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The tumor suppressor gene wt1 (Wilms’ tumor gene) en- term survival. wt1 mRNA was detectable in 124 of 161 (77%)
codes for a zinc finger DNA-binding protein with predomi- samples at diagnosis and in first relapse. wt1 expression
nantly transcription repressing properties. Because wt1 has was independent from age, antecedent myelodysplastic syn-
been shown to be expressed in the vast majority of patients drome or FAB subtype, with the exception of a significant
with acute myeloid leukemias (AML), we investigated the difference in M5 leukemias showing wt1 transcripts in only
relevance of wt-1 mRNA expression regarding prognosis and 40% (P ! .0025). There was no correlation between the level
possible prediction of relapse during follow-up. Totally bone of wt1 mRNA and response to treatment or the prognostic
marrow-derived blasts of 139 AML patients (129 newly diag- groups defined by the karyotype. Concerning long-term sur-
nosed AML patients, 22 AML patients again in first relapse, vival, patients with high levels of wt1 had a significantly
and 10 AML patients analyzed primarily in first relapse) were worse overall survival (OS) than those with not detectable
studied for wt1 mRNA expression. Seventy-seven patients or low levels. The 3-year OS for all newly diagnosed AMLs
were analyzed for wt1 mRNA expression during follow-up. was 13% and 38% (P ! .038), respectively, and 12% and 43%
wt1-specific reverse transcription-polymerase chain reaction (P ! .014) for de novo AMLs. The difference was more dis-
(RT-PCR) was performed and the amplification product was tinct in patients less than 60 years of age. During follow-
visually classified as not, weakly, moderately, or strongly

up, all patients achieving complete remission became wt1amplified, as described previously. PCR products were quan-
negative. Reoccurrence of wt1 transcripts predicted relapse.titated by competitive PCR using a shortened homologous
The data indicate that high expression of wt1 mRNA is asso-wt1 construct standard in representative cases. The expres-
ciated with a worse long-term prognosis.sion of wt1 transcripts was correlated to age, French-Ameri-
q 1997 by The American Society of Hematology.can-British (FAB) subtype, phenotype, karyotype, and long-

T induced HL60 cells.29 Regarding normal hematopoiesis, we
showed transient expression during differentiation of normal

HE TUMOR SUPRESSOR gene wt1 has been identified
by cytogenetic deletion analysis of patients with

CD34/ cells.30Wilms’ tumors.1-3 It is located in the 11p13 region and en-
The frequent expression of wt1 in acute myeloid leuke-codes for a zinc finger DNA-binding protein with four differ-

mias (AMLs) raises the question of whether it may be usedent alternatively spliced transcripts.3-5 The Wt1 protein is a
as a marker for minimal residual disease and as a parametertranscription factor with mostly repressing activity on differ-
for prognosis. In this study, we evaluated the prognosticent target genes such as insulin like growth factor-2 (IGF-
value of wt1 gene expression and its relevance as a genetic2),6 platelet-derived growth factor-A (PDGF-A),7 macro-
marker in AML for the detection of minimal residual blastphage colony-stimulating factor (M-CSF),8 transforming
cells.growth factor b-1 (TGF-b1),9 and, in addition, its own

gene.10 Moreover, in some cases, Wt1 may activate gene
MATERIALS AND METHODSexpression, as demonstrated for upregulation of PDGF.11,12

wt1 itself has homology to other growth-related genes such Patients. All AML patients entered in this study were classified
using the morphologic and cytochemical criteria of the French-as the early growth response-1 (EGR-1) and EGR-2 genes.13

American-British (FAB) study group classification.31 Additionally,During normal ontogenesis, wt1 is expressed in a time-
phenotypical characterization of leukemic blasts was performed byand tissue-dependent manner mainly in the kidneys and go-
fluorescence-activated cell sorting (FACS) analyses using a broadnads.3,14-16 In Wilms’ tumors, its expression persists at a high
panel of fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-

level. Because different deletions and point mutations in this
labeled monoclonal antibodies.

gene have been described in this tumor as well as in the To test wt1 mRNA expression, bone marrow (BM) samples were
germline of the same patients, it seems likely that the product obtained from 139 consecutive AML patients on particular clinical
of the mutated wt1 gene is involved in carcinogenesis.17,18

trials (129 newly diagnosed AMLs, 22 of them again in first relapse,
Furthermore, wt1 is expressed in syndromes associated with and 10 patients analyzed primarily in first relapse). In 59 patients,

the karyotype of blast cells was determined by banding techniquesthe Wilms’ tumor as WAGR syndrome18 and Denys Drash
syndrome,19 but also in malignant melanoma20 and ovarian
cancer.21

Recently, the expression of wt1 in acute leukemias (AL) From the Medical Clinic III, Hematology/Oncology, J.W. Goethe
University, Frankfurt, Germany.and blast crisis of chronic myelocytic leukemia (CML) has

Submitted December 9, 1996; accepted March 24, 1997.been reported by us and others.22-26 In about 75% of all
Address reprint requests to Lothar Bergmann, MD, Medical Cliniccases analyzed, wt1 transcripts have been demonstrated.26

III, J.W. Goethe University, Theodor-Stern-Kai 7, 60590 Frankfurt/Mutations of the wt1 gene in AL have been found in about
M, Germany.15% and have been associated with a poor prognosis.27 A

The publication costs of this article were defrayed in part by page
possible relevance of wt1 for leukemogenesis or differentia- charge payment. This article must therefore be hereby marked
tion of immature hematopoietic precursors has been dis- ‘‘advertisement’’ in accordance with 18 U.S.C. section 1734 solely to
cussed. K562 cells downregulate wt1 mRNA expression dur- indicate this fact.
ing induced erythroid and megakaryocytic differentiation.28

q 1997 by The American Society of Hematology.
0006-4971/97/9003-0044$3.00/0The same phenomenon has been observed in differentiation-
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or for major aberrations by fluorescence in situ hybridization. In 77 15 containing the full-length wt1 cDNA (kindly provided by M.
Gessler, Würzburg, Germany)2 was subcloned into pBluescript KSAML patients, wt1 expression was monitored during follow-up. For

this purpose and to ascertain ongoing complete remission (CR), BM (Stratagene, Heidelberg, Germany) downstream of the T7 promotor
after Sac II/EcoRI (New England Biolabs, Schwalbach, Germany)was obtained at time of diagnosis, after each chemotherapy cycle,

and every 3 months afterwards. Mononuclear cells, including leuke- digestion. Subsequently, the subclone was digested with Rsr II and
Xcm I (New England Biolabs) to remove a 145-bp fragment, bluntedmic blasts, were separated by density gradient sedimentation using

Ficoll-Hypaque; the cells were washed twice with phosphate-buf- with T4 polymerase (Boehringer Mannheim, Mannheim, Germany),
and religated. PCR of the shortened clone yielded in a band of 706fered saline (PBS) and used for RNA extraction.

The treatment schedule for newly diagnosed AMLs consisted of bp compared with a band of 851 bp using wild-type wt1 as template,
allowing us to distinguish the products after amplification in theinduction and early consolidation courses with a combination of

cytosin-arabinoside (AraC), etoposide, and an anthracyclin (dauno- same PCR reaction.
To avoid quantitation errors arising from different reverse tran-rubicin or idarubicin). Patients °50 years of age received a late

consolidation therapy with a high-dose AraC regimen. Patients more scription efficiencies, competitor and sample were reverse tran-
scribed in the same tube. For this purpose, the shortened clone wasthan 50 years of age received an intermediate-dose to high-dose

AraC regimen. Informed consent according to the criteria of the in vitro transcribed using the T7 RNA transcription kit (Boehringer
Ingelheim, Ingelheim, Germany), digested with RNase-free DNaselocal ethical commission was required for participation. Patients in

first relapse were treated with intermediate-dose to high-dose AraC (Sigma, Deisenhofen, Germany), and phenol-chloroform extracted.
After photometrical quantitation of the transcribed RNA, which wasand etoposide as described.32

RNA isolation and polymerase chain reaction (PCR). Total repeated in three independent measurements to ensure validity, RNA
was diluted in a logarithmic scale.RNA was prepared according to the technique published by Chom-

czynski and Sacchi33 using the RNAzol B method (Biotex, Houston, The same amount of total sample RNA (0.5 mL) was now reverse
transcribed in five different reactions together with 1 mL containingTX), redissolved in diethylpyrocarbonat-treated water, and quanti-

tated photometrically and aliquots of 0.5 mg total RNA were reverse 0.04 ng/mL, 0.005 ng/mL, 0.001 ng/mL, 0.5 pg/mL, and 0.1 pg/mL
standard cRNA, respectively. The reverse transcription was per-transcribed as described.34 Briefly, RNA was incubated at 377C for

1 hour with a mixture of 200 U of Moloney murine leukemia virus formed according to the protocol described above with the only
difference consisting in the use of a wt1 mRNA 3*-region specificreverse transcriptase (MMLV-RT), 2 mg oligo-dT primer, 0.2 mL

100 mmol/L dNTP, 0.9 mL dithiothreitol, 100 mmol/L, 40 U RNase- primer (5*-TGTGCAAGGAGGTATGTACAT). PCR conditions
were the same as described above. PCR products were separated oninhibitor, and 6 mL 51MMLV-first strand buffer (250 mmol/L Tris-

HCl [pH 8.3], 375 mmol/L KCl, 15 mmol/L MgCl2) in a total a 1% agarose gel and blotted subsequently.
To determine the exact amount of wt1-specific mRNA, the decadicvolume of 30 mL. The reaction was stopped by heating to 997C for

5 minutes and the mixture was diluted to 50 mL with ddH2O. All logarithm of the quotient of volume of the probe and the standard
was plotted against the decadic logarithm of the amount of standardreagents were purchased from GIBCO/BRL (Berlin, Germany).

PCR was performed as previously described.35,36 The reaction RNA. Linear regression analysis was perfomed. At the point at which
the regression curve intercepted the X-axis and ratio equaled 1, themixture contained 3 mL of the above-mentioned cDNA dilution, 1

U Taq DNA polymerase (Promega, Madison, WI), 20 pmol of each amount of standard and of the sample were identical (Fig 2). The
quantitation in femtograms was calculated on the basis of 1 mg totalprimer, 10 nmol dNTP, 1.5 mmol/L MgCl2 , and 101 buffer (500

mmol/L KCl, 100 mmol/L Tris-HCl [pH 9.0], 1% Triton X-100) in RNA.
Southern blot analysis. Southern blots were performed to quanti-a total volume of 50 mL. Oligonucleotides specific for wt1 spanning

one intron to exclude DNA contamination were synthesized ac- tate PCR products as well as to ensure their integrity. Electropho-
resed PCR products were blotted on nylon membrane (GeneScreen;cording to published sequences (5*-primer, 5*-ATGAGGATCCCAT-

GGGCCAGCA; 3*-primer, 5*-CCTGGGACACTGAACGGTCCC- NEN, Boston, MA), as previously described.38 Gels were incubated
at room temperature for 15 minutes with 0.25 mol/L HCl, for 30CGA).4 Amplifications were performed with 35 cycles under the

following conditions. Before amplification, the samples were dena- minutes in 1.5 mol/L NaCl/0.5 mol/L NaOH, and finally for 15
minutes in 1.5 mol/L NaCl/0.25 mol/L NaOH and transferred ontured for 5 minutes at 947C and the enzyme was subsequently added.

The cycles were initiated by denaturing the DNA at 947C for 30 nylon membrane overnight by capillary blotting. After prehybridiza-
tion for 1 hour, hybridization was performed with an a-P32–labeledseconds, followed by an annealing reaction for 30 seconds at 647C

and extending at 727C for 45 seconds. After the last cycle, a final 593-bp DNA fragment that was derived from digestion of LK-15
(kindly provided by M. Gessler, Würzburg, Germany) with BamHIextension reaction at 727C for 7 minutes was performed.

The integrity and the amount of RNA for preparation of all cDNAs and Rsr II at 557C overnight in 1 mmol/L EDTA, 7% sodium dodecyl
sulfate (SDS), and 0.25 mol/L disodium phosphate, pH 7.2, usingwas analyzed by amplification of the b-actin gene as an internal

control (5*-primer, AGCAAGAGAGGCATCCTGACC; 3*-primer, 2 pmol/mL wt1-specific probe. Labeling was performed using the
Rediprime Kit (Amersham, Heidelberg, Germany). Subsequently,5*-CTTCATGATGGAGTTGAAGGTAG). Each PCR included a

negative control with ddH2O instead of cDNA, a positive control the membrane was washed twice in 21 SSC/1.0% SDS at room
temeperature for 5 minutes and then twice in 11 SSC/1.0% SDS atwith cDNA derived from the wt1 expressing HEL 92.1.7 cell line

(ATCC, Rockville, MD), and a control without RNA for contamina- 557C for 15 minutes. A final wash in 11 SSC was performed twice
for 5 minutes at room temperature. The blot was exposed on ation in the reverse transcription reaction.

Amplification products were separated by electrophoresis on an PhosphorImager SI (Molecular Dynamics, Sunnyvale, CA) and
quantitated using the Image-Quant software (Molecular Dynamics).1% agarose gel and visualized by ethidium bromide staining. The

ethidium bromide-stained and photographed amplification product Statistics. Overall survival was calculated from the beginning
of treatment until death, and the leukemia-free survival (LFS) waswas visually classified as not amplified (0), weakly amplified (/),

moderately amplified (//), or strongly amplified (///), as de- calculated from time of CR has been achieved until relapse. The
survival curves were estimated by the Kaplan-Meier method.39 Thescribed previously24 (Fig 1).

Competitive PCR. To establish a competitive PCR based on the log-rank test was used to assess the significance of differences in
survival.40 Fisher’s exact test was used to analyze contingency tablesmethod described by Becker-André and Hahlbrock,37 a competitor

template serving as an internal standard was designed. Plasmid LK- of response in association with wt1 mRNA expression. The Wil-
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WT1 MRNA EXPRESSION AND PROGNOSIS IN AML 1219

Fig 1. Amplified wt1-specific
mRNA and b-actin–specific
mRNA in AML blast cells (length
of PCR product: 857 bp [wt1] and
652 bp [b-actin]). Lane 1, marker
(100-bp ladder, Hind/EcoRI-di-
gested l DNA); lane 2, negative
control; lane 3, positive control
(cell line HEL 92.1.1); lanes 4 and
5, wt1-negative AML; lanes 6
and 7, wt1 low AMLs; lanes 8
and 9, wt1 intermediate AML;
lanes 10 and 11, wt1 high AMLs.
Amount of wt1-specific mRNA
was determined by quantitative
PCR: lanes 4 and 5, Ú0.0001 fg/
mg total RNA; lane 6, 0.023 fg/
mg; lane 7, 0.031 fg/mg; lane 8,
0.186 fg/mg; lane 9, 0.367 fg/mg;
lane 10, 19.037 fg/mg; lane 11,
9.484 fg/mg.

coxon-Mann-Whitney U-test and x2 test were used to calculate sig- 15 with antecedent myelodysplastic syndromes [MDS]) and
nificant differences of wt1 mRNA expression or remission rates 32 patients in first relapse were reverse transcribed to cDNA
between various groups. Additionally, Cox regression analysis of and amplified using wt1-specific oligonucleotides. The sensi-
prognostic factors was performed. tivity of the wt1-specific reverse transcription-PCR (RT-

RESULTS PCR) was found to be about 1 wt1 positive cell of 104 to
105 negative cells.24 The amplification of the b-actin geneExpression of wt1 in acute leukemias. Total mRNA from
was used as an internal control. To confirm the specificity129 patients with newly diagnosed AML (114 de novo and
of the PCR products, Southern blotting was performed. The
ethidium bromide stained and photographed PCR products
were visually classified into not amplified (0), weakly ampli-
fied (/), moderately amplified (//), and strongly amplified
(///), as described previously.24 This quantitation was con-
firmed by competitive PCR, as shown in Fig 2. Not amplified
PCR products were below the detection limit (õ0.001 fg
specific RNA of 1 mg total RNA), the (/) classified PCR
products corresponded to 0.09 fg ({0.11) RNA of 1 mg total
RNA, the (//) to 0.85 fg ({0.45), and the (///) to 8.92
fg ({7.8). The wt1-specific mRNA content was about 1 to
2 log10 higher in moderately and strongly amplified products
than in the others. Therefore, AMLs with no or weakly de-
tectable wt1 signals and those with moderate and strong
wt1 levels were summarized as one group each for survival
analyses.

Totally, wt1 mRNA expression was found in in 77% of
all 161 studied samples (Table 1). The frequency of wt1
expression between de novo AML and AML with antecedent
MDS did not differ. Only in patients in first relapse a slightly
higher incidence of wt1 mRNA (87.5% v 74.6%) was found
(Table 1). There was no relationship concerning the FAB
subtype of AML and wt1 expression except in M5 AMLs,
which expressed wt1 mRNA in only 40.0% of the patients
versus 79.8% in all other de novo AMLs (P Å .0025).

Fig 2. Quantitative PCR products using a competitor template
Additionally, the distribution of AMLs with different lev-serving as an internal standard run on a 2% agarose gel. Equal

els of wt1 expression was similar regarding the age and theamounts of sample RNA were reverse transcribed together with 0.04
ng (lane 1), 0.005 ng (lane 2), 0.001 ng (lane 3), 0.0005 ng (lane 4), FAB subtype, with the described exception of M5 AMLs
and 0.0001 ng (lane 5) of wt1 standard cRNA and amplified by PCR. and the age. However, the wt1 mRNA expression was asso-
PCR products were quantitated after Southern blotting, and the ciated with the phenotypical characteristics of blast cells.equivalence point of sample RNA (851 bp) and standard RNA (706

AMLs with a high proportion of CD34/ blasts or with abp) was determined by regression analysis as shown in the graph
above. lower proportion of CD33/ blasts were significantly associ-
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Table 1. wt1 Expression in AML According to FAB Subtype sion was 51% versus 29% in patients with high wt1 levels
and Age and in de novo AMLs less than 60 years of age the LFS

was 63% versus 33% (P Å .09). Cox regression analysiswt1/ Patients %

showed wt1 to be a prognostic factor independent from ageAML, total* 124/161 77.0
and cytogenetics.AML, de novo 85/114 74.6

wt1 expression in course of CR. In 77 patients we stud-AML, after MDS 11/15 73.3
ied the expression levels of wt1 mRNA during follow-up.AML, first relapse* 28/32 87.5

FAB subtype of de novo AML All patients who were previously wt1 mRNA positive at
M0 3/3 100.0 diagnosis became negative after achieving CR. To evaluate
M1 8/9 88.9 the relevance of wt1 mRNA expression for early detection
M2 29/39 74.4 of relapses, only those 50 patients with 3 or more follow-
M3 7/8 87.5 up analyses for wt1 mRNA were included. At diagnosis, 37
M4 28/36 77.8 of these patients showed detectable wt1 transcripts and 13
M5† 6/15 40.0

patients were negative. Up to now, 15 previously wt1-posi-M6 3/3 100.0
tive patients relapsed (Fig 5). The blasts of 14 of 15 patientsND 1/1
(93%) expressed wt1 again. On the other hand, 4 of 13Age õ60 yr 70/92 76.1
previously wt1-negative patients relapsed. Two patients re-Age ú60 yr 36/47 76.6
mained wt1 negative, but 2 patients converted to high levelsIn M5 AMLs the frequency of wt1 expression was significantly re-
of wt1 mRNA. The occurrence of wt1 transcripts in CRduced (P õ 0.0025). The weakly positive wt1 patients were grouped
indicated a following relapse up to 3 months before morpho-with the wt1-positive patients.
logically detectable relapse. To address the question ofAbbreviation: ND, not defined.

* Twenty-two patients included were investigated at the time of whether the detection of wt1 transcripts may be caused by
diagnosis and first relapse. enriched normal CD34/ precursor cells, the wt1 mRNA was

† P õ .0025. quantitated by competitive PCR. The data showed that the
wt1 mRNA is only transiently expressed in normal CD34/

cells during early phase of differentiation.30

The follow-up data in two representative cases were con-ated with no or low levels of wt1 mRNA (Table 2). Other
firmed by a competitive PCR assay as shown in Fig 6. Thesurface antigens, such as CD19, CD15, CD7, and CD11c,
specific mRNA transcripts corresponded very well to thedid not correlate with the wt1 mRNA expression (Table 2).

In regards to the cytogenetic analyses, there was no major
difference in the frequency of wt1 expression concerning

Table 2. Expression Levels of wt1 mRNA in Relation to Responsefavorable or unfavorable cytogenetic aberrations (Table 2).
to Therapy, Phenotype, and Karyotype of the AMLs

wt1 expression and outcome. To evaluate a possible
Wt1 Expression Total 0// ////// P Valueprognostic relevance of wt1 mRNA expression, we corre-

CRall 91/139 (65) 49/71 (69) 42/68 (62) NSlated the wt1 expression at time of diagnosis with the re-
CRde novo 76/114 (67) 42/59 (71) 34/55 (62) NSsponse to therapy, disease-free survival, and overall survival.
CD34 ú37% 65 40 (62) 25 (38)There was no statistically significant association between the
CD34 õ37% 58 48 (48) 38 (52) .036detection of wt1 gene transcripts before treatment and the
CD15 ú38% 62 35 (56) 27 (44)achievement of CRs, but a tendency towards higher CR rates
CD15 õ38% 64 29 (45) 35 (55) NSin low wt1 mRNA expressing AMLs with a CR rate of 73%
CD33 ú92% 62 24 (39) 38 (61)

in wt1 negative, 66% in wt1 weakly positive, and 62% in CD33 õ92% 69 44 (64) 25 (36) .005
wt1 strongly positive patients (Table 2). CD11c ú35% 62 28 (45) 34 (55)

The probability of 1- and 3-year survival was 48% and CD11c õ35% 63 36 (57) 27 (43) NS
24% for all newly diagnosed AMLs, respectively, with a CD19 ú25% 59 28 (47) 31 (53)

CD19 õ25% 60 30 (50) 30 (50) NSmedian follow-up of 27.5 months. However, the probability
CD7 ú19% 65 34 (52) 31 (48)of 3-year overall survival was 38% in the patient group
CD7 õ19% 64 30 (47) 34 (53) NSexpressing low levels of wt1 mRNA versus 13% in the group
Favorablewith strong wt1 signals (P Å .038; Fig 3). In patients less

karyotype* 10 5 (50) 5 (50)than 60 years of age, low wt1 expression levels corresponded
Normal karyotype 27 14 (52) 13 (48)to a 59% overall survival versus 21% in the group expressing
Unfavorable

high levels of wt1 (P Å .046). Analyzing only the de novo karyotype† 22 16 (73) 6 (27) NS
AMLs, the discrimination of prognostic groups seemed even

The cut-off for the expression of surface antigens on blast cellsmore distinctive, with a probability of 3-year survival of
was calculated by the median of all measured percentages. The total43% versus 12% (P Å .014) and 64% versus 19% in patients
number of patients varies due to differences in available immunophe-

less than 60 years of age (P Å .018; Fig 4). notyping. Values are the number of patients with percentages in pa-
The LFS depended on the level of wt1 expression, too, rentheses.

but, due to limited patient numbers, the difference was not Abbreviation: NS, not significant.
yet significant. The probability of 3-year LFS for all newly * inv(16), t(8/21), t(15/17).

† Chromosomal aberrations other than those listed above.diagnosed AML patients with no or low wt1 mRNA expres-
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WT1 MRNA EXPRESSION AND PROGNOSIS IN AML 1221

Fig 3. Probability of overall sur-
vival in all newly diagnosed AML pa-
tients (A) and those less than 60 years
of age (B) according to Kaplan-Meier
calculation in relation to wt1 mRNA
(no or weak v intermediate or strong)
expression at time of diagnosis. Both
de novo AMLs and AMLs with ante-
cedent MDS were included. Patients
undergoing allogeneic bone marrow
transplantation (BMT) were censored
at the time of BMT.

detected by immunofluorescence techniques in about 60%intensity of the PCR product. The results calculated by evalu-
of acute leukemias.25 In normal bone marrow, wt1 transcriptsation of our competitive PCR assay corresponded well to
were not detectable by our RT-PCR assay. Using a morethe visual classification of the ethidium bromide-stained PCR
sensitive PCR approach and subsequent Southern blotting,products.
wt1 transcripts could be detected in normal bone marrow,
too. In this context, we showed that normal CD34/ cellsDISCUSSION
expressed wt1 transiently during early hematopoietic differ-

The Wilms’ tumor gene (wt1) has been shown to be ex- entiation.26,30 These data, the observation of wt1 mRNA down-
pressed in the majority of patients with AML, acute lympho- regulation during differentiation in leukemic cell lines, and
blastic leukemia (ALL), and blast crisis of CML.22-26 The the induction of differentiation by blocking wt1 transcription

via antisense suggest that wt1 is indeed involved in the dif-wt1 translated gene product is a nuclear protein and has been
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Fig 4. Probability of overall sur-
vival of all de novo AML patients (A)
and those less than 60 years of age (B)
according to Kaplan-Meier calculation
in relation to wt1 mRNA (no or weak
v intermediate or strong) expression
at the time of diagnosis. Patients un-
dergoing allogeneic BMT were cen-
sored at the time of BMT.

ferentiation of hematopoetic precursor cells and possibly in mias and with the downregulation of wt1 during differentia-
tion in vitro described above. There was a slightly higherleukemogenesis.28-30,41

The present study showing that in 124 of 161 (77%) incidence of wt1 mRNA in relapsed patients, but no differ-
ence regarding age and or de novo AMLs or AMLs withsamples of patients with AML at diagnosis mRNA for wt1

was detected by PCR confirms the recently published data antecedent MDS. However, high levels of wt1 transcripts
are associated with a lower expression of CD34 and higherof wt1 expression in AML; however, different frequencies

published may result from different detection methods.22,24,26 expression of CD33 on blast cells. This observation seems
to be in contrast to the data in normal hematopoietic differ-Interestingly, in M5 FAB leukemias, wt1 transcripts were

significantly less frequent than in the other subtypes (40% entiation, which suggest that the downregulation of wt1 is
associated with the upregulation of CD33 on CD34/ precur-v 79%, P Å .0025). This is in accordance with the data of

Miwa et al22 suggesting a loss of wt1 in more mature leuke- sor cells.29 Therefore, the persistence of wt1 in CD33/
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WT1 MRNA EXPRESSION AND PROGNOSIS IN AML 1223

Fig 5. Follow-up of RT-PCR
products for wt1 in 19 patients
who relapsed after achieving
clinical CR. Fourteen of 15 pa-
tients initially wt1 positive reex-
pressed wt1 mRNA in relapse
and 2 of 4 patients initially wt1
negative became wt1 positive in
relapse. Patients SK and AZ re-
lapsed and achieved a second CR
by reinduction therapy.

AMLs may indicate a possible role of this gene in leukemo- logical relevance of wt1 may be the data of Yamagami et
al,41 who showed that leukemic growth was inhibited in vitrogenesis.

In accordance with the data of Inoue et al,42 patients with by reduction of Wt1 protein production via wt1 antisense,
demonstrating an association between high wt1 levels andhigh wt1 levels had lower CR rates than those with low or

not detectable wt1 transcripts. Regarding the relevance of leukemic growth. Another explanation is given by possible
interactions of wt1 with the bcl-2 gene and its involvementwt1 for survival, the data show that initially high expression

of wt1 mRNA is significantly associated with a worse long- in the inhibition of apoptosis induced by cytostatic
agents.43,44 Here, preliminary data show that wt1 mRNA ex-term outcome concerning overall survival and LFS. This

difference is more distinct in patients less than 60 years of pression is also associated with bcl-2 mRNA expression in
AML resulting in a highly significant prognostic score forage than in older patients, suggesting age to be an indepen-

dent factor for long-term outcome. Similar data concerning AML patients.44

In AMLs, some chromosomal aberrations have been de-the long-term outcome have been described by Inoue et al42

for a common analysis of AMLs and ALLs. The reason for scribed to be associated with prognosis. The most common
abnormalities are a gain of chromosome 8 and a loss ofassociation of high wt1 expression with a worse long-term

outcome remains speculative. One hint for the pathophysio- chromosome 7 accounting for approximately 20% found in

Fig 6. RT-PCR products of wt1 during follow-up
of a patient with AML achieving CR and who re-
lapsed 14 months later. The PCR products were addi-
tionally quantitated by a competitive PCR. Marker,
HindIII/EcoRI-digested l DNA; lane 1, negative con-
trol; lane 2, positive control; lane 3, de novo AML
at diagnosis (19.0371 fg wt1-specific mRNA/mg total
RNA); lanes 4 through 7, AML in CR (wt1 mRNA
Ú0.0001 fg/mg); lane 8, AML in clinical and morpho-
logical CR but positive PCR (quantitation due to lim-
ited amount of RNA not done); and lane 9, clinical
and morphological relapse of AML (9.484 fg/mg).
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Isolation and characterization of a zinc finger polypeptide gene atAML, whereas other aberrations are rare and most patients
the human chromosome 11 Wilms’ tumor locus. Cell 60:509, 1990impose with a normal karyotype. An important problem for

2. Gessler M, Poustka A, Cavenee W, Neve RL, Orkin SH, Brunsthe success of chemotherapy and autologous stem cell trans-
GAP: Homozygous deletion in Wilms’ tumors of a zinc-finger geneplantation is the detection of minimal residual disease
identified by chromosome jumping. Nature 343:774, 1990(MRD). Here, the various chromosomal aberrations may be

3. Reddy JC, Licht JD: The Wilms’ tumor suppressor gene: How
used for detection of MRD on an individual basis, but they much do we really know? Biochem Biophys Acta 1287:1, 1996
cannot generally be used as a common marker for AMLs 4. Brenner B, Wildhardt G, Schneider S, Royer-Pokora B: RNA
because each of these various genetic markers occur only in polymerase chain reaction detects different levels of four alterna-
a small proportion of AMLs.45 In contrast, wt1 is expressed tively spliced wt-1 transcripts in Wilms’ tumors. Oncogene 7:1431,
in about 75% to 80% of all AMLs. 1992

5. Haber DA, Sohn RL, Buckler AJ, Pelletier J, Call KM, Hous-Therefore, wt1 expression may be useful for early predic-
man DE: Alternative splicing and genomic structure of the Wilms’tion of relapse. The sensitivity of dectection of wt1 mRNA
tumor gene wt-1. Proc Natl Acad Sci USA 88:9618, 1991by PCR was 1 of 104 to 105 cells. Subsequent analyses of

6. Drummond IA, Madden SL, Rohwer-Nutter P, Bell GI, Su-wt1 transcripts during follow-up indicate that wt1 mRNA
khatme VP, Rauscher FJ 3rd: Repression of the insulin-like growthanalysis may be useful as a marker for MRD.42,46 On the
factor II gene by the Wilms’ tumor suppressor wt-1. Sciencebasis of 50 patients with at least 3 follow-ups, we demon-
257:674, 1992

strated that all patients achieving CR became negative for
7. Gashler AL, Bonthron DT, Madden SL, Rauscher FJ III, Col-

wt1 latest after regeneration after the first consolidation che- lins T, Sukhatme VP: Human platelet-derived growth factor A chain
motherapy, whereas persistance of wt1 indicated treatment is transcriptionally repressed by the Wilms tumor suppressor WT1.
failure.42,46 Additionally, reoccurrence of wt1 in CR patients Proc Natl Acad Sci USA 89:10984, 1992
predicted a clinical relapse after a few weeks to up to 3 8. Harrington MA, Konicek B, Song A, Xia X, Fredericks WJ,
months later. Rauscher F III: Inhibition of colony-stimulating factor-1 promotor

activity by the product of the Wilms’ tumor locus. J Biol ChemIn a few patients, wt1 reappeared intermittently with very
268:21271, 1993low or even borderline levels of wt1 mRNA. The signifi-

9. Dey BR, Sukhatme VP, Roberts AB, Sporn MB, Rauscher FJ,cance of these observations for long-term remission is not yet
Kim SJ: Repression of the transforming growth factor- beta 1 genedefined. Intermittent reappearance of low wt1 levels possibly
by the Wilms’ tumor suppressor WT1 gene product. Mol Endocrinolindicates minimal residual blasts populations controlled by
8:595, 1994

autologous antileukemic effects.32,47

10. Rupprecht HD, Drummond IA, Madden SL, Rauscher FJ,
However, the relevance of wt1 mRNA expression for Sukhatme VP: The Wilms’ tumor suppressor gene WT1 is negatively

monitoring of MRD has still to be evaluated. But recently, autoregulated. J Biol Chem 269:6198, 1994
Inoue et al48 confirmed the prognostic relevance of wt1 11. Wang ZY, Qiu QQ, Deuel TF: The Wilms’ tumor gene prod-
mRNA monitoring in bone marrow or peripheral blood for uct wt-1 activates or suppresses transcription through separate func-
long-term follow-up and prediction of relapse. However, the tional domains. J Biol Chem 268:9172, 1993

12. Madden SL, Cook DM, Morris JF, Gashler A, Sukhatme VP,question of possible wt1 expression in normal hematopoietic
Rauscher FJ III: Transcriptional repression mediated by the WT-1precursor cells has to be addressed, as we and others30,46,49

Wilms’ tumor gene product. Science 253:1550, 1991found that normal CD34/ precursor cells express wt1
13. Joseph LJ, Le Beau MM, Jamieson GA, Acharya S, ShowsmRNA, too. Thus, the relevance for detecting MRD may be

TB, Rowley JD, Sukhatme VP: Molecular cloning, sequencing, andquestionable, especially for low wt1 expressing AMLs. On
mapping of EGR2, a human early growth response gene encodingthe other side, Inoue et al42 found significantly lower levels
a protein with ‘zinc-binding finger’ structure. Proc Natl Acad Sci

of wt1 transcripts by a semiquantitive PCR in normal bone
USA 85:7164, 1988

marrow than in acute leukemias. Additionally, all CR pa- 14. Pritchard-Jones K, Fleming S, Davidson D, Bickmore W,
tients with reoccurrence of wt1 mRNA during follow-up Porteous D, Gosden C, Bard J, Buckler A, Pelletier J, Housman D,
relapsed. Heyningen W, Hastie N: The candidate Wilms’ tumor gene is in-

In conclusion, the reported data strongly suggest a clinical volved in genitourinary development. Nature 346:194, 1990
relevance of wt1 mRNA expression for the long-term out- 15. Rackley R, Flenniken A, Kuryan N, Kessler P, Stoler M,

Williams G: Expression of the Wilms’ tumor suppressor gene wt1come in AMLs. Analysis of wt1 expression accompanying
during mouse embryogenesis. Cell Growth Differ 4:1023, 1993routine bone marrow aspirations may be useful to predict

16. Kreidberg J, Sariola H, Loring J, Maeda M, Pelletier J, Hous-prognosis besides cytogenetic findings and to define the qual-
man D, Jaenisch R: WT1 is required for early kidney development.ity of remission and early prediction of relapse of the disease.
Cell 74:679, 1993Whether wt1 may be a useful marker for detection of MRD

17. Haber DA, Buckler AJ: Wt1: A novel tumor suppressor geneas well as its potential role in the pathogenesis of acute
inactivated in Wilms’ tumor. New Biol 4:97, 1992leukemias has to be elucidated by further trials.

18. Brown KW, Watson JE, Poirier V, Mott MG, Berry PJ, Mait-
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