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Abstract

Introduction: WTT overexpression is described in several oncological diseases including acute myeloid leu-
kemia (AML). Quantification of WTT in bone marrow samples may be useful as a marker of minimal resid-
ual disease (MRD) and may predict the relapse of AML after allogeneic hematopoietic stem cell transplant
(HSCT). Methods and results: The quantitative expression of WT7 was measured in 38 AML patients (16
males and 22 females) at diagnosis, at the time of transplant and after the allogeneic HSCT (at precise
time points). All cases showed high WT7 expression levels at diagnosis with a mean of 4189 (SD 3325)
and a median of 3495 (range 454-13923) copies WT1/10* Abl. At transplant, 25 patients (66%) were in
complete cytologic remission (CcR) and 13 (34%) had refractory or relapsed AML. Bone marrow samples
from patients transplanted in CcR showed significantly lower WT7 expression levels during HSCT com-
pared with the samples from patients with a relapsed or refractory AML (P = 0.004). After HSCT, a rapid
decline in WTT7 expression levels was observed in all patients who attained or maintained a condition of
CcR. Six of 38 patients (13%) relapsed after HSCT and all of them had an increase in WTT expression
at/or before relapse. Five of these six patients died of leukemia and one was successfully reinduced with
donor lymphocyte infusion (DLI) + chemotherapy with a rapid reduction of WTT levels. Besides, we found
a complete concordance between WTT expression levels and other disease markers (when avail-
able). Conclusions: In our experience, there was a complete concordance between WTT expression levels
(measured by quantitative RT-PCR at precise time points) and status of AML before and after allogeneic
HSCT. WT17 may be useful as a non-specific leukemia marker for monitoring MRD and as a predictor of
AML clinical relapse. Based on these results, cases with increase of WTT levels after HSCT and without
graft vs. host disease may be candidate to discontinuation of immunosuppression and/or DLI therapy.

Key words WT1; MRD; acute leukemia; allogeneic hematopoietic stem cell transplant

Correspondence Anna Candoni, MD, Division of Hematology and Bone Marrow Transplantation Unit, University of Udine, Udine,
Italy. Tel: 0432 559662; Fax: 0432 559661; e-mail: candoni.anna@aoud.sanita.fvg.it

Accepted for publication 10 September 2008 doi:10.1111/.1600-0609.2008.01158.x

Evaluation of therapeutic efficacy in cancer patients only a morphological analysis, but also lack of disease
requires a precise evaluation of minimal residual dis- evidence at sub-microscopic level. This is highly impor-
ease (MRD) after treatment. In hematological malig- tant after a potentially curative approach as allogeneic
nancies, and particularly in acute and chronic hematopoietic stem cell transplant (HSCT), where early
leukemia, definition of remission often requires not detection of relapse may lead to the modulation of
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immunosuppressive therapy or the use of donor lym-
phocyte infusion (DLI).

In acute myeloid leukemia (AML), various approaches
have been used to define MRD: immunophenotyping,
cytogenetic and molecular analysis. Unfortunately, the
methods with higher sensibility (i.e. molecular tests) may
be hampered by the lack of a specific target of study. A
majority of AML cases, in fact, do not have a specific
cytogenetic and/or molecular alteration that can be used
as a sensible marker of MRD after morphological remis-
sion. Wilms tumor gene (WT1) has been cloned in 1990
and identified as a onco-suppressor gene encoding a tran-
scription factor that plays a fundamental role in the
development of Wilms tumor (1, 2). Various papers have
reported an over-expression of WT/ in various hemato-
logical malignancies, including AML where WTI is
highly expressed at diagnosis in about 80% of cases.
Moreover, it is now evident that WTI values correlate
with disease status, thus being a good candidate for the
evaluation of MRD, especially in the relevant percentage
of patients who lack a specific molecular marker of their
disease (2-13). The aim of this study was to explore
whether the WT1 quantitative expression evaluation may
be a useful marker of MRD in AML cases after alloge-
neic HSCT. We therefore evaluated, sequentially and
using a quantitative RT-PCR technique, WT1 expression
in 38 consecutive AML patients who overexpressed WT/
at diagnosis and who underwent allogeneic transplant
procedure at our center.

Methods

Quantitative assessment of WT1

The quantitative assessment of the WT' transcript amount
was performed by real-time quantitative polymerase chain
reaction (RQ-PCR) in 42 AML patients at diagnosis (of
which 38/42 overexpressed WT1). In the 38 positive cases,
WTI was evaluated before and after transplantation pro-
cedure, monthly, for the first 6 months and then every
2 months. A total of 730 samples were collected and
analyzed with a mean of 19 samples per patient.
Mononuclear cells were separated from bone marrow
(BM) samples on a Ficoll-Hystopaque 1077 (Sigma
Aldrich Company, Saint Louis, MO, USA) density gra-
dient. Total RNA was extracted using RNeasy mini kit,
following the manufacturer’s instructions (Qiagen, Hil-
den, Germany). The RT (reverse transcription) step was
adapted from the BIOMED 1 protocol (14). Starting
from 1 pg of total RNA, random hexamers were used at
a concentration of 25 uMm and to the reaction mixture
100 U of the reverse transcriptase was added (Applera,
Milan, Italy) to obtain a significant enhancement of the
assay sensitivity (11). RQ-PCR reactions and fluores-
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cence measurements were performed on the ABI PRISM
7300 Sequence Detection System (Applied Byosystems,
Foster City, CA, USA).

For quantitative assessment of WTI, we used WTI
ProfileQuant Kit (Nanogen, San Diego, CA, USA) fol-
lowing the previously reported method by Cilloni et al.
(11). Primers and probe for WTI were: forward primer
(located on exon 7): 5-CAGGCTGCAATAAGAGATA-
TTTTAAGCT-3"; reverse primer (located on exon 8): 5-
GAAGTCACACTGGTATGGTTTCTCA-3"; TaqMan
probe (located on exon 7): 5-CTTACAGATGCACAG-
CAGGAAGCACACTG-3". The fluorescent probe was
labelled with 6-carboxy-fluorescein phosphoramide as
reporter dye at the 5-end and with the quencher dye
carboxy-tetramethyl-rhodamine at the 3’-terminus.

The calibration curve, for quantitative assessment of
WTI, was constituted by serial dilutions ranging from
10° to 10" molecules of a linearized plasmid obtained by
cloning the target WTI sequence (Ipsogen, Marseille,
France). The sensitivity of the RQ-PCR assay for WTI
could constantly detect 10 plasmid molecules. The sensi-
tivity score calculated according to Gaber et al. in the
follow up samples was —3.6 (15). In accordance with the
indications of the European SANCO concerted action
and manufacturer’s instructions of ProfileQuant Kit, the
WTI transcript values obtained were normalized with
respect to the number of ABL transcripts and expressed
as gene copy number every 10* copies of ABL
(WT1/ABL % 10%). The cut-off of normal value for BM
samples was 70 copies WT1/10* copies ABL, as previ-
ously established (11, 15). All experiments were carried
out in duplicate with appropriate negative controls. The
results showing a discrepancy >1 Ct between the two
wells were excluded and repeated. The samples contain-
ing less of 1000 copies of ABL were evaluated as
degraded and inadequate for analysis.

Patients

Our study included 38 AML patients (16 males and 22
females) who underwent allogeneic HSCT at our Divi-
sion of Bone Marrow Transplantation between Decem-
ber 2005 and December 2007. All of them overexpressed
WTI1 at diagnosis of AML (more than 70 copies
WTI/10* copies ABL on BM samples). Results were
analyzed as of May 31, 2008.

Patient characteristics at diagnosis of AML are listed
in Table 1A. Median age at diagnosis was 45 yr (range:
18-69), most prevalent FAB subtypes were M0-M1 and
M4-M5. Seventeen patients (45%) displayed an abnor-
mal karyotype at diagnosis, but only seven of 38 (18%)
had a specific molecular marker that could allow for
MRD monitoring (three cases with AMLI/ETO, two
cases with MLL rearrangements, one case with
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Table 1 (A) Patient characteristics at diagnosis of AML; (B) Outcome
after allo-HSCT

(A)
No. of cases 38 (16M/22F)
Age (yrs)
Mean 46 + 15
Median 45 (18-69)
FAB
MO-M1 17/38 (45%)
M2 5/38 (13%)
M3 1/38 (3%)
M4-M5 15/38 (39%)
Karyotype
Abnormal 17/38 (45%)

Normal 21/38 (65%)
Molecular biology

Specific marker 7/38 (18%)
(B)
Follow-up post-HSCT (months)

Mean 17 £12

Median 14 (3-50)
Status of patients after HSCT

Alive 30/38 (79%)

Death 8/38 (21%)
Status of AML after HSCT

CR 32/38 (84%)

Relapse 6/38 (16%)
Causes of death after HSCT

AML 5/8

TRM 3/8 (2 GVHD, 1 MI)

MI, myocardial infarction; TRM, transplant related mortality; GVHD,
graft vs. host disease.

DEK-CAN, one case with PML/RARa). At the time of
transplant, 25 patients (66%) were in first complete
remission (CR), while 13/38 (34%) had a partial remis-
sion (PR) or resistant disease (RES); 89% of the patients
(31/38) were considered at high risk of relapse according
to disease status at HSCT (PR or RES) and clinical or
biological characteristics at diagnosis (unfavorable cyto-
genetic asset, high WBC count, AML secondary to
myelodysplastic syndrome, overexpression of PGP multi-
drug-resistance proteins). Twenty-two patients (58%)
received grafts from a sibling donors, while 16 (42%)
were transplanted from matched unrelated donors
(MUD). Myeloablative conditioning regimen was used in
21 patients (12/21 sibling and 9/21 MUD) and reduced-
intensity conditioning (RIC) regimen in 17 patients
(10717 sibling and 7/17 MUD).

Definition of response to therapy before and after
transplantation was expressed according to the published
National Cancer Institute criteria, revised by the Interna-
tional Working Group (16). CR was defined as absence
of any tumor and <5% BM blasts with polymorph
nuclear cells >1 x 10°/L, platelets >100 x 10°/L and
independence of transfusions. Partial remission was
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defined as 5-15% blasts in BM of adequate cellularity
with evidence of trilineage regeneration. Patients who did
not meet the criteria for CR or PR were categorized as
resistant (RES).

Statistical analysis

Categorical variables were compared by chi-squared test;
P values less than 0.05 were considered statistically sig-
nificant. Data were analyzed using the NCss60 software
package (NCSS Company, Kaysville, UT, USA) and
Microsoft Office Excel software (Microsoft Corporation,
Redmont, WA, USA).

Results

All the 38 AML patients included in our study expressed
high levels of WTI at diagnosis, with a mean value of
4189 + 3325 WTI copies/10* ABL and a median value
of 3495 (range: 454-13923) WTI copies/10* ABL. At the
time of HSCT, the 25 patients in CR displayed a median
WTI copy number of 64 (range: 10-265), significantly
lower than the 13 patients with active disease (median
value 2662; range 271-6413) (P = 0.004). In fact, while
in CR patients, mean W7/ values decreased from diag-
nosis (4435) to transplant (64), in RES/PR cases, the
WTI copies at transplant (median 2662) were substan-
tially identical to those at disease onset (median 2640)
(Fig. 1A and B). Moreover, all the 13 cases with active
leukemia at HSCT maintained high WTI values, con-
firming the strict concordance between expression of this
molecular marker and leukemia burden (Fig. 2).

Of the 25 patients transplanted while in CR, those
who maintained CR after HSCT displayed WTI copy
values persistently low during all the follow-up period, as
shown in Fig. 3. In the nine patients who received trans-
plant with active disease attaining a sustained CR post-
HSCT, WTI levels rapidly decreased to normal range in
the first 2 months after transplant procedure and
remained low through the entire study period (Fig. 4).

Among the patients with sustained CR after HSCT,
there was a complete concordance between low levels of
WTI, full donor chimerism (100%), BM blasts (less than
5%) and, in the few patients with a molecular marker
(three cases with AML1/ETO, two cases with MLL rear-
rangements, one case with DEK-CAN), negativity of dis-
ease-specific marker.

In the six patients who relapsed after HSCT, WTI was
always overexpressed at the time of cytological and hema-
tological relapse. None of the relapsed patient had low
WTI copy number at disease recurrence, another evi-
dence of concordance between this molecular marker and
disease status. As shown in Fig. 5, four of six patients
who relapsed after HSCT had active leukemia at the time
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Figure 1 Comparison between WTT transcript levels at diagnosis of
acute myeloid leukemia and before hematopoietic stem cell transplant
(HSCT) in patients who performed HSCT in complete remission (A)
and in those who performed HSCT with active disease (partial remis-
sion or refractory) (B).

of transplant. Three of these cases (Pt 1, 2, 3) had AML
recurrence in the first 6 months after HSCT, with a rela-
tively low and steady increase in WTI expression, while
the fourth patient (Pt 4) relapsed lately, but again with a
slow kinetics of WTI increase. In contrast, two patients
(Pt 5 and Pt 6) transplanted while in CR, relapsed more
lately (14 and 16 months after HSCT, respectively) and
displayed a faster growth of WTI expression levels. So, in
these cases, WT1 increase was concomitant with cytologi-
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cal detection of AML relapse, and molecular analysis did
not allow anticipating disease recurrence. Of six relapsed
cases, only one (Pt 4) had a specific molecular abnormal-
ity (PML/RARx), whose reappearance of which was con-
comitant with WTI overexpression after HSCT. The
other five patients lacked a marker amenable to detection
by cytogenetic and/or PCR.

Outcome after HSCT are listed in Table 1B. With a
median follow-up time of 14 months (range: 3-50), 30
patients are alive (79%) and eight patients are dead, five
for AML recurrence and three for transplant-related
mortality (two GVHD, one myocardial infarction) while
in CR. Five of the six patients who relapsed after HSCT,
five had died, while one achieved a second CR with sal-
vage chemotherapy and DLI. In this patient, attainment
of CR was consensual to a decrease in W71 copy level
below 70 copies/10* ABL. We did not find any signifi-
cant difference in WTI expression and kinetics, between
patients transplanted with conventional or RIC condi-
tioning regimens, or according to stem cell donor type
(sibling or MUD).

Discussion

Accurate assessment and monitoring of MRD after ther-
apy are of crucial importance in leukemic patients, as it
allows determining the efficacy of treatment and estab-
lishing early diagnosis of impending relapse (17-20).
Unfortunately, less than 40% of AML cases display a
specific molecular marker for MRD evaluation. The use-
fulness of WTI as a ‘panleukemic marker’, based on the
highly prevalence of WTI overexpression in AML
patients at diagnosis (more than 80% of cases), has been
proposed by various papers (2, 3, 5, 7, 10, 11, 13, 19,
21). However, there is still no consensus on the real effi-
cacy of WTI as a marker of MRD in AML after chemo-
therapy or allogeneic stem cell transplant. Discrepancies
may be due to the different methods employed to deter-
mine WTI expression, as some studies used a quantitative
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Figure 2 Concordance between overexpres-
14 L L L L L L L L L L L L L sion of WTT at diagnosis and before allo-HSCT
pz1|pz2 | pz3 | pz4 | pz5 | pz6 | pz7 | pz8 | pz9 | pz 10| pz 11 pz12 | pz13 in 13 patients who performed transplantation
EMWT1atDX | 2640 | 658 | 941 | 4272 | 7560 | 4771 | 3368 | 1980 | 3679 | 1834 | 967 | 1414 | 5526 procedure with partial remission or refractory
CJWT1 preBMT| 2662 | 2638 | 1291 | 5692 | 6272 | 3931 | 6413 | 3237 | 2607 | 1117 | 638 | 271 | 3838 acute myeloid leukemia.
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Figure 5 Dynamic longitudinal quantitative eval-
uation of WT1 expression at precise time points
after allo-HSCT in six acute myeloid leukemia L
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sponding percentages (%) of donor chimerism
have been reported.

or semi-quantitative methodologies, but other authors
reported WTI expression on a solely qualitative basis
with low specificity and sensitivity of the assay (7, 8, 12,
13, 22-26). While the former studies constantly found a
correlation between WTI increase and leukemic relapse,
the latter failed to link WTI expression with disease
course (6, 7, 12, 19, 22, 23). In particular, the work by
Elmaagacli er al. suggests that detection of WTI tran-
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scripts does not predict leukemic relapse after allogeneic
HSCT and that, therefore, WT1 could not be considered
a suitable marker for MRD detection in this setting (22).
However, these negative conclusions should be taken
cautiously if we consider that the authors evaluated WT1/
expression only by a qualitative PCR, whose results can
be altered by expression of WTI gene at low levels in
normal hematopoietic stem cells. Moreover, the patient
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population of this study included both AML and acute
lymphoblastic leukemia (ALL) cases. Patients were eval-
uated at different but no precise time points after trans-
plant. Only a portion of this study population expressed
WTI before HSCT, and no data about WTI expression
at diagnosis are reported (22). In contrast, the paper by
Ogawa and co-workers, who used a quantitative RT-
PCR methods, found a strict correlation between MRD
kinetics, as expressed by WTI levels after allogeneic
HSCT and probability of leukemic relapse in 72 patients
with AML, ALL or advanced phase chronic myeloid leu-
kemia (25). These data were confirmed by Cilloni et al.
in a smaller set of patients with acute leukemia, tested
for WTI expression by real-time quantitative PCR before
and after allogeneic HSCT (27).

Consistent with these two reports, we found an exact
concordance between WTI gene expression and disease
status after allogeneic HSCT. In our study, we evaluated
a highly homogenous group of patients, as all had a
diagnosis of AML and overexpressed WTI at disease
onset. To validate the usefulness of WTI as predictor of
relapse, we monitored our patients closely and at precise
time points, as BM samples were tested for quantitative
WTI expression before allogeneic HSCT and every
month after transplant for the first 6 months and then
bimonthly for the first 2 yr, or until relapse. To minimize
the variability linked to sampling differences, we used
exclusively BM as a source for RNA. In the published
experiences in AML after chemotherapy, both BM and
peripheral blood (PB) samples have been used for WTI
analysis. A recent paper by Ommen et al. seems to sug-
gest that relapse has been detected earlier using monthly
BM than PB samples providing longer window of oppor-
tunity before relapse (13). However, according to predic-
tive model presented in this paper, also PB samples may
be useful for AML relapse prediction, but only when
shorter sampling intervals are possible (at least
bimonthly PB samples collection) (13).

Our results revealed a concordance between normal
levels of WTI gene expression and remission status in
the patients in CR before transplant and in those who
attained and/or maintained a CR after HSCT. In all
cases, WTI levels remained within the range of normality
throughout the follow-up period, and were consistent
with morphological BM analysis, full donor chimerism
and molecular specific markers (when available). Con-
versely, the patients with a post-transplant increase in
WTI gene levels from normal to high, inevitably experi-
enced disease recurrence. In no case, at the time of mor-
phological relapse, WT1I levels were low, confirming that
WTI overexpression is a marker of AML activity and
that increase in quantitative PCR results can predict
relapse. Nonetheless, we have found a variability in the
kinetics of WTI increase in the patients who relapsed
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after allogeneic HSCT, as some of them (Pt 1,2,3,4) dis-
played a low and steady rise of WTI copies, while others
(Pt 5 and 6) had a rapid growth of gene expression lev-
els, so that molecular and morphological diagnosis of
AML relapse were concomitant. So, the patients in CR
after transplant but with a progressive and slow increase
in WTI levels, and without sign of GVHD, could be can-
didates to a modulation of immune suppression, either
by suspension of drug therapy or, in selected cases, with
pre-emptive DLI (24, 25, 27-30). In fact, immunotherapy
is clearly more effective for patients who have a low
tumor burden (i.e. at molecular relapse) compared with
those with cytological AML recurrence (25, 28-30); thus,
monitoring of MRD by quantitative assessment of WT1/
level may favorably impact on prognosis of relapsed
patients after allo-HSCT. Unfortunately, in few patients,
WTI increase after HSCT was very rapid and the detec-
tion of molecular and morphological relapse was con-
comitant, so that no pre-emptive immunotherapy was
possible to avoid the overt disease reappearance.

The data presented in this paper, along with those
reported by Ogawa et al., show that an accurate quanti-
tative assessment of the WTI transcript expression allows
the monitoring of MRD after allogeneic HSCT in the
majority of AML patients (24, 25). WTI confirms to be
a good candidate as a ‘panleukemic’ marker, as it is
expressed in about 80% of AML cases at diagnosis and
its levels of expression correlate with disease status. Early
detection of post-transplant relapse by sequential molec-
ular analysis could permit, at least in those patients with
a slow kinetic of WTI expression increase, a timely ther-
apeutic approach with modulation of immune suppres-
sion and/or preventive use of DLI. Our study confirms
the importance of quantitative assessment of WT1 as a
marker of MRD after HSCT.

Further studies on larger number of allo-transplanted
patients are warranted, to investigate the significance and
causes of the individual kinetics of molecular relapse and
to explore the concordance between chimerism and WTI
overexpression in those patients who relapsed after
HSCT. Also we need to explore better the sensitivity for
WTI analysis of PB samples to MRD monitoring after
allogeneic HSCT (12, 13).
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