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Knockdown of SENP1 inhibits HIF-1a SUMOylation
and suppresses oncogenic CCNE1 in Wilms tumor
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Based on our initial bioinformatics finding of the upregulated
expression of sentrin-specific protease 1 (SENP1) and cyclin E1
(CCNE1) in Wilms tumor, this study aimed to illustrate the
molecular mechanism of SENP1 in Wilms tumor, which
involved the hypoxia-inducible factor 1a (HIF-1a)/stanniocal-
cin-1 (STC1)/CCNE1 axis. Wilms tumor and adjacent normal
tissues were clinically collected. Gain- and loss-of-function as-
says were performed to evaluate the effects of the regulatory
axis on malignant phenotypes of Wilms tumor cells. A mouse
model of Wilms tumor xenografts was further established for
in vivo substantiation. Overexpression of CCNE1 and SENP1
occurred inWilms tumor tissues and cells. Silencing SENP1 in-
hibited viability and enhanced cell-cycle arrest of Wilms tumor
cells. SENP1 promoted STC1 expression and upregulated
CCNE1 by driving the small ubiquitin-like modifier (SUMO)
ylation of HIF-1a, which ultimately promoted the malignant
phenotypes of Wilms tumor cells. It was further confirmed
that silencing SENP1 downregulated the expression of
CCNE1 and restricted tumorigenicity of Wilms tumor cells
in vivo. Taken together, SENP1 elevated STC1 expression by
driving the SUMOylation of HIF-1a, thereby upregulating
the expression of CCNE1 and ultimately promoting the devel-
opment of Wilms tumor.

INTRODUCTION
Wilms tumor is a frequently occurring embryonal tumor in children
and can also occur in adults in rare cases.1 Wilms tumor is featured
with abdominal pathology along with few constitutional symptoms,
although hematuria rarely can be a presenting characteristic.2 The
recommended treatment strategies for Wilms tumor include primary
surgery and neoadjuvant chemotherapy, which can be initiated for
typical patients with Wilms tumor in the absence of histological
confirmation.3 However, poor prognosis and increased relapse rates
still exist in some subgroups of Wilms cancer, and about one in ten
children with Wilms tumor dies of this disease despite modern treat-
ment approaches.4,5 In this sense, the development of Wilms tumor
treatment is in urgent need of investigations on novel biomarkers
involved in the pathogenesis of Wilms tumor.

Sentrin-specific protease 1 (SENP1) is regarded as a model for the
ubiquitin-specific protease family and accountable for processing
small ubiquitin-like modifier (SUMO).6 Aberrant regulation of
Molecular Th
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SENP1 was unfolded in a variety of cancers, such as breast cancer,7

pancreatic cancer,8 and hepatocellular carcinoma,9 and has thus
been suggested to be an oncogene,10 whereas the potential participa-
tion of SENP1 in Wilms tumor remains to be established. Of note,
SENP1 is able to increase the expression of hypoxia-inducible factor
1a (HIF-1a) in ovarian cancer cells under hypoxia.11 HIF-1a is an
important regulator of the tumor cell response to hypoxia, which
can orchestrate mechanisms implicated in cancer aggressiveness as
well as metastatic behavior.12 HIF-1a, as one of the components
of the COX-2 ((cyclooxygenase-2�DDCT; CT, threshold cycle;
DDCT = CT([target gene] � CT[control gene])experimental
group � CT([target gene] � CT[control gene])control group)
pathway, was found to be increased in mouse and human tumor tis-
sues in Wilms tumor.13 Intriguingly, it was previously reported that
HIF-1awas upregulated inWilms tumor.14 Importantly, it was found
that HIF-1a could positively regulate the expression of stanniocalcin-
1 (STC1) in clear cell renal cell carcinoma.15 STC1 is identified as a
secreted glycoprotein that is involved in different biological activities,
such as angiogenesis and inflammation.16 Cyclin E1 (CCNE1) is
considered to be a positive mediator of the cell cycle controlling the
G1-S-phase transition of cervical cancer cells.17 Notably, CCNE1, as
a oncogene, was regulated by WW domain-containing oxidoreduc-
tase (WWOX) in the carcinogenesis of Wilms tumor.18

With the consideration of all of the above findings, we propose a hy-
pothesis in the current study that SENP1 may affect Wilms tumor
development through the regulation of the HIF-1a/STC1/CCNE1
axis. Herein, a mechanism involving the SENP1-mediated HIF-1a/
STC1/CCNE1 axis was identified to affect the malignant phenotypes
of Wilms tumor. In this study, we demonstrated that SENP1 upregu-
lated STC1 expression by augmenting HIF-1a SUMOylation, thereby
upregulating oncogenic CCNE1 and ultimately accelerating Wilms
tumor progression.
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Figure 1. SENP1 may affect the cell-cycle signaling pathway of Wilms tumor by regulating the expression of CCNE1

(A) The volcanic map of differential genes in GSE11151. The x axis represents�log10(p value), the y axis represents logFC (log fold change), the red dots represent the gene

with appreciably high expression in tumor tissue, and the green dots represent the gene with appreciably low expression. (B) KEGG pathway enrichment analysis of dif-

ferential genes. The abscissa represents GeneRatio, the ordinate represents KEGG entry, and the circle size in the map represents the number of differentially expressed

genes enriched in this entry. The color represents the p value of enrichment, and the histogram on the right is the color scale. (C) Differentially expressed genes in the cell-cycle

signaling pathway are labeled; red represents high expression genes, and green represents low expression genes. (D) Differential gene interaction analysis in the cell-cycle

signaling pathway; each circle represents a gene, and the lines between circles indicate the existence of an interaction relationship. If the gene hasmore interaction genes, the

degree value and the core degree are higher. (E) The statistics for the core degree of different genes in the cell cycle in the interaction network diagram (the x axis represents

the degree value, and the y axis represents the gene name). (F) The differential expression of candidate genes SENP1 and CCNE1 in GSE11151 (the x axis represents

the gene name, and the y axis represents the expression level); the green box graph represents the normal sample, and the red box graph represents the tumor samples

(*FDR < 0.05).
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RESULTS
SENP1 might affect the cell-cycle signaling pathway of Wilms

tumor by regulating the expression of CCNE1

The expression microarray GSE11151 ofWilms tumor obtained from
the Gene Expression Omnibus (GEO) database was used for differen-
tial analysis, which revealed that 3,254 differentially expressed genes
(DEGs) were obtained (Figure 1A). Then, enrichment analysis of the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
showed that these DEGs were mainly enriched in cell-cycle-related
signaling pathways (Figure 1B), suggesting that the abnormality of
the cell-cycle signaling pathway may affect the development ofWilms
tumor. Further labeling of these DEGs in the cell-cycle signaling
pathway using map04110 (https://www.kegg.jp/dbget-bin/www_
bget?map04110) showed that most of them were highly expressed
in Wilms tumor (Figure 1C).
356 Molecular Therapy: Oncolytics Vol. 23 December 2021
Then, we analyzed the interaction of the DEGs in the cell-cycle
signaling pathway through the STRING database, constructed the
gene-gene interaction network diagram (Figure 1D), and counted the
degree value of the core genes (Figure 1E). The results showed that
the core degree value of 13 genes was greater than 40, suggesting that
they may be more critical in the regulation of cell cycle. Among these
13 genes, we found CCNE1 as one of the core genes. In GSE11151,
we found that SENP1 and CCNE1 were highly expressed (Figure 1F).
These results suggest that SENP1 may affect the cell-cycle signaling
pathway of Wilms tumor by regulating the expression of CCNE1.

SENP1 was highly expressed in the tissues and cells of Wilms

tumor and was associated with poor prognosis

A previous study has shown that CCNE1 acts as a cyclin,18 but its up-
stream regulation mechanism is still unknown. We determined

https://www.kegg.jp/dbget-bin/www_bget?map04110
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Figure 2. SENP1 is highly expressed in the tissues and cells of Wilms tumor and is associated with poor prognosis

(A) qRT-PCR was used to detect the mRNA expression of SENP1 in Wilms tumor tissues. Adjacent = 32; tumor = 32. *p < 0.05 versus adjacent tissue. (B) Western blot was

used to detect the protein expression of SENP1 in Wilms tumor tissues. Adjacent = 32; tumor = 32. *p < 0.05 versus adjacent tissue. (C and D) The correlation between

SENP1 expression and OS and DFS by the Kaplan-Meier method. (E) mRNA expression of SENP1 in Wilms tumor cells WiT49, SK-NEP-1, and normal renal cells 293T by

qRT-PCR. *p < 0.05 versus 293T cell. (F) The protein expression of SENP1 in Wilms tumor cells WiT49 and SK-NEP-1 and normal renal tissue cells 293T was assayed by

western blot. *p < 0.05 versus 293T cell.
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SENP1 mRNA and protein expression in Wilms tumor tissues and
paracancerous tissues. The results showed that the expression of
SENP1 in Wilms tumor tissues was appreciably higher than that in
paracancerous tissues (Figures 2A and 2B). Patients with Wilms tu-
mor (n = 32) were divided into the SENP1 high expression group
and low expression group according to the median value of SENP1
expression level. Kaplan-Meier results showed that overall survival
(OS) and disease-free survival (DFS) of patients with high SENP1
expression were appreciably lower than those of patients with low
SENP1 expression, suggesting that high SENP1 expression is associ-
ated with poor prognosis (Figures 2C and 2D).

We further determined the expression of SENP1 in Wilms tumor cell
lines by quantitative reverse transcriptase polymerase chain reaction
(qRT-PCR) and western blot analysis. The results showed that
compared with 293T cells, SENP1 expression in Wilms tumor cells
WiT49 and SK-NEP-1 was appreciably increased, and SENP1 expres-
sion in WiT49 cell lines was higher than that in SK-NEP-1 cells (Fig-
ures 2E and 2F). These results indicate that SENP1 is highly expressed
in both tissues and cells of Wilms tumor and is associated with poor
prognosis.
Silencing of SENP1 inhibited the viability of Wilms tumor cells

and promoted cell-cycle arrest

We further investigated the effect of SENP1 gene silencing and over-
expression on viability and cell-cycle arrest of Wilms tumor cells. As
assayed by qRT-PCR, compared with short hairpin RNA (shRNA)
negative control (sh-NC) treatment, the expression of SENP1 in the
presence of shRNA targeting SENP (sh-SENP)1-1, sh-SENP1-2, or
sh-SENP1-3 was appreciably diminished, and the expression of
SENP1 in the sh-SENP1-2 group was the lowest (Figure 3A). So the
sh-SENP1-2 sequence was applied to knock SENP1 down for subse-
quent experiments. Then, in SK-NEP-1 cells, it was found that the
expression of SENP1 in response to overexpression plasmid (oe)-
SENP1 was appreciably elevated (Figure 3B).

The Cell Counting Kit 8 (CCK-8) assay and Transwell assay results
showed that sh-SENP1 transduction appreciably diminished the
viability and invasion of WiT49 cells. The transduction of oe-
SENP1 had appreciably increased viability and invasion of SK-
NEP-1 cells (Figures 3C and 3D). Western blot assay indicated that
the expression of Ki67 and proliferating cell nuclear antigen
(PCNA) in response to sh-SENP1 was diminished in WiT49 cells,
whereas the expression of Ki67 and PCNA in response to oe-
SENP1 was increased in SK-NEP-1 cells (Figure 3E).

Flow cytometry showed that in WiT49 cells, G0/G1 cell-cycle arrest
was appreciably increased in response to sh-SENP1; G0/G1 cell-cycle
arrest of SK-NEP-1 cells was appreciably diminished in response to
oe-SENP1 (Figure 3F). These results suggest that silencing SENP1
diminished the viability, invasion, and cell-cycle entry of Wilms tu-
mor cells.
CCNE1 was highly expressed in Wilms tumor tissues and cells

qRT-PCR and western blot results showed that the expression of
CCNE1 in Wilms tumor tissues was appreciably higher than that
in paracancerous tissues (Figures 4A and 4B). In order to study
the correlation between SENP1 and CCNE1 in Wilms tumor
Molecular Therapy: Oncolytics Vol. 23 December 2021 357
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Figure 3. Silencing of SENP1 inhibits the viability of Wilms tumor cells and promotes cell-cycle arrest

(A) qRT-PCR was used to detect the expression of SENP1 inWiT49 cells after silencing SENP1. (B) qRT-PCRwas used to detect the expression of SENP1 in SK-NEP-1 cells

after overexpression of SENP1. (C) CCK-8 assay was used to detect the viability of WiT49 and SK-NEP-1 cells. (D) Transwell assay was used to detect the invasion of WiT49

and SK-NEP-1 cells. (E) Western blot was used to detect the protein expression of Ki67 and PCNA in WiT49 and SK-NEP-1 cells. (F) Cell cycle of WiT49 and SK-NEP-1 cells

was assayed by flow cytometry. *p < 0.05 versus the sh-NC group or oe-NC group.
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samples, we analyzed the correlation between SENP1 and CCNE1
mRNA expression and found a positive correlation between them
(Figure 4C). Kaplan-Meier analysis showed that OS and DFS of pa-
tients with high CCNE1 expression were appreciably lower than
those of patients with low CCNE1 expression, suggesting that high
CCNE1 expression is associated with poor prognosis (Figures 4D
and 4E). Further detection of CCNE1 expression in Wilms tumor
cells and normal renal cells showed that the expression of CCNE1
in Wilms tumor cells WiT49 and SK-NEP-1 was appreciably higher
358 Molecular Therapy: Oncolytics Vol. 23 December 2021
than that in normal renal cells 293T (Figure 4F). These results
demonstrated that CCNE1 is highly expressed in Wilms tumor tis-
sues and cells.

SENP1 promoted viability and cell-cycle progression of Wilms

tumor cells by upregulating CCNE1 expression

In order to study the effect of SENP1onCCNE1 gene expression, west-
ern blot analysis was used to detect the expression of CCNE1 in cells
after silencing or overexpression of SENP1. The results showed that
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Figure 4. CCNE1 is highly expressed in Wilms tumor tissues and cells

(A) qRT-PCR was used to detect the mRNA expression of CCNE1 in Wilms tumor tissues and adjacent tissues. Adjacent = 32; tumor = 32. *p < 0.05 versus adjacent tissue.

(B) Western blot was used to detect the protein expression of CCNE1 in Wilms tumor tissues and adjacent tissues. Adjacent = 32; tumor = 32. *p < 0.05 versus adjacent

tissue. (C) Correlation analysis of SENP1 and CCNE1mRNA expression. (D and E) Correlation analysis of CCNE1 expression with OS and DFS by the Kaplan-Meier method.

(F) Western blot detection of CCNE1 protein expression in Wilms tumor cells WiT49, SK-NEP-1, and normal renal tissue cells 293T. *p < 0.05 versus 293T cell.
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inWiT49 and SK-NEP-1 cells, the expression ofCCNE1 in response to
sh-SENP1 was appreciably lowered (Figures 5A and S1A); in WiT49
and SK-NEP-1 cells, the expression of CCNE1 in response to oe-
SENP1 was appreciably elevated (Figures 5B and S1B). qRT-PCR
was used to detect the expression of CCNE1 in WiT49 cells after
silencing and overexpression of CCNE1. The results revealed that
compared with sh-NC treatment, the expression of CCNE1 in pres-
ence of shRNA targeting CCNE (sh-CCNE)1-1, sh-CCNE1-2, or sh-
CCNE1-3 was appreciably diminished, and the expression of
CCNE1 in presence of sh-CCNE1-1 was the lowest, so the sequence
of sh-CCNE1-1 was used to knock CCNE1 down for subsequent ex-
periments. Further, the expression of CCNE1 in response to oe-
CCNE1 was appreciably increased (Figures 5C and S1C).

We further overexpressed CCNE1 on the basis of SENP1 knockdown.
The CCK-8 assay and Transwell assay results showed that the viability
and invasion in response to sh-CCNE1 were appreciably diminished;
compared with sh-SENP1 alone, the viability and invasion in
response to sh-SENP1 + oe-CCNE1 were appreciably increased (Fig-
ures 5D, 5E, S1D, and S1E). A western blot assay suggested that the
expression of Ki67 and PCNA in response to sh-CCNE1 was appre-
ciably diminished; compared with sh-SENP1 alone, the expression of
Ki67 and PCNA in response to sh-SENP1 + oe-CCNE1 was appre-
ciably increased (Figures 5F and S1F). Flow cytometric results showed
that G0/G1 cell-cycle arrest in response to sh-CCNE1 was appreciably
increased; compared with sh-SENP1 alone, G0/G1 cell-cycle arrest in
response to sh-SENP1 + oe-CCNE1 was appreciably diminished (Fig-
ures 5G and S1G). These results suggest that SENP1 promotes the
viability and cell-cycle progression of Wilms tumor cells through up-
regulation of CCNE1 expression.
SENP1 promoted viability and cell-cycle progression of Wilms

tumor cells by activating the HIF-1a/STC1/CCNE1 axis

STC1 is a glycoprotein hormone involved in calcium/phosphate ho-
meostasis, which can regulate various cellular processes during normal
development and tumorigenesis. We had previously confirmed that
SENP1 can upregulate CCNE1 expression. Therefore, here, we further
explored whether SENP1 affects the expression of CCNE1 through
regulating STC1 and then affects the viability and cell cycle of Wilms
tumor cells. Western blot analysis showed that overexpression of
STC1 could partially restore the inhibition of CCNE1 expression
induced by SENP1 knockdown, whereas knockdown of STC1 could
partially restore the increase of CCNE1 expression induced by SENP1
knockdown (Figures 6A and 6B). These results suggest that overexpres-
sionof SENP1 elevated the expressionofCCNE1byupregulating STC1.

Therefore, we speculate that SENP1 may promote the expression of
STC1 by driving SUMOylation ofHIF-1a.Western blot results showed
that the sh-SENP1 transduction had appreciably diminished expres-
sion of HIF-1a and p300, whereas the oe-SENP1 transduction dis-
played notably increased expression of HIF-1a and p300 (Figure 6C).

The results of qRT-PCR showed that compared with sh-NC treatment,
the expression ofHIF-1a in the presence of shRNA targeting ofHIF-1a
(sh-HIF-1a)-1, sh-HIF-1a-2, or sh-HIF-1a-3 was appreciably dimin-
ished, and the expression of CCNE1 in the sh-HIF-1a-1 group was
the lowest. After overexpression of HIF-1a, the expression of CCNE1
in response to oe-HIF-1a was appreciably elevated (Figure 6D). In or-
der to study the relationship among SENP1, HIF-1a, and STC1 expres-
sion, we inhibited SENP1 expression and overexpressed HIF-1a in
WiT49 cells. The results showed that overexpression of HIF-1a
Molecular Therapy: Oncolytics Vol. 23 December 2021 359
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Figure 5. SENP1 promotes viability and cell-cycle progression of Wilms tumor cells by upregulating CCNE1 expression

(A) Western blot was used to detect the expression of CCNE1 in WiT49 cells after SENP1 silencing. (B) Western blot was used to detect the expression of CCNE1 in WiT49

cells after SENP1 overexpression. (C) qRT-PCR was used to detect the expression of CCNE1 in WiT49 cells after SENP1 silencing or overexpression. (D) The CCK-8 assay

was used to detect the viability ofWiT49 cells in each group. (E) The Transwell assay was used to detect the invasion ofWiT49 cells in each group. (F)Western blot was used to

detect the protein expression of Ki67 and PCNA in WiT49 cells. (G) Cell-cycle distribution of WiT49 cells was assayed by flow cytometry. *p < 0.05 versus sh-NC or oe-NC;

#p < 0.05 versus sh-SENP1 + oe-NC.
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partially restored the inhibition of STC1 expression induced by SENP1
knockdown (Figure 6E). An immunoprecipitation (IP) assay showed
that overexpression of SENP1 augmented the deSUMOylation of
HIF-1a (Figure 6F). These results indicate that SENP1 promotes
STC1 expression by driving SUMOylation of HIF-1a.

The results showed that compared with sh-SENP1 alone, sh-SENP1 +
oe-STC1 or sh-SENP1 + oe-HIF-1a had appreciably increased cell
viability and invasion, increased Ki67 and PCNA expression, and
diminished G0/G1 cell-cycle arrest (Figures 6G and 6J). These results
suggest that SENP1 promotes STC1 expression by driving the SU-
MOylation of HIF-1a, thereby upregulating the expression of
CCNE1 and promoting the viability and cell-cycle progression of
Wilms tumor cells.

Silencing of SENP1 downregulated CCNE1 to inhibit the in vivo

tumorigenesis of Wilms tumor cells

Finally, in order to study the effect of SENP1 on the in vivo tumor-
igenesis of Wilms tumor cells, we constructed WiT49 cell lines stably
360 Molecular Therapy: Oncolytics Vol. 23 December 2021
transfected with lentiviral vectors carrying sh-NC, sh-SENP1, sh-
CCNE1, sh-SENP1 + oe-NC, and sh-SENP1 + oe-CCNE1 and
then inoculated them subcutaneously into nude mice. Compared
with sh-SENP1 alone, the tumor size and weight of sh-SENP1 +
oe-CCNE1 transduction were increased (Figure 7A). Immunohisto-
chemical results showed that the expression of CCNE1 in tumor tis-
sues of nude mice transduced with sh-SENP1 and sh-CCNE1 was
appreciably diminished. Compared with sh-SENP1 alone, the
expression of CCNE1 in the presence of sh-SENP1 + oe-CCNE1
was appreciably increased (Figure 7B). Western blot results showed
that the expression of HIF-1a, STC1, and CCNE1 in response to sh-
SENP1 was appreciably diminished, and that of CCNE1 in response
to sh-CCNE1 was appreciably diminished; relative to sh-SENP1
alone, the expression of CCNE1 in response to sh-SENP1 + oe-
CCNE1 was appreciably increased (Figure 7C). Moreover, the
expression of Ki67 and PCNA in tumor tissues of nude mice in
response to sh-SENP1 combined with sh-CCNE1 was appreciably
diminished. Compared with sh-SENP1 alone, the expression of
Ki67 and PCNA in the presence of sh-SENP1 + oe-CCNE1 was
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Figure 6. SENP1 promotes viability and cell-cycle progression of Wilms tumor cells by activating HIF1a/STC1/CCNE1 axis

(A) Western blot was used to detect the expression of SENP1, STC1, and CCNE1. *p < 0.05 versus the sh-NC + oe-NC group; #p < 0.05 versus the sh-SENP1 + oe-NC

group. (B) Western blot was used to detect the expression of SENP1, STC1, and CCNE1. *p < 0.05 versus the sh-NC + oe-NC group; #p < 0.05 versus the oe-SENP1 + sh-

NC group. (C) Western blot was used to detect the expression of SENP1, HIF-1a, and p300 in WiT49 cells after overexpression or silencing SENP1. *p < 0.05 versus the sh-

NC group; #p < 0.05 versus the oe-NC group. (D) The expression of HIF-1a in WiT49 cells after silencing or overexpression of HIF-1 a was assayed by qRT-PCR. *p < 0.05

versus the sh-NC or oe-NC group. (E) The protein expression of SENP1, HIF-1a, and STC1 was assayed by western blot. *p < 0.05 versus the sh-NC + oe-NC group; #p <

0.05 versus the sh-SENP1 + oe-NC group. (F) The deSUMOylation of HIF-1a after overexpression of SENP1was detected by IP assay. (G) Cell viability was detected by CCK-

8 assay. (H) Cell invasion was detected by the Transwell assay. (I) Western blot was used to determine the expression of PCNA and Ki67. (J) Cell-cycle distribution was

assayed by flow cytometry. (G�J) *p < 0.05 versus the sh-SENP1 + oe-NC group.
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Figure 7. Silencing of SENP1 downregulates CCNE1 to inhibit the in vivo tumorigenesis of Wilms tumor cells

(A) The tumor volume and weight of nude mice in each group were counted. (B) The expression of CCNE1 in tumor tissue of nude mice in each group was assayed by

immunohistochemical staining. (C) The expression of HIF-1a and STC1 in tumor tissue of nudemice in each group was assayed by western blot. (D) The protein expression of

Ki67 and PCNA in tumor tissue of nude mice in each group was assayed by western blot. *p < 0.05 versus the sh-NC group. #p < 0.05 versus the sh-SENP1 + oe-NC group.
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notably increased (Figure 7D). These results indicate that silencing
of SENP1 downregulates the expression of CCNE1 and inhibits
the tumorigenesis of Wilms tumor cells in vivo.

DISCUSSION
Wilms tumor takes up more than 90% of malignant renal neoplasms
in children.19 In the current study, we explored the regulatory mech-
anism of SENP1 inWilms tumor and found that SENP1 promotes the
progression ofWilms tumor throughmediation of the HIF-1a/STC1/
CCNE1 axis.

In the first place, our study demonstrated that SENP1 was highly ex-
pressed in Wilms tumor tissues as well as cells and that silencing of
SENP1 could inhibit the viability and cell-cycle entry of Wilms tumor
cells. To our acknowledge, SENP1 has been reported to be involved in
multiple cancer types. For instance, restored SENP1 expression could
aid in promoting renal cell carcinoma cell proliferation.20 SENP1 was
unveiled to be a risk factor for dissatisfactory prognosis of patients
with non-small cell lung cancer.21 Moreover, SENP1 could lead to
362 Molecular Therapy: Oncolytics Vol. 23 December 2021
enhancement of progression and metastasis of prostate cancer.22

Furthermore, the current study revealed that SENP1 could trigger
SUMOylation of HIF-1a in Wilms tumor, thereby upregulating
HIF-1a. In consistency with our finding, an increasing number of
studies have unveiled the regulatory relationship between SENP1
and HIF-1a. Interestingly, SENP1 could contribute to upregulation
of HIF-1a expression under hypoxia in human osteosarcoma cells.23

Notably, the implication of HIF-1a has been previously reported.
Downregulation of HIF-1a using RNA interference was found to sup-
press the in vitro growth of SK-NEP-1 Wilms tumor cells, while in-
hibiting in vivo tumorigenesis and angiogenesis.24

Our mechanistic study also showed that HIF-1a could promote the
expression of STC1, which contributed to upregulated STC1 in
Wilms tumor, thereby leading to increased CCNE1 expression.
Importantly, a previous study demonstrated upregulation of HIF-
1a in Wilms tumor.14 Of note, mounting evidence has highlighted
the interaction between HIF-1a and STC1 in different diseases. As
previously reported, a close correlation between STC1 mRNA



Figure 8. The molecular mechanism regarding the role of SENP1 in Wilms

tumor

SENP1 promotes the expression of STC1 by increasing the SUMOylation of HIF-1a,

upregulating the expression of CCNE1, which promotes the proliferation and cell-

cycle progression of Wilms tumor cells.
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expression and HIF-1a was observed in clear cell renal cell carcinoma
cell lines, and the positive association between the two was also
demonstrated in clinical samples, suggesting that HIF-1a is capable
of regulating STC1 expression.15 It was also demonstrated that
HIF-1 plays a crucial role in the development of corpus luteum,
with the involvement of STC1 regulation.25 In addition, STC1 was
found to be stimulated by HIF in alveolar epithelial cells in a rat
model.26 In fact, there is a paucity of reports regarding the regulation
between STC1 and CCNE1 in disease. In the current study, our west-
ern blot assay identified that STC1 could positively regulate CCNE1
in Wilms tumor. Intriguingly, CCNE1 regulated by WWOX could
participate in the regulation of Wilms tumor.18 It was revealed that
CCNE1 could be downregulated by WT1, which was demonstrated
as a suppressor gene in Wilms tumor.27

Viewed from the results obtained in the current study, it is safe to
conclude that SENP1 elevates STC1 expression bydriving the SUMOy-
lation of HIF-1a, thereby upregulating the expression of CCNE1,
which promotes the viability, invasion, cell-cycle progression, and
in vivo tumorigenesis of Wilms tumor cells (Figure 8). This finding
may provide a novel direction for treatment ofWilms tumor.However,
further exploration is still warranted to study the clinical feasibility.

MATERIALS AND METHODS
Ethical approval

The present study was conducted under the approval of the Ethics
Committee of Guangzhou Women and Children’s Medical Center,
Guangzhou Medical University. The guardians of all of the partici-
pating patients signed informed consent. (A total of 32 consents
were obtained.) The animal experiments strictly obeyed the guidelines
for the care and use of laboratory animals issued by the US National
Institutes of Health.
Bioinformatics analysis

A Wilms tumor-related microarray dataset GEO: GSE11151 28 (3
normal samples and 3 tumor samples) was retrieved from the GEO
database (https://www.ncbi.nlm.nih.gov/geo/). Relative to normal
samples, differential analysis was performed using the “limma”
package (version [v.]3.6.1) in R language (https://www.r-project.
org/; v.3.6.1). False discovery rate (FDR) was used to correct
differential p values, and DEGs in Wilms tumor were screened out
with |logFoldChange| > 1 and FDR < 0.05 as the threshold. The “clus-
terprofiler” package (v.3.0.4) in R language was employed for KEGG
pathway enrichment analysis on DEGs. DEGs during cell cycle were
labeled by “Pathview.” Interaction analysis on DEGs during cell cycle
was performed using the STRING database (https://string-db.org/;
v.11.0). Then, an interaction network was plotted using Cytoscape
software (https://cytoscape.org/; v.3.7.1), and degree values were
calculated with interaction score R 0.4 set as a threshold.

Clinical sample collection

From June 2015 to June 2017, 32 patients with Wilms tumor were
selected, including 18 males and 14 females. The age distribution was
2�9 years old, with an average age of 4.34 ± 1.72 years. None of these
patients received anti-tumor treatment before operation. All patients
were detected on the basis of preoperative imaging and could be treated
with radical nephrectomy. Patientswith distantmetastasis and cachexia
were excluded in the study. The tumor tissues of 32 patients were
included in the experimental group, and the control group indicated
the paracancerous tissues. The paracancerous tissues and tumor tissues
of each patient were taken as a group for subsequent experiment. The
patients were followed up from the end of surgery for 24 months. The
Kaplan-Meier method was performed to analyze the relationship be-
tween SENP1 and CCNE1 expression and OS and DFS of the patients.

Cell line screening, culture, and transfection

Wilms tumor cell lines, WiT49 cells (purchased from BLUEFBIO
Biotechnology, Shanghai, China) and SK-NEP-1 cells (purchased
from the Cell Bank of the Chinese Academy of Sciences, Shanghai,
China), were included in this study. The 293T cells from normal renal
tissue (purchased from ATCC, Manassas, VA, USA) were used as
control. They were cultured in Dulbecco’s modified Eagle medium
(DMEM) containing 10% fetal bovine serum (FBS; Gibco, Carlsbad,
CA, USA), 10 mg/mL streptomycin, and 100 U/mL penicillin (Gibco)
at 37�C in a 5% CO2 incubator (Thermo Fisher Scientific, Waltham,
MA, USA). Cells in logarithmic phase were trypsinized, and the cells
were seeded into a 6-well plate, 1 � 105 cells per well. After 24 h of
conventional culture, the cells were transfected according to the in-
structions of Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
when the confluence reached about 75%.

Transfection groups are as follows: sh-NC group (Wilms tumor cells
transfected with the 50-GGGUGAACUCACUGAGAA-30 sequence),
sh-SENP1-1 group (Wilms tumor cells transfected with the 50-CAC
AGGAAGCGAGUGUGUGUGUGGU-30 sequence), sh-SENP1-2
group (Wilms tumor cells transfected with the 50-GAGGTAUCUT
TUCGUUAUC-30 sequence), and sh-SENP1-3 group (Wilms tumor
Molecular Therapy: Oncolytics Vol. 23 December 2021 363
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cells transfected with the 50-GAUCUUGAUCCAUGA-30 sequence).
After 48 h of transfection, the silencing efficiency of sh-SENP1 was
assessed by qRT-PCR. Additionally, the oe-SENP1 (Wilms tumor
cells transfected with oe-SENP1), vector-NC (pGIPZ; Wilms tumor
cells transfected with control plasmid), sh-CCNE1-1, sh-CCNE1-2,
sh-CCNE1-3, sh-HIF-1a-1, sh-HIF-1a-2, sh-HIF-1a-3, oe-CCNE1,
and oe-STC1 were purchased from GenePharma (Shanghai, China).
The concentration of plasmid was 50 ng/mL.

CCK-8 assay

After 48 h of transfection, the cells were detached and resuspended,
and the cell concentration was adjusted to 1� 105 cells/mL. The cells
were seeded into 96-well plates at 100 mL/well and cultured overnight.
The cells were treated according to the instructions of the CCK-8 Kit
(Beyotime, Shanghai, China). The cell viability was detected by
CCK-8 assay at 24 h, 48 h, 72 h, and 96 h after inoculation. Each
time, 10 mL CCK-8 detection solution was added and incubated in
the incubator for 4 h. The absorbance at 450 nm was detected by a
plate reader (Thermo Scientific Multiskan FC; Thermo Fisher Scien-
tific), and the growth curve was drawn.

Transwell invasion assay

Matrigel chambers (BD Biosciences, Franklin Lakes, NJ, USA) were
incubated on the upper surface of the bottommembrane of Transwell
chambers at 37�C for 30min tomakeMatrigel polymerize into gel, and
then the basement membrane was hydrated before use. The cells were
cultured in serum-free medium for 12 h, harvested, and resuspended
in serum-free medium (1 � 105 cells/mL). The medium containing
10% FBS was added in the lower chamber, and 100 mL cell suspension
was added into the Transwell chamber. After incubation at 37�C for 24
h, the cells that did not invade the surface of the Matrigel membrane
were gently removed with cotton swabs, fixed with 100% methanol,
and stained with 1% toluidine blue (Sigma-Aldrich Chemical, St.
Louis, MO, USA). The stained, invasive cells were observed under
an inverted light microscope (Carl Zeiss MicroImaging, Thornwood,
NY, USA). Five areas were randomly selected for manual counting.

Flow cytometry

Cells in the logarithmic growth phase were seeded into a 6-well plate
(about 5� 104 cells/well). After cell-adherent growth, the former cul-
ture mediumwas removed from the culture dish, followed by addition
of sterile normal saline, digestion, and collection of the single-cell sus-
pension. It was fixed overnight with 20 mL of 75% alcohol precooled
at 75�C, added with propidium iodide (PI) and RNase, and incubated
at 37�C for 30 min in dark. The cell-cycle distribution in G0/G1, S,
and G2/M phases was assayed by flow cytometry.

RNA IP (RIP) assay

Cells were lysed with ice-cold IP lysis buffer containing phosphatase-
protease inhibitor cocktails (Beyotime Biotechnology, Shanghai,
China). After centrifugation at 12,000 rpm, the protein supernatant
was incubated with primary antibody at 4�C overnight. The pro-
tein-antibody complex was pulled down with Protein A/G PLUS-
Agarose Beads (Santa Cruz, Santa Cruz, CA, USA). Those beads
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were eluted with IP lysis buffer 4 times. Next, 45 mL 2� loading buffer
was added to the agarose beads, 10 mL 5� loading buffer was added to
the input, followed by boiling for 10 min. The IP protein was eluted
for western blot analysis.

qRT-PCR

TRIzol reagent (15596026; Invitrogen) was employed to extract total
RNA. According to the instructions of the PrimeScript RT Reagent
Kit (RR047A; Takara, Otsu, Shiga, Japan), 5 mg RNA was reversely
transcribed into complementary DNA (cDNA). The synthesized
10-ng cDNA was detected using Fast SYBR Green PCR kits (Applied
Biosystems [ABI], Carlsbad, CA, USA) in an ABI Prism 7300 RT-
PCR system (ABI). Three replicated wells were set for each group.
The relative expression levels of SENP1 and CCNE1 were analyzed
by the 2�DDCT method with b-actin as an internal reference. The
primer design is shown in Table S1.

Western blot analysis

The cultured cells were collected by trypsin digestion and lysed with
enhanced radioimmunoprecipitation assay lysis buffer containing a
protease inhibitor (Boster, Wuhan, Hubei, China); then the protein
concentration was determined by a bicinchoninic acid (BCA) protein
quantitative kit (Boster). The proteinwas separated by 10% sodiumdo-
decyl sulfate polyacrylamide gel electrophoresis and then transferred to
a polyvinylidenefluoridemembrane. Subsequently, themembranewas
sealed with 5% bovine serum albumin at room temperature for 2 h to
block the nonspecific binding. Diluted primary antibodies (SENP1:
ab225887; CCNE1: ab71535; STC1: ab229477; HIF-1a: ab51608;
p300: ab10485; rabbit antibody PCNA: ab18197; rabbit antibody
Ki67: ab16667; rabbit antibody b-actin: ab8227, 1:500; Abcam, Cam-
bridge, MA, USA) were added to themembrane, respectively, for over-
night incubation at 4�C. Horseradish peroxidase (HRP)-labeled goat
anti-rabbit antibody (ab205719; 1:2,000; Abcam) was employed to
incubate the membrane at room temperature for 1 h. Enhanced chem-
iluminescence working solution (Millipore) was employed to incubate
the membrane at room temperature for 1 min, which was then sealed
and exposed to X-ray for 5�10 min, followed by color development
and fixation. ImageJ analysis software was employed to quantify the
gray scale of each band in western blot image, and b-actin was used
as an internal reference.

Tumor formation in nude mice

Thirty healthy nude mice (aged 6�8 weeks) were acclimated for
1 week (specific pathogen free; humidity: 60%–65%; temperature:
22�C�25�C; 12/12 h light-dark cycle), with free access to food and
water. The health status of nude mice was observed before the exper-
iment. WiT49 cells were stably transduced with sh-NC, sh-SENP1,
sh-CCNE1, sh-SENP1 + oe-NC, and sh-SENP1 + oe-CCNE1. The
nude mice were randomly divided into 5 groups, with 6 mice in
each group. During the feeding process, 100 mL of stably transduced
cells was subcutaneously injected into the armpit of nude mice. After
6 weeks of feeding, the nude mice were euthanized, following which,
the tumor size wasmeasured. The tumors were resected, weighed, and
collected for subsequent detections.
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Immunohistochemical staining

Following antigen retrieval, the samples were treated with normal
goat serum blocking solution (C-0005; Shanghai Haoran Biotech-
nology, Shanghai, China) for 20 min at room temperature. The pri-
mary rabbit antibody against CCNE1 (ab33911, 1:200; Abcam) was
added for overnight incubation at 4�C, followed by incubation with
goat anti-rabbit immunoglobulin G (IgG; ab150077, 1:1,000; Abcam)
at 37�C for 20 min. Sections were subjected to HRP-labeled strepta-
vidin working solution (0343-10000U; Imunbio, Beijing, China) at
37�C for 20 min. Following diaminobenzidine (ST033; Whiga,
Guangdong, China) developing, sections were re-stained by hematox-
ylin (PT001; Shanghai Bogoo Technology, Shanghai, China), treated
with 1% ammonia water to revert to blue, dehydrated, and mounted.
Five high-power fields were randomly selected from each section,
with 100 cells counted in each field under microscopy.
Statistical analysis

All of the data in this study were processed with SPSS 21.0 statistical
software (IBM, Armonk, NY, USA). The measurement data were ex-
pressed by mean ± standard deviation from three independent exper-
iments. Paired t test was employed to compare data between cancer
tissues and adjacent normal tissues. Data between two groups were
compared by unpaired t test. Data among multiple groups were
compared by one-way analysis of variance (ANOVA) and those
among multiple groups at different time points by repeated measures
of ANOVA, followed by Tukey’s post hoc test. The Kaplan-Meier
method was employed to calculate the survival rate. The log rank
test was used for univariate analysis. Pearson’s correlation analysis
was employed to analyze the correlation between observed indexes.
p < 0.05 indicated a statistically significant difference.
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