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disease monitoring of acute myeloid leukemia patients after
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Abstract. High expression of the Wilms' tumor gene (WT1)
in acute myeloid leukemia (AML) has been considered as a
sensitive marker of minimal residual disease (MRD). The
present study investigated the significance of quantitative
analysis of WT1 mRNA, combined with multiparameter
flow cytometry (MFC) regarding its efficacy and prognostic
as well as relapse prediction value for leukemia patients with
hematopoietic stem cell transplantation. Reverse-transcription
quantitative polymerase chain reaction analysis demonstrated
that the expression of WT1 in the initial and relapse group
was significant higher than that in the complete remission
(CR) group (P<0.01). WT1 and the donor chimerism were
negatively correlated (r=-0.73, P<0.05). In all AML patients,
WT1 was the highest in the M3 subtype and the lowest in the
M1 subtype. Follow-up of 12 AML patients demonstrated
that WT1 gene expression levels markedly decreased after
CR, but obviously increased after relapse, as did the rate of
the leukemia cells detected by MFC. The combined usage
of MFC and WT1 monitoring contributed to an improved
detection rate of relapse (91.7%), and may be used to monitor
MRD, assess the treatment efficacy and prognosis, and predict
the risk of recurrence in leukemia patients without specific
molecular markers after allogeneic hematopoietic stem cell
transplantation.

Introduction

Acute myeloid leukemia (AML) is a clinically and biologi-
cally heterogeneous malignancy involving hematopoietic
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stem cells (HSCs) and progenitor cells which lost their
normal ability to proliferate, differentiate and mature, while
continuously proliferating. Allogeneic HSC transplantation
(HSCT) is currently deemed the most effective treatment
approach for AML. Despite the high remission rate, a signifi-
cant proportion of patients with AML experience a relapse.
Thus, precise evaluation of minimal residual disease (MRD)
after allogeneic HSCT is particularly important for assess-
ment of the therapeutic efficacy (1). Various approaches have
been used to define MRD: Chromosome karyotype analysis,
reverse-transcription quantitative polymerase chain reaction
(RT-qPCR) (2,3), multiparameter flow cytometry (MFC) (4,5)
and fluorescence in situ hybridization (FISH) (6). RT-qPCR
has a higher sensitivity compared to the aforementioned tech-
niques as target mRNAs can be detected even when diluted
to 1 in 10*-10° or even 1 in 10° (2). However, several studies
have confirmed that only a portion of AML patients harbored
specific genetic markers, which produced certain obstacles
for monitoring MRD. Therefore, there is an imperative need
to develop alternative markers for MRD analysis in a greater
proportion of patients.

The transcript of the Wilms' tumor gene (WT1I) is detect-
able in the bone marrow (BM) of 90% of patients with AML
by RT-qPCR (7). WT1 encodes a zinc finger transcription
factor with a complex pattern of alternative splicing with
different binding specificities locating at chromosome
11p13. Compared with normal BM cells, WT1 mRNA is
highly expressed in the BM of patients with different types
of leukemia, particularly AML. Furthermore, it has been
confirmed that the WT1 mRNA levels are closely correlated
with the disease status. Hence, the value of WT1 detection
in monitoring leukemia treatment efficacy is of high signifi-
cance (8).

The aim of the present study was to explore whether the
mRNA levels of WT1 are an effective marker for MRD in
AML after allogeneic HSCT. The predictive value of the
combined usage of WT1 quantification, MRD monitoring by
flow cytometry (FCM) and assessment of donor chimerism
(DC) by short tandem repeats (STR)-PCR regarding treatment
efficacy and prognosis, as well as the capacity to predict the
risk of recurrence of AML after potentially curative treatment
by HSCT, were evaluated.
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Materials and methods

Patients. A total of 72 AML patients (34 men and 38 women)
who were schedules to undergo allogeneic HSCT at the
Affiliated Provincial Hospital of Anhui Medical University
(Hefei, China) between March 2013 and July 2015 were
enrolled in the present study. The median age of the patients
was 43 years (range, 1-70 years). A total of 72 BM samples
and PB samples were collected during diagnosis and
follow-up in sterile tubes with EDTA anti-coagulant. Of
the 72 patients diagnosed with AML, 60 (83.3%) achieved
complete remission (CR), while 12 (16.7%) experienced
a relapse after allogeneic HSCT. In addition, 22 cases of
non-malignant blood disease, including iron deficiency
anemia, immune thrombocytopenic purpura, allergic
purpura or gigantic young cell anemia were enrolled as
a control group. The diagnosis of the patients was based
on the French-American-British diagnostic criteria for
AML and confirmed by morphology, immunophenotyping,
cytogenetics and molecular biology (9). The contents
of all experiments were approved by the medical ethics
committee of the Affiliated Provincial Hospital of Anhui
Medical University (Hefei, China) and informed consent
was obtained from all patients or their guardians (Table I).

Quantification of WT'1. BM mononuclear cells were separated
by a Ficoll-Hypaque solution then centrifuged at 400 x g at
4°C for 20 min. The total RNA was extracted using TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) according to the manufacturer's protocol within
24 h of sample collection. The concentration of the extracted
RNA was evaluated by a spectrophotometer. A total of 15 ul
RNA (~1 pg) was used for one-step RT-qPCR WTI kit (cat.
no. CA000022M; Shanghai Yuanqi Bio-Pharmaceutical Co.,
Ltd., Shanghai, China); this kit also contained the primers
for WT1 and ABL. The preparation of reaction mixtures was
according to the manufacturer's protocol, and reactions were
performed in an ABI 7500 real-time PCR system (Thermo
Fisher Scientific, Inc.). One step RT-qPCR was performed
as follows: 42°C for 30 min, initial denaturation at 94°C for
5 min, and 40 cycles of denaturation with 94°C for 15 sec and
annealing at 60°C for 1 min. The levels of the WTT1 transcript
were expressed as the number of WT1 copies per 100 copies
of the Abelson gene (ABL) (10).

MFC. BM samples (100 pl; 1x10° nucleated cells) were
incubated with the following antibodies in a 1:5 dilution:
CD45 (cat. no. 560777), CDI11B (cat. no. 560481) (both BD
Biosciences, San Jose, CA, USA), CDI19 (cat. no. 302216;
BioLegend, Inc., San Diego, CA, USA), CD56 (cat. no. 555518),
CDI13 (cat. no. 557454), HLA-DR (cat. no. 335796) and CD34
(cat. no. 347203) (all BD Pharminogen; BD Biosciences),
CD117 (cat no. IM2732U), CDI15 (cat. no. IM1423U) and
CD7 (cat. no. A07755) (all Beckman Coulter, Inc., Brea, CA,
USA). These antibodies were incubated in two combinations:
CD7-FITC/CD117-PE/CD34-Percp-cy5.5/CD13-APC and
CDI15-FITC/CD117-PE/CD34-Percp-cy5.5/CD56-APC/CD 19-
PE-CY7/CD11B-Pacific Blue/HLA-DR-APC-Cy7/CD45-
Amcyan. Red blood cells were lysed by Lysing Solution 10X
Concentrate (BD Biosciences) at 37°C for 15 min, followed
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Table I. Study population characteristics.

Characteristic Value
Number of patients 72
Males/females 34/38
Age at diagnosis (years) 43 (1-70)
FAB subtype
MO 3
M1 2
M2 20
M3 25
M4 10
M5 8
M6 4
Median time of observation 12 (1-89)
after allogeneic HSCT (months)
Status
Relapse 12
CR 60
Number of controls 22

Values are expressed as n or as median (range). FAB, French-
American-British classification; CR, complete remission; HSCT,
hematopoietic stem cell transplantation; M, FAB classification of
acute myeloid leukemia subtypes.

by centrifugation at 116 x g at 20°C for 5 min. The cells were
washed with PBS and then analyzed on a BD FACSCalibur
flow cytometer (BD Biosciences) and the data were processed
by Diva 6.1 software (BD Biosciences). A total of 1.0x10° cells
were analysed from each tube, with 20,000 events acquired for
patients with MRD or relapse. Blasts were identified by using
a CD45/side scatter log gating strategy. The selection of the
monoclonal antibodies was based on leukemia antigen profiles
of the original diagnostic specimen. Samples with >0.01%
leukemic cells in BM were defined as positive; otherwise, they
were defined as negative. Detection of >5% leukemia cells in
BM by morphological observation or FCM was considered to
indicate a relapse.

STR-PCR. STR-PCR was used to assess DC. According to the
manufacturer's protocol and the instructions of the ABIPRISM
3100 Genetic Analyzer (Thermo Fisher Scientific, Inc.), DC
was detected in all patients receiving HSCT. Detection was
performed at days 7, 14 and 21 after transplantation and in
patients with recurrence, and the results were analysed using
GeneMapper ID-X software (version 1.2; Thermo Fisher
Scientific, Inc.). According to the effective site of peak area
percentage, quantitative calculation of donor cells was
performed using the following formula: DC ratio = donor
area/(donor area + recipient area).

Statistical analysis. Results were analysed by using SPSS 17.0
software (SPSS Inc., Chicago, IL, USA). For WT1 mRNA
levels, comparison between two groups was performed
using the independent t-test. The log-rank tests were drawn
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Table II. Expression of WT1 mRNA and DC in patients with acute myeloid leukemia at different time-points after allogeneic
hematopoietic stem cell transplantation.

Time-point/ group n WTI1 (% of ABL) t P-value® DC ratio (% abnormal cells) t P-value®
7 days 12 3.58+1.19 2.83 <0.01 50.25+18.59 4.68 <0.01
14 days 12 1.18+0.65 6.82 <0.01 94.63+4.20 947 <0.01
21 days 12 0.24+0.08 8.64 <0.01 97.53+1.33 13.64 <0.01
Relapse group 12 5.52+2.14 - - 76.32+£5.22 - -

*Compared with the relapse group. Correlation coefficient for WT1 vs. DC for all groups, r=-0.73. As the DC ratio is only analysed after
hematopoietic stem cell transplantation surgery and recipients did not have donor cells their bodies at time-point 0, the DC ratio detection is not
conducted in routine clinical practice at time-poiunt 0. WT1, Wilms' tumor gene; ABL, Abelson gene; DC, donor chimerism.
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Figure 1. WT1 mRNA levels of in AML patients pre- and post-allogeneic HSCT. (A) Expression levels of WT1 in AML patients from three groups. (B) WT1
expression levels in AML of variable AML subtypes M1-M6 according to the French-American-British classification. (C) Dynamic monitoring of WT1
expression levels in 6 relapse patients pre- and post-allogeneic HSCT. Black arrows indicate clinical recurrence. "P<0.01,“P<0.05 compared with other
groups. WT1/ABL, Wilms' tumor gene/Abelson; CR, complete remission; HSCT, hematopoietic stem cell transplantation; AML, acute myeloid leukemia; M,
French-American-British classification of AML subtypes.

to determine the survival probabilities of patients based on  between WT1 and DC through Pearson's correlation analysis.
their WT1 status and was used for comparing patients with or ~ P<0.05 was considered to indicate a statistically significant
without MRD. Furthermore, a negative correlation was found  difference between groups.
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Figure 2. MRD detection in consecutive BM samples of (A) a patient in the initial group, (B) a patient in the CR group and (C) a relapsing patient (abnormal
cells marked in red). As the subjects in the present study were CR patients, the percentage of abnormal leukemia cells was low. Therefore abnormal leukemia
cells can only be shown as gated populations. (D) MRD levels (percentage of abnormal cells) in the CR group and the relapse group. 'P<0.01, compared with
the CR group. MRD, minimal residual disease; CR, complete remission; SSC, side scatter; lym, lymphocytes; mono, monocytes; gra, granulocytes; FITC,
fluorescein isothiocyanate; PE, phycoerythrin; APC, allophycocyanin; BM, bone marrow; HLA-DR, human leukocyte antigen - antigen D related; PerCP,
peridinin chlorophyll.
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Figure 3. Kaplan-Meier overall survival curves for patients stratified by
(A) WTI status determined by reverse-transcription quantitative polymerase
chain reaction analysis and (B) minimal residual disease detected by MFC
with the survival time stated in days (P<0.01 for each). Cum, cumulative;
WTI, Wilms' tumor gene; MFC, multiparameter flow cytometry.

Results

WTI mRNA levels in AML patients pre- and post-allogeneic
HSCT. RT-qPCR demonstrated that the expression of WT1 in
AML patients at baseline was significantly higher than in those
in relapse and CR groups (P<0.01, respectively). Compared
with that in the CR group, WT1 in the AML relapse group was
significantly increased (P<0.01; Fig. 1A).

The differences of WT1 mRNA levels at different
time-points after allogeneic HSCT were statistically significant
(P<0.01). Pairwise comparison indicated that the expression of
WTTI in the relapse group was higher than that at 7, 14 and
21 days post-transplantation (P<0.01, respectively). However,
DC in the relapse group was significantly lower than that in
the groups at 14 and 21 days. Through correlation analysis,
a negative correlation between WT1 and DC was identified
(r=-0.73, P<0.05; Table II).

As indicated in Fig. 1B, among all newly diagnosed AMLs,
the highest WT1 levels were found in the M3 and the lowest
in the M1 subtype. A significant difference was found between
M3 and the other subtypes (P<0.05).

In addition, monitoring the WT1 expression levels of 12
AML patients with a relapse by RT-qPCR indicated that WT1
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Figure 4. The association between of WT1/ABL mRNA and MFC in MRD
detection. Each data-point represents the measurements for one sample.
Patients with WT1/ABL mRNA levels of >2 and <0.1% leukemia cells in
bone marrow according to MFC were considered to have MRD. WT1/ABL,
Wilms' tumor gene/Abelson; MFC, multiparameter flow cytometry; MRD,
minimal residual disease.

gene expression levels were high at baseline and then markedly
decreased after CR, but obviously increased after the relapse.
Dynamic monitoring over seven consecutive months revealed
that WT1 levels significantly increased prior to clinical recur-
rence (Fig. 1C).

Monitoring MRD by MFC pre- and post-allogeneic HSCT.
The present study used a cutoff value for MRD of 0.1%
leukemic cells in the BM. The MFC results indicated that
certain patients with average leukemic cell percentages in the
BM of <0.01% were still in CR, while those with percentages of
>2.0% developed a relapse. Relatively small amounts of MRD
were cleared by further induction chemotherapy courses. In
patients with AML after allogeneic HSCT, the presence of
MRD determined by MFC prompts risk-adopted therapy to
prevent recurrence. A representative patient whose MFC
results are presented in Fig. 2 was diagnosed as M2a (Fig. 2A).
After allogeneic HSCT, the percentage of leukemic cells in BM
decreased to 0% (Fig. 2B), while it markedly increased when
the patient experienced a relapse of AML (84.9%; Fig. 2C). In
the present study, the percentage of leukemic cells in BM in all
AML patients in CR was 0.008+0.006% and was significantly
increased in the relapse group (35.5+22.3%; Fig. 2D).

Overall survival (OS). The log-rank test revealed significant
differences in OS between patients stratified by the presence
or absence of MRD as determined by their WT1 status and the
MEC results. Patients were regarded to have a negative status
if the initially positive WT1 status or MFC results turned nega-
tive (WT1/ABL mRNA levels of <2 and <0.1% leukemic cells
in BM as detected by MFC, respectively) at a certain point
during the observation period. Median OS was 2,000 days in
the group of patients who were WT1-negative and 818 days
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for those who were positive (P<0.01). In the group of patients
who had no MRD according to MFC, the median OS was
1,900 days, while that in patients with MRD was 741 days
(P<0.01; Fig. 3)

Association of MRD determined by MFC and via WT1 mRNA
determined by RT-gPCR. The WT1 mRNA levels determined
by RT-qPCR were compared with the presence of MRD deter-
mined by MFC in BM specimens obtained from each of the
72 patients (Fig. 4). Of these, 12 (16.7%) were positive for WT1
mRNA but had no MRD according to MFC, and 9 (12.5%) had
MRD according to MFC but were negative for WT1 mRNA.
A total of 22 samples (30.6%) were double-negative, while 29
samples (40.3%) were positive according to MFC as well as
RT-qPCR of WTI. In the population of AML patients, there
was no significant difference in MRD determined via WT1
by RT-qPCR and that determined by MFC. These results indi-
cated that, regarding the determination of MRD, the sensitivity
of MFC is comparable to that of RT-qPCR analysis of WT1
mRNA. Of note, among the 12 relapse patients, 11 (91.7%)
were double-positive. Therefore, combined use of MRD
monitoring via WT1 and MFC may increase the sensitivity
of predicting relapse after allogeneic HSCT without affecting
the specificity.

Discussion

Highly sensitive and efficient monitoring of MRD is crucial for
patients with AML receiving allogeneic HSCT (11). RT-qPCR
and MFC have been confirmed to be sufficiently sensitive and
specific to serve as standard approaches for MRD monitoring
in AML. While RT-qPCR detection may reach a higher
sensitivity (10°-10°) than other methods, including FISH
and MFC (12), its applicability was traditionally restricted
to those patients harbouring specific fusion genes, such as
promyelocytic leukemia-retionic acid receptor a, AMLI-ETO,
TEL-AMLI and breakpoint cluster region-ABL. It is known
that >60% of AML patients lack specific molecular targets,
and it is therefore important to identify alternative molecular
markers applicable for the majority of AML patients (13).
Retrospective analysis of cohorts of previous studies identified
that quantification of WT1 mRNA in BM specimens may be
used as a marker of MRD and predict a relapse of AML after
allogeneic HSCT (14,15). Marjanovic et al (16) confirmed that
WTTI transcript levels were associated with clinical remis-
sion and relapse. In addition, several studies proved that the
combination of quantification of WT1 and MFC increased the
sensitivity of MRD analysis (17,18).

In the present study, statistical analyses were used to assess
the predictive value of MRD standards regarding mortality
after allogeneic HSCT. The cutoff values for MRD determined
by MFC and via WT1 by RT-qPCR were identified as 0.1 and
2.0% ABL, respectively, according to previously established
protocols (19). Consistent with this study, the present study
identified a close association between WT1 gene expression
and disease status after allogeneic HSCT. AML patients with
overexpression of WT1 mRNA at disease onset were enrolled
in the present study. The expression of WT1 in the AML relapse
group was significantly higher than that in the CR group (20). To
further demonstrate the value of WT1 as a predictor of relapse,
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the present study detected WT1 mRNA expression in BM
specimens from patients with allogeneic HSCT at the scheduled
time-points (every 7 days in the first month and subsequently
once a month until relapse). In those patients, overexpression
of WT1 was detected immediately prior to a relapse by regular
monthly follow-up after allogeneic HSCT. Given the negative
correlation between WT1 and the donor gene chimeric rate,
the quantification of WT1 was an effective complement to
the donor gene chimeric rate as a warning signal of transplant
rejection (21). From the data of 12 AML patients who suffered
a relapse, an association of high levels of abnormal leukaemia
cells according to MFC after allogeneic HSCT with an lower
OS was identified. MFC had a higher sensitivity but a lower
specificity than WT1 detection at each time-point. The results
of the present study indicated the high expression of WT1 levels
can predict disease recurrence: The WT1 mRNA status (P<0.01)
as well as MRD determined by MFC (P<0.01) was associated
with OS and had a prognostic value. Almost all relapse cases
were double-positive for WT1 and MFC results. Therefore,
the combination of MFC and WT1 mRNA quantification may
be used for monitoring MRD in AML without any specific
molecular targets to assess the treatment efficacy and prognosis,
and predict the risk of recurrence in AML patients. Several
studies have identified that high levels of WT1 mRNA prior to
allogeneic HSCT may be correlated with poor outcome of AML
after HSCT (22). Future research performed by our group will
assess more typical cases and further confirm the conclusions
of the present study, combined with other relevant laboratory
indexes based on certain in vitro experiments. Further work
should also further evaluate the accurate predictive value of
MRD determined by WT1 mRNA detection and MFC (23).

In conclusion, WT1 may be a sensitive marker for predicting
OS of AML in patients receiving allogeneic HSCT. The
present study confirmed that monitoring of the MRD status
by MFC and quantitative expression of the WT1 gene prior
to and following allogeneic HSCT had a significant influence
on AML patients without any specific molecular targets. An
additional study indicated that WT1 mRNA quantification and
MFC had a comparable ability to identify high-risk patients
who eventually relapsed. Furthermore, the combination of
WT1 mRNA detection and MFC markedly increased the
sensitivity of predicting the risk of recurrence of AML after
allogeneic HSCT (24). Future research will verify these results
and explore more appropriate markers for this purpose.
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