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Abstract
Nudix Hydrolase 21 (NUDT21) is a newly characterized oncogene involved in several types of cancer. However, 

the expression patterns and biological function of NUDT21 in prostate cancer (PCa) remain unclear. The present 
study aimed to investigate the roles of NUDT21 in the cell proliferation and metastasis of PCa. In the present study, 
the expression of NUDT21 was analyzed by qRT-PCR in PCa cell lines and human prostatic stromal cell line (WPMY). 
Compared with WPMY cells, NUDT21 expression was significantly increased in DU 145 and LNcap cells. Furthermore, 
we constructed the DU 145 and LNcap cell lines with stable low expression of NUDT21 to validate the function of 
NUDT21. Celigo cell count assay, flow cytometry, wound healing and Transwell assays were performed to analyze 
and compare cell viability and cell migration. These results showed that lentivirus-mediated NUDT21 knockdown 
significantly inhibited DU 145 and LNcap 786-O cell proliferation and migration, as well as induced cell cycle arrest and 
increased apoptosis in vitro. In overall, the present findings demonstrated that NUDT21 plays an oncogenic role in PCa 
and the potential of NUDT21 targeting in PCa treatment.
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Introduction
Prostate cancer (PCa), an epithelial malignancy that occurs in the 

prostatic epithelium, is a most common malignant tumor with a high 
incidence in the male genitourinary system [1,2]. Due to the lack of 
effective therapies, the mortality rates of PCa are annually increasing. 
Additionally, PCa is one of chronic diseases with various severe 
complications, it has become one of the major threats worldwide to 
human life and health [3], focusing on therapeutic strategies for 
PCa is urgently necessary. Recently, various traditional methods for 
treating PCa including surgical excision, radiation therapy, hormonal 
therapy, and chemotherapy are the primary has been developed [4]. 
Unfortunately, a number of patients with advanced PCa often succumb 
to iatrogenic injury, drug toxicity, and therapy resistance, and the 
clinical treatment remains particularly therapeutically challenging 
[1,5]. Therefore, there is an unquestionable need for more effective 
therapeutic approaches and less toxic drugs. Although the immune 
system plays a huge role in preventing and treating of tumors, 
immunotherapy for PCa has not been efficacious for patients in the 
past [6]. Molecular diagnosis and targeted therapy have proved to be 
a promising approach for PCa treatment [7,8], however, these novel 
molecular targeting treatments have achieved little clinical progression. 
Moreover, the etiology and pathogenesis of PCa remain not fully 
understood. Hence, the proposal of new gene therapy programs is of 
great importance for the treatment and diagnosis of PCa.

Nudix Hydrolase 21 (NUDT21), a complex of RNA-binding 
proteins critical to regulate alternative transcript polyadenylation 
(APA) (9). NUDT21 has previously been reported to be involved in 
certain important biologic regulatory processes and contributes to 
the control of cell fate determination in a critical way [10]. It has been 
showed that NUDT21 increased the of risk preeclampsia by targeting 
3'-UTR of EZH2 mRNA [11]. In recent years, several studies showed 
that NUDT21 act as tumor suppressors or promoters in carcinogenesis 
and cancer progression among different cancer types [9,10,12,13]. 
For instance, the expression level of NUDT21 was decreased in 
cervical cancer tissues and cells, and highly associated with the clinical 
prognosis of patients [14]. We also found that NUDT21 suppressed 
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the pathologic progress of small cell lung cancer [15]. Moreover, 
up-regulation of NUDT21 inhibited bladder cancer growth, while 
NUDT21 knockdown promoted bladder cancer growth and metastasis 
[10]. Intriguingly, however, opposing studies indicates that NUDT21 
was frequently overexpressed in a multitude of cancers [13,16]. 
Subsequent functional studies indicated that NUDT21 knockdown 
inhibits proliferation and promotes apoptosis of pancreatic ductal 
adenocarcinoma [13]. Additionally, silencing NUDT21 attenuated the 
mesenchymal Identity of glioblastoma cells via the NF-κB pathway 
[17].

Despite a considerable amount of evidence showing the 
involvement of NUDT21 in several types of cancer progression, the 
role of NUDT21 in PCa has been less explored.

Herein, we investigated the expression of NUDT21 in the PCa 
cell lines by qRT-PCR. Moreover, loss-of-function experiments 
further explored the biological function of NUDT21 in the PCa cell 
lines in vitro. Our data indicated that NUDT21 knockdown papillary 
influenced PCa cell proliferation, apoptosis and migration. Therefore, 
this study demonstrated that NUDT21 plays a critical role in the 
progression of PCa and NUDT21 may have potential as a diagnostic 
and therapeutic target for the treatment of PCa.

Materials and Methods
Cell culture

Human prostatic stromal cell line (WPMY) and human PCa 
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cell lines (DU 145, PC-3 and LNcap) obtained from American Type 
Culture Collection (ATCC, USA). WPMY, DU 145 and LNcap cell 
lines were grown in RPMI-1640 with 10% FBS, while PC-3 cells were 
cultured in F-12K medium supplemented with 10% FBS.

All cells were cultured in a 37℃ incubator containing 5% CO2 in air 
and saturated humidity.

Real-time Quantitative PCR Detecting System (qRT-PCR)

Relative expression levels of the NUDT21 transcript were analyzed 
by quantitative real-time PCR (qRT-PCR) assay. Briefly, all cells were 
collected and lysed with Trizal, and total RNA was isolated using 
TRIzol reagent (Invitrogen, USA) following the manufacturer’s 
instructions. RNA quality control was determined by a Nanodrop 
2000/2000C spectrophotometer (Thermo Fisher Scientific, USA). 
Subsequently, RNA was reverse transcribed to synthesize cDNA and 
qPCR reactions were performed in triplicate with the SYBR Green 
qPCR Master Mix (Thermo Fisher Scientific, USA). NUDT21 and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) genes were 
amplified for normalization of cDNA loading. The primers used 
for amplification were as follows: forwards primer of NUDT21: 
5’-AAGCCTTGTTTGCAGTCCC-3’; reversed primer of NUDT21: 
5’-TCCATATCCTGGTGCATTGTC-3’; forwards primer of GAPDH: 
5’-TGACTTCAACAGCGACACCCA-3’; reversed primer of GAPDH: 
5’-CACCCTGTTGCTGTAGCCAAA-3’. Real-Time PCR was 
performed in a two-step method, and a melting curve was created. 
The relative expression levels of NUDT21 mRNA in the cell lines were 
analyzed using the 2−∆∆Ct method. The results were expressed as the 
mean values of relative quantification ± Standard Error of the Mean 
(SEM).

ShNUDT21 construction and lentivirus transfection

Lentiviral containing short hairpin RNA (shRNAs) targeting 
NUDT21 was supplied by BioSCI Res (shanghai, China) and 
transfected into DU 145 or LNcap cells according to the manufacturer's 
instructions. In brief, using NUDT21 gene as a template, three RNA 
interference target sequences interference were designed and the 
single-stranded DNA oligo were synthesized. Subsequently, double-
stranded DNA oligo were formed by annealing the single-stranded 
DNA oligo and connected to the linearized BR-V-108 vector followed 
by transformed into competent E.coli cells for amplification. Positive 
clones were extracted to obtain high-purity plasmids. The tool vector 
plasmid carrying the interference target sequences and the viral 
packaging helper plasmid were co-infected into 293T cells. After 
culturing for 72h at 37℃, supernatants containing lentivirus with 
shCtrl or shNUDT21 were harvested, respectively. The lentivirus 
containing green fluorescent protein (GFP) was infected into PCa 
cell lines (DU 145 and LNcap). After 72h, the expression of green 
GFP was tested under the microscope to assess the transfection 
efficiency. The RNA interference target sequences of NUDT21 were 
as follows: shNUDT21-1: 5’-ATGAGGGAAGAATTTGATAAA-3’, 
shNUDT21-2: 5’-TATGACAATGCACCAGGATAT-3’, shNUDT21-3: 
5’-TTGGAATGAGGAGGACTGTAG -3’.

Western blotting (WB)

PCa cells (DU 145 and LNcap) were cytolysis to total protein by using 
ice-cold cell lysate. The protein concentration was determined with a 
BCA Protein Assay Kit (HyClone-Pierce) according to the instruction. 
Equal amounts of harvested protein samples were solubilized in SDS-
PAGE with 10% separating gel and then transferred to the PCDF 
membranes. Membranes were blocked with 5% dried non-fat milk 
followed by incubation for 1 h at room temperature. Subsequently, 

the membranes were incubated with the primary antibodies against 
NUDT21 (Rabbit, 1:1000 dilution, ProteinTech Group, 10322-1-AP) 
or GAPDH (Mouse, 1:30000 dilution, ProteinTech Group, 60004-1-
Ig) for 2h at room temperature. After washing, the membranes were 
incubated with the secondary antibodies HRP Goat anti-rabbit IgG 
(1:3000 dilution, Beyotime, A0208) or HRP Goat anti-mouse IgG 
(1:3000 dilution, Beyotime, A0216) for 1h at room temperature and 
then washed 3 times for 10 minutes in TBST. Immunoreactive proteins 
were visualized using the enhanced chemiluminescence ECL+PlusTM 
Western blotting detection system (Amersham Pharmacia Biotech, 
USA) according to the manufacturer's instructions. Finally, the protein 
bands were processed by image processing software.

Celigo cell count assay

DU 145 and LNcap cell lines in the logarithmic growth phase were 
re-suspended with complete medium and seeded into 96-well plates 
at a density of 2000 cells/well in a 5% CO2 atmosphere of at 37℃. 
From the second day after plating, cells were count and record by 
using Celigo S Imaging Cell Cytometer (Nexcelom Bioscience) at the 
same time point every day for 5 days and calculated by image analysis 
software. The medium was changed every 3 days. Statistical analysis 
was performed on the data and cell growth curve was drawn according 
to the absorbance value.

Apoptosis assay

Following transfection, DU 145 and LNcap cells were assessed 
using an Annexin V-APC apoptosis detection kit (BD Biosciences) 
according to the manufacturer's protocol. Briefly, the cells were 
cultured into a 6-well plate at a seeding density of 1,000 cells/well for 
5 days after lentivirus transfection. The medium was changed every 
3 days. Next, cells were digested with trypsin and washed with PBS 
buffer, and complete medium was re-suspended into cell suspension 
at a final density of ≥5×105 cells/ml. Cells were collected and washed 
twice with D-Hanks (pH 7.2 ~ 7.4). After 5 min centrifugation at 1300 
rpm, the cell precipitation was washed successively with the precooling 
D-Hanks (pH = 7.2~7.4) and 1×binding buffer (eBioscience, Thermo 
Fisher Scientific). Cells were collected by centrifugation again followed 
by the addition of 200 μL 1× binding buffer. Subsequently, the cells 
were stained with 10 μL Annexin V-APC and incubated in the dark for 
15 min at room temperature. Then the cell apoptosis was detected on 
the flow cytometer (Millipore).

Cell cycle assay

PCa cell cycle was evaluated by performing flow cytometry. DU 145 
and LNcap cell lines were transduced with NUDT21-shRNA lentivirus 
or shCtrl lentivirus. After incubation for 72h, cell suspensions were 
generated and plated in 6-well plate for further culture. Subsequently, 
cells were collected and fixed with 4℃ cold 70% alcohol for at least 1h. 
Following centrifugation and re-rinse of PBS, cells were incubated in 
dark at 4℃ for 30min with 1.5ml propidium iodide (PI) (40×, 2 mg/
mL: 100×RNase, 10 mg/mL: 1×PBS =25:10:1000). The cell suspension 
was filtered through a 300-mesh nylon screen and added to the flow 
cytometry tube, and flow cytometry was performed. Finally, cell cycle 
distribution (G1, S and G2) was detected by Flow Jo software (version 
vX 0.7) (BD Franklin Lakes, USA).

Wound healing assay

The 96-well wound healing assay (VP scientific) was used to 
analyze migration of DU 145 and LNcap cells treated with or without 
NUDT21 knockdown cells. After lentiviral infection, cells were 
incubated for 72h and then the assay was performed according to the 
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manufacturer's protocol. Briefly, cells in the logarithmic growth phase 
after transfection were digested in each experimental group, and then 
re-suspended in complete medium and counted. Subsequently, the cells 
were seeded into 96-well plates at a density of 5 × 104 cells per well and 
the cultured in a 37 ℃ incubator with 5% CO2 for 24h. Wounds were 
generated by using a 96 Wounding Replicator (VP scientific) across the 
cell layers while the confluence reached greater than 90%, and detached 
cells were removed by rinsing the cells with serum-free medium three 
times. Subsequently, the medium with 0.3% FBS was added into the 
96-well plate and cells were cultured in a 5% CO2 incubator at 37℃. 
The 96-well plate was scanned at 0, 24, 48, and 72 h to obtain scratch 
pictures by using a fluorescence microscope (Olympus Corporation; 
magnification, ×200). The migration rate was calculated as the ratio of 
the width of the wound at a given time point relative to the width of 
wound at the 0h time point

Transwell assay

Briefly, 100μL serum-free medium was added to the membrane 
in the Transwell upper chamber and incubated at 37℃ for 2h. After 
transfection, DU 145 and LNcap cells in the logarithmic growth phase 
were digested and then re-suspended in low serum medium and counted. 
Subsequently, the medium in the upper chamber of 24-well plates were 
removed followed by the addition of cells with serum-free medium 
were added whereas 600µL medium containing 30% FBS) was added 
to the lower chamber, and then the upper chamber was transferred to 
the lower chamber of 24-well plates. Following incubation for 24h at 
37℃ with 5% CO2, non-metastatic cells were gently removed with a 
cotton swab and metastatic cells were stained with Giemsa at room 
temperature for 5min. After rinsing with double distilled H2O three 
times, samples were allowed to air dry. Finally, pictures were taken 
with a fluorescence microscope (Olympus Corporation; magnification, 
×100) and the number of transferred cells was counted.

Statistical analysis

The data involved in this study were all expressed as mean ± 
standard deviation (SD). SPSS 2.0 was used for statistical analysis and 
GraphPad Prism was used for graph drawing. T-test and one-way 
ANOVA were used to analyze the statistical analysis of two groups and 
more than two groups, respectively. In all analyses, two-tailed P<0.05 
was considered to indicate a statistically significant difference.

Results
Expression and knockdown of NUDT21 in PCa cells

Recently, studies have shown that NUDT21 is elevated in many 
types of human cancers and involved in many biological functions. 
Simultaneously, we observed that the mRNA expression level of 
NUDT21 was also showed a significant up-regulation in LNcap cell line 
compared to human prostatic stromal cell line (WPMY) (Figure 1A). 
Thus, we speculated that the NUDT21 is involved in the progression 
of PCa. To further assess the biological roles of NUDT21 in the PCa 
cells, NUDT21 knockdown cell models were constructed. Briefly, 
stable NUDT21 knockdown in the PCa cells was established using 
a lentiviral delivery system. A total of three different sequences of 
shRNA (shNUDT21-1, shNUDT21-2 and shNUDT21-3) were used to 
determine the most effective RNA interference sequence in the DU 145 
cells. Compared with the shCtrl group, the NUDT21 mRNA expression 
of shNUDT21-1, shNUDT21-2 and shNUDT21-3 were decreased by 
39.2%, 74.0% and 76.0%, respectively (P < 0.05; P < 0.001; P < 0.001) 
(Figure 1B). The shNUDT21-3 with higher knockdown efficiency was 
used for further experiments.

Knockdown efficiency of NUDT21 in the DU 145 and LNcap

We next stably transfected DU 145 and LNcap cells with 
shNUDT21-3, while cells transfected with shCtrl were used as negative 
controls. As shown in Figure 2A, most DU 145 and LNcap cells 
transfected with shCtrl or shNCAPG2 were green fluorescent protein 
(GFP) positive, which confirmed the high transduction efficiency 
of vectors. Subsequently, the efficiency of NUDT21 knockdown was 
assessed at both the protein and mRNA levels. Compared to the shCtrl 
of each cell lines, knockdown efficiency of NCAPG2 was 92.45% in DU 
145 cells and 92.59% in LNcap cells (Figure 2B). Moreover, Western blot 
analysis showed that the protein levels of NUDT21 were significantly 
decreased upon NUDT21 knockdown in both cell lines compared to 
the shCtrl group (Figure 2C). Altogether, these results suggested the 
NUDT21-knockdown models were successfully established and also 
confirmed that the up-regulation of NUDT21 protein in DU 145 and 
LNcap cell lines.

NUDT21 knockdown impaired cell proliferation and induced 
cell cycle arrest and apoptosis

To elucidate the biological functions of NUDT21 in PCa cells 
in vitro, we further explore whether the NUDT21 was critical for 
cell proliferation, cell cycle arrest and apoptosis upon NUDT21 
knockdown. The effect of NUDT21 knockdown on PCa cell 
proliferation was determined using Celigo cell counting assay. As 
shown in Figure 3A, compared with the shCtrl group, cell growth was 
significantly suppressed in DU 145 cells (2.6-fold change; P < 0.001) 
and LNcap cells (4.6-fold change; P < 0.001) with stable knockdown 
of NUDT21 by shRNA transfection at different time points. Thus, 
NUDT21 knockdown suppresses the proliferation of human PCa cells 
in vitro. Subsequently, the influence of NUDT21 knockdown on the 
apoptosis and cell cycle were analyzed by flow cytometry. Compared 
with shCtrl group, Knockdown of NUDT21 significantly increased the 
proportion of apoptotic cells by 3.8 fold change in DU 145 cells (P < 
0.001) and LNcap cells (P < 0.001) (Figure 3B). The results revealed 
that the reduced the expression of NUDT21 significantly increased 
the induction of apoptosis in PCa cells. Furthermore, our results also 

 
Figure 1: NUDT21 is up-regulated in PCa cells. (A) The expression levels 
of NUDT21 in PCa cells and human prostatic stromal cell line (WPMY) were 
determined. (B) The transfection efficiency of three shRNAs, shNUDT21-1, 
shNUDT21-2 and shNUDT21-3, in DU 145 cells was evaluated through qRT-PCR.
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proved that silencing NUDT21 induced a dramatic alteration in the cell 
cycle distribution of both DU 145 and LNcap cells. As shown in Figure 
3C, the cell ratio in the G1 phase was increased (P < 0.001) and the 
cell ratio in the G2 phase was decreased significantly in the shNUDT21 
group in comparison with that in the shCtrl group of DU 145 cells (P 
< 0.001), suggesting the increase of DU 145 cells were arrested in the 
G1 phase. Strikingly, silencing NUDT21 significantly decreased the 
G1 phase cell fraction (P < 0.001) and induced a G2 cell cycle arrest 
(P < 0.05) in LNcap cells compared with the shCtrl group cells. These 
findings indicate that NUDT21 silencing induced cell cycle arrest and 
affected cell cycle distribution in PCa cells.

NUDT21 knockdown inhibited PCa cell migration in vitro

We further evaluated the effect of NUDT21 deficiency on the 
migration capacity of PCa cells by using a wound healing assay and 
a Transwell assay. For quantification of migration ratio, images were 
captured and measured the width of wound at the same site on 0h, 24h 
and 48h. As shown in Figure 4A, the distance between the scratches 
was significantly lower in the shCtrl group (48h for DU 145 cells; 24h 
for LNcap cells), while the distance between the scratches was not 
significantly lower in the NUDT21 knockdown group, indicating the 
migration ability of DU 145 and LNcap cells was significantly inhibited 
by NUDT21 depletion. Similarly, the results of Transwell assay showed 
that the cell migration rate was decreased by 45% in DU 145 cells with 
NCAPG2 knockdown (P < 0.001) and 94% in LNcap cells with NUDT21 
knockdown (P < 0.001) (Figure 4B). Altogether, these findings suggest 
that NUDT21 plays a crucial role in migration of PCa cells.

Discussion
PCa is a common slow growing malignant tumor with complex 

pathogenesis in the male reproductive system [18]. Although PCa can 
be treated effectively in different ways, its treatment remains a major 

clinical challenge due to multidrug resistance and almost advanced-
stage patients suffer from the side effects and recurrences [19,20]. 
Recent studies have investigated that the gene-targeted therapy for 
cancers was a promising treatment for cancers [21,22]. Various 
theoretically attractive targets for PCa treatment have emerged; 
however, few effective targets are used in clinical studies. In the present 
study, our results provided insights into the molecular mechanism of 
PCa progression, suggesting NUDT21 contributing to the development 
and progression of PCa. 

NUDT21, a member of the Nudix family of hydrolases, was 
considered as a novel post-transcriptional regulator of cell fate, which 
involves in many physiological processes and participate in many 
diseases, especially in cancer [23]. It has previously been established 
that NUDT21 gene regulates the protein level of MeCP2, and ultimately 
leads to neuropsychiatric diseases [24]. Moreover, accumulating 
evidence has revealed that have demonstrated that NUDT21 can act 
as a tumor promoter or suppressor in certain types of cancer, thereby 
affecting tumor development and progression [9,10,12,13]. Previous 
study shown that NUDT21 is reduced all four subtypes of high grade 

 
Figure 2: Knockdown efficiency of NUDT21 in the DU 145 and LNcap. (A) The 
transfection efficiencies of shNUDT21-3 in DU 145 and LNcap cells were evaluated 
through observing the fluorescence of GFP. Magnification times: 100 ×. (B-C) The 
NUDT21 expression in DU 145 and LNcap cells after transfection was analyzed by 
qRT-PCR (B) and western blot (C).

 
Figure 3: NUDT21 knockdown impaired cell proliferation and induced cell cycle 
arrest and apoptosis. (A) The cell proliferation was evaluated in DU 145 and LNcap 
cells after transfection by Celigo cell counting assay. (B-C) The effects of NUDT21 
knockdown on apoptosis (B) and cell cycle (C) of DU 145 and LNcap cells were 
examined by flow cytometry.
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glioma [25] bladder cancer [10] and breast cancer [23  Brumbaugh. 
found that NUDT21 suppression facilitates generation of induced 
pluripotent stem cells, and delays progenitor cell differentiation [26]. 
NUDT21 inhibits HCC proliferation, metastasis and tumorigenesis 
[27]. Conversely, it has been reported that NUDT21 also acts as a pro-
oncogenic role in several cancers. Zhu et al NUDT21 promoted cell 
proliferation, colony formation, cell migration and invasion in gastric 
cancer cells [9].

It has also been reported that NUDT21 suppression significantly 
inhibited cell proliferation and promoted apoptosis of pancreatic 
ductal adenocarcinoma [13]. More importantly, NUDT21 was related 
to drug resistance in childhood acute leukemia [28]. Nevertheless, 
the role of NUDT21 in PCa remains understudied. Therefore, the the 
characterization of NUDT21 in the pathological progression of PCa 
deserves further study. To the best of our knowledge, the present 
study was the first to provide the evidence of the pro-oncogenic role 
of NUDT21 in PCa. 

In this study, we first contrasted the NUDT21 expression levels in 
the PCa cell lines DU 145 and LNcap and human prostatic stromal cell 
line (WPMY). Based on the finding that NUDT21was up-regulated in 
the PCa cell lines, it will also be interesting to test whether its expression 
contributes to progression the by modulating cell proliferation and/or 
migration. In order to verify this conjecture, we designed three target 
sequences of a short hairpin RNA for NUDT21 and then constructed the 
stable silenced NUDT21 PCa cell lines by using the best effect sequence. 
We further verified the effectiveness of the shRNA knockdown strategy 
in their corresponding cell lines DU 145 and LNcap by PCR and WB. 
These data indicated that the successful transfection of NUDT21 and 

could be used for loss-of-function assays. Interestingly, we found that 
NUDT21 silencing inhibited proliferation and induced cell apoptosis in 
both PCa cell lines through in vitro experiments. Further experimental 
results revealed that NUDT21 silencing induced DU 145 cell cycle 
arrest at G1 phases while promoted G2 cell cycle arrest in LNcap cells. 
These results suggested that the growth of PCa cells were inhibited by 
reducing the expression of NUDT21. Additionally, the wound healing 
assay and transmigration assay verified that NUDT21 suppressed the 
migration of PCa cells. In a sense, this study provides a theoretical 
basis for follow-up research. Nevertheless, the functions of NUDT21 
in PCa progression remain mostly unknown, additional mechanistic 
studies are needed to understand the contribution of NUDT21 to the 
pathogenesis of PCa. 

In conclusion, our findings demonstrated that NUDT21 was 
highly expressed in PCa cells. Moreover, we successfully constructed 
the shNUDT21 vector, which efficiently knocks down NUDT21 
expression. Further in vitro results indicated that targeted knockdown 
of NUDT21 may suppress PCa progression by inhibiting proliferation 
and metastasis and promoting apoptosis. Overall, the results of the 
present study may facilitate further efforts to explore the possibility of 
NUDT21 as a therapeutic target for PCa treatment.
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