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Abstract WT1 is a transcription factor involved in
differentiation and proliferation of acute myeloid leukemia
(AML) blasts and is expressed in 90% of cases, as
determined by nested reverse transcription polymerase
chain reaction (RT-PCR). It is proposed to be a key
molecule in leukemia promotion. To assess the relevance
of WT1 expression, we analyzed blood and bone marrow
samples from 58 AML patients (37 at diagnosis, 8 in
hematological remission, and 13 at relapse) for the level of
WT1 expression, using quantitative real-time RT-PCR. In
addition, 21 randomly chosen samples were also analyzed
for the quantitative expression of the main WT1 splice
variants. As expected, samples from patients at the time of
diagnosis or relapse showed significantly higher WT1
expression compared to samples from patients in remis-
sion or control samples. No striking difference in expres-
sion levels was found between various French-American-
British (FAB) subtypes. The level of WT1 expression
observed in patients at the time of initial diagnosis was
similarly high in patients at relapse. Expression of the four
main isoforms (E5+/KTS+, E5−/KTS+, E5+/KTS−, and
E5−/KTS−) was found in all samples with significantly
higher expression levels of the E5+ variants. Together,
these findings support the potential of WT1 as a target for
novel treatment approaches in AML.
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Introduction

Acute myeloid leukemia (AML) is characterized by a
variety of complex molecular genetic abnormalities of
partly still unresolved significance for gene expression and
regulation. One common feature, however, is a strong
overexpression of the Wilms’ tumor protein 1 (WT1),
which can be found in up to 90% of AML cases [8, 15,
17].

WT1 is an embryonic zinc finger transcription factor,
which was originally identified for its involvement as a
tumor suppressor gene in the pathogenesis of Wilms’
tumors [5]. In addition to acute leukemias, WT1 is
expressed in a variety of other malignant tumors, including
malignant mesothelioma, lung, breast, and renal cell
cancer [13, 27]. WT1 has therefore been suggested to
play a role as an oncogene, although its functional
significance within the leukemogenesis process still
remains to be elucidated.

The WT1 gene, which is located on the short arm of
chromosome 11, consists of ten exons, encoding a
complex pattern of at least 24 protein isoforms, which
exhibit different DNA-binding specificities [25]. Mainly
four distinct mRNA transcripts are expressed, reflecting
the presence or absence of exon 5 (E5) and the KTS−
region. In human 20-week-old kidney the relative ratio of
the four splice variants KTS−/E5−, KTS−/E5+, KTS+/
E5−, and KTS+/E5+ is 1:2.5:3.8:8.3 [6]. WT1 plays a
pivotal role in the development of the urogenital tract
during embryogenesis [11, 23]. In adults it is expressed at
very low levels in kidney, ovary, testis, spleen, and normal
hematopoietic progenitor cells [8].

Since WT1 is considered a therapeutic target, it is
important to know its expression level and its splice
variant composition in various AML subtypes and during
the course of the disease. In our study we determined the
splice variant composition and compared the expression
levels of WT1 in AML blasts of different French-
American-British (FAB) subtypes at the time of diagnosis
and at the time of relapse.
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Materials and methods

Blood and bone marrow samples

Fifty-eight blood (n=20) or bone marrow samples (n=38)
from 37 AML patients at diagnosis, 8 patients in
hematological remission, and 13 patients at relapse were
analyzed. The median age of the patients was 62 (27–86)
years; there were 45 patients with de novo AML and 13
patients with secondary AML. There were 48 fresh
samples; 10 samples were cryopreserved on liquid nitro-
gen. Patients were classified according to the FAB
classification. The proportion of blasts in the samples
was determined by microscopy or automated cell counter.

Bone marrow samples of patients who underwent hip
replacement surgery (n=5) or were diagnosed with
nonmalignant disorders (n=8) served as controls.

Mononuclear cells (MNC) were fractionated by Ficoll-
Isopaque density gradient centrifugation (Pharmacia,
Erlangen, Germany). MNCs from leukemia patients at
the time of diagnosis or relapse were predominantly
(>60%) blast cells.

To assess WT1 expression levels in peripheral blood
stem cell (PBSC) preparations, we further analyzed
unpurged PBSC from healthy stem cell donors (n=10),
as well as purged PBSC from lymphoma patients (n=3).
All PBSC were harvested by leukapheresis after stimula-
tion of healthy donors with granulocyte colony-stimulat-
ing factor (G-CSF) (2×5 μg/kg s.c. per day; day −5 until
leukapheresis) or after mobilization chemotherapy and
subsequent stimulation with G-CSF (2×5 μg/kg s.c. per
day; from day 6 after start of chemotherapy until
leukapheresis) of the lymphoma patients. Purged PBSC
were prepared using immunomagnetic beads coupled with
CD34+ antibodies (CliniMACS, Miltenyi Biotec, Ber-
gisch Gladbach, Germany). PBSC samples were only used
for analysis if they contained at least 1×106 CD34+
hematopoietic progenitor cells and their proportion in

purged PBSC was at least 90%. Informed consent was
obtained from all patients and healthy donors.

RNA extraction and reverse transcription (RT)

Total RNA was isolated using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) as described by the supplier.
RNA integrity was checked electrophoretically and
quantified spectrophotometrically.

Reverse transcription was carried out on 2 μg total RNA
diluted in a 22.5-μl mixture containing 2 μl oligo p(dT)15
primer (0.8 μg/μl), 1 μl dNTP (25 mM), 1 μl RNasIN (40
U/μl), 1 μl Omniscript reverse transcriptase (4 U/μl), 2 μl
RT buffer (×10), and 15.5 μl H2O. After incubation at
37°C for 1 h, the reverse transcriptase was inactivated for
5 min at 95°C and cDNA was stored at −20°C or
immediately used for real-time polymerase chain reaction
(PCR). All reagents, except oligo p(dT)15 primers and
RNasIN (Roche Diagnostics, Mannheim, Germany), were
purchased from Qiagen (Hilden, Germany).

Quantification of WT1 expression

Quantification of WT1 mRNA was performed on a
LightCycler system (Roche Diagnostics, Mannheim,
Germany). To compensate for variations of pre-PCR
steps in all samples the housekeeping gene porphobilino-
gen deaminase (PBGD) mRNAwas also quantified. Then,
2 µl of each cDNAwas diluted to a volume of 18 μl PCR
mix (LightCycler Faststart DNA Master Hybridization
Probes Kit, Roche Diagnostics, Mannheim, Germany),
containing 0.5 pmol of each primer and 0.2 pmol each of
two marker cDNA-specific oligonucleotide probes with
either a donor fluorophore at its 3′-end (fluorescein) or an
acceptor fluorophore (LC Red 640) at the 5′-end. The LC
Red 640-labeled probes were also dephosphorylated at the

Table 1 Primer/LightCycler/
TaqMan probe sequences and
amplicon length for the real-
time RT-PCR of WT1, E5+,
KTS+ and the housekeeping
gene PBGD. LC LightCycler, P
dephosphorylated, X fluores-
cein, Y LC Red 640

Target Primer sequence Amplicon

WT1 LightCycler Forward 5′-GGGTTACAGCACGGTCACCT 218 bp
Reverse 5′-GCGTCCTCAGCAGCAAAG
Probes 5′-CAGCAGTACTCGGTGCCGCCCCC X

5′-Y TCTATGGCTGCCACACCCCCACCG P
PBDG LightCycler Forward 5′-TGCAGGCTACCATCCATGTCCCTGC 187 bp

Reverse 5′-AGCTGCCGTGCAACATCCAGGATGG
Probes 5′-CGTGGAATGTTACGAGCAGTGATGCCTACC X

5′-Y TGTGGGTCATCCTCAGGGCCATCTTC P
WT1 TaqMan Forward 5′-CGCTATTCGCAATCAGGGTTAC 120 bp

Reverse 5′-ATGGGATCCTCATGCTTGAATG
Probe 5′-FAM-CGGTCACCTTCGACGGGACGC-TAMRA P

E5+ TaqMan Forward 5′-TGGACAGAAGGGCAGAGCA 64 bp
Reverse 5′-GGATGGGCGTTGTGTGGT
Probe 5′-FAM-CCACAGCACAGGGTACGAGAGCGA XT P

KTS+ TaqMan Forward 5′-GCTCAAAAGACACCAAAGGAGAC 140 bp
Reverse 5′-AGCTGAAGGGCTTTTCACTTGTTT
Probe 5′-FAM-TTCTCCCGGTCCGACCACCTGAA XT P
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3′-end to avoid probe extension. Specific primers and
probes were carefully designed using the LC probe design
software (Roche Diagnostics, Mannheim, Germany).
Primers and optimal probe sequences purchased from
Metabion (Munich, Germany) are listed in Table 1. PCR
conditions and target-specific final MgCl2 concentrations
are listed in Table 2. For each target an initial denaturation
cycle at 95°C for 10 min and a final extension cycle at
72°C for 2 min and at 40°C for 1 min was performed.
Specificity of the PCR products was confirmed electro-
phoretically.

TOPO 2.1 (Invitrogen, Groningen, Netherlands) recom-
binant vectors, carrying either WT1 or PBGD amplicon-
specific sequences were serially diluted in water contain-
ing 0.4 μg/μl polyadenylic acid (Pharmacia Biotech,
Freiburg, Germany). All samples were tested in duplicate
using the average value of both duplicates for quantifica-
tion. The amount of recombinant TOPO 2.1 marker
plasmid equivalents was calculated by the LightCycler
Software using these standard curves. The relative amount
of WT1 transcript is expressed as ratio of TOPO 2.1-WT1
(pg/μl): TOPO 2.1-PBGD (pg/μl).

Quantification of WT1 splice variants

Real-time quantitative RT-PCR for WT1 splice variants
was performed on an Applied Biosystems GeneAmp 5700
Sequence Detection System using TaqMan technology:
5 μl of cDNAwas diluted to a final PCR volume of 25 μl,
containing 12.5 μl Universal Mastermix (Applied Biosys-
tems, Foster City, Calif., USA), 2.5 μl of each primer
(final concentration 200 nM), and 2.5 μl of the TaqMan
probe (final concentration 100 nM). Primers and TaqMan
probes were designed using Primer Express software
(Applied Biosystems, Foster City, Calif., USA) and
purchased from TIB Molbiol (Berlin, Germany). The
sequences are listed in Table 1. PCR conditions are given

in Table 2. Prior to cycling there was an initial step at 95°C
for 1 min and 50°C for 2 min. Three reactions were
performed independently on each sample using a different
Mastermix and a different PCR cycling. A dilution series
of full length WT1 mRNA amplified in pcDNA3.1(+)
(Invitrogene, Karlsruhe, Germany) with an insert of the
WT1 gene was used as reference for the expression of
either total WT1 or E5+ and KTS+. The number of total
WT1, E5+, or KTS+ copies in the dilution series and
samples were calculated using GeneAmp 5700 SDS
software. As internal standard GAPDH cDNA was
measured analogous to WT1 using the TaqMan GAPDH
control reagents (Applied Biosystems, Foster City, Calif.,
USA) as described by the supplier. Comparison of total
WT1 expression determined by RT-PCR in the Light-
Cycler system with PBGD as housekeeping gene and by
RT-PCR in the TaqMan system with GAPDH as house-
keeping gene showed a good correlation of the results
(r=0.77, p=0.001, Pearson correlation; data not shown).

The ratios of E5+ or KTS+ variants were calculated by
dividing the copy counts of E5 or KTS by the copy counts
of total WT1, the ratio of E5− or KTS− variants by
subtraction of the ratio of E5+ or KTS+ from 1. As the
splicing of E5 and KTS should be independent from each
other, it can be assumed that the proportions of E5+, E5−,
KTS+, or KTS− variants are similar in all four different
splice variants. With this assumption the ratios of the four
main splice variants can be calculated by multiplication of
the ratios of the E5+, E5−, KTS+, or KTS− variants with
each other. The expression of the four main splice variants
was therefore calculated by multiplication of the ratios of
E5+ with KTS+ (+/+ variant), E5− with KTS+ (−/+
variant), E5+ with KTS− (+/− variant), or E5− with KTS−
(−/− variant). The results are given as ratio of total WT1
expression.

To reduce the risk of contamination, thermocycling and
post-PCR steps were performed in separate laboratories.
PCR mixtures were set up in a template tamer (Oncor
Appligene, Heidelberg, Germany). Negative controls were
performed for all RT-PCR steps according to European
Organization of Research and Treatment of Cancer
(EORTC) recommendations, including a reverse transcrip-
tase negative control for every sample [9].

Statistical analysis

Statistical significance was tested by the Mann–Whitney U
test when comparing two different groups or by the
Kruskal–Wallis H test when comparing more than two
different groups. Tests were performed using WinSTAT
Version 2001.1 software.

Results

As shown in Fig. 1, 46 of 50 (92%) AML patients tested at
diagnosis or relapse had blast cells expressing WT1
mRNA at a considerable level. The median amount was

Table 2 PCR conditions and specific MgCl2 concentrations for the
amplification of WT1, E5+, KTS+, and the housekeeping gene
PBGD

PCR conditions

Target MgCl2 (mmol/
l)

Cycles Temperature
(°C)

Time
(s)

WT1 (LightCy-
cler)

2 55 95 0
65 12
72 10

PBGD (LightCy-
cler)

4 45 95 0
65 12
72 10

WT1 (TaqMan) 2.5 40 95 15
60 60

E5+ (TaqMan) 2.5 40 95 15
60 60

KTS+ (TaqMan) 2.5 40 95 15
60 60
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0.017 pg WT1 per pg PBDG (range: 0.00005–7.20; 25
percentile: 0.004, 75 percentile: 0.09). No significant
difference was found between samples from patients at
diagnosis and patients at relapse (p=0.79, U test).
Compared to control bone marrow/PBSC samples, how-
ever, patients at diagnosis or relapse of AML had a
significantly higher expression of WT1 (Fig. 1; p<0.001,
U test). The difference between control bone marrow and
PBSC samples was not significant (p=0.12, U test).

Median and variation within FAB subtypes for WT1
expression in patients at diagnosis or relapse did not differ
(p=0.69, H test). The median amount of WT1 in AML M0
(n=4) was 0.004 pg per pg PBDG, in AML M1 (n=6)
0.01 pg per pg PBDG, in AMLM2 (n=18) 0.001 pg per pg
PBDG, in AML M4 (n=12) 0.01 pg per pg PBDG, and in
AML M5 (n=9) 0.02 pg per pg PBDG; the one patient
with AML M6 had a WT1 expression of 0.008 pg per pg
PBGD (Fig. 2).

Samples from patients in remission [median: 0.009
(range: 0.00002–0.051; 25 percentile: 0.00006, 75 per-

centile: 0.01) pg WT1 per pg PBDG] had a significantly
higher WT1 expression compared to control bone marrow/
PBSC samples (Fig. 3; p=0.02, U test). Compared to
samples from patients at diagnosis or relapse of AML, the
median WT1 expression in samples from patients at
remission was significantly lower (Fig. 3; p=0.008, U test)
with some, however, reaching similarly high WT1
expression levels as patients at diagnosis or relapse.

The 21 patients analyzed for WT1 splice variants
expressed the E5 as well as the KTS region. The median
copy count of total WT1 was 809 (range: 77–3125; 25
percentile: 232, 75 percentile: 1641) copies per 105 copies
GAPDH; the median copy count of E5+ was 499 (range:
10–2987; 25 percentile: 171, 75 percentile: 1117) and of
KTS+ 358 (range: 15–1,729; 25 percentile: 358, 75
percentile: 690) copies per 105 copies GAPDH. The
median ratio of E5+/total WT1 expression was 65%
(range: 8–100; 25 percentile: 60, 75 percentile: 85), of
KTS+/total WT1 expression 48% (range: 6–100; 25
percentile: 31, 75 percentile: 57), of E5−/total WT1
expression 35% (range: 0–92; 25 percentile: 15, 75
percentile: 40), and of KTS−/totalWT1 expression 52%
(range: 0–94; 25 percentile: 43, 75 percentile: 69). The
calculation of the four splice variants showed a signifi-
cantly higher proportion of the E5+ variants (p<0.0001, H
test) with 34% (range: 1–82; 25 percentile: 23, 75
percentile: 39) of E5+/KTS+, 14% (range: 0–25; 25
percentile: 5, 75 percentile: 22) E5−/KTS+, 35% (range:
0–69; 25 percentile: 25, 75 percentile: 48) E5+/KTS−, and
17% (range: 0–79; 25 percentile: 7, 75 percentile: 25)
E5−/KTS− (Fig. 4).

Discussion

Expression of WT1 and its role in AML has been
intensively investigated in recent years [16]. Most
investigators report that WT1 is expressed in up to 90%

Fig. 1 WT1 mRNA levels in AML samples from patients at
diagnosis or relapse as well as in control bone marrow samples and
PBSC samples. Only positive PCR results are shown. The difference
between AML samples at diagnosis/relapse and control bone
marrow/PBSC samples is significant (p<0.001, U test). The
differences between patients at diagnosis and relapse and between
control bone marrow samples and PBSC samples are not significant
(solid bar median, BM bone marrow)

Fig. 3 WT1 mRNA levels in AML samples from patients at
diagnosis/relapse, at hematological remission as well as in control
bone marrow/PBSC samples. Only positive PCR results are shown.
Samples from patients at hematological remission have a signifi-
cantly lower WT1 mRNA level than samples from patients at
diagnosis/relapse (p=0.008, U test) and a significantly higher WT1
mRNA level than control bone marrow/PBSC samples (p=0.02, U
test; solid bar median, BM bone marrow)

Fig. 2 Quantitative WT1 expression in AML patients at diagnosis
or relapse depending on the FAB subtype. Only positive PCR results
are shown. There is no significant difference of WT1 expression
between these FAB subtypes (p=0.69, H test; solid bar median)
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of the patients with active disease as determined by
qualitative RT-PCR [8, 15, 17], whereas WT1 expression
in patients in hematological remission is rather rare [3, 26].
In correlation with these reports, we found substantial
WT1 expression in more than 90% of patients with active
disease. Importantly we observed similarly high WT1
expression levels at diagnosis or at relapse.

When we compared different FAB subtypes according
to their quantitative WT1 expression, we found no
statistically significant difference. This is in contrast to
earlier studies with semiquantitative techniques which
suggested an inverse correlation of WT1 expression and
differentiation in leukemic cells [1, 4, 17, 18], but
correlates with a recent study of Kreuzer et al., who also
demonstrated that WT1 expression levels are similar
across all FAB subtypes using real-time RT-PCR [12].

Several previous reports suggested that WT1 levels rise
some months prior to hematological relapse and that WT1
levels correlate well with the levels of other MRD markers
including CBFβ-MYH11 or AML1-ETO [2, 19]. In
accordance with these studies, in our series some patients
in remission had significantly higher WT1 levels than
control bone marrow/PBSC samples, reaching similarly
high WT1 expression levels as patients at diagnosis or
relapse. Although the number of patients was too small for
statistical analysis, these findings support designing
proposals for WT1-targeted therapies. WT1 expression
levels are not only similar at diagnosis and relapse,
moreover quantification of WT1 might also help to
identify those patients who might profit from a WT1-
targeted therapy, but did not yet have a hematological
relapse.

It has not yet been fully clarified whether there is a
leukemia-specific expression of WT1 splice variants. To
investigate the possibility of an imbalance in expression of
splice variants, we assessed in AML the relative expres-
sion level of E5 and KTS, the contributors of the four main
splice variants. We found an expression of all four splice
variants (E5+/KTS+, E5−/KTS+, E5+/KTS−, and E5−/
KTS−) with a significantly higher level of the E5+

variants. This correlates with results from Renshaw et al.
who found—by using a semiquantitative optical method—
a relative excess of exon 5-containing transcripts in
leukemia cell lines and primary tumor material as well
as in normal cells of the hematopoietic system [24]. A
dominance of the unspliced variant (E5+/KTS+) was also
found in WT1-expressing CD34+ CD38+ bone marrow
single cells [7]. Moreover, an abundance of E5+ variants
was also observed in de novo lung and head and neck
squamous cell carcinomas [20, 21] and human embryonal
kidney [6]. Our data therefore might indicate that the WT1
gene remains unchanged throughout the leukemogenic
process and that relevant mutations rarely occur as already
described previously [10].

Taken together, most AML blasts express WT1 and its
major splice variants at considerable magnitude, and we
do not have evidence for a loss of this molecule in
leukemia relapse. Thus, there is no apparent selection for
the regrowth of WT1-negative leukemia clones. This
observation has important implications for WT1 as a
therapeutic target, including recently activated peptide
vaccination trials [14, 22, 28].
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