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Changes in expression of WT1 during induced differentiation
of the acute myeloid leukemia cell lines by treatment with
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Abstract. The aim of the present study was to investigate
the effect of 5-aza-2'-deoxycytidine (decitabine; DAC) and
all-trans retinoic acid (ATRA) on Wilms' tumor 1 (WT1)
in acute myeloid leukemia (AML) in vitro. The meth-
ylation status of the WTI1 promoter was analyzed using
methylation-specific polymerase chain reaction (MSP). The
expression level of WT1 was detected by reverse transcrip-
tion-quantitative polymerase chain reaction. The effect of
DAC and ATRA on cell differentiation was evaluated by flow
cytometry. The WT1 gene was methylated in U937 cells, but
unmethylated in SHI-1 and K562 cells; the U937 cells did
not express the WT1 gene, but the SHI-1 and K562 cells
highly expressed the WT1 gene. DAC and ATRA, alone or
in combination, exhibited no effect on the expression level
of WT1 in the U937 cells and on the differentiation of the
K562 cells. The combined treatment of DAC and ATRA
markedly decreased the WT1 expression levels of the SHI-1
and K562 cells, and induced the differentiation of the SHI-1
and U937 cells. In the SHI-1 cells, WT1 expression changed
inversely to the dynamic changes of cluster of differentia-
tion 11b-positive rates. In conclusion, the combined treatment
of DAC and ATRA has clinical therapeutic potential in acute
monocytic leukemia patients with high WT1 expression and
a poor response to standard induction chemotherapy.
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Introduction

The Wilms' tumor 1 (WT1) gene is located on the short arm
of chromosome 11 and contains 10 exons. The gene encodes
a DNA-binding transcription factor that is key to embryonic
development (1), and has also been indicated to be essential
in the development of the urogenital system (2) and Wilms'
tumors. A number of studies have reported that WT1 is
expressed at a high level in a range of solid cancer types,
including malignant mesothelioma, and lung, breast and renal
cell cancer (3,4). WT1 can apparently behave either as a tumor
suppressor or as an oncogene (5).

In the hematopoietic system, high expression levels of WT1
have been detected in acute myeloid leukemia (AML), acute
lymphocytic leukemia and chronic myelocytic leukemia (6-8),
suggesting an oncogenic role. In several studies, high levels
of WT1 expression in leukemia cells at diagnosis have been
identified as an unfavorable prognostic factor, resulting in a
high frequency of relapse and blocking cell differentiation
factor and minimal residual disease (MRD) monitoring in
acute leukemia, particularly in AML (9-14).

5-Aza-2'-deoxycytidine (decitabine; DAC) is a cytosine
nucleoside analogue that induces the hypomethylation of
DNA and the differentiation of hematopoietic cells, and shows
notable antineoplastic activity in patients with myelodys-
plastic syndromes (MDS) (15-17). DAC is incorporated into
DNA during the S phase and inhibits DNA methyltransferase
(DNMT) irreversibly, leading to the loss of methylation
and the reactivation of silenced genes (18). A recent study
reported that low-dose DAC has activity as an upfront therapy
in older patients with AML (19). All-trans retinoic acid
(ATRA), the most biologically active metabolite of vitamin
A, is used as a targeted therapy for acute promyelocytic
leukemia (APL) caused by gene fusion involving retinoic
acid receptor-a. (RARA). ATRA binds to RARA, which
forms heterodimers with retinoid X receptor and binds to
the RA response element, which results in the activation of
target genes, such as myeloid-specific transcription factor
CCAAT/enhancer-binding protein &, causing growth arrest,
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and the apoptosis and differentiation of APL cells. ATRA also
induces the proteolytic degradation of PML/RARA by ubiq-
uitination and proteolysis (20,21). Therefore, ATRA is highly
effective in the treatment of APL and markedly improves the
prognosis of these patients.

The WTI gene is typically expressed in immature cluster
of differentiation (CD)34-positive progenitor cells, while WT1
downregulation is associated with cell differentiation (22).
This indicates that WT1 is important in hematopoietic develop-
ment (23). Previous studies have shown that the WT1 promoter
is methylated in certain leukemia cells and that WT1 gene
expression in U937 cells is enhanced following treatment with
DAC, together with a decrease of methylated and an increase of
unmethylated levels in its promoter region (24). Another study
reported that ATRA downregulates the activity of DNMT
during APL blast differentiation in vitro and in vivo (25). In
addition, Lubbert er al reported that the combination of DAC
and ATRA treatment for patients >60 years old with de novo
non-M3 AML ineligible for induction chemotherapy had a
better antileukemic effect than conventional cytarabine-based
induction chemotherapy regimens (26). As there are few
reports on the effect of DAC and ATRA on WTI gene expres-
sion in AML, the present study focused on investigating the
effect of DAC and ATRA on the WT1 methylation status and
expression levels, and on cell differentiation in AML cell lines.

Materials and methods

Materials. DAC and ATRA were purchased from
Sigma-Aldrich (St. Louis, MO, USA). DAC was dissolved in
0.45% NacCl containing 10 mM sodium phosphate (pH 6.8)
and stored at -80°C, and ATRA was dissolved in absolute
ethanol, protected from light and stored at -20°C. Preliminary
experiments confirmed that the solvents exhibited no effect on
the cell lines.

Cell lines, cell culture and drug treatments. The human acute
monocytic leukemia SHI-1 and U937 cell lines, and the human
erythroleukemia K562 cell line were provided by the Jiangsu
Institute of Hematology (The First Affiliated Hospital of
Suzhou University, Suzhou, Jiangsu, China). The cells were
cultured in suspension in RPMI-1640 medium (Gibco Life
Technologies, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (Gibco Life Technologies) and incubated
in standard tissue culture incubators at 37°C in a humidified
atmosphere containing 5% CO,. The cells were treated with
2 umol/l DAC (2DAC) or 0.5 ymol/l ATRA (0.5ATRA) as
single agents or in combination (2DAC + 0.5ATRA) simul-
taneously as a sequential exposure for 24, 48 and 72 h, using
cell lines without drug treatment (with 10% fetal bovine serum
only) as the controls.

RNA extraction and complementary (c)DNA conversion. Total
RNA was extracted from freshly isolated culture cells, using
a TRIzol one-step procedure (Invitrogen Life Technologies,
Paisley, UK), following the manufacturer's instructions, and
dissolved in diethylprocarbonate-treated water. Reverse tran-
scription was performed using random hexamer primers for
total RNA (2 pg/40 ul) and 100 units of MuLV reverse tran-
scriptase (Fermentas, Thermo Fisher Scientific Inc., Pitsburgh,

XIANG et al: WT1 EXPRESSIONAL CHANGES DURING INDUCED AML CELL DIFFERENTIATION

PA, USA) were added to the reaction mixture, obtaining a
significant enhancement of the assay sensitivity. The cDNA
was stored at -20°C.

Methylation-specific polymerase chain reaction (MSP).
MSP was employed to determine the methylation status at the
5' CpG island in the WT1 promoter region. Bisulfite converts
unmethylated cytosine residues to uracil, but methylated cyto-
sines remain non-reactive. PCR amplifies uracil as thymine,
while methylated cytosines are only amplified as cytosines.
MSP distinguishes unmethylated alleles from methylated
alleles in a given gene based on sequence changes following
the bisulfite treatment of DNA using primers designed for
either methylated or unmethylated DNA. The cells of different
groups were collected for MSP at 48 h after drug treatment
incubation. DNA from the cell lines was extracted using the
ZR Genomic DNA II kit (Zymo Research Corporation, Irvine,
CA, USA) as recommended by the manufacturer. Bisulphite
modification of genomic DNA was performed using the EZ
DNA Methylation-Gold kit (Zymo Research Corporation)
according to the manufacturer's instructions. Polymerase
chain reaction (PCR) amplification was performed using
WTI promoter gene fragment-specific primers for either
methylated or unmethylated DNA (Sangon Biotech Co., Ltd.,
Shanghai, China) in a total reaction volume of 25 ul. The
reaction system consisted of 2 ul DNA, 0.5 ul forward and
reverse primers, respectively, 0.5 ul dNTP, 2.5 ul Taq buffer,
2.0 ul MgCl, 0.2 ul Taqg DNA polymerase and 16.8 x1 ddH,0.
The primers were as follows: Unmethylated WT1 sense,
5'-GGT TAAGTTAGGTGTTGTTGAGGTTAGT-3' and
antisense, 5"AAACACTACTCCTCATACAACTCCACA-3',
yielding a fragment of 351 bp; and methylated WT1 sense,
5'"TTGGGTTAAGTTAGGCGTCGTC-3' and antisense,
5'-AACACTACTCCTCGTACGACTCCG-3', yielding a PCR
product of 353 bp. PCR was performed under the following
conditions: 95°C for 4 min, then 94°C for 25 sec, 61°C for
25 sec and 72°C for 30 sec for 25 cycles, followed by 72°C
for 5 min. CpGenome universal methylated DNA (EMD
Millipore, Billerica, MA, USA) was used as a control for
the methylated DNA. There were five samples per experi-
mental group, therefore, 20 samples were used per assay.
PCR-amplified products were separated by electrophoresis on
2% agarose gel and visualized by ethidium bromide staining
under ultraviolet light, and then images were captured.

Reverse transcription-quantitative PCR (RT-qPCR).
RT-qPCR was performed with the 7500 Fast Real-Time PCR
system (Applied Biosystems, Foster City, CA, USA) in a total
reaction volume of 25 ul. The reaction system consisted of
2 ul cDNA, 0.1 ul forward and reverse primers, respectively,
0.1 ul TagMan probe, 0.5 ul dNTP, 2.5 ul Taq buffer, 1.5 ul
MgCl, 0.5 ul Taq DNA polymerase and 17.7 ul ddH,O. All
primers were synthesized by Sangon Biotech Co., Ltd. The
primers and probes specific for WT1 gene were as follows:
WTI1 sense, 5-AGAATACACACGCACGGTGTCT-3' and
antisense, 5'-GATGCCGACCGTACAAGAGTC-3"; and
WT1 TagMan probe, 5'-CTCCAGGCACACGTCGCA-
CATCCTC-3'. GAPDH was utilized as a housekeeping gene for
internally controlling the RNA quality, for which the primers
and probes were as follows: GAPDH sense, 5'-GGAAGGTGA
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AGGTCGGAGTC-3' and antisense, 5'-CGTTCTCAG
CCTTGACGGT-3"; and GAPDH TagMan probe, 5“TTTGGT
CGTATTGGGCGCCTG-3'. The reactions of the WT1 gene
amplification were performed under the following conditions:
50°C for 2 min and 95°C for 5 min, followed by 40 cycles of
95°C for 10 sec, 59°C for 45 sec and 37°C for 20 sec. The
PCR profile of GAPDH was 95°C for 10 min, then 40 cycles
of 95°C for 15 sec, 58°C for 40 sec and 37°C for 1 min.
There were five samples per experimental group, therefore,
20 samples were used per assay. The resulting data were
analyzed with ABI Prism 7500 SDS software (Applied
Biosystems Life Technologies, Foster City, CA, USA). The
cycle threshold (CT) were determined and the differences
in the CT values for WT1 and GAPDH were calculated.
Expression of genes with a CT >35 cycles was considered
absent. The housekeeping GAPDH gene transcript was used
to normalize the results, and the relative expression of WT1
was determined with the 22T method.

Assay of cell differentiation. Expression of myelomono-
cytic antigens, CD11b and CDI14, on the surfaces of the
cell lines was determined by direct immunofluorescent
staining and flow cytometry. Briefly, the cells were collected
and washed with phosphate-buffered saline, and a total of
5x10° cells were stained with monoclonal mouse anti-human
CDl1b-pycoerythrin- (cat. no. 555388; 1:100) and monoclonal
rabbit anti-human CD14- (cat. no. 555397; 1:100) fluoroscein
isothiocyanate-conjugated antibodies (Sangon Biotech Co.,
Ltd.). The cells were incubated for 15 min at 4°C and then
analyzed in a flow cytometer (FACScabilur; BD Biosciences).

Statistical analysis. All experiments were repeated three
times with similar results and the data are shown as the
mean =+ standard deviation. A one-way analysis of variance
and coefficient correlations were performed with the statis-
tical software SPSS 17.0 (SPSS, Inc., Chicago, IL, USA).
P<0.05 was used to indicate a statistically significant differ-
ence.

Results

Analysis of methylation status of the WT1 gene in SHI-1, U937
and K562 cells. MSP analysis was performed on cell lines
treated with drugs for 48 h. The MSP results showed that the
WT]1 promoter appeared to be methylation in the U937 cells.
Treatment with DAC and ATRA alone or in combination did
not change the methylation status of the DNA. However, the
WTI1 promoter was found to be unmethylated in the SHI-1
and K562 cells, and the intensity of the unmethylated band
changed following DAC and ATRA treatments (Fig. 1).

Changes in mRNA expression of the WT1 gene in SHI-1,
U937 and K562 cells following treatment with DAC and
ATRA. The mRNA levels of the WT1 gene were detected by
RT-qPCR in cell lines treated with drugs for 48 h. The results
indicated that WT1 was silenced by aberrant methylation in
the U937 cells prior to treatment, and that the WT1 gene
remained silenced following treatment with DAC and/or
ATRA (data not shown). The expression level of WT1 was
higher in the untreated SHI-1 and K562 cells. Treatment of
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Figure 1. Methylation status of the Wilms' tumor 1 promoter in SHI-1, U937
and K562 cell lines treated with DAC and ATRA alone or in combination
for 48 h. M, methylated; U, unmethylated; P, positive control for methyl-
ated DNA; 0.5ATRA, 0.5 ymol/l all-trans retinoic acid; 2DAC, 2 pmol/l
5-aza-2'-deoxycytidine.
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Figure 2. (A) Expression levels of WT1 mRNA in SHI-1 cells treated with
DAC and ATRA alone or in combination for 48 h. "P<0.05 vs. control group;
“P<0.05 vs. groups treated with DAC and ATRA alone. (B) Expression levels
of WT1 mRNA in K562 cells treated with DAC and ATRA alone or in com-
bination for 48 h. "P<0.05 vs. control group; “P<0.05 vs. group treated with
ATRA alone. 0.5ATRA, 0.5 pmol/I all-trans retinoic acid; 2DAC, 2 ymol/l
5-aza-2'-deoxycytidine; WT1, Wilms' tumor 1.

the SHI-1 cells with DAC and ATRA alone or in combina-
tion significantly decreased the level of WT1 gene expression
compared with the control group (P<0.05), and the combina-
tion of the two drugs resulted in a marked decrease in WT1
expression compared with DAC or ATRA alone (P<0.05)
(Fig. 2A). The treatment of the K562 cells with DAC alone or
in combination with ATRA significantly decreased the level
of WT1 gene expression compared with the control group
(P<0.05). There was a significant difference in WT1 expres-
sion between the ATRA-treated group and the combination
group (P=0.031), but not between the DAC-treated group and
the combination group (P=0.595; Fig. 2B).

Analysis of differentiation of SHI-1, U937 and K562 cells
following treatment with DAC and ATRA. The drug-treated
SHI-1 and U937 cells significantly expressed CDI11b
compared with the control group (P<0.001), and the combi-
nation of DAC and ATRA treatment had a significant effect
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Figure 3. (A) Expression level of CD11b in SHI-1 cells treated with DAC and ATRA alone or in combination for 24, 48 and 72 h. "P<0.001 vs. groups treated
with DAC and ATRA alone or in combination at different time-points; “P<0.001 vs. drug-treated groups; and ““P<0.05 vs. groups treated with DAC and ATRA
alone. (B) The expression level of CD11b in U937 cells treated with DAC and ATRA alone or in combination at 24, 48 and 72 h. ‘P<0.001 vs. drug-treated
groups; “P<0.05 vs. groups treated with DAC alone or in combination with ATRA; and ““P<0.05 vs. groups treated with DAC and ATRA alone. (C) The
expression level of CD11b in K562 cells treated with DAC and ATRA alone or in combination at 48 and 72 h. (D) Outcome of DAC and ATRA alone or in
combination on the differentiation of SHI-1 cells at 72 h by flow cytometry. The CD11b-positive cells were in the top left and right gates. The CD14-positive
cells were in the top right and bottom right gates. (E) The outcome of DAC and ATRA alone or in combination on the differentiation of U937 cells at 72 h
by flow cytometry. (F) The outcome of DAC and ATRA alone or in combination on the differentiation of K562 cells at 72 h by flow cytometry. 0.5ATRA,
0.5 ymol/1 all-trans retinoic acid; 2DAC, 2 ymol/l 5-aza-2'-deoxycytidine; CD, cluster of differentiation; FITC, fluoroscein isothiocyanate; PE, pycoerthyrin.
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Figure 4. A comparison of the time courses of WT1 expression and
CD11b-positive rates during the combined DAC and ATRA treatment-induced
differentiation of SHI-1 cells. The expression level of the WT1 gene rapidly
decreased during the differentiation of SHI-1 cells induced by DAC in com-
bination with ATRA; by contrast, the rate of CD11b expression increased
gradually. 0.5ATRA, 0.5 ymol/l all-trans retinoic acid; 2DAC, 2 pmol/l
5-aza-2'-deoxycytidine; WT1, Wilms' tumor 1.

on cell differentiation compared with single-agent DAC or
ATRA treatment (P<0.05) (Fig. 3A and B), whereas only
marginal expression of CD14 was detected in the treated cells
for any of the treatment times (data not shown). The effect of
DAC and ATRA on differentiation of SHI-1 cells (P<0.05),

but not U937 cells (P>0.05), was in a time-dependent manner
(Fig. 3A and B). The flow cytometry diagrams in Fig. 3C
and D indicate the differentiation of SHI-1 and U937 cells,
respectively. When the K562 cells were treated with the two
drugs, there was no significant induction of expression of
CDl1b or CD14 (27).

Correlation analysis of WTI expression levels and
CDI11b-positive rates in SHI-1 cells. WT1 expression changed
inversely to the dynamic changes of the CDI1b-positive
rates (rs=-0.762, P=0.004; Fig. 4). The CDI1b-positive rates
increased as the SHI-1 cells were exposed to the combination
of DAC and ATRA for increasing culture times, with a rapid
decrease in the expression level of WT1.

Discussion

During embryogenesis, WT1 is preferentially expressed and
is essential in the development of the urogenital system.
In adults, a low level of WT1 expression is present in the
kidneys, ovaries, endometrium, testes, spleen and normal
hematopoietic progenitor cells (28,29). Previous studies
reported low levels of WT1 expression in 8226, Jurkat, Raji,
U266 and U937 cells accompanying DNA hypermethylation
in the WT1 gene promoter region, and 5-aza-CdR enhanced
expression of the WT1 gene in U937 cells (24). The present



study demonstrated that the U937 cells did not express the
WTI gene, but that the SHI-1 and K562 cells highly expressed
the WT1 gene; the WT1 gene was methylated in the U937
cells, but unmethylated in the SHI-1 and K562 cells. More-
over, the study showed that treatment with DAC and ATRA
alone or in combination did not change the methylation status
of WT1 and did not induce the expression of the WT1 gene
in the U937 cells.

Numerous studies have shown that WT1 is overexpressed
in hematopoietic malignancies, including chronic myelog-
enous leukemia, acute leukemia and MDS (30-32), and in a
number of leukemia cell lines (24). However, normal blood
cells and CD34-positive hematopoietic progenitors have
been identified to express a far lower level of WT1 or none at
all (3,30). The present study quantitatively analyzed the WT1
expression in AML cell lines, with results in accordance with
a previous study (24). In addition, the present results showed
that treatment of the SHI-1 cells with DAC and ATRA alone
or in combination significantly decreased WT1 gene expres-
sion, with marked changes in WT1 expression following
combined treatment DAC with ATRA, whereas treatment
of the K562 cells with DAC alone or in combination with
ATRA, but not with ATRA alone, significantly decreased
WTI1 gene expression.

Several leukemia cell lines have demonstrated a statisti-
cally significant decrease in WT1 expression level during
induced differentiation (33,34). The present study showed
that the drug-treated SHI-1 and U937 cells markedly
expressed CD11b, and the combination of DAC and ATRA
treatment exhibited a pronounced effect on cell differentia-
tion compared with DAC or ATRA treatment alone, whereas
DAC and ATRA exhibited no effect on the differentiation
of the K562 cells. In addition, the effect of DAC and ATRA
on the differentiation of the SHI-1 cells occurred in a
time-dependent manner. Due to this observation, the study
then investigated the effect of DAC and ATRA on WT1
expression level and the accompanying changes in SHI-1 cell
differentiation induced by the two drugs. The results showed
that the expression level of the WT1 gene rapidly decreased
during the differentiation of the SHI-1 cells induced by DAC
in combination with ATRA; by contrast, the rate of CD11b
expression increased gradually.

The majority of studies have reported that WT1 is an
independent adverse prognostic factor, a convenient MRD
marker, a block cell differentiation factor and a potential
therapeutic target in acute leukemia (10,14,35). A recent
clinical study has reported that the combined treatment of
DAC and ATRA exhibited a better patient response than
conventional cytarabine-based induction chemotherapy (26).

Taken together, these results indicate that the combined
treatment with DAC and ATRA has clinical therapeutic
potential in acute monocytic leukemia patients with high WT1
expression and a poor response to standard induction chemo-
therapy.
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