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Abstract
Background  Our previous study identified a Wilms tumor-suppressing peptide (WTSP) that was upregulated in healthy 
children, but downregulated in children with Wilms tumor (WT). This study aimed to investigate the effect of WTSP on 
WT growth in vivo and in vitro.
Methods  WTSP was synthesized by solid-phase synthesis of FOMC-protected amino acids. Cell growth curve, cytotoxicity, 
and apoptosis of WTSP-treated human WT cell line (SK-NEP-1) were determined by cell count, Cell Counting Kit-8 assay, 
and flow cytometry. The expression of key proteins of four WT-associated signaling pathways was determined by real-time 
PCR and western blotting. The WT xenograft mouse model was established by the armpit injection of SK-NEP-1 cells. The 
TUNEL assay was used to detect apoptosis in mouse tumor cells.
Results  WTSP inhibited the proliferation of SK-NEP-1 cells in a dose- and time-dependent manner, and it arrested SK-NEP-1 
cells in G2/M phase. WTSP-treated cells exhibited a low expression of PCNA and Bcl-2 and high expression of Bax. The 
expression of β-catenin was markedly changed after WTSP treatment. WTSP-treated mice had significantly smaller tumors 
than untreated mice.
Conclusion  Our findings indicated an anti-tumor effect of WTSP, which is correlated with Wnt/β-catenin pathway. This 
newly identified peptide may exert a therapeutic effect of WT in the future.
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Introduction

Wilms tumor (WT) is one of the most common malig-
nancies in children and accounts for 6% of all childhood 
malignancies and 95% of childhood renal malignancies 
(Davidoff 2012; Pode-Shakked and Dekel 2011). Wilms 
tumor cells derive from abnormal kidney stem cells dur-
ing the mesenchymal epithelial transition (Kalapurakal 
et al. 2004; Gadd et al. 2012). Tumor stage and age are 
important factors influencing survival (Dome et al. 2006), 
and early diagnosis and suitable therapy result in the 
long-term survival. At present, radical nephrectomy is 
the primary intervention for WT; adjunct chemotherapy 
and/or radiotherapy are also beneficial, increasing the 
long-term survival rate to 90% in children with stage I 
or II WT and 70–80% in children with stage III or IV 
WT (Akyüz et al. 2010; Kim and Chung 2006; Neville 
and Ritchey 2000). However, these therapies have com-
plications that can be serious, including heart failure, 
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reproductive dysfunction, and kidney dysfunction (De 
Graff et al. 1996; Di et al. 2015; Iarussi et al. 2003); some 
patients even develop severe complications in adulthood 
(Davenport et al. 2012). Thus, developing new therapeutic 
strategies for WT is imperative for decreasing medical 
costs and improving patient outcomes.

Since the promotion of proteomics technology, various 
technologies have been gradually updated and improved. 
At present, qualitative and quantitative research on com-
plex protein substances has been studied, which provides 
a more intuitive standard for clinical diagnosis of certain 
diseases (Jungblut et al. 1999). In recent years, specific 
protein markers have been identified in various types of 
tumors (Gregoriadis et al. 2005). For example, somatosta-
tin is a polypeptide drug used in the treatment of neuroen-
docrine tumors (Appetecchia and Baldelli 2010; Oberg 
2010). These specific protein markers play an important 
role in the diagnosis and treatment of malignant tumors. 
In our previous study, a peptide with M/Z of 6455.5 Da 
was found to be a diagnostic indicator and prognostic fac-
tor of WT, with high serum expression in healthy children 
and low serum expression in children with WT (Wang 
et al. 2006; Zhang et al. 2009). In addition, the expression 
of this peptide was increased after radical nephrectomy, 
reaching near-normal levels, but remained low in patients 
with partially resected WT or recurrent/metastatic WT 
(Zhang et al. 2010; Qian et al. 2011). Thus, we speculated 
that this peptide may influence the occurrence and devel-
opment of WT. The results of our pilot study showed this 
peptide inhibited the proliferation of WT cells. Thus, the 
peptide was named as ‘Wilms tumor suppressing peptide’ 
(WTSP).

In the present study, we further investigated the effect 
of WTSP on WT growth in vitro and in vivo. In addition, 
we demonstrated that the protective effect of WTSP in 
WT was partly correlated with Wnt/β-catenin pathway.

Materials and methods

Cell lines and cell culture

Human WT cell line (SK-NEP-1 cells) was purchased from 
the American Type Culture Collection (ATCC, USA). This 
cell line grows in suspension and is semi-adherent. The 
medium was refreshed once every 2–3 days, and cells were 
passaged once every 7–8 days at 84% McCoy’s 5A (modi-
fied) medium (GIBCO, USA) containing 15% fetal bovine 
serum (Qualified, Australia Origin; GIBCO, USA), and 1% 
penicillin–streptomycin (liquid; GIBCO, USA).

Synthesis of WTSP

Solid-phase synthesis of FOMC-protected amino acids 
was employed to synthesize WTSP using the LifeTein’s 
PeptideSynTM technology station, and specific operations 
were carried out using the LifeTein LLC (New Jersey, USA). 
The resultant WTSP was a single-stranded peptide (Table 1), 
and the secondary structure model of this peptide was fore-
casted and constructed by the molecular modeling server 
(SWISS-MODEL, Switzerland) (Fig. 1a, b). High-perfor-
mance liquid chromatography (HPLC) showed its purity 
was 96.57% (Fig. 2a) and mass spectrometry (MS) identified 
its characterization (Fig. 2b). At room temperature, WTSP 
was dissolved in normal saline to prepare 1 μmol/mL WTSP 
solution, which was then stored at − 20 °C in the dark.

Cell growth curve and doubling time

SK-NEP-1 cells in the logarithmic growth phase were re-
suspended and added in 24-well plates (400 μL/well with 
a cell density of 2 × 104 cells/well). Cells were incubated 
for 1 day and the cells were collected from three wells for 
cell counting as the initial cell count (day 0). Then WTSP 
was added to cells at concentrations of 0, 1 × 10−6, 1 × 10−5, 

Table 1   WTSP amino acid sequence and related information

Sequence interpretation and physiochemical properties of WTSP

Single letter code DVSSALDKLKEFGNTLEDKARELISRIKQSELSAKMREWFSETFQKVKEKLKIDS
Triple letter code Asp-Val-Ser-Ser-Ala-Leu-Asp-Lys-Leu-Lys-Glu-Phe-Gly-Asn-Thr-Leu-Glu-Asp-Lys-

Ala-Arg-Glu-Leu-Ile-Ser-Arg-Ile-Lys-Gln-Ser-Glu-Leu-Ser-Ala-Lys-Met-Arg-Glu-
Trp-Phe-Ser-Glu-Thr-Phe-Gln-Lys-Val-Lys-Glu-Lys-Leu-Lys-Ile-Asp-Ser

Number of residues 55
Molecular weight 6432.41 g/mol
Extinction coefficient 5690 M−1cm−1

Iso-electric point pH = 9.4
Net charge at pH 7 1
Estimated solubility Good water solubility
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1 × 10−4, 1 × 10−3 and 1 × 10−2 μmol/mL once. The final vol-
ume was 500 μL by adding the incubation medium. Cells 
treated with normal saline served as the control-treated 
group. Every 24 h, cells were collected from three wells of 
the WTSP-treated and saline-treated groups, stained with 
trypan blue staining, and the viable cells were counted under 
a light microscope (day 1–7). Then the cell growth curve 
was conducted. The doubling time was calculated using the 
Patterson formula: Td = T × log2/(logNt−logNo). The mean 
value was calculated from Td3–4, Td3–5, and Td3–6 and 
presented.

Cytotoxicity of WTSP

SK-NEP-1 cells in the logarithmic growth phase were re-
suspended and added in 96-well plates (100 μL/well) at a 
density of 1 × 105 cells/well. After incubation for 1 day, 
cells were treated with WTSP at different concentrations 
(0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 × 10−2 μmol/mL). Cells 
treated with normal saline served as the saline-treated 
group. After incubation for 24, 48, or 72 h, CCK8 assay 

(Dojindo, Japan) was performed. Optical density (OD) was 
measured 2 h later at 450 nm/630 nm, followed by calcu-
lation of cell counts and delineation of the cell viability 
curve. Using this curve, the 50% (IC50) and 80% inhibitory 
concentrations (IC80) were determined at 24, 48, and 72 h.

Detection of apoptotic and necrotic cells by flow 
cytometry

SK-NEP-1 cells in the logarithmic growth phase were re-
suspended and added in 6-well plates (1500 μL/well) at a 
density of 5 × 104 cells/well. After incubation for 1 day, 
cells were treated with WTSP at 0, the IC50 at 48 h, and 
the IC80 at 48 h. Two days later, cells were harvested and 
washed twice with cold PBS. After mixing with 100 μL 
of binding buffer, cells were incubated with annexin-V/
PI (BD Biosciences, USA) double staining solution for 
15 min at room temperature. The apoptotic or necrotic 
cells were detected by flow cytometry, and the proportion 
of apoptotic cells was calculated.

Fig. 1   The secondary structure 
and the purity of WTSP. a The 
secondary structure model 
of WTSP was forecasted and 
established, and the matchup 
between the sequence and the 
model was shown. b The model 
of WTSP was viewed from 
other perspectives
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Determination of cell cycle by flow cytometry

SK-NEP-1 cells in the logarithmic growth phase were re-
suspended and added in 6-well plates (1500 μL/well) at a 
density of 5 × 104 cells/well. After incubation for 1 day, cells 
were treated with WTSP at 0, the IC50 at 48 h, and the IC80 
at 48 h. Two days later, cells were harvested and washed 
twice with cold PBS. After mixing with 300 μL of binding 
buffer, cells were incubated with RNaseA and propidium 
iodide (PI) for 15 min at room temperature. The proportion 
of cells in each stage of the cell cycle was determined by 
flow cytometry.

Reverse transcription‑polymerase chain reaction 
(RT‑PCR) and real‑time PCR

SK-NEP-1 cells in the logarithmic growth phase were re-
suspended and added to 2 25-cm3 flasks (6 mL/flask) at 
a density of 5 × 105 cells/mL. After incubation for 1 day, 

cells were treated with WTSP at 0, the IC50 at 48 h, and 
the IC80 at 48 h. Two days later, cells were harvested 
(5 × 106 cells/group), and total RNA was extracted. The 
RevertAid First-Strand cDNA Synthesis Kit was used 
for the synthesis of first-strand cDNA by RT-PCR. After 
reverse transcription into cDNA, the mRNA expression 
of PCNA, Bcl-2, Bax, DKK1, DKK2, GSK-3α, GSK-3β, 
β-catenin, patched, Shh, Smo, TGF-β, Smad1, Smad2, 
Smad4, Smad5, EGFR, VEGFC, MAPK, AKT, and β-actin 
was measured by real-time PCR. The primers used for 
PCR are shown in Table 2, and PCR was carried out using 
the two-step method as follows: UDG pre-treatment at 
50 °C for 2 min, pre-denaturation at 95 °C for 10 min, a 
total of 40 cycles of denaturation at 95 °C for 15 s, anneal-
ing at 60 °C for 30 s, and extension at 60 °C for 30 s. 
molecular analysis software (Applied Biosystems,7 USA) 
was used to analyze PCR products, and a standardized 
method was used to calculate the mRNA expression of 
target genes normalized to β-actin expression.

Fig. 2   WTSP was detected 
by HPLC and MS. a After 
synthesis, WTSP was subjected 
to HPLC. Pure WTSP was 
observed at a retention time of 
8.867 min; the proportion of 
this peptide was 96.57%. b The 
evidence of identity based on 
mass spectral characterization
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Western blotting

SK-NEP-1 cells in the logarithmic growth phase were re-
suspended and added to 2 75-cm3 flasks (12 mL/flask) at a 
density of 5 × 105 cells/mL. After incubation for 1 day, cells 
were treated with WTSP at 0 and the IC50 at 48 h. Two days 
later, saline-treated cells and WTSP-treated cells were har-
vested and washed with PBS twice and then lysed in RIPA 
lysis buffer with PMSF. The Pierce BCA Protein Assay Kit 
(Thermo Fisher Scientific, USA) was used to determine pro-
tein concentrations. Proteins (50 μg) were separated by 12% 
polyacrylamide gel electrophoresis at 25 mA and then at 
90 V for 2 h and transferred onto a PVDF membrane, which 
was then blocked with 5% nonfat milk for 2 h. The mem-
brane was incubated with antibodies against PCNA (1:1000, 
rabbit monoclonal antibody, ab92552, Abcam, USA), Bcl-2 
(1:1000, rabbit monoclonal antibody, ab185002, Abcam), 
Bax (1:1000, rabbit monoclonal antibody, ab32503, Abcam), 
β-catenin (1:5000, rabbit monoclonal antibody, ab32572, 
Abcam), and β-actin (1:500, mouse monoclonal antibody, 
ab8226, Abcam) overnight at 4 °C. After washing in TBST, 
the PVDF membrane was treated with secondary antibody 
for 2 h and washed with TBST.

Animal xenograft model

The male BALB/c nude mice, aged 4 weeks, were bought 
from Shanghai Lab Animal Research Center (Shanghai, 
China). They were housed in a specific pathogen-free envi-
ronment with a 12-h/12-h dark–light cycle. Procedures 
were carried out in an aseptic environment. SK-NEP-1 cells 
were re-suspended in serum containing medium and base-
ment membrane matrix, and the cell density was adjusted to 
1 × 107 cell/0.2 mL. After sterilization of the skin, 0.2 mL of 
SK-NEP-1 cell suspension was injected into the armpit of 
the forelimb. Two weeks later, when the tumor volume was 
125 mm3, the mice were divided into two groups, receiv-
ing intraperitoneal injections for 6 weeks with either WTSP 
at 4 mg/kg (n = 8) or normal saline (n = 8). After 6 weeks, 
mice were killed, and the volume and the mean diameter of 
the tumor were measured. The longest diameter (L) and the 
shortest diameter (S) of the tumor were measured using a 
vernier caliper. The volume was calculated using the formula 
πLSS/6. The average diameter is calculated using the for-
mula (L + S)/2. All operations were performed under aseptic 
conditions. All procedures were approved by the Animal 
Care and Use Committee of Zhengzhou University.

Table 2   Real-time PCR primer 
sequences

Gene Primer sequence (5′ → 3′)

Forward Reverse

PCNA TGG​AGA​ACT​TGG​AAA​TGG​AA CGT​TGA​AGA​GAG​TGG​AGT​GG
Bcl-2 ATG​TGT​GTG​GAG​AGC​GTC​AA GAG​ACA​GCC​AGG​AGA​AAT​CAA​
Bax CTG​GAA​GAA​GAT​GGG​CTG​AG TGT​GTC​CCG​AAG​GAG​GTT​TA
DKK1 AGC​ACC​TTG​GAT​GGG​TAT​TC CAC​ACT​TGA​CCT​TCT​TTC​AGGA​
DKK2 TTT​GCT​GTG​CTC​GTC​ATT​TC TGG​CAT​CTT​TCC​ATA​CTT​TGC​
GSK-3α GAA​CTG​CGA​TGT​CTG​GGA​AC GTG​AGG​AGG​GAT​GAG​AAT​GG
GSK-3β AAC​CGC​AGA​ACC​TCT​TGT​TG CAG​CCA​GCA​GAC​CAT​ACA​TC
β-Catenin ATG​GCA​ACC​AAG​AAA​GCA​AG TAG​CAC​CTT​CAG​CAC​TCT​GC
Patched CAT​CAA​CTG​GAA​CGA​GGA​CA GTG​GTG​GTG​AAG​GAA​AGC​AC
Shh GCT​CGG​TGA​AAG​CAG​AGA​AC CCA​GGA​AAG​TGA​GGA​AGT​CG
Smo TGG​GAC​AGG​AAA​GAG​AGG​AA TTT​GAG​CCA​GAC​ATC​CAG​AA
TGF-β CTG​GCG​ATA​CCT​CAG​CAA​C TAA​GGC​GAA​AGC​CCT​CAA​T
Smad1 TTA​CCT​GCC​TCC​TGA​AGA​CC TCA​TAA​GCA​ACC​GCC​TGA​AC
Smad2 AGC​AGA​ATA​CCG​AAG​GCA​GA TGG​GAC​TTG​ATT​GGT​GAA​GC
Smad4 CTG​CCA​ACT​TTC​CCA​ACA​TT ATC​CAT​TCT​GCT​GCT​GTC​CT
Smad5 GCT​TCT​GGC​TCA​ATC​TGT​CA GGG​TGC​TGG​TTA​CAT​CCT​G
EGFR GCC​TTG​ACT​GAG​GAC​AGC​AT GCT​TGG​ACA​CTG​GAG​ACT​GG
VEGFC GCA​GTT​ACG​GTC​TGT​GTC​CA CTG​TCC​TTG​AGT​TGA​GGT​TGG​
MAPK TTG​ACA​GCA​ATG​GAG​AAT​GG CCA​GAG​GAA​AGC​AAC​ACT​GA
AKT CCT​CAA​GAA​TGA​TGG​CAC​CT AGG​CAG​CGG​ATG​ATG​AAG​
β-actin GTT​GCG​TTA​CAC​CCT​TTC​TTG​ GTC​ACC​TTC​ACC​GTT​CCA​GT
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Immunohistochemical analysis

Immunohistochemical analysis was performed using strepta-
vidin-peroxidase conjugated method. The tumors were 
embedded in paraffin and cut into 4-μm sections, followed 
by deparaffinization and dehydration. These sections were 
boiled with 10 mM citrate buffer (pH 6.0) for 10 min for 
antigen retrieval. Sections were then blocked in 3% H2O2 
for 10 min to inactivate endogenous peroxidases and treated 
with normal goat serum (50 μL/section) at room tempera-
ture for 20 min to block endogenous biotin. The medium 
was gently removed, and the sections were incubated with 
primary antibodies (PCNA, Bcl-2, Bax, and β-catenin, 
respectively; all 50 μL/section) at 4 °C overnight and then 
with secondary antibody at 37 °C for 45 min, followed by 
visualization with peroxidase diaminobenzidine (DAB). Fol-
lowing counterstaining with hematoxylin, the samples were 
dehydrated using a series of ethanol washes, transparentized 
with xylene, and mounted using neutral gum.

TUNEL assay

Tumors were fixed in formalin, embedded in paraffin, cut 
into 4-μm sections, deparaffinized, and dehydrated. After 
washing in PBS twice, sections were treated with protease 
K at 37 °C for 15 min and then with 3% hydrogen peroxide 
for 10 min at room temperature to inactivate endogenous 
peroxidase. The In Situ Cell Death Detection Kit-POD 
(Roche, Switzerland) as employed for the detection of apop-
totic cells, which were then observed under a fluorescence 
microscope.

Statistical analysis

The results were presented as the mean ± standard deviation 
(SD). SPSS version 18.0 (SPSS Inc, Chicago, IL, USA) with 
a Student’s t test was used in the statistical analyses. P values 
less than 0.05 were considered statistically significant.

Results

WTSP inhibits the proliferation of SK‑NEP‑1 cells 
in vitro

SK-NEP-1 cells were treated with WTSP at different con-
centrations and the cell growth curve was delineated accord-
ing to the cell number over the course of 7 days (Fig. 3a). 
The results showed that the growth rate of WTSP-treated 
cells was slower than that of saline-treated cells in a dose-
dependent. The mean doubling time was calculated from 
Td3-4, Td3-5, and Td3-6 and presented in Fig. 3b. The 
doubling time was increased with the enhancement of 

WTSP concentration. At day 7, the saline-treated cell count 
was 19.876 × 105 cells, and the mean doubling time was 
21.88 ± 2.49 h. At a WTSP concentration of 1 × 10−2 μmol/
mL, the day 7 cell count was 2.586 × 105 cells, and the mean 
doubling time was 67.40 ± 4.87 h.

The CCK-8 cell viability assay was performed to inves-
tigate the cytotoxicity of WTSP against SK-NEP-1 cells. 
The concentration of WTSP was 5, 10, 15, 20, 25, and 
30 × 10−3 μmol/ml and the treated time was 24, 48, and 
72 h, respectively. The result indicated that the high inhi-
bition rate was positively correlated with the increased 
WTSP concentration and treated time (Fig.  3c). The 
IC50 and IC80 were calculated at 24, 48, and 72 h after 
WTSP treatment with IC50 (at 24 h) 17.934 × 10−3 μmol/
ml, IC50 (at 48 h) 14.667 × 10−3 μmol/ml, IC50 (at 72 h) 
12.671 × 10−3 μmol/ml, IC80 (at 24 h) 31.660 × 10−3 μmol/
ml, IC80 (at 48  h) 26.336 × 10−3  μmol/ml, and IC80 (at 
72 h) 23.087 × 10−3 μmol/ml (Fig. 3d). WTSP significantly 
inhibited the growth of SK-NEP-1 cells in a dose- and time-
dependent manner. In addition, we performed real-time 
PCR and western blotting to detect the mRNA and protein 
expression of PCNA, a proliferation-related protein. The 
results showed that the PCNA mRNA and protein level in 
WTSP-treated cells was lower than that of saline-treated 
cells (Fig. 3e).

WTSP‑induced apoptosis and necrosis of WT cells

Flow cytometry was performed to detect apoptotic and 
necrotic SK-NEP-1 cells after WTSP treatment. At 48 h after 
WTSP treatment, the apoptosis rate of saline-treated cells, 
48 h IC50 WTSP-treated cells (WTSP at a concentration of 
14.667 × 10−3 μmol/ml), and 48 h IC80 WTSP-treated cells 
(WTSP at a concentration of 26.336 × 10−3 μmol/ml) was 
8.4%, 22.3%, and 69.6%, respectively (Fig. 4).

To elucidate the effect of WTSP on regulating cell cycle, 
flow cytometry was used to determine the cell cycle stage 
of cells treated with saline, IC50 WTSP, and IC80 WTSP. 
The duration of the G2/M phase in WTSP-treated cells 
(14.667 × 10−3 μmol/mL [48 h IC50] and 26.336 × 10−3 μmol/
mL [48 h IC80]) was significantly prolonged compared with 
that of saline-treated cells, suggesting that WTSP arrested 
SK-NEP-1 cells in the G2/M phase (Table 3).

Signaling pathways associated with WTSP

To confirm the inhibitory effect of WTSP on the prolif-
eration of SK-NEP-1 cells, we determined the mRNA and 
protein expression of Bcl-2 and Bax (two apoptotic-related 
genes) in these cells using real-time PCR and western blot-
ting, respectively. The expression of Bcl-2 was lower, but 
Bax was higher in WTSP-treated cells than in those treated 
with saline (Fig. 5a, b).
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To explore the mechanism by which WTSP inhibits 
SK-NEP-1 cell proliferation, we identified four signaling 
pathways which have been reported to correlate with the 
pathogenesis of WT, including Wnt pathway (Schweigert 
et al. 2016), Hedgehog pathway (Oue et al. 2010), TGF-β 
pathway (Amarante et al. 2017) and growth factor receptor 
pathway (Li et al. 2008). The expression of the key proteins 
in these four pathways was detected in the control group and 
the WTSP group. Real-time PCR was employed to deter-
mine the mRNA expression of genes related to the Wnt path-
way (DKK1, DKK2, GSK-3α, GSK-3β, and β-catenin), the 
hedgehog pathway (Patched, Shh, and Smo), TGF-β pathway 
(TGF-β, Smad1, Smad2, Smad4, and Smad5), and growth 
factor receptor pathway (EGFR, VEGFC, MAPK and AKT). 

β-Catenin mRNA expression was significantly lower in 
WTSP-treated cells than in saline-treated cells (P < 0.05) 
(Fig. 5c). In addition, western blotting confirmed the lower 
β-catenin expression in WTSP-treated cells (Fig. 5b). The 
above findings suggest the Wnt/β-catenin pathway plays an 
important role in WTSP-induced inhibition of SK-NEP-1 
cell proliferation.

Anti‑tumor effect of WTSP in the animal xenograft 
model

To investigate the anti-tumor effect of WTSP in vivo, a 
WT-bearing nude mouse model was established. Six-
teen nude mice were divided into two groups and treated 

Fig. 3   WTSP inhibits SK-
NEP-1 cell proliferation 
in vitro. a The growth curve of 
SK-NEP-1 cells treated with dif-
ferent concentrations of WTSP 
(0, 1 × 10−6, 1 × 10−5, 1 × 10−4, 
1 × 10−3, or 1 × 10−2 μmol/
mL) for 7 days. b Based on 
the growth curve of WT cells, 
the doubling times of the cells 
at different concentrations of 
WTSP were calculated from 
Td3-4, Td3-5, and Td3-6 
using the Patterson formula. c 
SK-NEP-1 cells (1 × 105 cells/
well) were treated with WTSP 
(0, 0.5, 1.0, 1.5, 2.0, 2.5, or 
3.0 × 10−2 μmol/mL) at various 
time points (24, 48, and 72 h). 
The cell inhibition rate was 
determined using a CCK-8 
assay. d Growth-inhibitory 
effect of WTSP on SK-NEP-1 
cells. The IC50 and IC80 were 
calculated at 24, 48, and 72 h 
after WTSP treatment. e Real-
time PCR was performed to 
examine the mRNA expression 
of PCNA in SK-NEP-1 cells. 
The protein level of PCNA was 
determined by western blotting. 
**P < 0.01 vs control. Three 
independent experiments
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intraperitoneally with either normal saline or WTSP 
(4 mg/kg) once daily for 6 consecutive weeks. The diam-
eter and volume of tumors after 6 weeks in WTSP-treated 
mice were significantly smaller than those in control mice 
(Fig. 6a, b). The harvested tumors were also sectioned and 
stained with H&E and TUNEL to confirm the anti-tumor 
effect of WTSP. H&E staining showed normal tumor 
growth in controls, but massive necrosis and disrupted tis-
sues in tumors from WTSP-treated mice (Fig. 7a). After 
TUNEL staining, massive apoptotic tumor cells were 
observed (Fig. 7b). Immunohistochemistry revealed the 
expression of PCNA, β-catenin, and Bcl-2 was lower and 

Fig. 4   WTSP induces apoptosis and necrosis of SK-NEP-1 cells 
in  vitro. Flow cytometric analysis of annexin-V/propidium iodide 
(PI)-stained SK-NEP-1 cells treated with WTSP (IC50 and IC80) for 
48 h. The dual-parameter dot plots combining annexin-V-fluorescein 
isothiocyanate (FITC) and PI fluorescence show the following cell 

populations: lower left quadrant, viable cells (annexin-V−, PI−); 
lower right quadrant, apoptotic cells (annexin-V+ , PI−); upper right 
quadrant, apoptotic cells (annexin-V+ , PI+); and upper left quadrant, 
necrotic cells (annexin-V−, PI+). Three independent experiments

Table 3   Cell cycle distribution of SK-NEP-1 cells

*P  <  0.05, **P  <  0.01 represent statistically significant difference 
between the WTSP-treated group and saline-treated group

G0/G1 G2/M S

Saline-treated group 61.96 ± 1.95 5.63 ± 0.63 32.41 ± 1.49
IC50 WTSP-treated 

group
59.37 ± 2.15 8.70 ± 0.73** 31.96 ± 1.85

IC80 WTSP-treated 
group

57.76 ± 2.65* 9.99 ± 1.00** 32.26 ± 1.99
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Bax expression was higher in tumors from WTSP-treated 
mice than in control mice (Fig. 7c–e).

Discussion

Our previous study identified a 6455.5 Da polypeptide 
(WTSP) with the potential to serve as a diagnostic and 
prognostic factor. In the current study, WTSP inhibited the 
proliferation of WT cells and made them arrest in G2/M 
phase in a dose- and time-dependent manner. In addition, 
WTSP induced cell apoptosis and necrosis of WT cells 
partly through Wnt/β-catenin-signaling pathway.

PCNA plays an important role in the initiation of cell pro-
liferation and is considered an indicator of cell proliferation 
(Marjolein et al. 2011). The low PCNA expression observed 
in our study suggests the proliferation of WT cells was inhib-
ited by WTSP. Proteins in the Bcl2 family, such as Bcl-2 
and Bax, play a critical role in cell apoptosis. Bcl-2 is a 
negative regulator of cell apoptosis, increasing the resistance 

of cells to external stimulation and cytotoxin-induced death 
(Paunesku et al. 2001). In contrast to Bcl-2, Bax is a posi-
tive regulator of cell apoptosis and plays a pro-apoptotic role 
(Korsmeyer 1995). In WTSP-treated cells, Bcl-2 expression 
was low and Bax expression was high, suggesting WTSP 
induced WT cell apoptosis partly through combating cyto-
toxins. Consistent with these in vitro findings, immunohisto-
chemistry of tumor samples from WTSP-treated nude mice 
revealed low PCNA expression, low Bcl-2 expression, and 
high Bax expression. Together, these findings indicated that 
WTSP can effectively inhibit the proliferation of WT cells 
and induce their apoptosis and necrosis.

Several tumor inhibitory peptides have been developed 
into anti-tumor drugs. For example, somatostatin is a 
polypeptide drug used in the treatment of neuroendocrine 
tumors (Appetecchia and Baldelli 2010; Oberg 2010). 
Studies on cancer proteomics showed that breast cancer 
has a high HER2 expression, leading to the design of a 
specific peptide drug targeting HER2. Such peptide can 
bind to HER2, forming lytic polypeptide polymers that 

Fig. 5   Signaling pathways 
affected by WTSP in vitro. 
a The expression of Bax and 
Bcl-2 was detected by real-time 
PCR. b The protein levels of 
Bcl-2, Bax, and β-catenin were 
determined by western blotting. 
c Real-time PCR was performed 
to examine mRNA expression 
of members of the Wnt pathway 
(DKK1, DKK2, GSK-3α, 
GSK-3β and β-catenin), 
hedgehog pathway (Patched, 
Shh and Smo), TGF-β pathway 
(TGF-β, Smad1, Smad2, Smad4 
and Smad5), and growth factor 
receptor pathways (EGFR, 
VEGFC, MAPK, and AKT). 
**P < 0.01 vs control. Three 
independent experiments
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are potently cytotoxic against breast cancer cells without 
affecting normal cells. The therapeutic effect of this pep-
tide in breast cancer is superior to that of trastuzumab and 
lapatinib (Kawamoto et al. 2013). Scientists in Germany 
have designed a bifunctional peptide that can bind to a 

kidney cancer-specific WNT signaling protein receptor to 
form polypeptide polymers that exert anti-cancer effects on 
kidney cancer cells without affecting normal cells (Koller 
et al. 2013; Karoline et al. 2013). Tumor inhibitory peptide 
is an endogenous, 20-amino-acid protein that can affect the 

Fig. 6   WTSP inhibited WT 
growth in vivo. a Gross obser-
vation of SK-NEP-1 subcutane-
ous tumors in nude mice from 
the control group (n = 8) and 
the WTSP group (n = 8) (4 mg/
kg). b The mean diameter and 
volume of tumors from the start 
of WTSP treatment. **P < 0.01 
vs control

Fig. 7   Anti-tumor effect of 
WTSP in vivo. a H&E stain-
ing. Magnification, 10 × 10. 
b TUNEL assay indicated 
increased apoptosis in WTSP-
treated tumor tissue. Magnifica-
tion, 20 × 10. c Immunohisto-
chemistry analysis of PCNA. 
Magnification, 20 × 10. d 
Immunohistochemistry analysis 
of Bcl-2 and Bax. Magnifica-
tion, 20 × 10. e Immunohisto-
chemistry analysis of β-catenin. 
Magnification, 20 × 10. Three 
independent experiments
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physiological and biochemical processes of bacteria and 
viruses. The therapeutic use of tumor inhibitory peptides 
has many advantages over other chemotherapeutic agents. 
Children with WT usually develop repeated congestive 
heart failure during chemotherapy with doxorubicin-based 
protocols (Green et al. 2001) or develop metabolic syn-
drome after radiotherapy (Antonsson 2001). Tumor inhibi-
tory peptide has the advantageous properties of endog-
enous proteins, including low toxicity, high efficiency, 
high specificity, and a low propensity to accumulate in 
humans. Thus, the development of a polypeptide that tar-
gets WT cells has been the goal of many studies on cancer 
proteomics. The half-life and the characteristics of WTSP 
in serum are definitely important for the newly defined 
peptide, which will be further investigated in our future 
researches.

Our investigations of the mechanism underlying WTSP-
induced apoptosis showed that WTSP down-regulates the 
expression of β-catenin, a key component in the Wnt sign-
aling pathway. Encoded by the CTNNB1 gene, β-catenin is 
a key factor that regulates cell proliferation and gene muta-
tion. The role of Wnt/β-catenin in the etiology and patho-
genesis of cancers is still controversial (Logan and Nusse 
2004). Several investigations have found that Wnt/β-catenin 
(CTNNB1) plays an important role in the pathogenesis of 
WT (Clark et al. 2011). The down-regulation of β-catenin 
expression observed in WTSP-treated WT cells in our work 
may be responsible for WTSP-induced apoptosis of WT 
cells. Recently, some regulatory non-coding RNAs have 
been demonstrated to regulate gene expressions. Maybe 
the dysregulation of a specific non-coding RNA results in 
the down-regulation of WTSP in WT patients. Meanwhile, 
higher serum level of WTSP may also participate in the nor-
mal physiological activities in healthy people. Elucidation 
of the detailed mechanism underlying the action of WTSP 
on WT cells requires further investigation.

Body weight is a critical indicator for tumor therapeutic 
effect. However, the Wilms tumor developed very quickly 
after the inoculation of tumor cells in the xenografts. The 
volume and weight of tumor were growing fast due to the 
high malignancy. As shown in Fig. 6c, the smaller one was 
as the size of mouse head, and the larger one was bigger than 
1/3 of mouse body. Commonly, the mouse weight should be 
significantly increased after the treatment. However, in our 
study, the mouse weight in the WTSP-treated and WTSP-
untreated groups appeared no significant changes as the 
tumor grew too fast. Therefore, tumor volume and diameter 
were compared between the two groups. New methods to 
evaluate body weight deserve further investigations in the 
future researches.

Taken together, our data demonstrate that WTSP is an 
anti-tumor peptide that induces apoptosis and inhibits pro-
liferation of WT cells partly through down-regulation of 

β-catenin, which may provide a novel strategy for the treat-
ment of WT.
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