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WT1 facilitates the self-renewal 
of leukemia-initiating cells 
through the upregulation of BCL2L2: 
WT1-BCL2L2 axis as a new acute myeloid 
leukemia therapy target
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Abstract 

Background: Overexpression of Wilms’ tumor-1 (WT1) transcription factor facilitates proliferation in acute myeloid 
leukemia (AML). However, whether WT1 is enriched in the leukemia-initiating cells (LICs) and leukemia stem cells 
(LSCs) and facilitates the self-renewal of LSCs remains poorly understood.

Methods: MLL-AF9-induced murine leukemia model was used to evaluate the effect of knockdown of wt1 on 
the self-renewal ability of LSC. RNA sequencing was performed on WT1-overexpressing cells to select WT1 targets. 
Apoptosis and colony formation assays were used to assess the anti-leukemic potential of a deubiquitinase inhibi-
tor WP1130. Furthermore, NOD/SCID-IL2Rγ (NSG) AML xenotransplantation and MLL-AF9-induced murine leukemia 
models were used to evaluate the anti-leukemogenic potential of WP1130 in vivo.

Results: We found that wt1 is highly expressed in LICs and LSCs and facilitates the maintenance of leukemia in a 
murine MLL-AF9-induced model of AML. WT1 enhanced the self-renewal of LSC by increasing the expression of 
BCL2L2, a member of B cell lymphoma 2 (BCL2) family, by direct binding to its promoter region. Loss of WT1 impaired 
self-renewal ability in LSC and delayed the progression of leukemia. WP1130 was found to modify the WT1-BCL2L2 
axis, and WP1130-induced anti-leukemic activity was mediated by ubiquitin proteasome-mediated destruction of 
WT1 protein. WP1130 induced apoptosis and decreased colony formation abilities of leukemia cells and prolonged 
the overall survival in the THP1-based xenograft NSG mouse model. WP1130 also decreased the frequency of LSC and 
prolonged the overall survival in MLL-AF9-induced murine leukemia model. Mechanistically, WP1130 induced the 
degradation of WT1 by positively affecting the ubiquitination of WT1 protein.
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Background
Acute myeloid leukemia (AML) is a fatal hematological 
malignancy characterized by the differentiation block 
and overproliferation of leukemic blasts. AML initi-
ates from a small subset of leukemia stem cells (LSCs) 
that are responsible for chemotherapy resistance and 
relapse in AML patients [1]. LSCs have unlimited repop-
ulating ability, prolonged residence in the G0/G1 phase 
of the cell cycle, and metabolism adaptations allow-
ing evading the eradication by chemotherapy drugs 
[2]. With standard chemotherapy, only 40–50% AML 
patients (aged < 60  years) and about 15% AML patients 
(aged > 60 years) survive more than 5 years [3]. Therefore, 
developing effective targeted therapy for AML, especially 
targeting LSCs, is essential for improving the survival of 
AML patients.

The Wilms’ tumor 1 (WT1) gene encoding a zinc fin-
ger transcription factor plays an important role in nor-
mal urogenital development and cancer pathogenesis 
[4, 5]. Although WT1 is first identified as a tumor sup-
pressor in Wilms’ tumor, emerging evidence indicates 
that WT1 acts as an oncogene in various solid tumors 
and hematological malignancies [6]. The expression 
of WT1 is increased in primary AML blasts compared 
with normal  CD34+ hematopoietic stem and progenitor 
cells (HSPCs). Furthermore, higher expression of WT1 
in AML blasts correlates with worse clinical outcomes 
in AML patients [7]. As a transcription factor, WT1 
plays an important role in development, differentiation 
arrest, apoptosis, and proliferation [8].Overexpression of 
WT1 enhances cell proliferation and inhibits apoptosis 
through transcriptional activation of multiple oncogenes, 
such as B-cell lymphoma-2 (BCL2) [9] and cyclin D1 [10], 
and transcriptional repression of tumor suppressors, 
such as E-cadherin [11] and cell division cycle 73 [12]. 
Additionally, overexpression of WT1 sustains the sur-
vival of leukemia blasts [13]. For example, overexpression 
of WT1 combined with AML1-ETO/RUNX1-RUNX1T1 
rapidly induces murine leukemia [14]. The knockdown 
of WT1 expression by siRNA induces apoptosis and 
inhibits proliferation in leukemic cells [15]. More impor-
tantly, several compounds such as curcumin [16, 17] and 
HSP90 inhibitor 17-AAG [18] show strong anti-leukemic 
properties through the degradation of WT1 protein. 
Therefore, ectopic expression of WT1 contributes to leu-
kemogenesis and provides a potential candidate target 

for clinical intervention. However, the molecular mecha-
nism by which WT1 facilitates the proliferation and self-
renewal of LSCs remains to be elucidated.

WP1130 is a small molecular compound that was ini-
tially selected and identified for inhibiting Janus-acti-
vated kinase (JAK)-signal transducer and activator of 
transcription (STAT) pathway. The structure of WP1130 
bases on AG490, the first compound used for inhibit-
ing JAK2 kinase activity [19]. However, the subsequent 
experiments indicated that WP1130 acts as a cell-perme-
able deubiquitinating enzyme (DUB) inhibitor and fails to 
inhibit JAK2 kinase activity [20] directly. WP1130 inhib-
its proliferation and induces apoptosis in chronic mye-
logenous leukemia, hepatocellular carcinoma, or breast 
cancer [21–23]. WP1130 rapidly induces the accumula-
tion of polyubiquitinated oncoproteins such as BCR-ABL 
[21], myeloid cell leukemia-1 (MCL1) [20], or MYC [24] 
into juxtanuclear aggresomes for degradation. It is, how-
ever, not clear whether WP1130 affects WT1 protein.

In the present study, we sought to investigate the func-
tion of WT1 in LICs and LSCs. We found that WT1 is 
required for the maintenance of AML by positively regu-
lating BCL2L2. Furthermore, WP1130 exhibits strong 
anti-leukemic ability by suppressing proliferation, induc-
ing apoptosis, and decreasing colony formation through 
inhibiting the WT1-BCL2L2 axis. Most importantly, 
WP1130 decreases the frequency of LSC and extends 
the survival time in MLL-AF9/KMT2A-MLLT3-induced 
murine leukemic model. Therefore, we conclude that the 
WT1-BCL2L2 axis plays an important role in the devel-
opment of leukemia, and WP1130 has anti-leukemic 
potency by affecting WT1-BCL2L2 axis.

Materials and methods
Cell lines, primary AML blasts, and reagents
Human leukemia cell lines (THP1, K562, HL-60, and 
Kasumi-1, ATCC, Manassas, VA, USA) were purchased 
and cultured in RPMI 1640 supplemented with 10% fetal 
bovine serum (FBS, Invitrogen, Carlsbad, CA, USA) 
in humidified 37  °C incubator with 5%  CO2. Bone mar-
row mononuclear cells (blasts  % > 70%) from four AML 
patients with high WT1 expressions were isolated by 
Ficoll density gradient centrifugation (GE Healthcare, 
Uppsala, Sweden). Human  CD34+ umbilical cord blood 
(UCB) was obtained from the Translational Research 
Core of the First Affiliated Hospital of Wenzhou Medical 

Conclusions: Our results indicate that WT1 is required for the development of AML. WP1130 exhibits anti-leukemic 
activity by inhibiting the WT1-BCL2L2 axis, which may represent a new acute myeloid leukemia therapy target.
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University under an approved Institutional Review Board 
protocol. UCB and primary AML blasts were cultured 
in StemSpan Serum-Free Expansion Medium (SFEM, 
Stemcell Technologies, Vancouver, BC, Canada) supple-
mented with recombinant human stem cell factor (SCF, 
Stemcell Technologies), human fms related receptor 
tyrosine kinase 3 ligand (Flt3 ligand, Stemcell Technolo-
gies), human recombinant interleukin-3 (IL-3, Stem-
cell Technologies), human interleukin-6 (IL-6, Stemcell 
Technologies), and human thrombopoietin (TPO, Stem-
cell Technologies) at 10 ng/ml each. All procedures per-
formed in studies involving human participants were 
following the ethical standards of the Ethics Committee 
of the First Affiliated Hospital of Wenzhou Medical Uni-
versity and the Declaration of Helsinki. All patients pro-
vided informed consent by the Declaration of Helsinki. 
The clinical characteristics of AML patients are sum-
marized in Additional file  1: Table  S1. WP1130 (MCE, 
Princeton, NJ, USA) and proteasome inhibitor MG132 
(MCE) were dissolved in dimethyl sulfoxide (DMSO) and 
kept at − 20 °C until use.

Blood smear and histology
Peripheral blood smears and bone marrow (BM) cyto-
spins were stained by Wright-Giemsa stain using stand-
ard protocols [25].

Engraftment of NOD/SCID‑IL2Rγ mice (NSG)
Busulfan (30 mg/kg; B2635; Sigma) was intraperitoneally 
given to 8-week-old NSG mice (Shanghai Model Organ-
isms Center, Shanghai, China) 1 day before xenotrans-
plantation. THP1-GFP cells (2 × 106) were intravenously 
injected into NSG mice. Two weeks of post-transplan-
tation when the percentage of AML  GFP+ cells in the 
blood reached 5%. Mice were divided into two groups 
(6 mice per group). One group was intraperitoneally 
injected with 50 μL DMSO/polyethylene glycol 300 
(PEG300) (1:1 as the vehicle). Another group was intra-
peritoneally injected with WP1130 (40  mg/kg) in 50 μL 
DMSO/PEG300 [21]. Survival time was determined 
from the first day of the experiment until death. All the 
mice were housed in blanket cages with food and water 
available. All animal procedures and care are performed 
according to national and international policies and insti-
tutional guidelines of the First Affiliated Hospital of Wen-
zhou Medical University.

MLL‑AF9‑induced murine leukemic model
BM cells were collected from tibia and femur from 
8-week-old wild-type C57BL/6  J mice at 6  days after 
5-fluorouracil (5-FU) treatment and resuspended in cold 
1 × PBS buffer supplemented 2% FBS. BM cells were 
subjected to isolation of lineage-negative cells  (Lin−) by 

harvesting the non-adherent fraction by selection with 
specific microbeads  (CD11b−, Gr-1−,  Ter119−,  CD3−, 
 B220−; Stemcell Technologies) following the manu-
facturer’s instructions. BM  Lin− cells were cultured in 
StemSpan SFEM (Stemcell Technologies) supplemented 
with murine SCF (10 ng/ml), TPO (50 ng/ml), and FLT3-
L (50  ng/ml) overnight. The  Lin− cells were transduced 
with MSCV-GFP-IRES-MLL-AF9 (Addgene, Watertown, 
MA, USA) through two rounds of “spinoculation” as 
described previously [26, 27]. After transduction,  Lin− 
cells were intravenously injected into lethally irradiated 
C57BL/6  J mice (Shanghai Model Organisms Center, 
Shanghai). The mice were humanely sacrificed, and green 
fluorescent  protein+  (GFP+) cells were sorted by flow 
cytometry when they developed full-onset leukemia.

Bone marrow transplantation (BMT, in vivo reconstitution) 
assays
To determine the anti-leukemic effect of WP1130, we 
isolated BM  GFP+ blasts (2 × 104) from MLL-AF9-
induced murine leukemia, and intravenously injected 
into lethally irradiated C57BL/6J mice, which were ran-
domly divided into two groups: one group was intraper-
ito-neally injected with 50 μL DMSO/PEG300 as vehicle 
group, and another group was intraperitoneally injected 
with WP1130 (40  mg/kg). In the secondary and ter-
tiary BMT, sorted  GFP+ cells from primary and second-
ary BMT receipts were collected and were injected into 
lethally irradiated secondary or tertiary recipient mice 
plus whole BM cells. The secondary or tertiary recipient 
mice were treated with or without WP1130. To deter-
mine the effects of wt1 on MLL-AF9-induced murine 
leukemia, we sorted and transduced BM  GFP+ cells 
from MLL-AF9-induced leukemia with sh-wt1 or sh-nc 
(negative control). After 4 days of puromycin treatment, 
transduced  GFP+ cells were injected into lethally irradi-
ated recipient mice. For secondary and tertiary BMT, BM 
 GFP+ cells were isolated from primary and secondary 
BMT receipts. They were injected into lethally irradiated 
secondary or tertiary recipient mice plus whole BM cells. 
Overall survival was evaluated from the first day of the 
transplantation until death.

Limiting dilution assays
BM  GFP+ cells sorted by flow cytometry were isolated 
from secondary BMT recipients. Three different doses 
of donor cells were transplanted into lethally irradi-
ated recipients for each group (n = 6). The numbers of 
recipient mice were counted only when they developed 
full-onset leukemia and died within 20 weeks post-trans-
plantation. An extreme limiting dilution assay (ELDA) 
was used to assess the frequency of LSC [28].
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mRNA extraction and quantitative real‑time PCR (qRT‑PCR)
Total RNA was extracted by TRIzol (Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer’s instruction. 
RNA concentration and quality were analyzed by measur-
ing the absorbance at 260 nm with a spectrophotometer 
(DS-11, DeNovix, Wilmington, DE, USA). Total RNA 
was used as a template to synthesize cDNA for qRT-PCR 
analysis by ABI 7500 real-time PCR system (Applied Bio-
systems, Carlsbad, CA, USA). Relative expression was cal-
culated using the 2−��CT method. The primer sequences 
were indicated in Additional file 4: Table S2.

Other procedures
For details on Western blotting, apoptosis, CCK8, construc-
tion of plasmids, retrovirus production and cell transduc-
tion, co-immunoprecipitation (co-IP) assays, flow cytometry 
analysis, colony-forming assay, and RNA sequencing analy-
sis please see Additional file 2: Materials and methods.

Statistical analysis
Overall survival (OS) probabilities were estimated by 
the Kaplan–Meier method, and differences in survival 
distributions were compared using the log-rank test. OS 
was defined from the date of engraftment to death. For 
all the analyses, the P values were two-tailed, and a value 
P < 0.05 was considered statistically significant. All statis-
tical analyses were performed using SPSS 22.0 (SPSS Inc, 
Chicago, IL, USA).

Results

1. wt1 is highly expressed in LICs and LSCs and facili-
tates the self-renewal of LSCs.

 To explore whether wt1 is enriched in LICs or 
LSCs in comparison to normal HSPCs, the tran-
script of wt1 was first measured in a murine 
MLL-AF9-induced AML model. Previous stud-
ies have shown that overexpression of MLL-AF9 
in murine HSPCs leads to AML [29]. We assessed 
the expression of wt1 in immunophenotypic 
 GFP+c-Kit+Mac-1+ cells as LICs [30], and L-GMP 
cells  (GFP+Lin−c-Kit+Sca-1−CD34+CD16/32+) as 
LSCs [29]. Wt1 expression was also assessed in  Lin− 
cells as normal comparable counterparts. The expres-
sion level of wt1 was 4–sixfold higher in LICs and 
LSCs in comparison to normal  Lin− cells (Fig. 1a).

 To investigate whether the knockdown of wt1 inhib-
its the self-renewal of LSCs, we isolated MLL-AF9-
induced murine leukemic blasts, which were trans-
duced with specific short hairpin RNA (shRNA) for 

wt1 (sh-wt1) or control scrambled sh-nc. Trans-
duced leukemic cells were transplanted into receipt 
mice (Fig. 1b). qRT-PCR indicated successful silenc-
ing of wt1 in MLL-AF9-induced murine leuke-
mia (Additional file  3: Fig. S1a). The frequency of 
 GFP+ cells was substantially lower in BM cells with 
knockdown of wt1 than those transduced with nc 
control (Fig.  1c). Furthermore, the percentage of 
AML blasts was lower in blood and BM cells with 
wt1 knockdown in comparison to those transduced 
with nc control (Additional file 3: Fig. S1b). Besides, 
spleen weight was significantly decreased in leuke-
mic mice transplanted with cells with knockdown 
of wt1 in comparison to mice transplanted with cells 
transduced with scrambled nc control (Fig.  1d). To 
explore the relationship between wt1 knockdown 
and the frequencies of LICs and LSCs, we meas-
ured the frequencies of c-Kit+Mac-1+ cells and 
 Lin−c-Kit+Sca-1−CD34+CD16/32+ cells (L-GMP) in 
BM  GFP+ cells from MLL-AF9-induced murine leu-
kemia. The knockdown of wt1 substantially reduced 
the frequencies of LIC (Fig.  1e) and LSC (Fig.  1f ). 
 GFP+ MLL-AF9 cells from BM were sorted for the 
evaluation of colony formation. The knockdown of 
wt1 in MLL-AF9 cells significantly decreased the 
ability to form colonies by MLL-AF9 cells (Fig. 1g).

 To further clarify the function of WT1 in LSCs, 
we performed serial BMT with the same number 
of AML cells. The knockdown of wt1 substantially 
extended the overall survival in primary, secondary, 
and tertiary BMT in comparison to control trans-
duced MLL-AF9 cells (Fig.  1h–j). Besides, limiting 
dilution assays indicated that the estimated frequency 
of LSCs was significantly lower in murine leukemic 
blasts with knockdown of wt1 in comparison to nc 
control (Fig.  1k and Additional file 8: Table S3, 1 in 
177 versus 1 in 53, P < 0.05).

2. WT1 increases the expression of BCL2L2 by binding 
its promoter region.

 As a transcription factor, WT1 regulates the expres-
sions of target genes by binding to their promoter 
regions [31]. To determine the potential targets of 
WT1 in leukemic cells, we transduced U937 cells 
in the absent expression of WT1 [32] with retrovi-
rus vector MSCV-WT1, which expresses WT1 iso-
form (Ex5-/KTS-). RNA sequencing analysis was 
performed to select the potential genes regulated 
by WT1. A total of 118 genes were significantly 
increased (> twofold), and 339 genes (< − twofold) 
were decreased in U937 cells overexpressing WT1 
in comparison to cells transduced with a vector 
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encoding for nc control (Fig. 2a, b). Gene Set Enrich-
ment Analysis (GSEA) demonstrated that negative 
regulation of myeloid leukocyte differentiation was 
enriched in U937 cells overexpressing WT1 (Fig. 2c). 

Furthermore, genes related to hematopoietic cell lin-
eage were negatively enriched in WT1-overexpress-
ing U937 cells (Fig. 2d).

Fig. 1 WT1 is required for the maintenance of MLL-AF9-induced murine leukemia. a The transcript expression of wt1 is measured in LICs 
 (GFP+c-Kit+Mac-1+) and LSCs  (GFP+Lin−c-Kit+Sca-1−CD34+CD16/32+) from MLL-AF9-induced murine leukemia (n = 4) and BM  Lin− cells from 
normal C57/B6 mice (n = 4). b A schematic outline of the in vivo experiment using MLL-AF9-induced murine AML model. c The frequency of  GFP+ 
cells was measured in BM cells from MLL-AF9-induced leukemia with knockdown of wt1 (n = 4) or control nc (n = 4). Shown are the representative 
plots (left) and statistical analysis of the frequency of  GFP+ cells (right). d A representative image of the spleen (left) and statistical analysis of spleen 
weight (right) in the MLL-AF9-induced murine leukemia with knockdown of wt1 (n = 4) or control nc (n = 4). e Frequency of LICs was measured in 
 GFP+ BM blasts from MLL-AF9-induced leukemia with knockdown of wt1 (n = 4) or control nc (n = 4). Shown are the representative plots (left) and 
statistical analysis of the frequencies of c-Kit+Mac-1+ cells (right). f Percentage of L-GMP was assessed in BM  GFP+ blasts from MLL-AF9-induced 
leukemia with knockdown of wt1 (n = 4) or control nc (n = 4). Shown are the representative plots (left) and statistical analysis of the frequencies of 
L-GMP (right). g BM  GFP+ cells were isolated from MLL-AF9-induced leukemia with knockdown of wt1 (n = 4) or control nc (n = 4) and then plated 
on methylcellulose medium. Colonies were counted after 2 weeks (n = 4). Shown are the representative colony pictures (left) and statistical analysis 
of the number of colonies (right). Bar represents 50 µm. h–j Overall survival was determined in the primary BMT (h, n = 8), secondary BMT (i, n = 8), 
and tertiary BMT (j, n = 8) of MLL-AF9-induced murine leukemia with knockdown of wt1 or control nc. k Limiting dilution assay of BM  GFP+ cells 
from MLL-AF9-induced murine leukemia with knockdown of wt1 (n = 6) or control nc (n = 6). The frequency of LSC and P-value were calculated by 
L-calc software
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 RNA sequencing analysis indicated a significant 
abundance of BCL2L2 transcript. BCL2L2 [33], is 
a member of the anti-apoptotic BCL2 family. To 
confirm the results from RNA sequencing analy-
sis, we measured the transcript and protein expres-

sion of BCL2L2 in U937 cells transduced with 
MSCV-WT1 or negative control (MSCV-NC). As 
expected, ectopic overexpression of WT1 substan-
tially increased both transcript and protein levels of 
BCL2L2 in U937 cells (Fig.  2e, f ). Besides, overex-

Fig. 2 BCL2L2 is a transcriptional target of WT1. RNA sequencing was performed on U937 cells transduced with retroviral MSCV-WT1 or negative 
control MSCV-NC vectors. a Heatmap representation of genes regulated by WT1. Shown is BCL2L2, which is positively regulated by WT1. b Scatter 
plots of genes exhibiting twofold upregulation (red plots) or twofold downregulation (green plots) upon expression of WT1. c and d Gene set 
enrichment analysis (GSEA) was performed comparing transcriptional profiles of U937 cells with overexpression of WT1 in comparison to NC 
control. The enrichment score plot shown corresponds to the regulation of myeloid cell differentiation genes (c) and hematopoietic cell lineage 
genes (d). The NES and P-values are shown. e The transcriptional expression of BCL2L2 was measured in U937 cells, which were transduced with 
MSCV-WT1 or control MSCV-NC. f The protein expression of BCL2, BCL2L1, BCL2L2, BAK, BAD, and BAX were determined in U937 cells transduced 
with MSCV-WT1 or control MSCV-NC. g The transcript of bcl2l2 was measured in BM  GFP+ blasts isolated from MLL-AF9-induced murine leukemia 
with knockdown of wt1 (n = 4) and control nc (n = 4). h The protein levels of wt1 and bcl2l2 were assessed in BM  GFP+ blasts isolated from 
MLL-AF9-induced murine leukemia with knockdown of wt1 (n = 2) and control nc (n = 2). i Putative BCL2L2 promoter, including GC-rich sequences, 
was constructed into the pGL3-basic vector. Both firefly and renilla luciferase activities were measured in 293T cells, which were transduced with 
different concentrations of pCMV-WT1, as well as pGL3 vector carrying BCL2L2 promoter. pRL-SV40 vector containing the renilla luciferase gene was 
transduced into 293T cells for internal control. Histograms illustrate firefly luciferase activities normalized to renilla. Normalized luciferase activity of 
NC-transfected cells was arbitrarily set to 1.0
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pression of WT1 increased the protein expression of 
BCL2 but did not significantly affect the protein lev-
els of BCL2L1, BAD, BAX, and BAK (Fig.  2f ). Fur-
thermore,  GFP+ MLL-AF9 cells were isolated from 
leukemic mice with knockdown of wt1 or control 
nc. The transcript (Fig.  2g) and protein expressions 
(Fig. 2h) of bcl2l2 were lower in  GFP+ MLL-AF9 cells 
with knockdown of wt1 than those in  GFP+ MLL-
AF9 control nc.

 The presence of WT1-binding sequences, such as 
GGGGC and GCCCG [11, 34], was found in the 
putative promoter from the transcript start sequence 
of BCL2L2 (Additional file  5: Fig. S2a). To assess 
whether WT1 binds to putative BCL2L2 promoter, 
we amplified GC-rich sequences into the pGL3-basic 
vector. This vector was transfected into 293T cells 
together with different concentrations of pCMV-
WT1, followed by measuring firefly and renilla lucif-
erase activities. As shown in Fig. 2i, overexpression of 
WT1 significantly increased the activity of luciferase 
containing GC-rich sequences in a concentration-
dependent manner.

3. The anti-leukemic activity of WP1130
 As a transcription factor, WT1 is enriched in LICs 

and LSCs and enhances the self-renewal of LSCs. 
Therefore, the rapid degradation of WT1 protein 
through the ubiquitin–proteasome pathway could 
be a potential therapeutic modality for AML. The 
strategy by inducing the accumulation of polyubiq-
uitinated proteins for degradation is successfully 
used in the treatment of multiple myeloma by lena-
lidomide. Lenalidomide induces the degradation 
of IKAROS family zinc finger 1 (IKZF1) and IKZF3 
proteins [35]. WP1130 rapidly induces the accumu-
lation of polyubiquitinated oncoproteins into juxta-
nuclear aggresomes for degradation [20]. Therefore, 
we assessed the potential anti-leukemic activity of 
WP1130 and its effect on WT1 protein. 50% inhi-
bition of cell growth (IC50 value) was calculated 
in several leukemia cell lines treated with different 
concentrations of WP1130 for 24 h. As indicated in 
Additional file  6: Fig. S3a, IC50 values were among 
1–10 μM in four leukemia cell lines and IC50 val-
ues in Kasumi-1 and THP1 cells were lower than 
in K562 and HL-60 cells. Therefore, Kasumi-1 and 
THP1 cells were selected for the following tests as 
they were more sensitive to WP1130 than K562 and 
HL-60 cells. Apoptosis was measured in Kasumi-1 
and THP1 cells incubated with 5.0 μM WP1130 for 
24 h. Treatment with WP1130 for 24 h increased the 
frequency of annexin  v+ cells by about four–sixfold 
(Additional file 6: Fig. S3b). To explore the potential 
anti-leukemic activity of WP1130 in primary AML 

blasts, we measured the apoptosis in four primary 
AML blast samples treated with WP1130. Treatment 
with WP1130 induced apoptosis in all four primary 
AML blast samples (Additional file  6: Fig. S3c). We 
also determined whether WP1130 suppressed short 
time self-renewal ability of leukemic cells in colony 
formation assays. Treatment with WP1130 sub-
stantially decreased colony formation abilities in 
Kasumi-1 and THP1 cells (Fig. 3a).  CD34+ cells were 
isolated from the same four primary AML patient 
samples, treated with WP1130, and assessed for their 
capacity to form colonies. Treatment with WP1130 
reduced the capacity of AML  CD34+ cells to form 
colonies (Fig. 3b). To investigate the potential effects 
of WP1130 on normal HSPCs, we isolated  CD34+ 
cells from three UCB samples and treated them with 
WP1130. Our results indicated that WP1130 had lit-
tle effects on the apoptosis (Fig. 3c) and colony for-
mation capabilities of the cells isolated from three 
normal UCB samples (Fig. 3d).

 As WP1130 induces the degradation of target pro-
teins by the ubiquitin–proteasome signaling path-
way [20], we investigated the potential degradation 
of WT1 protein by WP1130 through ubiquitin–pro-
teasome signaling pathway. THP1 and Kasumi-1 
cells were treated with different concentrations of 
WP1130 for 24 h. Treatment with 2.5 μM concentra-
tion of WP1130 resulted in decreased levels of WT1 
protein, and treatment with 5.0 μM concentration of 
WP1130 resulted in almost complete loss of WT1 in 
leukemia cell lines (Fig.  3e, f, left blots). Incubation 
of THP1 and Kasumi-1 cells with WP1130 for 8  h 
resulted in partial loss of WT1 protein, whereas incu-
bation with WP1130 for 24 h resulted in almost com-
plete loss of WT1 (Fig. 3e, f, right blots). To further 
investigate the effect of WP1130 on WT1, primary 
AML blasts from four AML patients were incubated 
with 5.0 μM WP1130. As expected, treatment with 
WP1130 resulted in significant loss of WT1 protein 
in all four primary AML blast samples (Fig. 3g). Fur-
thermore, qRT-PCR was performed in leukemic cell 
lines and four primary AML blast samples to deter-
mine whether WP1130 treatment affects transcript 
levels of WT1. WP1130 did not affect mRNA expres-
sion of WT1 in leukemic cell lines (Fig. 3h) and four 
primary AML blast samples (Fig. 3i).

4. WP1130 induces the rapid ubiquitination of WT1.
 As the ubiquitin–proteasome pathway affects pro-

tein expression but not mRNA expression, we then 
explored whether the ubiquitin–proteasome path-
way mediates WP1130-induced loss of WT1 pro-
tein. WP1130-treated THP1 and Kasumi-1 cells were 
incubated with or without proteasome inhibitor 



Page 8 of 15Zhou et al. J Transl Med          (2020) 18:254 

MG132 [36]. MG132 completely blocked WP1130-
induced degradation of WT1 protein (Fig.  4a), sug-
gesting that the ubiquitin–proteasome pathway 
mediates WP1130-induced loss of WT1. Previous 
findings indicated that WP1130 could increase cel-
lular protein ubiquitination via inhibiting deubiquit-
inases (DUB) activity [20]. THP1 and Kasumi-1 cells 
were treated with 2.5 and 5.0 μM WP1130 for 4  h, 
and ubiquitin was measured in whole-cell extracts. 
WP1130 rapidly induced a concentration-dependent 
accumulation of ubiquitinated proteins (Fig.  4b). 
To further investigate whether WP1130 specifically 
induced the accumulation of ubiquitinated WT1 pro-

tein, THP1 cells were treated with WP1130, followed 
by co-IP with anti-WT1 protein and Western blot for 
ubiquitin. As indicated in Fig. 4c, WP1130 dramati-
cally increased the expression of ubiquitinated WT1 
protein in THP1 cells.

5. Overexpression of WT1 partially prevents WP1130-
induced anti-leukemic activity.

 To check the dependencies between WP1130-
induced anti-leukemic activity and the degradation 
of WT1, we transduced leukemic cells with MSCV-
WT1 or negative control vector (MSCV-NC). As 
indicated in Fig.  5a, the protein level of WT1 was 
significantly increased in THP1 and Kasumi-1 cells 

Fig. 3 The anti-leukemic activity of WP1130 and its effect on WT1 protein. a THP1 and Kasumi-1 cells (2 × 103) were treated with or without WP1130 
(5.0 µM) and were plated on methylcellulose medium. Colonies were counted after 2 weeks. **and ##P < 0.01. b BM  CD34+ cells from four AML 
patients were isolated and incubated with or without WP1130 (5.0 µM). These cells (5 × 103) were plated on methylcellulose medium, and colonies 
were scored after 2 weeks. **P < 0.01. Shown are the representative pictures showing colonies (left) and statistical analysis of scored colonies (right). 
Bar represents 50 µm. c Apoptosis was measured in normal  CD34+ cells isolated from umbilical cord blood and treated with or without WP1130 
(5.0 µM) for 24 h. d Colonies formed by  CD34+ cells (2 × 103) treated with or without 5.0 μM WP1130 were scored. e and f THP1 and Kasumi-1 cells 
were treated with 1.25, 2.5, and 5.0 μM WP1130 for 24 h (left blots) or treated with 5.0 μM WP1130 for 2, 4, 8, 16, and 24 h (right blots). WT1 protein 
expression was assessed by Western blot. g WT1 protein levels were measured in primary blasts from four AML patients incubated with WP1130 
(5.0 µM) for 24 h. h The transcripts of WT1 were measured in THP1 and Kasumi-1 cells treated with 2.5 and 5.0 μM WP1130 for 24 h. i The transcripts 
of WT1 were measured in BM blasts from four AML patients incubated with or without WP1130 (5.0 µM) for 24 h
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transduced with MSCV-WT1 in comparison to 
control MSCV-NC. Besides, apoptosis and colony 
formation assays were performed in transduced leu-
kemic cells untreated or treated with WP1130. Over-
expression of WT1 partially prevented WP1130-
induced apoptosis (Fig.  5b, c) and partially blocked 
WP1130-induced inhibition of colony formation 
(Fig. 5d, e) in THP1 and Kasumi-1 cells.

6. The anti-leukemic activity of WP1130 in THP1-xen-
ografted NSG mice.

 Because WP1130 presents vigorous anti-leukemic 
action in vitro, we next investigated the anti-leukemic 
efficacy of WP1130 in  vivo using NSG mice xeno-
grafted by THP1-GFP+ cells. When the percentage of 
 GFP+ leukemic cells in blood exceeded 5%, mice were 
subjected to treatment with WP1130 until vehicle-
treated mice developed AML-like disease (Additional 
file  7: Fig. S4a). The percentage of  GFP+ leukemic 
cells in the peripheral blood of WP1130-treated mice 
was significantly decreased in comparison to vehicle-
treated mice (Additional file  7: Fig. S4b). Addition-
ally, blood smears indicated that the percentage of 
leukemic blasts (THP1 cells) is lower in blood from 
WP1130-treated mice compared with vehicle-treated 
mice (Additional file  7: Fig. S4c). These results sug-
gest that WP1130 significantly decreased the infiltra-
tion of THP1 cells in NSG mice. Finally, the overall 
survival time was evaluated in vehicle- and WP1130-
treated mice. WP1130-treated mice showed longer 

survival time (median survival: 40.5 days vs. 33 days; 
P < 0.01) compared with vehicle-treated mice (Addi-
tional file 7: Fig. S4d).

7. WP1130 attenuates the self-renewal potential of LSC 
and prolongs the overall survival of MLL-AF9-trans-
duced murine leukemia.

 To further assess the role of WP1130 on the self-
renewal of LSC, MLL-AF9-induced murine AML 
model [29] was used to investigate the possible anti-
LSC self-renewal activity by WP1130.  GFP+ cells 
were isolated from MLL-AF9-transduced murine 
leukemia and then transplanted into irradiated 
recipient mice, followed by the treatment with vehi-
cle control or WP1130 (Fig.  6a). The frequency of 
 GFP+ cells was measured in BM cells when vehicle 
mice developed full-onset leukemia.  GFP+ cells were 
decreased by about threefold in WP1130-treated 
mice in comparison to vehicle-treated mice (Fig. 6b). 
Moreover, blood and BM smears indicated a substan-
tial decrease of leukemic blasts in WP1130-treated 
mice in comparison to vehicle-treated mice (Fig. 6c). 
Accordingly, WP1130 reduced spleen weight by 
almost twofold (Fig.  6d). To determine the effect of 
WP1130 on the frequency of LICs, we measured the 
percentage of c-Kit+Mac-1+ cells in BM  GFP+ cells. 
The frequency of LICs was decreased by threefold 
in WP1130-treated mice in comparison to vehicle-
treated mice (Fig.  6e). Furthermore, limiting dilu-
tion assay was performed to assess the frequency of 

Fig. 4 Rapid ubiquitination of WT1 protein by WP1130. a The protein expression of WT1 was measured in THP1 and Kasumi-1 cells treated 
with 5.0 μM WP1130 in the presence or absence of 5.0 μM MG132 for 24 h. b Ubiquitin was assessed in THP1 and Kasumi-1 cells treated with 
2.5 and 5.0 μM WP1130 for 4 h. c THP1 cells were treated with 5.0 μM MG132 in the presence or absence of 5 μM WP1130 for 24 h, followed by 
co-immunoprecipitation with anti-WT1 antibody and immunoblotted for ubiquitin. The Anti-IgG antibody was used for negative control
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Fig. 5 Overexpression of WT1 partially prevents WP1130-induced anti-leukemic activity. a The protein expression of WT1 was measured in THP1 
and Kasumi-1 cells, which were transduced with control MSCV-NC or MSCV-WT1. b and c Apoptosis was measured by annexin V/PI staining in THP1 
(b) and Kasumi-1 cells (c), which were transduced with control MSCV-NC or MSCV-WT1, followed by the treatment of WP1130 (5.0 µM) for 24 h. d 
and e Colonies were scored in THP1 and Kasumi-1 cells, which were transduced with MSCV-NC or MSCV-WT1 and then treated by WP1130 (5.0 µM) 
for 24 h. Shown are the representative pictures showing colonies (left) and statistical analysis of colonies scored (right). Bar represents 50 µm

Fig. 6 Anti-self-renewal effect of WP1130 on LSCs in MLL-AF9-induced murine leukemia. a A schematic outline of the in vivo experiment 
using MLL-AF9-induced murine leukemia model untreated or treated with WP1130. b  GFP+ cells were measured in BM cells isolated from 
MLL-AF9-induced leukemic mice untreated (n = 4) or treated with WP1130 (n = 4) upon the development of full-onset leukemia by vehicle-treated 
mice. Shown are the representative plots (left) and statistical analysis of the frequency of  GFP+ cells (right). c A representative image of blood 
and BM smear of vehicle- or WP1130-treated MLL-AF9 mice (left) and statistical analysis of the average percentage of leukemic blasts in blood 
and BM (right). Bar represents 10 µm, and these images were amplified 200 folds. ** and ## P < 0.01. d A representative image of the spleen (left) 
and statistical analysis of spleen weight (right) from the vehicle-(n = 4) or WP1130-treated mice (n = 4). e The frequencies of LICs in  GFP+ cells 
were assessed in BM cells from vehicle- (n = 4) or WP1130-treated mice (n = 4). Shown are the representative plots (left) and statistical analysis 
of LICs (right). f Limiting dilution assay of BM  GFP+ cells from vehicle- (n = 6) or WP130-treated mice (n = 6). The frequency of LSCs and the 
P-value were calculated by L-calc software. g BM  GFP+ cells were isolated from vehicle- (n = 4) or WP1130-treated mice (n = 4) and then plated 
on methylcellulose medium. Colonies were scored after 2 weeks. Shown are the representative pictures showing colonies (left) and statistical 
analysis of the number of colonies (right). Bar represents 50 µm. (h–j) Overall survival was analyzed in the primary BMT (h, n = 8), secondary BMT (i, 
n = 8), and tertiary BMT (j, n = 8) of MLL-AF9-induced leukemia mice treated with vehicle or WP1130. (K) Wt1 and bcl2l2 protein expressions were 
measured in BM cells from vehicle- (n = 2) or WP1130-treated mice (n = 2)

(See figure on next page.)
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LSC in WP1130- and vehicle-treated mice. WP1130 
treatment led to a 67% decrease in the frequency of 
LSCs (Fig.  6f and Additional file  9: Table  S4). BM 
 GFP+ cells from leukemic mice were sorted, and col-

ony formation assay was performed. Treatment with 
WP1130 decreased the colony formation ability of 
 GFP+ leukemic cells (Fig. 6g).
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Serial murine BMT tests were performed to explore 
whether WP1130 treatment inhibits the long-term self-
renewal of LSCs. WP1130 treatment significantly prolonged 
the overall survival in primary MLL-AF9-transduced leu-
kemia mice (Fig.  6h, median survival of WP1130 versus 
vehicle, 65  days versus 49.5  days, respectively; P < 0.001). 
In the secondary BMT assay,  GFP+ cells from BM of vehi-
cle- or WP1130-treated mice were transplanted to lethally 
irradiated recipient mice. The overall survival time was sig-
nificantly longer in WP1130-treated mice than in vehicle-
treated mice (Fig. 6i, median survival time of WP1130 versus 
vehicle, 53  days versus 40.5  days, respectively; P < 0.001). 
Then, tertiary mouse BMT was performed using second-
ary leukemia BM blasts as donor cells. The overall survival 
time was significantly prolonged in WP1130-treated mice 
than in vehicle-treated mice (Fig.  6j, median survival of 
WP1130 versus vehicle, 41  days versus 28.5  days, respec-
tively; P < 0.001).

Considering the high conservation of WT1 amino acids 
sequence (greater than 95%) between human and mouse 
[37], we then assessed whether WP1130 also degrades 
murine wt1 protein in vivo. Murine wt1 protein expres-
sion was measured in  GFP+ AML cells from vehicle- and 

WP1130-treated mice. As expected, treatment with 
WP1130 resulted in the loss of murine wt1 (Fig. 6k), as 
well as the bcl2l2 protein (Fig. 6k).

Discussion
In this study, we investigated the role of WT1 in the 
maintenance of AML and the anti-leukemic ability of 
WP1130. Our results suggest that WT1 facilitates the 
proliferation and self-renewal of LSCs by positive regula-
tion of BCL2L2 expression (Fig. 7a). Our data also suggest 
that treatment with deubiquitinase inhibitor WP1130 
rapidly degrades WT1 protein via ubiquitin–proteasome 
signaling. The downregulation of WT1 inhibits the pro-
liferation and self-renewal of LSCs by inhibiting BCL2L2 
expression (Fig. 7b). Therefore, WT1 is required for the 
development of AML, and treatment with WP1130 
might represent a useful therapeutic modality for AML 
patients by affecting the WT1-BCL2L2 axis.

Targeting WT1 is a promising therapeutic strategy in 
solid tumors and hematological malignancies because 
WT1 is necessary for tumor growth and leukemogen-
esis. Inhibition of WT1 will decrease proliferation and 
induce apoptosis by affecting important genes [38]. 

Fig. 7 An illustration of the anti-self-renewal activity of WP1130 and its effect on WT1 protein. a Overexpression of WT1 in leukemia cells 
contributes to the proliferation and self-renewal of LIC by positively regulating BCL2L2 expression. b WP1130 treatment enhances the 
ubiquitination of WT1 protein, leading to its degradation via the ubiquitin–proteasome pathway in leukemic cells. The downregulation of WT1 
reduces the proliferation and self-renewal of LIC via inhibition of BCL2L2 expression
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Here, we report that BCL2L2 is a new transcriptional 
target of WT1. BCL2L2 plays an important role in regu-
lating cell survival and death [39]. Targeting BCL2L2 by 
shRNA induced apoptosis in lymphoma cell lines and 
higher levels of BCL2L2 in patients with B lymphocyte 
leukemia are associated with lower overall survival [40]. 
Furthermore, BCL2L2 is significantly overexpressed in 
aggressive and indolent lymphomas [33]. The knock-
down of WT1 induces cell growth arrest and apoptosis 
through modulating BCL2 expression [15, 38]. Consist-
ent with previous studies, our results also indicate that 
overexpression of WT1 increases the expression of BCL2 
(Fig. 2f ). BCL2, as an important anti-apoptotic molecule, 
can control cell proliferation and self-renewal of LSCs. 
Inhibition of BCL2 decreases oxidative phosphorylation 
and selectively eradicates quiescent LSC [41]. Venetoclax, 
a specific BCL2 inhibitor approved by the Food and Drug 
Administration (FDA), demonstrates strong anti-leuke-
mic activity and improves the overall survival in elderly 
AML patients [42, 43]. Our data suggest that WP1130 
may present anti-self-renewal activity by modulating the 
WT1-BCL2L2/BCL2 axis in leukemic cells. WP1130 is 
a potent inhibitor for this axis, and combined treatment 
with Venetoclax might exhibit stronger anti-leukemic 
potential than single Venetoclax or WP1130 treatment.

WP1130 is a small molecular compound that strongly 
inhibits the activity of deubiquitinating enzymes [44]. 
WP1130 treatment leads to the degradation of proteins 
by inducing the accumulation of protein-ubiquitin con-
jugates [21]. For example, WP1130 induces the degrada-
tion of P53 protein through accumulating P53-ubiquitin 
conjugates in hepatocellular carcinoma and non-small 
cell lung carcinomas [22, 45]. Consistent with these 
reports, our results also indicate that WP1130 induces 
the destruction of WT1 protein through accumulating 
WT1-ubiquitin conjugates. WP1130 induces the degra-
dation of WT1 in a shorter time and lower concentration, 
by contrast with curcumin, a natural flavonoid from the 
rhizome of Curcuma longa, which inhibits the expression 
of WT1 through PKCα signaling pathway [16]. Accumu-
lation of protein-ubiquitin conjugates for degradation 
is a promising therapeutic strategy to eradicate some 
undruggable proteins [46]. Therefore, WP1130 is a prom-
ising agent for treatment with AML patients through the 
degradation of WT1 protein.

LSC is characterized by their unlimited self-renewal 
potential and has a pivotal role in the relapse and refrac-
tory of AML [47]. Thus, elucidating the molecular mech-
anism, which underlies the unlimited self-renewal ability 
of LSC, might facilitate the development of LSC-targeted 

therapy [1]. Several genes play an important role in the 
self-renewal of LSC. For example, cyclin-dependent 
kinase 6 (CDK6) [48] and jumonji domain-containing 1C 
(JMJD1C) [49] are required in MLL-AF9-induced murine 
leukemia. Although overexpression of WT1 facilitates the 
proliferation of leukemic cells, it is still unknown whether 
WT1 facilitates the self-renewal of LSC. Our results 
indicate that knockdown of wt1 substantially decreases 
the frequency of LSC, impairs LSC self-renewal ability, 
and prolongs the overall survival in MLL-AF9-induced 
murine leukemia, suggesting that WT1 is required for the 
development of leukemia. Therefore, our data indicate 
that WT1 may be indispensable for the stemness of LSC 
and may facilitate the development of AML.

LSC is responsible for chemotherapy resistance and 
relapse in AML patients and acts as a key therapeutic 
target for AML [1]. LSC drives both disease progression 
and relapse through unlimited self-renewal, loss of dif-
ferentiation, and drug resistance. Therefore, eradicat-
ing LSC by molecular compounds provides a successful 
therapeutic strategy. WP1130 decreases not only short 
term self-renewal of LSC but also extends overall survival 
time in serial BMT assay, which measures long term self-
renewal capacity of LSC. Besides, WP1130 decreases the 
frequency of LSC as assessed by limiting dilution assay. 
Thus, we speculate that WP1130 treatment might pro-
long survival time by decreasing the frequency of LSC. 
Previously published studies indicate that knockdown of 
WT1 decreases the colony formation capacity in human 
leukemic cells [18, 50]. Most importantly, our data show 
that knockdown of wt1 decreases the colony formation, 
inhibits the frequency of LSC, and extends the overall 
survival in MLL-AF9-induced murine leukemia, indicat-
ing that knockdown of wt1 suppresses the self-renewal of 
LSC. Therefore, we speculate that WP1130 inhibits the 
self-renewal ability of LSC by degrading WT1 protein, 
leading to prolonged survival.

Conclusions
Here, we find that wt1 is overexpressed in LICs and LSCs. 
WT1 facilitates the self-renewal of LSCs and is required 
for the maintenance of AML by increasing the expression 
of BCL2 and BCL2L2. WP1130 exhibits strong anti-leu-
kemic activity by degrading WT1 protein. More impor-
tantly, WP1130 decreases the frequency of LSCs and 
extends the overall survival in THP1-xenografted NSG 
and MLL-AF9-induced murine AML models. Thus, we 
propose that WP1130 may be a potential anti-LSCs com-
pound for AML patients with high expression of WT1.
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