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ABSTRACT

WT1 has been reported to function as an oncogene and a tumor suppressor in acute myeloid
leukemia (AML). The molecular mechanisms have not yet been fully elucidated. Here, we report
that p53, served as a tumor suppressor, plays a critical role in regulating the function of WT1 in
AML. For details, we performed a meta-analysis on 1131 AML cases, showing that WT1 gene
mutation and TP53 gene exhibited a mutually exclusive predisposition in AML. p53 can be
recruited to the promoter region of WT1's target genes to modulate their expression by physically
interacting with WT1. The AML-derived p53 mutation (p53%***?) can disrupt the interaction
between WT1 and p53, resulting in the loss of modulation of WT1’s target genes. Furthermore,
wild-type p53 maintained the anti-proliferation activity of WT1 in AML cells. In contrast, WT1
promoted AML cell proliferation in the absence of p53 (or mutated p53). In conclusion, we
demonstrated a novel explanation of the controversial function of WT1 in AML. These results
provided a mechanism by which WT1 inhibited AML cell proliferation in a p53-dependent manner.
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Introduction

Acute myeloid leukemia (AML) is a rapidly pro-
gressing blood malignancy characterized by
unlimited proliferation of myeloid cells [1]. To
further delve into the pathogenesis of AML, we
focused on its genetic characterization. Current
genetic studies have reported multiple molecular
mutations in AML patients, including the WT1
(Wilms®  tumor 1) and TP53. WT1 is
a transcription factor that regulates genes involved
in nephrogenesis and hematopoiesis [2-5].
Previous studies have demonstrated that WTI
was mutated in ¥6% to 15% of AML and func-
tioned as a tumor suppressor [6-8]. However,
WT1 was also reported to be overexpressed in
AML patients and contributed to leukemogenesis,
suggesting WT1 is an oncogene [9]. These contro-
versial findings hinder the further understanding
of AML pathogeny [10]. WT1 has previously been
demonstrated to interact with p53 [11], a tumor
suppressor encoded by TP53 gene in humans.
TP53 mutations occur in more than half of cancer
and the frequency of TP53 mutation in AML is

reported 5-10% (9% in TCGA) [12]. When we
studied the WT1 and TP53 mutations in AML,
we noted that WT1 mutation and TP53 mutation
performed a mutually exclusive predisposition in
AML, prompting us to hypothesize that a shared
functional role for WT1 and p53 in AML. Our
study demonstrated that p53 maintains the tumor
suppressor activity of WT1 through interaction
with WT1. When TP53 mutated, WT1 would
turn out to be an oncogene contributing to
leukemogenesis.

Results
P53 modulates WT1-target gene expression

To investigate the mutation landscape of WT1 and
TP53 genes in AML, we performed a meta-analysis
of 1131 AML cases with detailed high throughput
sequencing data obtained from http://www.cbio
portal.org (OHSU, Nature 2018; TCGA, NEJM
2013; TCGA, PanCancer Atlas; TCGA,
Provisional). One hundred and eighty-two AML
cases (16.1%) carried at least one gene mutation,
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Figure 1. P53 modulates WT1-target gene expression. (a) Somatic variants in WT1 and p53 were identified in a total of 1131 AML
cases, in which 184 cases carried at least one mutation; (b) p53 was overexpressed in HEK293T cells, and the mRNA expression of
indicated WT1-target genes was determined by quantitative real-time PCR; (c) (left) HEK293T cells were transduced with retrovirus
expressing different shRNAs against WT1, and the WT1 knockdown efficiency was verified by both qRT-PCR and western blot. (right)
Overexpression of p53 in HL-60 cells with or without WT1 knockdown. HL-60 cells were transduced with retrovirus expressing
different shRNAs against WT1 and retrovirus expressing Flag-tagged full-length p53. The expression of WT1 and p53 proteins was
determined by western blot; (d) and (e) p53 was overexpressed in HEK293T cells as treated in Figure 1(c) (left), and the mRNA
expression of indicated WT1-target genes was determined by qRT-PCR; (f) HCT116 (p53™) and HCT116 (p53**) cells were
transfected with WT1, and the mRNA expression of indicated WT1-target genes was determined by gRT-PCR; (g) Stable HL-60
cells were generated as described in Figure 1(c) (right), and the mRNA expression of WT1-target genes was determined by
quantitative real-time PCR. Shown are average values of triplicated results with SD; *p < 0.05; **p < 0.01; ***p < 0.001 for the
indicated comparison.
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Figure 2. P53 directly binds to WT1. (a) Endogenous WT1 protein was immunoprecipitated from two human AML cell lines (i.e. HL-
60 and KASUMI-1), followed by western blot to detect p53. Normal rabbit IgG was used as a negative control; (b) Endogenous WT1
protein was immunoprecipitated from mouse ESCs or BMCs cells, followed by western blot to detect p53. Normal rabbit IgG was

used as a negative control; (c) Wild-type p53 and p53°2*Q

was examined by IP-western using the indicated antibodies.

including 84 WT1-mutated cases (7.4%) and 100
p53-mutated cases (8.8%) (Figure 1(a)). Notably,
only two cases (0.177%) carried both gene muta-
tions, suggesting WT1 mutation and TP53 muta-
tion exhibited a mutually exclusive predisposition
in AML (P= 0.0491). Given the bioinformatics
analysis above, we speculated a shared functional
role for WT1 and p53 in AML.

To determine this speculation, we first exam-
ined whether p53 is involved in WT1-regulated
gene expression. qQRT-PCR results demonstrated
that overexpressed p53 saliently altered the expres-
sion profiles of WT1-regulated genes in HEK293T
cells (Figure 1(b)). Furthermore, p53-mediated
modulation of WT1-regulated genes was abolished
(i.e. BTRC and TBL1X, two known direct WT1-
target genes [13], Figure 1(d and e)) when WTI
was knocked down by two shRNAs targeting WT1
in HEK293T cells (Figure 1(c) left). Next, HCT116
(p53™") and HCT116 (p53*'") cells were trans-
fected with WT1 expression vector, respectively.
We found that the most upregulated target genes

were co-expressed with WT1 in HEK293T cells. Protein—protein interaction

of WT1 in HCT116 (p53_/ ") were downregulated
in HCT116 (p53*'"), and vice versa (Figure 1(f)).

To verify that this mechanism existed in AML,
HL-60 cells were transfected with Flag-p53 expres-
sing vectors (Figure 1(c) right). p53 overexpression
indeed changed the expression profiles of WT1-
regulated genes in HL-60 cells (Figure 1(g)). Once
WT1 was depleted by shRNAs, the p53-mediated
alteration of WT1-regulated gene expression was
abolished (Figure 1(g)). In all, p53 takes part in
modulating WT1-regulated genes.

P53 directly binds to WT1

To investigate the molecular mechanism that p53
modulated WT1-regulated gene, IP-western was per-
formed to determine the endogenous WT1-p53 inter-
action in HL-60, KASUMI-1 (Figure 2(a)), mouse
embryonic stem cells (ESCs) and primary bone mar-
row cells (BMC:s) (Figure 2(b)). These results demon-
strated that the WTI1-p53 interaction was readily
detected in HL-60 cells, ESCs, and BMCs, but not in



p53-mutated KASUMI-1 cells, suggesting that the
interaction between p53 and WT1 indeed exists and
could be disrupted by p53 mutation. To determine the
binding sites of WT1 with p53, HA-WT1 was ectopi-
cally expressed with Flag-p53 (FL) or Flag-p53****Qin
HEK293T cells. We found that WT1 binds to full-
length p53, but not with p53°***Q (Figure 2(c)).
Collectively, these data demonstrate that p53 directly
binds to WT1 and AML-derived p53****Q mutation
disrupts its binding to WT1.

WT1 recruits p53 to the promoter region of its
target genes

To verify how p53 and WT1 collaboratively
regulated WT1-target genes, ChIP-qPCR was
performed in HEK293T cells. It was demon-
strated that ectopically expressed p53 could
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bind to the promoter region of WT1-regulated
genes, and the binding was substantially
increased when WT1 was co-expressed in
HEK293T cells (Figure 3(a)). We conducted the
same experiment in HL-60 cells. Consistently,
we found that p53 was significantly enriched in
the promoters of BTRC and TBL1X (Figure 3
(b)). Moreover, the p53 occupancy on the pro-
motors of BTRC and TBL1X was significantly
decreased when endogenous WT1 was knocked
down in HL-60 cells (Figure 3(b)). In sum, the
results above show that WT1 recruits p53 to the
promoter region of its target genes.
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Figure 3. WT1 recruits p53 to its target genes promoter region. (a) p53 was transiently expressed either singularly or with WT1 in
HEK293T cells. The occupancy of p53 at the promoter regions of WT1-target genes was determined by ChIP-gPCR. Mouse IgG was
included as negative controls for ChIP-qPCR; (b) HL-60 cells were transduced with retrovirus expressing different shRNAs against
WT1. The occupancy of p53 on the promoter regions of indicated WT1-target genes was determined by ChIP-gPCR. Mouse IgG was
included as a negative control. Shown are average values of triplicated results with SD; *p < 0.05; **p < 0.01; ***p < 0.001 for the

indicated comparison.
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WT1 Inhibits AML cell proliferation in a
p53-dependent manner

Based on the above results, we investigated the
impact of WT1-p53 interaction on AML. First,
we overexpressed p53 in HL-60 cells and examined
the effect of p53 on cell proliferation and colony
formation. The results indicated that p53 inhibited
HL-60 cells proliferation (Figure 4(a)) and reduced
HL-60 cells colony formation (Figure 4(b)) com-
pared to control. When WT1 was knocked down
in HL-60, the inhibitory effects were abolished
(Figure 4(a and b)). Then, we performed the
same experiments in p53-mutated KASUMI-1
cells. The overexpression of WT1 promoted pro-
liferation (Figure 4(c)) and increased colony for-
mation (Figure 4(d)) in KASUMI-1 cells,
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suggesting that WT1 is a pro-proliferation protein
in p53-mutated AML cells. Interestingly, wild-type
p53, co-overexpression with WT1 into KASUMI-1
cells, substantially inhibited KASUMI-1 cells pro-
liferation and colony formation. Collectively, the
experiments demonstrate that the molecular status
of p53 (wild-type or mutated) significantly influ-
ences the role of WT1 on AML cell proliferation.

High-frequency, AML-derived, WT1-binding-
defective p53°2*2Q fails to inhibit AML cell
proliferation

Finally, we screened out a high-frequency AML-
derived mutated p53, p53°***Q, which lost the

binding activity to WTI1. The biological
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Figure 4. WT1 inhibits AML cell proliferation in a p53-dependent Manner. (a) and (b) Cell proliferation (a) and colony formation (b)
of stable HL-60 cells overexpressing full-length p53 with or without WT1 knockdown were determined by cell counting and colony-
forming assay, respectively; (c) and (d). KASUMI-1 cells were transiently expressed with WT1, or p53, or both, and cell proliferation (c)
and colony formation (d) were determined by cell counting and colony-forming assay, respectively. Shown are average values of
triplicated results with SD; *p < 0.05; **p < 0.01; ***p < 0.001 for the indicated comparison.



experiments showed that overexpression of wild-
type p53, but not p53°***Q? in HL-60 cells
decreased cell proliferation and reduced colony
formation (Figure 5(a and b)). Similar results
were displayed in KASUMI-1 cells (Figure 5(c
and d)). Taken together, our results suggest that
the inhibitory effects of WT1 on AML cell prolif-
eration is p53-dependent and that the AML-
derived, WT1-binding-defective p53 mutation
loses the inhibitory effects on WT1.

Discussion

WT1 was first identified as a predisposition gene
for Wilms® tumor [14] with loss-of-function
mutations in X15% of sporadic Wilms’ tumor
cases [15]. In hematologic malignancies, WT1
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is mutated in K6% to 15% of cases of de novo
AML [6-8]. Meanwhile, it is also demonstrated
that WT1 is overexpressed in AML and impli-
cates in leukemogenesis [16]. This is a particular
challenge in AML, in which WT1 has been
shown to function as an oncogene and a tumor
suppressor [2,8,17,18].

Here, we demonstrated a novel understand-
ing that p53 is involved in the WT1’s functional
changes in AML. p53 is a well-known tumor
suppressor in AML [19]. In our study, we
found that p53 was recruited to the promoter
region of WTIl-regulated genes by directly
binding to WTI1. These results demonstrated
that once WT1 was not mutated, the status of
p53 (wild-type or mutated) would direct the
regulation of WT1-targeted genes. Hence,
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Figure 5. AML-derived, WT1-binding-defective p53R248Q fails to inhibit AML cell proliferation. (a) and (b) Cell proliferation (a) and
colony formation (b) of HL-60 cells overexpressing wild-type p53 or p53 (R248Q) were determined by cell counting and colony-
forming assay, respectively; (c) and (d) Cell proliferation (c) and colony formation (d) of KASUMI-1 cells overexpressing wild-type p53
or p53 (R248Q) were determined by cell counting and colony-forming assay, respectively. Shown are average values of triplicated
results with SD; *p < 0.05; **p < 0.01; ***p < 0.001 for the indicated comparison.
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reports of overexpressed WT1 functioned as an
oncogene may be the indirect influence of p53
mutation.

Further study shows that the binding of p53 to
these WT1-regulated genes depends on the pre-
sence of WT1 protein and the binding of p53 to
WT1-regulated gene is functional. The inhibitory
effects of WT1 on AML cell proliferation and
colony formation need the presence of p53.
When wild-type p53 is replaced with mutated
p53 that disrupt the interaction with WT1, WT1
will turn into an oncogene that contributes to
leukemogenesis.

Except for AML, WT1 and p53 genes are also
reported to mutate in many other cancers, such as
hepatocellular carcinoma [20,21], gastrointestinal
stromal tumor [22], breast invasive carcinoma
[23], lung adenocarcinoma [24], and prostate can-
cer [25]. Thus, it is possible that the WT1/p53
complex is involved not only in AML but also in
other types of cancer.

In conclusion, this study provided a novel
understanding of the mutual exclusivity of WT1
and p53 mutations and explored the potential
mechanism of p53 in maintaining the anti-
proliferation activity of WT1 in AML, which was
of great significance for improving the diagnosis
and treatment of AML.

Materials and methods
Plasmids construction

The full-length cDNA of human WT1 was cloned
into pcDNA3-HA. The full-length ¢cDNA of
human p53 was cloned into pcDNA3-Flag. Point
mutations were generated as described previously
[26] by site-directed mutagenesis  using
a QuickMutation™ Site-Directed Mutagenesis Kit
(Beyotime). Plasmids for shRNA expression vec-
tors, pMKO.1-puro and pMKO.1-hyg, were pur-
chased from Addgene and pMKO.1-puro-shWT1
and pMKO.1-hyg-shp53 were constructed. All
plasmids were verified by DNA sequencing.

Cell culture and transfection

HEK293T was maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Gibco) supplemented

with 10% fetal bovine serum (FBS, Gibco) in the
presence of penicillin, streptomycin, and 8 mM
L-glutamine (Invitrogen). HCT116 (p537/ ) and
HCT116 (p53**) cells were maintained in
McCoy’s 5A Medium (Gibco) supplemented with
10% FBS in the presence of penicillin, streptomy-
cin. ES-E14TG2a from mouse embryo (blastocyst)
were purchased from Sigma (08021401).
Moreover, HL-60 and KASUMI-1 (p53-mutated)
cells were maintained in RPMI-1640 medium sup-
plemented with 20% FBS, 2 mmol/L L-glutamine,
100 U/mL penicillin/streptomycin. Plasmid trans-
fection was carried out using lipofectamine 2000
(Invitrogen) according to the manufacturer’s
instructions.

RNA isolation and quantitative real-time PCR

Total RNA was isolated from cultured cells using
Trizol reagent (Invitrogen) following the manufac-
turer’s instructions. RNA was reverse transcribed
and preceded by real-time PCR with gene-specific
primers (TaKaRa). B-actin was used as control.
Primer sequences are presented in Table S1.

Immunoprecipitation and western blotting

Cells were lysed in ice-cold NP-40 buffer [50 mM
Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% NP-40]
containing protease inhibitor cocktail (PIC,
Roche). Immunoprecipitation was carried out
either by incubating Flag/HA beads (Sigma) at
4°C with lysate for 3 h or by incubating appro-
priate antibody with cell lysate for 1 h, followed by
incubating with Protein-A beads (Upstate) for
another 2 h at 4°C before beads were washed for
three times with ice-cold NP-40 buffer. Standard
western blot protocols were performed. Antibodies
against p53 (ab1101, Abcam), WT1 (sc-7385X,
Santa Cruz), HA (sc-7392X, Santa Cruz), Flag
(14,793, CST), mouse IgG (Santa Cruz), and rabbit
IgG (Santa Cruz) were purchased commercially.

Cell proliferation array

Cell proliferation was measured using Cell
Counting Kit-8 (CCK-8; Beyotime) assays.
Briefly, HL-60 or KASUMI-1 cells were seeded in
96-well plates, 4 wells for each group, with 3-



5 x 10* cells. At 0, 24, 48, 72, 96 h, 10 ul of CCK-8
reagent was added to each well, and the cells were
incubated for 1 h at 37°C. Finally, the absorbance
at 450 nm was measured using the ELx808™
Absorbance Microplate Reader (BioTek).

Colony formation assay

HL-60 or KASUMI-1 cells were plated (1000 cells
per 35 mm dish) in methylcellulose-based
MethoCult medium (Stem Cell Technologies).
Culture dishes were incubated at 37°C in
a humid atmosphere with 5% CO,. 6 days later,
colonies (>50 um diameter) were counted using
Image] software.

Generation of stable WT1 and/or p53 knockdown
cell pools

pMKO.1-puro-shWT1 and pMKO.1-hyg-shp53
were constructed to generate stable WT1 and/or
p53 knockdown cell pools. Briefly, the shRNA
construct was co-transfected with vectors expres-
sing the gag and vsvg genes into HEK293T cells.
The supernatant was harvested 36 h after transfec-
tion, and mixed with 8 mg/ml polybrene to
increase the infection efficiency. Cells were
infected with the retrovirus and selected in 1 mg/
ml puromycin or 200 mg/ml hygromycin B for
1 week.

ChIP-qPCR assays

ChIP-qPCR assays were performed as described
previously [27]. Briefly, cells were crosslinked
with 1% paraformaldehyde and sonicated
(Bioruptor UCD-200, Bioruptor). Solubilized
chromatin was immunoprecipitated with antibo-
dies against WT1, Flag, HA, or negative control
IgG. Antibody-TF-chromatin complexes were
pulled down wusing protein  A-sepharose
(Millipore), washed, and then eluted. After cross-
link reversal and proteinase K treatment, IPed
DNA was extracted with phenol-chloroform and
ethanol precipitated. The DNA fragments were
further analyzed by qPCR.

CELL CYCLE 1559

Statistical analysis

Data were described with mean + SD. Statistical
significance was performed using SPSS 20.0 (SPSS,
Chicago, IL, USA). A two-tailed Student’s t-test
was used for a significance analysis, in which
p < 0.05 was set as the threshold.
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