.16× 10 -1 ), and CD15+CD65 (median 3. 72×10 -1 ). e Comparison of t(9;22)/BCR-ABL positive (median 2.38×10 -3 ) vs negative cases (median 7.49×10 -3 , p=0.128). f Comparison of t(4;11)/ALL1-AF4 positive (median 1.25×10 -1 ) vs negative cases (median 1.14×10 -1 ) in the pro-B-ALL group 0.006), and low (0-0.0003) WT1 expression. Cox regression analysis revealed that WT1 expression level at diagnosis had no prognostic influence on overall survival (p=0.3) and disease-free survival (p=0.3), as depicted by the survival curves comparing the four different groups by log-rank test (Fig. 2). Also, when the different immunophenotypes (pre-B-/c-ALL, pro-B-ALL, mature T-ALL, thymic T-ALL) were individually analyzed for exploratory purposes, no prognostic influence on overall survival and disease-free survival in any group was observed.

In addition, there was no prognostic influence of WT1 expression level in the t(9;22)/BCR-ABL negative pre-B/c-ALL group with leucocytes <30,000/µl, which was defined as SR, nor in the t(9;22)/BCR-ABL positive samples. Regarding t(4;11)/ALL1-AF4, no prognostic influence of WT1 expression was found in t(4;11)/ALL1-AF4 positive or negative samples. Moreover, WT1 expression level at diagnosis had no influence on remission rate.

Discussion

In the study reported here, high WT1 expression was found in more than 90% of adult ALL cases, although the median expression was lower compared to a previously published series of AML patients [START_REF] Siehl | Possible regulation of Wilms' tumour gene 1 (WT1) expression by the paired box genes PAX2 and PAX8 and by the haematopoietic transcription factor GATA-1 in human acute myeloid leukaemias[END_REF] in accordance to other reports [START_REF] Inoue | Aberrant overexpression of the Wilms tumor gene (WT1) in human leukemia[END_REF][START_REF] Cilloni | Quantitative assessment of WT1 expression by real time quantitative PCR may be a useful tool for monitoring minimal residual disease in acute leukemia patients[END_REF][START_REF] Inoue | WT1 as a new prognostic factor and a new marker for the detection of minimal residual disease in acute leukemia[END_REF][START_REF] Garg | Prognostic significance of quantitative analysis of WT1 gene transcripts by competitive reverse transcription polymerase chain reaction in acute leukae-mia[END_REF][START_REF] Menssen | Wilms tumor gene (WT1) expression as a panleukemic marker[END_REF]. Therefore, WT1 might be considered as a therapeutic target in ALL as in AML and MDS. Clinical vaccination trials with WT1 peptides and protein in AML/MDS have been in fact recently initiated [START_REF] Xue | WT1-targeted immunotherapy of leukaemia[END_REF][START_REF] Keilholz | Wilms' tumour gene 1 (WT1) in human neoplasia[END_REF][START_REF] Oka | WT1 peptide vaccine for the treatment of cancer[END_REF]. However, when considering future immunotherapeutic clinical trials, differences in WT1 expression levels among different ALL subtypes will be of relevance.

In adult and pediatric ALL, higher WT1 expression levels were found in T-ALL compared to B-ALL [START_REF] Inoue | Aberrant overexpression of the Wilms tumor gene (WT1) in human leukemia[END_REF][START_REF] Cilloni | Quantitative assessment of WT1 expression by real time quantitative PCR may be a useful tool for monitoring minimal residual disease in acute leukemia patients[END_REF][START_REF] Im | Expression of Wilms tumor gene (WT1) in children with acute leukemia[END_REF][START_REF] Boublikova | Wilms' tumor gene 1 (WT1) expression in childhood acute lymphoblastic leukemia: a wide range of WT1 expression levels, its impact on prognosis and minimal residual disease monitoring[END_REF][START_REF] Garg | Prognostic significance of quantitative analysis of WT1 gene transcripts by competitive reverse transcription polymerase chain reaction in acute leukae-mia[END_REF][START_REF] Chiusa | Prognostic value of quantitative analysis of WT1 gene transcripts in adult acute lymphoblastic leukemia[END_REF]. In contrast to these previous studies, we did not find general differences between the adult T-ALL and B-ALL samples. However, the subgroup of mature B-ALL was characterized by WT1 levels that did not differ from normal bone marrow background. This is in line with the findings of Omran et al. [START_REF] Omran | Cross-sectional monitoring of Wilms' tumor gene 1 (WT1) expression in Iranian patients with acute lymphoblastic leukemia at diagnosis, relapse and remission[END_REF]. Noteworthy, it is of interest in comparison to non-Hodgkin's lymphomas, which also do not express high levels of WT1 [START_REF] Drakos | Differential expression of WT1 gene product in non-Hodgkin lymphomas[END_REF]. The low WT1 expression in mature B-ALL makes a clinical response to vaccination strategies targeting WT1 unlikely.

There were further differences of interest in WT1 expression levels. ALL blasts with aberrant co-expression of myeloid markers were associated with a significantly higher WT1 expression level than blasts without coexpression of myeloid markers, which corresponds to the overall difference in WT1 expression level between AML and ALL samples.

Besides immunophenotypic subsets, molecularcytogenetic subsets are of clinical relevance. Therefore, we analyzed WT1 expression levels in t(9;22)/BCR-ABL and t(4;11)/ALL1-AF4 subsets, which are associated with a dismal prognosis. No significant difference between t(9;22)/BCR-ABL positive and negative samples in the c/ pre-B-ALL group could be detected, although, the median was higher for the t(9;22)/BCR-ABL negative cases. Moreover, comparing t(4;11)/ALL1-AF4 positive samples with negative samples of the pro-B-ALL group revealed no difference. This observation is in contrast to a previous study of Cilloni et al. reporting significantly higher WT1 levels in t(9;22)/BCR-ABL and t(4;11)/ALL1-AF4 positive cases [START_REF] Cilloni | Quantitative assessment of WT1 expression by real time quantitative PCR may be a useful tool for monitoring minimal residual disease in acute leukemia patients[END_REF]. This discrepancy may be related to the limited sample size analyzed in the previous study (n=18) and the different housekeeping genes used (ABL, in the case of t(9;22) β-glucuronidase). Moreover, Cilloni et al. compared different cytogenetic subsets without consideration of immunophenotype. Therefore, the difference between t(4;11)/ALL1-AF4 positive and negative cases in their study might rather reflect higher WT1 expression level in the pro-B-ALL group compared to other immunophenotypes. The prognostic significance of aberrant WT1 expression in AML and ALL is still a matter of debate [START_REF] Inoue | Aberrant overexpression of the Wilms tumor gene (WT1) in human leukemia[END_REF][START_REF] Garg | Prognostic significance of quantitative analysis of WT1 gene transcripts by competitive reverse transcription polymerase chain reaction in acute leukae-mia[END_REF][START_REF] Barragan | Prognostic implications of Wilms' tumor gene (WT1) expression in patients with de novo acute myeloid leukemia[END_REF][START_REF] Bergmann | High levels of Wilms' tumor gene (wt1) mRNA in acute myeloid leukemias are associated with a worse long-term outcome[END_REF][START_REF] Trka | Real-time quantitative PCR detection of WT1 gene expression in children with AML: prognostic significance, correlation with disease status and residual disease detection by flow cytometry[END_REF]. In pediatric ALL, an abnormally high or low WT1 expression level was associated with a significantly increased risk of relapse [START_REF] Boublikova | Wilms' tumor gene 1 (WT1) expression in childhood acute lymphoblastic leukemia: a wide range of WT1 expression levels, its impact on prognosis and minimal residual disease monitoring[END_REF].

In our cohort of 148 adult ALL patients, WT1 expression level was not associated with overall survival, disease-free survival, or remission rate, and not even in exploratory analyses within the different immunophenotypes or molecular-cytogenetic subsets. Taken together, the prognostic role of WT1 in ALL appears to be limited.

In conclusion, WT1 overexpression can be found in almost all cases of adult ALL with exception of the mature B-ALL. Therefore, as in AML, WT1 can be considered as a therapeutic target in the majority of adult patients with ALL. However, WT1 expression levels at diagnosis have no prognostic impact on the clinical outcome in adult ALL.

Fig. 1

 1 Fig. 1 WT1 expression levels in ALL (solid bar, median expression level; dotted line, healthy control bone marrow background level). a Comparison AML (median 1.19×10 -2 ) versus ALL (median 6.69× 10 -3 ), p=0.024. b Comparison among ALL immunophenotypes: B-ALL (median 3.37×10 -5 ), c-ALL (median 8.89×10 -3 ), pre-B-ALL (median 1.37×10 -3 ), pro-B-ALL (median 1.17×10 -1 ), T-ALL (median 2.79×10 -3 ), early T-ALL (median 2.69×10 -2 ), and thymic T-ALL (median 1.16×10 -3 ). c Comparison between myeloid marker positive (median 2.45×10 -2 ) vs negative cases (median 2.63×10 -3 ), p<

Fig. 2

 2 Fig. 2 Kaplan-Meier curves: patients were divided into four groups: high (>0.44), intermediate high (>0.006-0.44), intermediate low (>0.0003-0.006), and low (0-0.0003) WT1 expression. Survival curves were compared with the log-rank test: (a) overall survival, n=148, p=0.533; and (b) disease-free survival, n=138 (patients with death in induction therapy and treatment failure excluded), p=0.811

Table 1

 1 Acute lymphoblastic leukemia: characteristics of patients and samples

	Number (%)

SR standard risk, HR high risk, VHR very high risk, CR complete remission

Table 2

 2 Acute myeloid leukemia: characteristics of patients and samples

		Number (%)
	Total number of samples	43 (100)
	Origin: bone marrow/blood	37 (86)/6 (14)
	Female/male	26 (60)/17 (40)
	Age (median, range)	60 (21-82)
	French-American-British type available	36 (84)
	M0	1 (3)
	M1	7 (19)
	M2	6 (17)
	M3	2 (6)
	M4	11 (30)
	M5	8 (22)
	M6	0 (0)
	M7	1 (3)
	WBC (×10 9 /l) available	40 (93)
	≤10/>10	26 (65)/14 (35)
	Cytogenetic risk group available	37 (86)
	Low/intermediate/high	4 (11)/24 (65)/9 (24)
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