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Abstract. Prostate cancer (PCa) is the second leading cause of 
cancer‑related death among men worldwide. The present study 
aimed to investigate the role of germ cell‑specific gene 2 protein 
(GSG2), also termed histone H3 phosphorylated by GSG2 
at threonine‑3, in the development and progression of PCa. 
GSG2 expression levels in PCa tissues and para‑carcinoma 
tissues was detected by immunohistochemistry. The GSG2 
knockdown cell model was constructed by lentivirus infec-
tion, and the knockdown efficiency was verified by qPCR and 
WB. In addition, the effects of shGSG2 on cell proliferation, 
colony formation and apoptosis were evaluated by Celigo cell 
counting assay, Giemsa staining and flow cytometry, respec-
tively. Tumor development in nude mice was also detected. 
GSG2 expression was upregulated in PCa tissues and human 
PCa cell lines PC‑3 and DU 145. High expression of GSG2 in 
tumor samples was associated with progressed tumors. GSG2 
knockdown suppressed cell proliferation and colony forma-
tion, but promoted apoptosis, which was also verified in vivo. 
The results of the present study revealed that GSG2 upregula-
tion was associated with PCa progression; GSG2 knockdown 
inhibited cell proliferation and colony formation and induced 

apoptosis, and may therefore serve as a potential therapeutic 
target for PCa therapy.

Introduction

Prostate cancer (PCa) is one of the most common malignant 
tumors of the male genitourinary system and the second 
leading cause of death among men worldwide  (1). There 
were 1,276,106 new cases and 358,989 deaths (3.8% of all 
deaths caused by cancer in men) associated with PCa in 
2018 (2). Risk factors for PCa include age, ethnicity, family 
history and diet; among those, age is the most consistent 
factor (3). The incidence of PCa is highest among older men, 
with millions of people suffering from this disease (4,5). 
Lifestyle modifications such as smoking cessation, exercise 
and weight control may help to decrease the risk of PCa (6). 
Primary PCa is curable; in addition to the combination of 
surgery and multiagent chemotherapy, androgen deprivation 
therapy (ADT) has been used as the first‑line treatment for 
PCa (7,8). Although ADT is usually initially effective, the 
improvement in the prognosis of PCa is still far from satis-
fying (9). Since therapeutic agents act by natural selection to 
promote the acquisition of new tumor traits, PCa becomes 
resistant to ADT, resulting in a fatal outcome known as 
castration‑resistant PCa (CRPC) (10). In addition, recurrent 
and metastatic PCa is typically lethal (11). Along with the 
development of molecular medicine, various potential key 
factors in the development of PCa have been identified. For 
example, GALNT7 and ST6GalNAc1 have been reported 
to be significantly upregulated in clinical PCa tissues (9). 
Despite such advances, more accurate and specific targets 
still need to be explored to benefit patients with PCa.

Germ cell‑specific gene 2 (GSG2), also termed haploid 
germ cell‑specific nuclear protein kinase, is an atypical 
serine/threonine‑protein kinase that is present in all major 
eukaryotic phyla, including yeasts, microsporidia, plants, 
nematodes, flies, fish, amphibians and mammals (12). GSG2 
has long been considered an inactive pseudokinase due to its 
low structural homology with classical protein kinases (13). 
However, GSG2 is responsible for the phosphorylation of 
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histones, particularly histone H3 at Thr3 (H3T3) during 
mitosis, which serves a role in chromosome segregation 
and thus has a great potential as an anticancer therapeutic 
target (14). In addition, phosphorylation of H3T3 by GSG2 
creates a recognition motif for docking of the chromosomal 
passenger complex, which is essential for the progression of 
cell division (15). GSG2 overexpression has been demonstrated 
to serve an important role in cancer cells, where it interrupts 
the normal dissociation of centromeric cohesion (16), which 
leads to a delay before metaphase and ultimately results in 
defective mitosis (17). Han et al (18) have reported that GSG2 
may be considered as a viable anti‑melanoma target, and 
the concomitant inhibition of GSG2 may represent a novel 
therapeutic strategy with improved efficacy for the treatment 
of melanoma. Nevertheless, the role of GSG2 in PCa has 
not been reported to the best of our knowledge and remains 
largely unclear. Therefore, the present aimed to demonstrate 
for the first time the expression of GSG2 in PCa and its role in 
the development and progression of PCa, and to determine the 
role that GSG2 may serve in the treatment and prognosis of 
PCa as a potential therapeutic target.

Materials and methods

Materials. DU 145 (HTB‑81) and PC‑3 (CRL‑1435) cell lines 
were purchased from the Cell Bank of the Chinese Academy of 
Sciences and cultured with 90% RPMI‑1640 (Sigma‑Aldrich; 
Merck KGaA) and 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.) medium at 37˚C in a humidified incubator containing 5% 
CO2. TOP10 Escherichia coli competent cells (CB104‑03) 
purchased from Tiangen Biotech Co., Ltd. were cultured with 
Luria‑Bertani (LB) liquid medium (1% tryptone, 0.5% yeast 
extract and 1% NaCl) at 37˚C with gentle agitation. Anti‑GSG2 
(cat. no. ab21686; Abcam), anti‑GAPDH (cat. no. AP0063; 
Bioworld Technology, Inc.) and anti‑Ki67 (cat. no. ab16667; 
Abcam) primary antibodies, HRP‑conjugated goat anti‑rabbit 
IgG (cat. no. A0208; Beyotime Institute of Biotechnology) for 
western blotting, HRP‑conjugated goat anti‑rabbit IgG (cat. 
no. ab6721; Abcam) for immunohistochemical staining and 
western blotting.

Female BALB/c nude mice (4‑week old) were purchased 
from Shanghai SLAC Laboratory Animal Co. Ltd. and 
divided into two groups randomly (n=6 mice/group). All mice 
were housed under standard housing conditions as previously 
described (19).

PCa and normal prostate tissues (>5 cm away from the PCa 
tissue) were collected from patients (mean age, 59 years) who 
had been diagnosed with PCa and underwent surgical resec-
tion in the First Affiliated Hospital of Nanchang University 
(Nanchang, China) between May 2015 and May 2017, and the 
age range of patients was between 20 and 97 years. Ethical 
approval was obtained from the Ethics Committee of the 
First Affiliated Hospital of Nanchang University, and written 
informed consent was obtained from all patients.

Immunohistochemical staining. PCa and normal prostate tissues 
from 159 patients were collected, and the expression of GSG2 
in PCa and normal prostate tissues was detected by immuno-
histochemistry. Following dewaxing of the paraffin‑embedded 
sections, antigen retrieval was performed with citrate buffer, 

followed by incubation with 3% H2O2 at room temperature for 
10 min. The paraffin sections were incubated with the primary 
antibody against GSG2 (1:200) at 4˚C overnight and subse-
quently incubated with the secondary antibody (1:400) at room 
temperature for 30 min. Paraffin sections were stained with 3‑3' 
diaminobenzidine (DAB) at room temperature for 10 min and 
counterstained with hematoxylin at room temperature for 2 min. 
For each section, 10 fields (x100 magnification) were selected 
to be captured using an Olympus optical microscope (Olympus 
Corporation) and analyzed. The scoring standard for GSG2 
staining intensity was graded as 0 (negative), 1 (weak), 2 (posi-
tive ++) and 3 (positive +++). The staining extent was graded as 
0 (0%), 1 (1‑25%), 2 (26‑50%), 3 (51‑75%) or 4 (76‑100%). The 
staining intensity varied from weak to strong. The sections were 
classified into negative (0 points), positive (1‑4 points), ++ posi-
tive (5‑8 points) or +++ positive (9‑12 points) based on the sum 
of the staining intensity and staining extent scores. If the score 
of the sections was above the median, the expression of GSG2 
was high; if the score was below the median, the expression of 
GSG2 was low.

Target gene RNA interference lentiviral vector prepara‑
tion. The GSG2 gene was used as a template to design 
an RNA interference target sequence (target sequence 
5'‑CCA​CAG​GAC​AAT​GCT​GAA​CTT‑3') to synthesize a 
single‑stranded DNA oligo, which was then paired to generate 
double‑stranded DNA. The negative control interference 
target sequence was 5'‑TTC​TCC​GAA​CGT​GTC​ACG​T‑3'. 
Subsequently, the double‑stranded DNA was directly ligated 
into the double‑digested linearized BR‑V‑108 lentivirus vector 
(Shanghai Yibeirui Biomedical Science and Technology Co., 
Ltd) overnight. The ligation product was transferred to TOP10 
E. coli competent cells (TIANGEN) with antibiotic‑free LB 
liquid medium and incubated at 37˚C for 1 h. The correctly 
cloned bacterial solution was screened by bacterial liquid 
PCR amplification and sequencing for plasmid extraction. 
Bacterial liquid PCR amplification was performed using a 
Taq Plus Master Mix (Vazyme Biotech Co., ltd.), forward and 
reverse primers (GeneRay Biotech Co., Ltd.), a single TOP10 
E. coli cell colony and ddH2O. The reaction conditions were as 
follows: 94˚C for 3 min, 42 cycles of 94˚C for 30 sec, 55˚C for 
30 sec and 72˚C for 30 sec, and a final extension at 72˚C for 
5 min. The quality‑eligible plasmids were used for lentiviral 
packaging. The primer sequences were as follows: Negative 
control interference target forward, 5'‑CCA​TGA​TTC​CTT​
CAT​ATT​TGC‑3' and reverse, 5'‑GTA​ATA​CGG​TTA​TCC​
ACG​CG‑3'; GSG2 RNA interference target forward, 5'‑CCT​
ATT​TCC​CAT​GAT​TCC​TTC​ATA‑3' and reverse, 5'‑GTA​ATA​
CGG​TTA​TCC​ACG​CG‑3'.

Cell infection and fluorescence immunoassay. DU 145 and 
PC‑3 cells were infected with lentivirus containing GSG2 
interference target sequences (1x107  TU/ml) or negative 
control interference target sequences (1x107 TU/ml), and the 
cells were then cultured at 37˚C for 72 h. A fluorescent micro-
scope (EMD Millipore) was used to observe the expression 
of green fluorescent protein (GFP, carried by the lentivirus 
vector) to assess infection efficiency. The infection efficiency 
was evaluated by the ratio of fluorescent cells to total cells 
(observed under white light).
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Reverse transcription‑quantitative PCR (RT‑qPCR). DU 145 
and PC‑3 cells were collected and centrifuged at 800 x g for 
5 min at room temperature. The supernatant was removed, 
and total RNA was isolated using the TRIzol® reagent 
(Thermo Fisher Scientific, Inc.) according to the manufac-
turer's instructions. The M‑MLV Reverse Transcriptase kit 
(Promega Corporation) was used to synthesize cDNAs. The 
reverse transcription primers, total RNA, M‑MLV‑RTase 
and Rnasin were mixed at 42˚C for 1 h and incubated in 
water at 70˚C for 10 min to inactivate the RT enzyme. The 
reaction system for qPCR was prepared by real‑time quanti-
tative PCR instrument (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instruc-
tions. The reaction system included: SYBR® Premix Ex Taq 
(Takara Biotechnology Co., Ltd.), upstream and downstream 
primers (GeneRay Biotech Co., Ltd.), reverse transcription 
products and RNase‑Free H2O. The reaction conditions 
were as follows: 95˚C for 30 sec (predenaturation), 95˚C for 
15 sec (denaturation) and 60˚C for 10 sec (annealing) for a 
total of 42 cycles, and 72˚C for 5 min (elongation). GAPDH 
was used as the internal reference. The relative expression 
of genes was calculated using the 2‑ΔΔCq method (20). Each 
experiment was repeated three times. The primer sequences 
were as follows: GAPDH forward, 5'‑TGA​CTT​CAA​CAG​
CGA​CAC​CCA‑3' and reverse, 5'‑CAC​CCT​GTT​GCT​GTA​
GCC​AAA‑3'; GSG2 forward, 5'‑GGA​AGG​GGT​GTT​TGG​
CGA​AGT‑3' and reverse, 5'‑TGA​GGA​GCA​AGG​GAG​GGT​
AAG‑3'.

Western blot assay. The expression levels of GSG2 in PCa cell 
lines and tumor tissues from mice were detected by western 
blotting. DU 145 and PC‑3 cells were collected and lysed 
with RIPA lysis buffer (Beyotime Institute of Biotechnology) 
containing protease inhibitors on ice according to the manu-
facturer's instructions. BCA Protein Assay kit (HyClone; GE 
Healthcare Life Sciences) was used to detect the concentration 
of the extracted protein. SDS‑PAGE (10%) was performed to 
isolate the total cellular proteins with 20 µg protein/lane, which 
were then transferred to PVDF membranes. The membranes 
were blocked with TBS + 0.1% Tween‑20 (TBST) solution 
containing 5% skimmed milk for 60 min at room tempera-
ture and incubated with the primary anti‑GSG2 (1:1,000) and 
anti‑GAPDH (1:3,000) antibodies overnight at 4˚C. After 
washing with TBST, the membranes were incubated with the 
HRP‑conjugated goat anti‑rabbit IgG polyclonal antibody 
(1:3,000) for 2 h at room temperature. Color development 
for signal detection was performed using the ECL™ Prime 
Western Blotting Detection Reagent kit (Amersham; GE 
Healthcare Life Sciences). The experiment was performed in 
triplicate.

Celigo cell count assay. Short hairpin (sh)RNA lenti-
virus‑infected DU 145 and PC‑3 cells at the logarithmic 
growth phase were trypsinized, resuspended in complete 
medium (RPMI‑1640 + 10% FBS), counted and seeded in 
96‑well plates (2,000 cells/well). The next day, the plate was 
detected by Celigo Imaging Cytometry System (Nexcelom 
Bioscience) to count the cells, which was repeated once a 
day for 5 consecutive days. This experiment was performed 
independently three times.

Fluorescence‑activated cell sorting (FACS) assay. Apoptosis 
was determined by FACS assay. Following infection with 
shRNA lentivirus, DU 145 and PC‑3 cells were cultured in 
6‑well plates until the cell density reached 85%. The cells were 
trypsinized and centrifuged to collect the cell pellet, which 
was washed with D‑Hank's solution precooled at 4˚C. Cell 
suspensions (100 µl; 1x105‑1x106 cells) were stained with 5 µl 
Annexin V‑APC (cat. no. 10010‑09; Southern Biotech) in the 
dark at room temperature for 15 min, centrifuged at 1,000 x g 
at room temperature for 3 min and resuspended. Subsequently, 
5 µl propidium iodide (PI) was added to the cell suspension, 
which was replenished to 300 µl with the cell dye buffer from 
the apoptosis kit. The cells were detected with a Guava easy-
Cyte HT flow cytometer (EMD Millipore) and analyzed by 
FlowJo VX10 (FlowJo LLC). In the graph of apoptosis results, 
the lower left quadrant represented living cells and the two 
right quadrants represented apoptotic cells, of which the upper 
right quadrant represented late apoptotic cells and the lower 
right quadrant represented early apoptotic cells. The experi-
ment was performed in triplicate.

Colony formation assay. Three days after shRNA lentivirus 
infection, DU 145 and PC‑3 cells in the logarithmic growth 
phase were digested with trypsin, resuspended in complete 
medium and inoculated into 6‑well plates (1,000 cells/well). 
Cells were cultured for additional 8 days, and the medium 
was changed every 3 days. Subsequently, the cells were fixed 
with 4% paraformaldehyde at room temperature for 1 h after 
washing with PBS. Giemsa was used for staining the cells 
at room temperature for 20 min, and double distilled H2O 
was used to wash the cells three times. The cells were dried 
and images were captured using a digital camera to count 
the number of colonies containing >50 cells. The assay was 
performed in triplicate.

Tumor‑bearing animal model. All animal experiments 
were approved and performed under the supervision of the 
Institutional Animal Care and Use Ethics Committee of the 
First Affiliated Hospital of Nanchang University. PC‑3 cells 
infected with the shRNA lentivirus at the logarithmic growth 
phase were digested with trypsin, resuspended and subcu-
taneously injected into the right forelimb armpit of each 
nude mouse (200 µl suspension containing 4x106 cells/ml). 
All mice were maintained for 35 days, during which the 
volume of tumors in the mice was measured nine times with 
a Vernier caliper. On day 35, the mice were intraperitoneally 
injected with D‑Luciferin (10 µg) for 15 min, anesthetized 
by intraperitoneal injection of 0.7% pentobarbital sodium 
(70 mg/kg) and placed under a small animal multispectral 
living imaging system for imaging (Lumina LT; PerkinElmer, 
Inc.). Subsequently, the mice were sacrificed by cervical 
dislocation, and tumors were dissected from the mice to 
measure the tumor volume and weight. The formula for the 
calculation of the tumor volume in mm3 was as follows: 
V=π/6 x L x W2, where V is the tumor volume, L is the tumor 
length and W is the tumor width. In addition, the expression 
of GSG2 in tumor tissues from mice in the control (shCtrl) 
and GSG2‑knockdown (shGSG2) groups was detected by 
western blotting as described above, and the isolated tumors 
were preserved in liquid nitrogen at ‑80˚C.
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Ki‑67 staining. Paraffin sections of tumor tissues removed 
from mice were dewaxed, rehydrated in a descending ethanol 
gradient (100, 95, 80 and 70%) and incubated with an anti‑Ki‑67 
antibody (1:200) at 4˚C overnight. After washing with PBS, the 
paraffin sections were incubated with a secondary antibody 
(1:400) for 2 h at room temperature, and then counterstained 
with hematoxylin and observed under an Olympus optical 
microscope (x100 or x200 magnification) to analyze Ki‑67 
expression. A total of 10 fields were selected for each section 
to be captured and analyzed. The experiment was performed 
in triplicate.

Human RTK Phosphorylation Antibody Array. To investigate 
the potential downstream signaling pathway and functional 
targets of GSG2 in PC‑3 cells, Human RTK Phosphorylation 
Antibody Array (cat. no. ab193662; Abcam) was used. PC‑3 
cells infected with shCtrl or shGSG2 were resuspended and 
lysed with 1X lysis buffer for 30 min. Simultaneously, the 
membranes were blocked with 2 ml 1X Blocking Buffer for 
30 min at room temperature. Subsequently, the samples were 
pipetted into wells and incubated overnight at 4˚C. Following 
washing, 1 ml 1X biotinylated anti‑phosphotyrosine antibody 
was added to each well and incubated overnight at 4˚C. 
Next, 2 ml 1X HRP‑conjugated streptavidin was added into 
each well and incubated for 2 h at room temperature. After 
the membranes were washed, any excess washing buffer was 
removed by blotting the membrane edges, and 500 µl detec-
tion buffer mixture (equal volumes of Detection Buffer C and 
Detection Buffer D) was added to each membrane for 2 min 
at room temperature. The signal density was detected using a 
chemiluminescence imaging system and analyzed by ImageJ 
software version 1.8.0 (National Institutes of Health). The 
experiment was performed in duplicate.

Statistical analysis. Data were analyzed using GraphPad 
Prism 6 software (GraphPad Software, Inc.) and presented 
as the mean ± standard deviation. Unpaired Student's t‑test 
was used to compare the differences between two groups. 
The differences in GSG2 expression between patients with 
PCa with different clinicopathological characteristics were 
compared using the chi‑square test. The correlation between 
GSG2 expression and clinicopathological characteristics was 
analyzed by Spearman rank correlation analysis. The plot 
histogram of GSG2‑related signaling molecules in cancer 
cells was produced using SignaLink 2.0 analysis. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Expression of GSG2 in clinical PCa tissues. To investigate 
the role of GSG2 in the development and progression of PCa, 
the expression of GSG2 was detected in clinical PCa and 
para‑carcinoma tissues by immunohistochemical staining. 
As presented in Fig. 1A, the results indicated a cytoplasmic 
localization of GSG2 and demonstrated that the expres-
sion of GSG2 in PCa tissues was significantly upregulated 
compared with that in para‑carcinoma tissues (Table I). In 
addition, the association between the expression of GSG2 and 
the clinicopathological characteristics of patients with PCa 
was evaluated by statistical analysis. The results indicated 

significant differences in GSG2 expression levels among 
patients with different Gleason scores (grade) and pathological 
grades (P<0.05; Table II). Spearman rank correlation analysis 
revealed that the Gleason score (grade) and pathological grade 
were weakly positively correlated with GSG2 expression 
levels (Table III). These results demonstrated that the gene 
expression of GSG2 was significantly associated with the 
development and progression of PCa.

Knockdown of GSG2 in PCa cells. To investigate the role of 
GSG2 in PCa, shRNA targeting GSG2 was cloned into lenti-
viral vectors carrying GFP. Subsequently, shGSG2 or shCtrl 
lentivirus was infected into human PCa cells PC‑3 and DU 
145. As presented in Fig. 1B, the fluorescence intensity in cells 
infected with shGSG2 or shCtrl revealed >80% transfection 
efficiency in the two cell lines. The relative expression levels of 
GSG2 in PC‑3 and DU 145 cells were detected by RT‑qPCR; 
the results demonstrated that the GSG2 mRNA level was 
reduced by 70.8% in PC‑3 cells and by 57.7% in DU 145 cells in 
the shGSG2 groups compared with the shCtrl groups (P<0.05; 
Fig. 1C). In addition, western blotting also demonstrated that 
GSG2 protein expression was significantly downregulated 
post‑infection compared with that in cells infective with shCtrl 
(Fig. 1D). These results indicated the successful construction 
of a GSG2‑knockdown cell model.

Knockdown of GSG2 inhibits PCa cell proliferation and 
promotes apoptosis. In order to examine the effects of GSG2 on 
cell proliferation, Celigo Imaging Cytometry System was used 
for analysis of the cell growth curve. As presented in Fig. 2A, 
cell proliferation was significantly inhibited in the shGSG2 
group compared with that in the shCtrl group in PC‑3 and DU 
145 cells. In addition, colony formation assay was performed 
to assess the colony formation ability of PCa cells, which is an 
important feature of malignant tumors. The number of cell colo-
nies was significantly decreased by 80.0 and 66.7%, respectively, 
in the shGSG2 group of PC‑3 and DU 145 cells compared with 
that of the shCtrl group (P<0.05; Fig. 2B). To detect the effects 
of GSG2 knockdown on the apoptosis of PCa cells, FACS was 
used. Compared with that of the shCtrl group, the percentage of 
apoptotic cells in the shGSG2 group was increased 2.5‑fold in 
PC‑3 cells and 6‑fold in DU 145 cells (P<0.05; Fig. 3), suggesting 
that GSG2 knockdown promoted the apoptosis of PCa cells.

Table I. GSG2 expression patterns in prostate cancer tissues 
and para‑carcinoma tissues determined by immunohistochem-
istry analysis.

		  Para‑
	 Tumor	 carcinoma
	 tissue	 tissue
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
GSG2 expression	 N	 %	 N	 %	 P‑value

Low	 93	 58.5	 80	 100	 0.000a

High	 66	 41.5	 0	 0	

aP<0.01. GSG2, germ cell‑specific gene 2.
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Effects of GSG2 knockdown on tumor progression in vivo. To 
determine the potential of shGSG2 as a therapeutic target for 
PCa therapy, a nude mouse xenograft model was constructed 
using GSG2‑knockdown PC‑3 cells. At 72 h post‑infection 
of PC‑3 cells with shGSG2 or shCtrl lentivirus, the infection 
efficiency was determined to be 90‑100% (Fig. S1), and the 
mice were subcutaneously injected with these cells. The levels 

of bioluminescence intensity (µW/cm2) were measured by 
in vivo imaging of anaesthetized mice following an injection 
of D‑luciferin. The bioluminescence intensity in the shGSG2 
group was ~71% lower compared with that in the shCtrl group 
(P<0.05; Fig. 4A and B). The results suggested that tumor 
growth was slower in the shGSG2 group compared with the 
shCtrl group (P<0.05). In addition, according to the tumor 

Figure 1. Expression of GSG2 in PCa tissues GSG2 and construction of a GSG2‑knockdown cell model. (A) Representative immunohistochemical staining 
results: Low expression of GSG2 in adjacent normal tissues and high expression of GSG2 in PCa tissues (magnification, x100). (B) Transfection efficiency 
was examined by fluorescence imaging in PC‑3 and DU 145 cells (magnification, x200). (C) GSG2 mRNA expression was determined by reverse transcrip-
tion‑quantitative PCR in PC‑3 and DU 145 cells. (D) GSG2 protein expression level was detected by western blotting in PC‑3 and DU 145 cells. ***P<0.001. 
GSG2, germ cell‑specific gene 2; PCa, prostate cancer; shGSG2, cells transfected with GSG2‑targeting short hairpin RNA; shCtrl, cells transfected with the 
control short hairpin RNA.
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volume and weight, tumors from mice in the shGSG2 group 
were 66% smaller in diameter, and the tumor weight was 
69% lower compared with those in the shCtrl group (P<0.05; 

Fig. 4C‑E). The expression of GSG2 in tumor tissues from 
mice was inhibited in the shGSG2 group compared with 
the shCtrl group (Fig. 4F). Ki‑67 staining demonstrated that 

Table II. Relationship between GSG2 expression levels and clinicopathological characteristics of patients with prostate cancer.

	 GSG2 expression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 No. of patients	 Low	 High
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑  
Characteristic	 N	 %	 N	 %	 N	 %	 P‑value

All patients	 159		  93	 58.5	 66	 41.5	
Age, years							       0.184
  ≤69	 84	 52.8	 45	 28.3	 39	 24.5	
  >69	 75	 47.2	 48	 30.2	 27	 17.0	
Gleason Score							       0.043a

  <8	 60	 37.7	 40	 25.2	 20	 12.6	
  ≥8	 92	 57.9	 46	 28.9	 46	 28.9	
Grade							       0.005b

  1	 12	   7.5	 10	 6.3	 2	 1.3	
  2	 38	 23.9	 26	 16.4	 12	 7.5	
  3	 102	 64.2	 50	 31.4	 52	 32.7	
T Infiltrate							       0.553
  T1	 2	   1.3	 2	 1.3	 0	 0.0	
  T2	 68	 42.8	 49	 30.8	 19	 11.9	
  T3	 38	 23.9	 28	 17.6	 10	 6.3	
  T4	 6	 3.85	 6	 3.8	 0	 0.0	
Lymphatic metastasis							       0.088
  N0	 106	 66.7	 77	 48.4	 29	 18.2	
  N1	 8	   5.0	 8	 5.0	 0	 0.0	
Stage							       0.833
  1	 14	   8.8	 13	 8.2	 1	 0.6	
  2	 56	 35.2	 38	 23.9	 18	 11.3	
  3	 32	 20.1	 22	 13.8	 10	 6.3	
  4	 12	   7.5	 12	 7.5	 0	 0.0	
Gleason grade							       0.026a

  2	 8	   5.0	 6	 3.8	 2	 1.3	
  3	 38	 23.9	 28	 17.6	 10	 6.3	
  4	 54	 34.0	 26	 16.4	 28	 17.6	
  5	 51	 32.1	 25	 15.7	 26	 16.4	
  6	 1	   0.6	 1	 0.6	 0	 0.0	

aP<0.05, bP<0.01. GSG2, germ cell‑specific gene 2.

Table III. Correlation between GSG2 expression and tumor characteristics in patients with prostate cancer.

Characteristic	 N	 Spearman's r	 P‑value

Gleason score	 152	 0.164	 0.043a

Gleason grade	 152	 0.181	 0.025a

Grade	 152	 0.227	 0.005b

aP<0.05, bP<0.01. r, correlation coefficient; GSG2, germ cell‑specific gene 2.
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the proliferation of PCa cells was significantly inhibited in 
the shGSG2 group compared with that in the shCtrl group 
(Fig. 4G). These results confirmed that GSG2 knockdown 
suppressed tumor development in vivo. Taken together, these 
results indicated that targeting GSG2 with shGSG2 may have 
an inhibitory effect on PCa in vivo.

Mechanism of GSG2 knockdown in PC‑3 cells. To investigate 
the regulatory mechanism of GSG2 in the tumor develop-
ment of PCa, Human RTK Phosphorylation Antibody Array 
was used in the shGSG2 and shCtrl groups of PC‑3 cells for 
exploring potential downstream signaling pathways and func-
tional targets that mediate the effect of GSG2 knockdown on 

Figure 2. GSG2 knockdown inhibits the proliferation and colony formation of PC‑3 and DU 145 cells. (A) The effects of GSG2 knockdown on the viability of 
PC‑3 and DU 145 cells was investigated by the Celigo cell counting assay. Compared with the shCtrl group, the growth rates of DU 145 and PC‑3 cells were 
decreased in the shGSG2 group. (B) Compared with the shCtrl group, the number of colony formation of DU 145 and PC‑3 cells was decreased in the shGSG2 
group. ***P<0.001. GSG2, germ cell‑specific gene 2; shGSG2, cells transfected with GSG2‑targeting short hairpin RNA; shCtrl, cells transfected with the 
control short hairpin RNA.
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PCa. Among them, the levels of ephrin receptor A4 (EphA4), 
EphA5, EphA6, EphA7, EphB3, FER tyrosine kinase (FER), 
insulin‑like growth factor (IGF)‑IR, interleukin‑2‑inducible 
T‑cell kinase (Itk), Janus kinase 2 (JAK2), JAK3, leukocyte 
receptor tyrosine kinase (LTK), Lyn proto‑oncogene Src 
family tyrosine kinase (Lyn), macrophage colony‑stimulating 
factor 1 receptor (M‑CSFR), muscle‑associated receptor tyro-
sine kinase (MUSK), nerve growth factor receptor (NGFR), 
platelet‑derived growth factor receptor α (PDGFR‑α), 
ROS proto‑oncogene 1 receptor tyrosine kinase (ROS), 
tyrosine‑protein kinase Srms (SRMS), TXK tyrosine 
kinase (TXK), tyrosine kinase 2 (Tyk2) and zeta chain of 
T‑cell receptor‑associated protein kinase 70 (ZAP70) were 
determined to be significantly downregulated in PC‑3 cells 
following GSG2 knockdown compared with cells infected 
with shCtrl (P<0.05; Fig. 5A‑D), indicating the potential func-
tional targets in the regulatory effect of GSG2 on PCa and 
guiding the direction of our future work.

Discussion

The treatment of PCa has attracted increasing attention in 
recent years (12). Previous studies have reported numerous 
gene targets that were able to inhibit cell proliferation and 
promote apoptosis in PCa (21‑23). A recent study has suggested 
that certain natural products, such as green tea, can effectively 
induce apoptosis and inhibit invasion of PCa cells via the 
PI3K/Akt signaling pathway (24). However, more efficient and 
accurate targets still need to be explored.

The GSG2 kinase is a member of the eukaryotic protein 
kinase (ePK) family that structurally diverges from the 
majority of ePKs (25). A number of studies have tried to use 
small molecule inhibitors to determine the functions of GSG2 
in mitosis (26,27); to the best of our knowledge, histone H3 
phosphorylated by GSG2 at threonine‑3 (H3T3ph) is the 
only currently known product of GSG2 activity; thus, GSG2 
inhibitors strongly reduce the levels of H3T3ph in cells (28). 

Figure 3. GSG2 knockdown promotes apoptosis of DU 145 and PC‑3 cells. (A) The percentage of apoptosis in DU 145 cells was detected by FACS in each 
group. (B) FACS results in PC‑3 cells. The apoptotic rate of PC‑3 cells was increased in the shGSG2 group compared with the shCtrl group. ***P<0.001. 
GSG2, germ cell‑specific gene 2; FACS, fluorescence‑activated cell sorting; shGSG2, cells transfected with GSG2‑targeting short hairpin RNA; shCtrl, cells 
transfected with the control short hairpin RNA.
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However, research on GSG2 in prostate tumors is rare. The 
present study initially detected GSG2 expression in PCa 
tissues by immunohistochemical staining, and the results 
revealed that GSG2 expression levels in PCa tissues were 
significantly higher compared with those in para‑carcinoma 
tissues. Therefore, to study the role of GSG2 in PCa cells, 

PC‑3 and DU 145 cells were selected for the construction of 
GSG2‑knockdown cell models.

Kim et al (16,29) demonstrated that the inhibition of GSG2 
activity by coumestrol inhibited the proliferation of cancer 
cells. In our study, Celigo cell counting assay was performed 
to demonstrate the effect of GSG2 knockdown on PCa cell 

Figure 4. Effects of GSG2 knockdown on tumor progression in vivo. (A) The results of in vivo imaging of mouse xenografts. (B) The bioluminescence intensity 
in shGSG2 group was significantly weaker compared with that in the shCtrl group. (C) Representative images of tumors. (D) Changes in the tumor volume 
throughout the experiment. (E) Mean tumor weight in the two groups. (F) GSG2 protein levels in tumor tissues from mice were determined by western blotting. 
(G) Changes in Ki‑67 expression in tumors excised from mice (magnification, x100 or x200). *P<0.05, **P< 0.01. GSG2, germ cell‑specific gene 2; shGSG2, 
mice injected with cells transfected with GSG2‑targeting short hairpin RNA; shCtrl, mice injected with cells transfected with the control short hairpin RNA.
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Figure 5. Mechanism of GSG2 silencing in PC‑3. (A) Arrangement and distribution of proteins in intracellular signaling array after shGSG2 lentivirus infec-
tion. (B) Results of protein expression in the intracellular signaling array after shGSG2 infection. (C) Fold‑changes of protein expression in the intracellular 
signaling array after shGSG2 infection. (D) Plot histogram of GSG2‑related signaling molecules in cancer cells by SignaLink 2.0 analysis. *P<0.05, **P<0.01, 
***P<0.001. GSG2, germ cell‑specific gene 2; shGSG2, cells transfected with GSG2‑targeting short hairpin RNA; shCtrl, cells transfected with the control 
short hairpin RNA.
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proliferation, and the results demonstrated that cell prolifera-
tion was significantly inhibited in the shGSG2 group compared 
with that in the shCtrl group, which was consistent with the 
results of the colony formation assay. The results of the present 
study also revealed that knockdown of GSG2 increased the 
apoptotic rate of PC‑3 and DU 145 cells. In addition, it was 
observed that the growth of PCa tumors in vivo was signifi-
cantly inhibited in the shGSG2 group compared with that in 
the shCtrl group, which was also confirmed by the relatively 
lower Ki‑67 expression in the tumors of the shGSG2 group. 
The levels of bioluminescence intensity also revealed marked 
inhibition of tumor growth in the shGSG2 group.

Zabala‑Letona et al (30) have reported that the production 
of polyamine is a hallmark of highly proliferating cells, and an 
essential metabolic route for oncogenicity is mechanistic target 
of rapamycin complex 1, which regulates polyamine dynamics. 
The present study preliminarily screened the regulatory 
mechanism of GSG2 in tumor development in PCa. The results 
revealed that knockdown of GSG2 inhibited the phosphorylation 
of EphA4, EphA5, EphA6, EphA7, EphB3, FER, IGF‑IR, Itk, 
JAK2, JAK3, LTK, Lyn, M‑CSFR, MUSK, NGFR, PDGFR‑α, 
ROS, SRMS, TXK, Tyk2 and ZAP70 in PCa cells compared 
with those infected with shCtrl. According to previous studies, 
EphA4, EphA5, EphA6 and EphA7 promote angiogenesis and 
PCa metastasis, and are associated with human PCa progres-
sion  (29,31‑33). FER kinase serves a central role in breast 
cancer metastasis and PCa cell proliferation (34). IGF serves 
key roles in the progression of different types of cancer, such as 
breast, prostate, lung, ovarian and skin cancer (35). The JAK2 
signaling pathway is involved in cytokine signaling, which 
regulates hematopoietic cell development, cell metabolism 
and immune responses (36). In addition, LTK shares a high 
degree of similarity with anaplastic lymphoma kinase, which 
is mutated in human cancers including adenocarcinomas of 
the lung, neuroblastomas, breast and esophageal cancers (37). 
TXK is a member of the Tec family of tyrosine kinases, which 
acts as Th1 cell‑specific transcription factor (38). These results 
suggested that GSG2 may serve a crucial role in the establish-
ment and progression of PCa.

The present study had certain limitations, including the 
low number of clinical specimens. In addition, the specific 
downstream genes and regulatory mechanisms must be inves-
tigated and verified in the future. Further research is needed to 
discover the prognostic significance of GSG2 in PCa and the 
role of GSG2 in different PCa cell lines.

In conclusion, the present study is the first to link GSG2 
to PCa progression. The results of the present study suggested 
that GSG2 knockdown inhibited the development and progres-
sion of PCa. Thus, GSG2 may be a potential therapeutic target 
for PCa treatment.
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