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Abstract: Human testis development-related gene 1 (TDRG1) is a recently identified gene 

that is expressed exclusively in the testes and promotes the development of testicular germ cell 

tumors. In this study, the role of TDRG1 in the development of testicular seminoma, which is the 

most common testicular germ cell tumor, was further investigated. Based on polymerase chain 

reaction, Western blotting, and immunohistochemistry tests, both gene and protein expression 

levels of TDRG1 were significantly upregulated in testicular seminoma tissues compared with 

normal testicular tissues. Additionally, the levels of phosphoinositide-3 kinase (PI3K)/p110 and 

Akt phosphorylation were dramatically upregulated in testicular seminoma tissues. Accord-

ingly, in our cell experiment, seminoma TCam-2 cells were subjected to different treatments: 

the TDRG1 knockout, TDRG1 overexpression, PI3K inhibition (LY294002 administration), or 

PI3K activation (insulin-like growth factor-1 administration). Cell proliferation, the proliferation 

index, apoptosis rate, cell adhesive capacity, and cell invasion capability were assessed. Cells 

with both TDRG1 knockout and PI3K inhibition exhibited decreased cell proliferation, prolifera-

tion indexes, cell adhesion capacity, and cell invasion capability and increased apoptosis rates. 

Most of these effects were reversed by TDRG1 overexpression or PI3K activation, indicating 

that both TDRG1- and PI3K-mediated signaling promote proliferation and invasion of testicular 

seminoma cells. The knockout of TDRG1 significantly decreased the phosphorylation levels of 

PI3K/p85, PI3K/p110, Akt, and mammalian target of rapamycin (mTOR; Ser2448). Except for 

PI3K/p110, TDRG1 overexpression had the opposite effects on phosphorylation levels. Phos-

phorylated mTOR at Ser2481 and Thr2446 was not affected by TDRG1 or PI3K in our tests. Thus, 

these results indicate that TDRG1 promotes the development and migration of seminoma cells 

via the regulation of the PI3K/Akt/mTOR signaling pathway; this contributes to an understand-

ing of the precise mechanisms underlying the development and migration of seminomas and 

lays a theoretical foundation for the development of appropriate therapies.
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Introduction
Testicular seminoma accounts for 40%–60% of all testicular germ cell tumors, which 

are the most common solid tumors in males aged 15–35 years.1,2 Although the cure rate 

of testicular seminoma at stage I (nonmetastasized seminoma) exceeds 95%, there is a 

poor prognosis once the tumor spreads to adjacent lymph node groups (including those 

in the neck, mediastinum, and abdomen), lung, liver, and bones.2–6 Epidemiological 

studies have indicated that cryptorchidism, gonadal dysgenesis, familial testis cancer, 

and environmental exposure to chemical substances increase the risk of seminoma 

occurrence; however, the precise molecular pathogenesis of seminoma is unclear.2,7,8 In 

our previous studies, we identified human testis development-related gene 1 (TDRG1), 
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which is expressed exclusively in the testes. It encodes a 

100-amino acid protein that lacks characterized protein 

domains.9 We also found that inhibiting TDRG1 expression 

via RNA interference dramatically attenuates the ability of 

testicular germ cell tumor NTERA-2 cells to proliferate and 

invade.10 Accordingly, we speculated that TDRG1 acts as an 

oncogene in the testes.

The phosphoinositide-3 kinase (PI3K)/Akt signaling 

pathway plays a crucial role in tumorigenesis and tumor 

progression. Constitutive activation of PI3K/Akt signaling 

due to a variety of genetic aberrations is frequently observed 

in a wide spectrum of human cancers.11–13 Activated PI3K/Akt 

signaling is the central effector of many downstream signaling 

pathways that regulate various cellular responses of tumors, 

including cell growth, transformation, differentiation, motil-

ity, survival, and chemosensitivity.14,15 PI3K/Akt signaling is 

involved in the inhibition of apoptosis via the phosphorylation 

of proapoptotic molecules, such as p53, Bad, and caspase-9, 

or modulating transcription factors (eg, c-Raf).15 Addition-

ally, the PI3K/Akt pathway that regulates NOS and GSK3β 

is required to control cell migration and angiogenesis.16,17 

There are also reports that the PI3K/Akt signaling pathway 

is involved in breast, lung, gastric, and prostate cancers that 

become refractory to cytotoxic therapy.18

Mammalian target of rapamycin (mTOR), a serine/

threonine kinase, is downstream of PI3K/Akt and positively 

regulates tumor progression.19 Interest in the mTOR-mediated 

pathway was initially derived from the discovery of its 

specific inhibitor, rapamycin, an anticancer drug that has 

been used clinically. However, rapamycin has since been 

found to induce tumorigenesis in some cases, presum-

ably because mTOR itself negatively regulates the PI3K/

Akt pathway.19 mTOR involvement in impeding tumor 

progression is closely related to the downstream effector 

molecule ribosomal protein S6 kinase (S6K1) and eukaryotic 

translation initiation factor 4E-binding protein 1 (4E-BP1). 

These molecules stimulate ribosome biogenesis to meet the 

increased demand for protein synthesis caused by tumor cell 

cycle progression.20 Additionally, mTOR is involved in the 

regulation of cyclin D1, cyclin-dependent kinases, c-myc, 

vascular endothelial growth factor, PKC, and NF-κB, con-

ferring advantages to cancer cells with respect to growth, 

transformation, differentiation, motility, and survival.21 

Accordingly, PI3K/Akt and mTOR are candidate signaling 

pathways that may mediate the effect of TDRG1 in testicular 

germ cell tumors.

In the present study, the expression of TDRG1 at both the 

gene and the protein levels was examined to determine its role 

in testicular seminoma. We found that TDRG1 expression 

is remarkably higher in testicular seminoma tissues than in 

normal testicular tissues, indicating a positive role of the gene 

in the development and progression of testicular seminoma. 

Based on our cellular experiments, we provide clear evi-

dence that TDRG1 promotes the proliferation and invasion 

of testicular seminoma cells. Our results are consistent with 

accumulating evidence supporting the relationship between 

aberrant activation of the PI3K/Akt/mTOR cascade and cell 

proliferation and invasion in many human cancers. The results 

of the present study will contribute to our understanding of the 

precise mechanisms underlying the proliferation and invasion 

of seminoma and lay a theoretical foundation for its therapy.

Materials and methods
ethics statement
This study was approved by the Ethics Committee of Xiangya 

School of Medicine (Changsha, People’s Republic of China). 

All patients provided written informed consent in compliance 

with the code of ethics of the World Medical Association 

(Declaration of Helsinki; Ferney-Voltaire, France).

Tissues, cells, and reagents
Thirty tissue specimens from testicular seminoma tissues 

(n=33) and normal testicular tissues (n=33) were obtained 

from the Third Xiangya Hospital of Central South Univer-

sity and the Affliated Cancer Hospital of Xiangya School of 

Medicine. Polymerase chain reaction (PCR) and Western 

blotting were performed to detect the expression levels of 

TDRG1 in both tissue types. Testicular seminoma TCam-2 

cells were obtained from Professor Riko Kitazawa (Depart-

ment of Diagnostic Pathology, Ehime University Hospital, 

Matsuyama, Japan) and were cultured in RPMI 1640 medium 

at 37°C in a humidified 5% CO
2
 atmosphere. Antibodies 

against PI3K/p85 (1:8,000), phospho-PI3K/p85 (p-PI3K/p85, 

1:8,000), p-Akt (1:4,000), and p-mTOR (T2446, 1:4,000) 

were obtained from Abcam Biotechnology (Cambridge, 

UK); mTOR (1:4,000), p-mTOR (Ser2448, 1:4,000), and 

p-mTOR (Ser2481, 1:4,000) antibodies were purchased 

from Cell Signaling Technology (Boston, MA, USA); PI3K/

p110 (1:4,000) and p-PI3K/p110 (1:4,000) antibodies were 

obtained from Boaoshen Biotechnology (Beijing, People’s 

Republic of China). The antibodies against TDRG1 (1:4,000) 

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

(1:8,000) were purchased from Acris Biotechnology (San 

Diego, CA, USA) and Santa Cruz Biotechnology Inc. (Dallas, 

TX, USA). LY294002 and insulin-like growth factor-1 

(IGF-1), an inhibitor and activator of the PI3K pathway, 

respectively, were purchased from Selleck Chemicals 

(Houston, TX, USA).
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cell transfection
An open-reading frame clone of Homo sapiens TDRG1 

was subcloned into the enhanced green fluorescent protein 

plasmid-C1 (pEGFP-C1) vector (Thermo Fisher Scientific, 

Waltham, MA, USA). Small hairpin RNA (shRNA) target-

ing TDRG1 was designed and inserted into the pGPU6/

GFP/Neo vector (Thermo Fisher Scientific). The plasmids 

pEGFP-C1-TDRG1 and shRNA-TDRG1 were transfected 

into TCam-2 cells after reaching 70% confluence using the 

Lipofectamine 2000 of Thermo Fisher Scientific, according 

to the company’s instructions.

reverse transcription polymerase chain 
reaction assay
Total RNA was extracted from tissue samples and tes-

ticular seminoma TCam-2 cells using the TRIzol reagent 

of Takara (Dalian, People’s Republic of China) follow-

ing the manufacturer’s protocol. Total RNA was reverse 

transcribed into cDNA using the PrimeScript RT Reagent 

Kit (Takara). Reverse transcription polymerase chain reac-

tion (RT-PCR) was performed using the iQ5 Multicolor 

Real-Time PCR Detection System (Bio-Rad Laborato-

ries Inc., Hercules, CA, USA) with SYBR Premix Ex 

Taq II (Takara). The PCR primer sequences for TDRG1 

and β-actin were as follows: TDRG1 forward primer 

5′-GAAGAGGAGGGAGGCAGTCT-3′ and TDRG1 reverse 

primer 5′-GGGAACCTAGACCTGGGAAG-3′ and β-actin 

forward primer 5′-CATTAAGGAGAAGCTGTGCT-3′ and 

β-actin reverse primer 5′-GTTGAAGGTAGTTTCGTGGA-3′. 
A melting curve analysis of the amplified products was per-

formed at the end of each PCR cycle. The comparative C(T) 

method was used to quantify the expression of TDRG1 using 

β-actin as the normalization control.

Western blot analysis
Tissues and cell lysates were prepared using lysis buffer 

(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10 mM NaF, 2 mM 

EDTA, 1% NP-40, and 0.1% sodium dodecyl sulfate [SDS]). 

Equal amounts of protein (20 µg) were boiled for 5 minutes, 

separated by SDS-polyacrylamide gel electrophoresis on 

10% polyacrylamide Tris-glycine gels, and electroblotted 

onto a nitrocellulose membrane. Nonspecific sites were 

blocked with 5% nonfat dry milk in 0.2% Tween-20 in Tris-

buffered saline (TBS-T) for 1 hour at room temperature and 

then probed with antibodies. After extensive washing (three 

times for 10 minutes each in TBS-T), horseradish peroxidase-

conjugated secondary antibodies were added for 1 hour at 

22°C. Blots were again washed three times for 10 minutes 

each in TBS-T, and immunoreactive bands were developed 

by enhanced chemiluminescence. GAPDH was used as a 

loading control.

immunohistochemistry
Three tissue microarray chips were purchased from Alenabio 

Biotechnology (Xi’an, People’s Republic of China). The tis-

sue microarray chips TE802 and TE2081 contained 80 points 

(from 80 testicular seminoma samples) and 138 points (from 

46 testicular seminoma samples, three points per sample), 

respectively. TEN601 had 60 points (from 30 normal testicu-

lar tissue samples, two points per sample). Tissue microarray 

chips were deparaffinized with xylene and rehydrated with 

ethanol. Antigen retrieval was performed by placing the chips 

in 0.01 M citrate buffer (pH 6.0) before microwave heating 

for 20 minutes. Normal goat serum (10%) was utilized for 

30 minutes to block nonspecific binding sites. Subsequently, 

the cells were incubated with primary antibodies, includ-

ing TDRG1 (1:4,000), PI3K/p85 (1:8,000), p-PI3K/p85 

(1:8,000), PI3K/p110 (1:4,000), p-PI3K/p110 (1:4,000), 

p-Akt (1:4,000), mTOR (1:4,000), p-mTOR (Thr2446, 

1:4,000), p-mTOR (Ser2448, 1:4,000), p-mTOR (Ser2481, 

1:4,000), and GAPDH (1:8,000), at 4°C overnight. The 

primary antibodies were visualized by adding a secondary 

biotin-conjugated antibody followed by an avidin/biotin/

peroxidase complex (Vectastain ABC Elite kit; Vector 

Laboratories lnc, Burlingame, CA, USA) and substrate 

(Vector NovaRED, Vectastain).

cell proliferation assay
Cell proliferation was measured at different time points 

(0 hour, 12 hours, 24 hours, 48 hours, 72 hours, and 

96 hours) using the 3-(4,5-dimethylthiazol-2yl)-2,5-dip-

henyltetrazolium bromide (MTT) assay. Cells were digested 

and plated in 96-well plates at a density of 5×103 cells/

well. At different time points, the medium was removed 

and replaced with 20 µL of MTT (5 mg/mL) and incubated 

for 4 hours at 37°C. Then, the supernatant was carefully 

removed, and dimethyl sulfoxide was added to each well to 

dissolve the crystals by gentle agitation for 10 minutes. For 

each well, the absorbance at 570 nm (A570) was estimated 

on a microplate reader (ELx800; BioTek Instruments, Inc., 

Winooski, VT, USA). The cell proliferation rate in each 

well was calculated according to the following formula: 

proliferation rate (%) = (A570 of treated wells/A570 of 

untreated wells) ×100.

Proliferation index measurement
After 72 hours of incubation, the cells were fixed in 70% 

alcohol for 30 minutes on ice. The cells were treated with 
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RNase A (Sigma-Aldrich Co., St Louis, MO, USA) at 37°C 

and stained with propidium iodide in the dark for 30 minutes. 

DNA content was assayed by flow cytometry using a FACS-

Calibur instrument (BD, Franklin Lakes, NJ, USA), and a cell 

cycle analysis was conducted using the CellQuest software. 

The cell proliferation index was obtained by calculating the 

percentage of cells in the S, G2, and M phases.

apoptosis assay
Apoptosis was assessed with an Annexin V-FITC/PI Apop-

tosis Detection Kit (Beyotime Institute of Biotechnology, 

Shanghai, People’s Republic of China) according to the 

manufacturer’s instructions. Briefly, after 72 hours of cultiva-

tion, cells were trypsinized, washed with phosphate-buffered 

saline, and stained with Annexin V and propidium iodide in 

the dark. The percentage of apoptotic cells was quantified 

using a FACSCalibur instrument.

cell adhesion assay
Cells (3×105 cells/mL) were seeded in 96-well plates coated 

with 1% fibronectin for 2 hours and blocked with 1% bovine 

serum albumin for 2 hours. After 2 hours of incubation, the 

wells were washed with phosphate-buffered saline to remove 

cells that failed to adhere to the bottom, and cells were fixed 

in paraformaldehyde for 30 minutes. After 2 hours of stain-

ing with 100 µL of 0.5% crystal violet, 100 µL of 2% SDS 

was added to each well to determine the number of adherent 

cells based on absorbance at 570 nm.

cell invasion assay
A cell invasion assay was performed using Transwell 

chambers (Corning Incorporated, Corning, NY, USA) with 

8 µm pore inserts coated with Matrigel (Sigma-Aldrich 

Co.). Cell suspensions were seeded in the upper chamber, 

and 500 µL of Dulbecco’s Modified Eagle’s Medium con-

taining fetal bovine serum was added to the lower chamber. 

The noninvading cells were removed with a cotton-tipped 

swab after 24 hours of incubation, and the invading cells on 

the bottom surface of the membrane were stained with 0.1% 

crystal violet. The invading cells were quantified by counting 

ten random fields at ×200 magnification.

statistical analysis
The data are expressed as the mean ± standard deviation. 

A statistical analysis of the data was performed using SPSS 

17.0 (SPSS Inc., Chicago, IL, USA). Statistical significance 

was determined using an analysis of variance followed by 

Student’s t-tests. A value of P,0.05 was considered to 

indicate a statistically significant difference.

Results
TDRG1 was upregulated in testicular 
seminoma tissues
We examined whether testicular seminoma tissues differ 

from normal testicular tissues with respect to TDRG1 expres-

sion in both gene and protein levels via RT-PCR and Western 

blot assays, respectively. The levels of gene and protein 

TDRG1 expression were, respectively, 68% (P=0.037) and 

90% (P=0.029) higher in testicular seminoma tissues (n=33) 

than in normal testicular tissues (n=33) (Figure 1A and B). 

In the immunohistochemistry analysis comparing the average 

values of two testicular seminoma chips (n=218) with those 

of a normal testicular tissue chip (n=60), TDRG1 expression 

was 2.4 times higher in testicular seminoma tissues than in 

the normal testicular tissue (P=0.014, Figure 1C). These 

data provide clear evidence that TDRG1 is upregulated in 

testicular seminoma tissues.

TDRG1 modulated the proliferation and 
invasion of testicular seminoma  
Tcam-2 cells
To gain insight into the functions of TDRG1 in testicular sem-

inomas, the gene was artificially upregulated or downregu-

lated in testicular seminoma TCam-2 cells. Transfection with 

shRNA-TDRG1 strongly inhibited TDRG1 expression at 

both the gene and the protein levels (P,0.01), as shown 

in Figure 2A and B, respectively. Conversely, transfection 

with the pEGFP-C1-TDRG1 vector (TDRG1 expression 

vector) resulted in the overexpression of TDRG1, and the 

gene and protein expression levels were approximately four 

and two times higher than those of control cells (P,0.01 

and P=0.022). The expression of TDRG1 was essentially 

unaffected by transfection with the pEGFP-C1 vector. Also, 

administration of LY294002 or IGF-1 exhibited no effect on 

the TDRG1 protein expression level in the testicular semi-

noma TCam-2 cells.

Cell proliferation was initially detected using MTT tests 

at different time points (Figure 3A). Inhibiting the expression 

of TDRG1 decreased the rate of proliferation for testicular 

seminoma TCam-2 cells. We analyzed the differences in the 

cell proliferation rate between each group at 72 hours and 

96 hours and found that TDRG1 downregulation inhibited the 

cell proliferation rate markedly at both time points (P=0.033 

and P=0.029). The overexpression of TDRG1 via transfection 
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Figure 1 TDRG1 is significantly upregulated in testicular seminoma tissues than in normal testicular tissues.
Notes: (A) rT-Pcr showed that the relative gene expression level of TDRG1 is significantly higher in testicular seminoma tissues than in normal testicular tissues. (Bi) 
representative Western blotting images that are associated with TDRG1 and gaPDh protein expression in both testicular seminoma and normal testicular tissues. (Bii) Western 
blotting showed that the relative protein expression level of TDRG1 is significantly higher in testicular seminoma tissues than in normal testicular tissues. RT-PCR and Western 
blotting were performed to detect the expression levels of TDRG1 in both testicular seminoma tissues (n=33) and normal testicular tissues (n=33). (Ci) immunohistochemical 
staining pictures of both testicular seminoma and normal testicular tissue samples with anti-TDRG1, anti-p-Pi3K/p110, and anti-p-akt antibodies. (Cii) The protein expression 
levels of TDRG1, p-PI3K/p110, and p-Akt are significantly upregulated in testicular seminoma tissues compared to normal testicular tissues. Protein expression levels of TDRG1, 
p-Pi3K/p110, and p-akt were detected by an immunohistochemistry assay. The tissue microarray chips Te802 and Te2081 contained 80 points (from 80 testicular seminoma 
tissue samples) and 138 points (from 46 testicular seminoma tissue samples, three points per sample), respectively. Ten601 had 60 points (from 30 normal testicular tissue 
samples, two points per sample). Bars representing cancer are averages of data from 218 points (80+138) in two tissue microarray chips. Bars representing the normal tissue 
samples are the average of data from 60 points in a tissue microarray chip. *P,0.05 vs control group. cancer: testicular seminoma; normal: normal testicular tissues.
Abbreviations: TDRG1, testis development-related gene 1; rT-Pcr, reverse transcription polymerase chain reaction; Pi3K, phosphoinositide-3 kinase; gaDPh, glyceral-
dehyde-3-phosphate dehydrogenase.
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with the TDRG1 expression vector accelerated cell proliferation 

relative to control cells, but this difference was not statistically 

significant; the biggest difference in the cell proliferation rate 

between treated and control cells was observed at 72 hours.

The reduction in the cell proliferation rate could be 

explained by a slower progression of cells through the cell 

cycle and/or increased cell death.22 To evaluate these mecha-

nisms, we investigated the cell cycle and the apoptosis rate at 

72 hours. The cell cycle is subdivided into the G1, S, G2, and 

M phases, which are controlled and coordinated by several 

“checkpoints.” A major checkpoint, also known as a restric-

tion point, has been identified before the G1–S transition, 

after which a cell is committed to division.23,24 Thus, the cell 

proliferation index was evaluated by estimating the percent-

age of cells in S, G2, and M phases. As shown in Figure 3B, 

TDRG1 knockout significantly decreased the TCam-2 cell 

proliferation index (P=0.039), indicating that far more cells 

were arrested in the G1 phase. We also stained TCam-2 cells 

with Annexin V/PI, which specifically labels apoptotic cells, 

to estimate the apoptosis rate.24 The inhibition of TDRG1 

expression predominantly augmented the apoptosis rate 

(P,0.01, Figure 3C), suggesting that the modulation of cell 

proliferation by TDRG1 is related to the regulation of cell 

fate (survival or apoptosis). It should be noted that neither the 

proliferation index nor the apoptosis rate was significantly 

affected by the overexpression of TDRG1.

The impact of TDRG1 on cancer cell invasion was tested 

by cell adhesion and cell invasion assays at 72 hours. Cancer 

cells, especially the highly metastatic types, are believed 

to have enhanced adhesion ability that often facilitates the 

migration of the cells to a new site to establish new tumors 

in the body. In cell adhesion assay, cancer cells with strong 

adhesion ability can tightly bind to the plates and avoid to be 

washed away by PBS, thus estimating the numbers of cells left 

on the plates leads to the understanding of adhesion ability 

of cancer cells. Cell invasion assays monitored the cells that 

passed through the transwell, thereby reflecting the ability 

of the cells to move through the extracellular matrix into the 

neighboring tissues in body. Both adherence and invasion are 

crucial cancer cell properties that reflect the invasive ability of 

testicular seminoma TCam-2 cells. Our data indicated that the 

downregulation of TDRG1 inhibited the adhesion and inva-

sion capabilities of TCam-2 cells (P=0.027, Figure 4A, and 

P=0.031, Figure 4B, respectively). By contrast, the overex-

pression of TDRG1 showed the opposite results, dramatically 

enhancing cell adhesion and invasion abilities (P=0.025 and 

P=0.029, respectively). These data indicated that the invasion 

of testicular seminoma TCam-2 cells is positively correlated 

with the expression level of TDRG1.

Pi3K/akt/mTOr signaling cascades 
regulated the proliferation and invasion 
abilities of testicular seminoma  
Tcam-2 cells
PI3K/Akt/mTOR signaling cascade is classically involved 

in cell proliferation and invasion in many cancer types.25–27 

Figure 2 relative TDRG1 expression in both gene and protein levels of seminoma 
Tcam-2 cells after different treatments.
Notes: (A) relative gene expression level of TDRG1 in seminoma Tcam-2 cells 
was remarkably upregulated and downregulated after the gene was knocked out 
and overexpressed, respectively, on the basis of rT-Pcr (n=5). (B) relative protein 
expression level of TDRG1 in seminoma Tcam-2 cells was remarkably upregulated 
and downregulated after the gene was knocked out and overexpressed, respectively, 
but was unaffected after treatment with lY294002 or insulin-like growth factor-1 
on the basis of Western blotting. *P,0.05 and **P,0.01 vs control group. Vector: 
enhanced green fluorescent protein plasmid-C1 vector.
Abbreviations: TDRG1, testis development-related gene 1; rT-Pcr, reverse 
transcription polymerase chain reaction; Pi3K, phosphoinositide-3 kinase; TDRG1 (-),  
the knockout of TDRG1; TDRG1 (+), the overexpression of TDRG1; Pi3K (-), the 
inhibition of Pi3K by lY294002; Pi3K (+), the activation of Pi3K by insulin-like 
growth factor-1.
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Figure 3 The effect of TDRG1- and Pi3K-mediated signaling on the cell proliferation rate, cell proliferation index, and apoptosis rate.
Notes: (A) cells with both TDRG1 knockout and Pi3K inhibition exhibited decreased cell proliferation. (Bi and Bii) cells with both TDRG1 knockout and Pi3K inhibition 
exhibited decreased cell proliferation index. (Ci and Cii) cells with both TDRG1 knockout and Pi3K inhibition exhibited increased apoptosis rate. seminoma Tcam-2 cells 
were subjected to different treatments: the TDRG1 knockout, TDRG1 overexpression, Pi3K inhibition (lY294002 administration), or Pi3K activation (igF-1 administration). 
The cell proliferation rate was assessed using MTT kits at different time points after the treatments, and cell proliferation index and apoptosis rate were evaluated using flow 
cytometry at 72 h. The cell proliferation index was obtained by calculating the percentage of cells in the s, g2, and M phases. *P,0.05 and **P,0.01 vs control group. Vector: 
enhanced green fluorescent protein plasmid-C1 vector.
Abbreviations: TDRG1, testis development-related gene 1; Pi3K, phosphoinositide-3 kinase; igF-1, insulin-like growth factor-1; MTT, 3-(4,5-dimethylthiazol-2yl)-2,5-
diphenyltetrazolium bromide; h, hours; TDRG1 (-), the knockout of TDRG1; TDRG1 (+), the overexpression of TDRG1; Pi3K (-), the inhibition of Pi3K by lY294002; 
Pi3K (+), the activation of PI3K by IGF-1; FL2-A, fluorescence 2 area; FITC, fluorescein isothiocyanate.
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To determine the effects of the PI3K/Akt/mTOR signaling 

pathway on testicular seminoma, we pharmacologically 

inhibited or activated the pathway via treatments with 

LY294002 (a specific inhibitor) or IGF-1 (an activator). 

Western blotting showed the efficacy of these two kinds of 

substances (Figure 5). The treatment with LY294002 inhib-

ited the expression of PI3K/p110 (P=0.025), p-PI3K/p110 

(P,0.01), p-Akt (P,0.01), and p-mTOR (S2448) (P,0.01), 

whereas pharmacological stimulation with IGF-1 caused a 

marked elevation in the phosphorylation levels of PI3K/p110 

(P=0.031), Akt (P=0.035), and mTOR (S2448) (P,0.01).

The pharmacological regulation of the PI3K/Akt/mTOR 

signaling pathway resulted in changes in cell proliferation and 

invasion. Based on an MTT cell proliferation test (Figure 3A), 

treatment with LY294002 decreased cell proliferation; spe-

cifically, the cell proliferation rate was remarkably lower 

than that of the control at 72 hours (P=0.029) and 96 hours 

(P,0.01). The IGF-1 treatment group showed the highest 

cell proliferation curve among all treatment groups. The cell 

proliferation rates at 72 hours and 96 hours were significantly 

elevated in this group (P=0.025 and P=0.031, respectively). 

To compare the effects of the PI3K/Akt/mTOR signaling 

pathway with those of TDRG1, the cell proliferation index, 

apoptosis rate, and cell invasion capability in response to 

changes in PI3K/Akt/mTOR signaling were examined at 

72 hours. Similar to the effects of TDRG1 downregulation, 

LY294002 treatment resulted in a dramatic reduction in the 

cell proliferation index of TCam-2 cells (P=0.033, Figure 3B). 

It also induced a highly significant increase in the apoptosis 

rate (P,0.01, Figure 3C). No notable effect on the cell pro-

liferation index was detected for IGF-1 treatment, but it sig-

nificantly elevated the apoptosis rate (P=0.039, Figure 3C).

Figure 4 The effect of TDRG1- and Pi3K-mediated signaling on the cell adhesive capacity and cell invasion.
Notes: (A) The cell adhesive capacity was increased in the cells with both TDRG1 knockout and Pi3K inhibition and decreased in the cells with both TDRG1 overexpression 
and Pi3K activation. (Bi) Pictures of cell passing through transwells. (Bii) The cell invasion was increased in the cells with both TDRG1 knockout and Pi3K inhibition and 
decreased in the cells with both TDRG1 overexpression and Pi3K activation. seminoma Tcam-2 cells were subjected to different treatments: the TDRG1 knockout, TDRG1 
overexpression, Pi3K inhibition (lY294002 administration), or Pi3K activation (igF-1 administration). *P,0.05 and **P,0.01 vs control group. Vector: enhanced green 
fluorescent protein plasmid-C1 vector.
Abbreviations: TDRG1, testis development-related gene 1; Pi3K, phosphoinositide-3 kinase; igF-1, insulin-like growth factor-1; TDRG1 (-), the knockout of TDRG1; 
TDRG1 (+), the overexpression of TDRG1; Pi3K (-), the inhibition of Pi3K by lY294002; Pi3K (+), the activation of Pi3K by igF-1.
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The cell adhesion capacity responded similarly to changes 

in the signaling pathway and changes in the expression 

level of TDRG1. Specifically, cell adhesion was positively 

correlated with PI3K/Akt/mTOR signaling (Figure 4A). 

After signaling was repressed by LY294002, the cell adhe-

sion capacity of TCam-2 cells was remarkably attenuated 

(P=0.021). In contrast, it was highly strengthened by IGF-1 

simulation of PI3K/Akt/mTOR signaling. A cell invasion 

assay showed a similar pattern. As shown in Figure 4B, the 

number of TCam-2 cells that passed through the Transwell 

membrane decreased to ~30% of the number of control cells 

that passed through the membrane after LY294002-mediated 

inhibition of PI3K/Akt/mTOR signaling (P,0.01). Activa-

tion of PI3K/Akt/mTOR signaling had the opposite effect, 

suggesting that PI3K/Akt/mTOR signaling modulates cell 

invasion.

TDRG1 regulated Pi3K/akt/mTOr 
signaling cascades
Aberrant activation of the PI3K/Akt/mTOR signaling cascade 

is commonly observed in diverse cancer types.25–27 Consistent 

with this, in our immunohistochemistry test (Figure 1C), 

TDRG1 upregulation was associated with approximately two-

fold increases in the protein expression levels of both p-PI3K/

p110 and p-Akt in testicular seminoma relative to normal 

testicular tissues (P=0.013 and P=0.019), implying a link 

between TDRG1 and the PI3K/Akt signaling pathway. The 

Western blot results showed that RNA interference inhibiting 

TDRG1 causes a dramatic reduction in the protein expression 

levels of p-PI3K/p85, p-PI3K/p110, p-Akt, and p-mTOR 

(S2448) but not PI3K/p85, PI3K/p110, mTOR, p-mTOR 

(S2481), and p-mTOR (T2446). In contrast, overexpression 

of TDRG1 promoted the expression of p-PI3K/p85, p-Akt, 

Figure 5 expression levels of various proteins in seminoma Tcam-2 cells after different treatments based on a Western blot assay.
Notes: seminoma Tcam-2 cells were subjected to different treatments: the TDRG1 knockout, TDRG1 overexpression, Pi3K inhibition (lY294002 administration), or Pi3K 
activation (igF-1 administration). inhibiting TDRG1 causes a dramatic reduction in the protein expression levels of p-Pi3K/p85, p-Pi3K/p110, p-akt, and p-mTOr (s2448) 
but not Pi3K/p85, Pi3K/p110, mTOr, p-mTOr (s2481), and p-mTOr (T2446). in contrast, overexpression of TDRG1 promoted the expression of p-Pi3K/p85, p-akt, and 
p-mTOr (s2448). The treatment with lY294002 inhibited the expression of Pi3K/p110, p-Pi3K/p110, p-akt, and p-mTOr (s2448), while pharmacological stimulation with 
igF-1 caused a marked elevation in the phosphorylation levels of Pi3K/p110, akt, and mTOr (s2448). *P,0.05 and **P,0.01 vs control group. Vector: enhanced green 
fluorescent protein plasmid-C1 vector.
Abbreviations: TDRG1, testis development-related gene 1; Pi3K, phosphoinositide-3 kinase; igF-1, insulin-like growth factor-1; mTOr, mammalian target of rapamycin; 
TDRG1 (-), the knockout of TDRG1; TDRG1 (+), the overexpression of TDRG1; Pi3K (-), the inhibition of Pi3K by lY294002; Pi3K (+), the activation of Pi3K by igF-1; 
gaDPh, glyceraldehyde-3-phosphate dehydrogenase.
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and p-mTOR (S2448). These data indicated that the PI3K/

Akt/mTOR signaling pathway is regulated by TDRG1.

Discussion
Testicular seminoma arises from the dedifferentiation and/or 

malignant transformation of spermatogenic cells.28,29 Coin-

cidently, the human testis-specific gene TDRG1 is primarily 

expressed in spermatogenic cells of the seminiferous tubule 

but not in the testicular Sertoli cells.9 Its expression level 

is the highest during puberty and decreases with age; it is 

not expressed during the fetal period.9 The time at which 

TDRG1 expression is the highest coincides with the period 

during which testicular seminoma occurrence is maximal 

(between 15 years and 35 years of age). Thus, we speculated 

that TDRG1 contributes to the occurrence and/or devel-

opment of testicular seminoma. Moreover, based on our 

PCR, Western blotting, and immunohistochemistry results, 

TDRG1 expression at both the gene and the protein levels 

was significantly higher in testicular seminoma tissues than 

in normal testicular tissues. This finding supported our 

hypothesis.

Functional research on TDRG1 with respect to seminoma 

regulation was performed in seminoma TCam-2 cells. The 

knockout of TDRG1 strikingly diminished cell prolifera-

tion by arresting the cell cycle and reducing apoptosis, and 

reduced cell invasion by repressing the cell adhesion and 

invasion capacities. TDRG1 serves as a key modulator that 

not only promotes seminoma cell proliferation and growth 

but also confers an aggressive seminoma phenotype by 

facilitating adhesion and invasion to other tissues. However, 

artificially elevating TDRG1 expression via transfection with 

a TDRG1 expression vector only resulted in marginal differ-

ences in cell proliferation, although it remarkably increased 

cancer cell adhesion and invasion. A possible explanation 

for this observation is that underlying TDRG1 upregulation 

in the seminoma already exerted positive effects on cell 

proliferation. Additional upregulation of TDRG1 may exceed 

its ability to increase cell proliferation. PI3K-mediated sig-

naling pathways, in addition to the regulation of normal cell 

processes, are associated with cancer formation and progres-

sion in diverse cancer types, such as pulmonary, pancreatic, 

colorectal, gastric, and ovarian.25–27,30,31 To examine whether 

the same mechanisms related to PI3K signaling pathways 

are involved in seminomas, PI3K-mediated signaling was 

pharmacologically inhibited using LY294002. Various 

characteristics contributing to seminoma cell proliferation 

and invasion that were repressed by LY294002 were similar 

to those inhibited by TDRG1 knockout. Treatment with the 

specific PI3K activator IGF-1, which interacts with IGF-1 

receptors to initiate PI3K-stimulating signals via the adap-

tor molecule insulin receptor substrate-1,32 promoted the 

proliferation and invasion of seminoma cells, confirming 

that the PI3K pathway plays a positive and critical role in 

seminoma development.

PI3K is a heterodimer composed of the regulatory sub-

unit p85 and catalytic subunit p110. The activation of PI3K 

requires the recruitment of PI3K/p85 from the cytoplasm 

and localization on the cell membrane to bind to a phospho-

tyrosine residue of an adapter protein, such as insulin recep-

tor substrate-1.33 During this process, the phosphorylation 

of PI3K/p85 regulates the activation of PI3K, although the 

proximal mechanisms are not well understood. The Ser-83 

residue on p85 is phosphorylated by protein kinase A, trig-

gering increased PI3K activity.34 Additionally, the 14-3-3 

proteins that regulate many pathways involved in cell 

transformation in eukaryotic organisms bind to p85 at the 

phospho-serine 83 motif in the N-terminal domain of p85, 

and this is largely responsible for 14-3-3ζ-mediated PI3K 

membrane recruitment and activation.35 In our study, PI3K/

p85 phosphorylation was positively correlated with the 

expression of TDRG1. Knocking out TDRG1 reduced PI3K/

p85 phosphorylation. Ectopic expression of TDRG1 had the 

opposite effect. Combined with previous findings, our data 

suggested that TDRG1 positively regulates the activity of 

PI3K via the modulation of PI3K/p85 phosphorylation.

The catalytic subunit PI3K/p110, responsible for the 

synthesis of phosphatidylinositol second messengers via 

catalysis of PIP2 (phosphoinositol-4,5-bisphosphate) into 

PIP3 (phosphoinositol 3,4,5-trisphosphate), is also thought to 

be related to the activation of the PI3K pathway; in .30% of 

solid tumors, PI3K/p100 mutation leads to unregulated PI3K 

activity.11,14,36,37 Additionally, both the PI3K/p110 gene and 

the protein are amplified substantially in ovarian and breast 

tumors.38,39 Interestingly, in our study, PI3K/p110 showed 

minor differences between testicular seminoma tissues and 

normal testicular tissues (data not shown), but phosphory-

lated PI3K/p110 was significantly elevated in seminoma 

tissues. Phosphorylated PI3K/p110 was substantially reduced 

in seminoma TCam-2 cells after TDRG1 was knocked out, 

suggesting that the phosphorylation of PI3K/p110 is related 

to TDRG1. The effect of phosphorylated PI3K/p110 on 

PI3K activity is not clear, but our results suggest a positive 

correlation between the phosphorylation level of PI3K/

p110 and the activation of PI3K via LY294002 and IGF-1; 

accordingly, PI3K/p110 phosphorylation likely contributes 

to PI3K activation.
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Akt, a serine/threonine kinase, is a central mediator of 

PI3K cascades. Akt activation requires activated PI3K, which 

converts PIP2 into PIP3 to recruit Akt to the cell membrane 

by binding their pleckstrin homology domains; this leads to 

the phosphorylation of Akt, which is essential for subsequent 

Akt activation.40 Our immunohistochemistry assays indi-

cated that the Akt phosphorylation level is much higher in 

seminoma tissues than in normal testicular tissues, and Akt 

overactivation is common in seminomas. Furthermore, Akt 

phosphorylation in TCam-2 cells showed a similar pattern 

to the gene and protein expression of TDRG1, irrespective 

of whether TDRG1 was knocked out or overexpressed. This 

suggests that the activity of Akt in seminomas is influenced 

by TDRG1. The pattern of TDRG1 regulation of Akt activ-

ity is similar to that of TDRG1 regulation of PI3K, which 

raises the possibility that TDRG1 exerts an effect on Akt as 

consequence of its regulation of PI3K.

mTOR is regulated by PI3K/Akt signaling, and a particular 

mTOR site, Ser2448, is phosphorylated in response to PI3K/

Akt activation.26 PI3K activation via LY294002 resulted in 

the activation of PI3K/Akt signaling and increased the phos-

phorylation of mTOR at the Ser2448 site. IGF-1, in contrast, 

strongly inhibits the activity of the PI3K/Akt pathway and 

reduces the phosphorylated form of mTOR at the Ser2448 site. 

Aside from Ser2448, Thr2446, and Ser2481 are also phosphorylation 

sites that are regulated in mTOR. Thr2446 is a major adenosine 

monophosphate kinase-stimulated phosphorylation site.41 

Ser2481 is an autophosphorylation site in mTOR that is regu-

lated by rapamycin and amino acid withdrawal.42 In this study, 

phosphorylated mTOR at Ser2448 was elevated in response 

to TDRG1 overexpression. The downregulation of TDRG1 

effectively suppressed the phosphorylation of mTOR at Ser2448. 

However, TDRG1 failed to modulate mTOR phosphorylation 

at Ser2481 and Thr2446. These data further indicate that TDRG1 

stimulates the PI3K/Akt signaling pathway in seminomas, and 

this subsequently activates mTOR-mediated signaling.

The PI3K/Akt/mTOR signaling pathway is widely known 

to play a crucial role in carcinogenesis and cancer progress. 

Mutations in some loci of the PI3K/Akt/mTOR pathway 

are frequently found in head and neck tumors based on the 

analyses of a large number of related patients, and these 

mutations lead to the aberrant activation of PI3K/Akt/mTOR 

and subsequent malignant transformation of head and neck 

tumor cells.43 In endometrial cancer, the overactivation of 

the PI3K/Akt/mTOR pathway plays an important role in cell 

growth and survival.44 Similar findings have been reported in 

ovarian, colorectal, and prostate cancers.25–27 In the present 

study, we demonstrated that the PI3K/Akt/mTOR pathway 

is involved in the regulation of diverse hallmarks of semi-

nomas, including cell proliferation, apoptosis, adhesion, and 

invasion. More importantly, the PI3K/Akt/mTOR signaling 

pathway is involved in signaling downstream of TDRG1, 

and this may be particularly relevant to the development of 

seminomas. It should be noted that the physiological role of 

TDRG1 in testis is unclear, this problem will be addressed 

in our following research.

Conclusion
This is the first demonstration that TDRG1 acts as an 

oncogene in seminomas. This is evidenced by its dramatic 

upregulation in seminomas, based on PCR, Western blotting, 

and immunohistochemistry tests, as well as by its positive 

regulation of cell proliferation and invasion. Additionally, the 

PI3K/Akt/mTOR signaling pathway plays an important role 

in seminomas; the proliferation and invasion of seminoma 

cells were strongly influenced by the activation and sup-

pression of PI3K/Akt/mTOR signaling. More importantly, 

the phosphorylation levels of PI3K/p85, PI3K/p110, and 

Akt as well as the phosphorylation sites of mTOR at Ser2448, 

Ser2481, and Thr2446 provide powerful evidences that TDRG1 

is primarily related to seminoma development via the PI3K/

Akt/mTOR signaling pathway.
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