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Background: PIWI-interacting RNAs (piRNAs) are a class of noncoding RNAs originally reported in the repro-
ductive system of mammals and later found to be aberrantly expressed in tumors. However, the function and 
mechanism of piRNAs in testicular cancer are not very clear. 
Methods: The expression level and distribution of piR-36249 were detected by RT-qPCR and immunofluorescence 
staining assay. Testicular cancer cell (NT2) progression was measured by CCK8 assay, colony formation assay 
and wound healing assay. Cell apoptosis was assessed by flow cytometry and western blot. RNA sequencing and 
dual-luciferase reporter assay were conducted to identify the potential targets of piR-36249. The relationship 
between piR-36249 and OAS2 or DHX36 was confirmed using overexpression assay, knockdown assay, pull- 
down assay and RIP assay. 
Results: piR-36249 is significantly downregulated in testicular cancer tissues compared to tumor-adjacent tissues. 
Functional studies demonstrate that piR-36249 inhibits testicular cancer cell proliferation, migration and acti-
vates the cell apoptosis pathway. Mechanically, we identify that piR-36249 binds to the 3′UTR of 2′-5′-oligoa-
denylate synthetase 2 (OAS2) mRNA. OAS2 has been shown in the literature to be a tumor suppressor modulating 
the occurrence and development of some tumors. Here, we show that OAS2 knockdown also promotes testicular 
cancer cell proliferation and migration. Furthermore, piR-36249 interacts with DHX36, which has been reported 
to promote translation. DHX36 can also bind to OAS2 mRNA, and knockdown of DHX36 increases OAS2 mRNA 
but downregulates its protein, indicating the enhancing effect of DHX36 on OAS2 protein expression. 
Conclusion: All these data suggest that piR-36249, together with DHX36, functions in inhibiting the malignant 
phenotype of testicular cancer cells by upregulating OAS2 protein and that piR-36249 may be used as a sup-
pressor factor to regulate the development of testicular cancer.   

1. Introduction 

PIWI-interacting RNAs (piRNAs) are single-stranded noncoding 
RNAs with a length of 23–36 nucleotides (nt) [1]. piRNAs are 

abundantly enriched in germ cells and function in the regulation of 
spermatogonia self-renewal, mitotic spermatocytes and the develop-
ment of testicular carcinoma [2,3]. piRNAs exhibit tissue-specific 
expression patterns in human tissues and associate with PIWI proteins 
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to be involved in important signaling pathways at the transcriptional or 
posttranscriptional levels [4–7]. Recently, several model studies have 
identified a strong link between the abnormal expression of piRNAs and 
malignant phenotype (including initiation, proliferation, and metas-
tasis) of multiple cancers such as gastric [8], breast [9,10], kidney [11, 
12], colon [13–15], and lung cancers [16,17]. Thus, piRNAs could be 
potential diagnostic tools and therapeutic targets for cancers. 

Testicular cancer is a rare tumor in the general population but one of 
the most common malignancies in men aged 15–44 years [18–20], and 
its incidence has risen in Western countries over the past two decades. 
More than 90% of testicular neoplasms originate from germ cells [21]. 
Testicular germ cell tumor (TGCT) is believed to arise from failure of 
normal maturation of gonocytes. TGCTs are divided into seminomas and 
nonseminomas [22]. Studies have found that primary TGCTs can 
metastasize to retroperitoneal lymph nodes [23], the brain [24] and the 
heart [25]. This reflects the aggressive biological characteristics of 
testicular tumors and the difficulties and challenges faced by the current 
treatment of testicular cancer. The side effects of TGCT treatment on 
other organs will become a long-term risk factor for the survival of TGCT 
patients. It has been reported that renal disease in TGCT patients is 
associated with chemotherapy [26]. In addition, TGCTs have significant 
heritability, and the relative familial risk is much higher than that of 
most other cancers. Research groups have studied the genetic risk fac-
tors for TGCTs and identified abnormally expressed genes associated 
with TGCTs [27–29]. These studies showed that noncoding RNAs can act 
as tumor suppressor genes or oncogenes to regulate gene expression in 
TGCTs and thus can serve as potential diagnostic biomarkers and 
develop novel therapies based on controlling gene expression [30,31]. 
Since piRNAs play important roles in most cancers, we hypothesized 
that piRNAs might as potential mediators in the oncogenesis and pro-
gression of testicular cancer. 

Here, our results clarified the function and underlying mechanisms 
of piR-36249 in testicular cancer cells. piR-36249 was drastically 
downregulated in testicular cancer tissues. Furthermore, piR-36249 and 
DHX36 interact with the OAS2 mRNA 3′UTR to promote OAS2 expres-
sion and inhibit testicular cancer cell proliferation, migration and 
enhance apoptosis. Our findings will contribute to a better under-
standing of the function and mechanism of piRNAs in the development 
and progression of testicular cancer cells. 

2. Materials and methods 

2.1. Human testicular cancer samples 

The human testicular cancer samples were postoperative specimen 
during Urological surgery and obtained from The First Affiliated Hos-
pital of Anhui Medical University (Hefei, China). All samples were 
submitted to Surgical Pathology for microscopic examination. We 
collected postoperative specimens (paired testicular germ cell tumor 
tissue and normal testicular tissue, n = 3 each). The total RNAs of fresh 
tumor sample were extracted using TRIzol™ Reagent and RT-qPCR 
analysis to identify expression level of piR-36249. All patients signed 
informed consent documents approving the use of their tissues for 
research purposes (Permit number: 20170354). 

2.2. Cell culture and transfection 

The human seminoma cell line TCAM2 was kindly provided by Dr. 
Yupeng Wu (Bengbu Medical College, Bengbu, China) and immersed in 
culture medium (DMEM, Invitrogen, 61100-061) containing fresh 10% 
fetal bovine serum (FBS, EVERY GREEN, 70220-8611), 1% penicillin‒ 
streptomycin (PS, WISENT, 450-115-EL) and 1% L-glutamine. The 
human teratocarcinoma cell line NT2, mouse testicular Leydig cell line 
TM3, and mouse spermatogonial cell line GC1 were grown in DMEM 
with 10% FBS (ExCell Bio, FSS500), 1% PS and 1% L-glutamine. Cells 
were cultured in a cell incubator with 5% CO2 at 37 ◦C. 

For cell transfection assay, 6 × 104 cells were seeded into twelve-well 
plates and grown to 60% confluence. piR-36249 mimics, inhibitor, and 
scrambled siRNA oligonucleotides were transfected into NT2 cells, 
respectively, using transfection reagent (INTERFERin，Polyplus, 409- 
10) according to the manufacturer’s instructions. RNA oligonucleo-
tides were made in GenePharma (Shanghai, China). The sequences of all 
oligonucleotides are listed in Supplemental Table S1. 

2.3. RNA isolation, reverse transcription and quantitative PCR (RT- 
qPCR) 

RNA extraction, reverse transcription and quantitative real-time PCR 
(qPCR) experiments were performed as previously described [32]. We 
used TRIzol™ Reagent and isolated RNA component from testicular 
cancer tissue or cell lines. 1% agarose gel electrophoresis was used to 
evaluate RNA sample quality and concentration was detected by micro 
spectrophotometer (Nano300, ALLSHENG, China). Reverse transcrip-
tion and qPCR for piR-36249 and endogenous control U6 snRNA were 
performed using miRNA quantitation kit (GenePharma, E22003) ac-
cording to the instructions strictly. The relative expression of the 
candidate genes was calculated to the endogenous reference GAPDH 
mRNA and U6 RNA using the 2DeltaDeltaCt method. The specific in-
formation of the RT-qPCR primers are shown in Supplemental Materials 
Table S1. 

2.4. Nuclear and cytoplasmic separation 

NT2 cells and TCAM2 cells were fractionated into the nucleus and 
cytoplasm, and total RNA and protein were isolated. One million cells 
were prepared and resuspended gently in 500 μL ice cold RSB-100 so-
lution (10 mM Tris-HCl pH 7.4, 100 mM NaCl, 25 mM MgCl2, 40 μg/mL 
digitonin). The cells were transferred immediately and lysed on ice for 
3–5 min on ice. Then, cell lysate was centrifuged at 2000×g for 8–10 min 
at 4 ◦C. The supernatant (250 μL for RNA and 50 μL for protein) was 
collected for the cytoplasmic fraction, and the pellet was resuspended in 
500 μL of RSB-100 solution for the nuclear fraction, followed by the 
operations described above. Protein samples were identified by Western 
blot assay. RNA samples were used for RT-qPCR analysis. 

2.5. Western blot assay 

Ten million cells were collected and lysed in 1 mL RIPA buffer (150 
mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% SDS, 1% sodium deoxy-
cholate, 50 mM Tris-HCl pH 7.4) supplemented with fresh protease in-
hibitor cocktail on ice for 1 h. The protein samples were harvested by 
centrifuged at 16,000×g for 10 min at 4 ◦C, denatured with 2 × SDS 
loading buffer (0.2% bromophenol blue, 10% β-mercaptoethanol, 20% 
glycerol, 10% DTT, 125 mM Tris-HCl pH 6.8, 4% SDS) under heat 
treatment. Protein samples were added to the groove in order and 
separated by 10% SDS-PAGE. Next, the target proteins were transferred 
to PVDF membranes (Millipore, IPVH00010) by constant current 350 
mA. After blocking with 3% BSA for 1 h at room temperature (RT), the 
PVDF membrane were immersed in the primary antibodies diluting so-
lution at 4 ◦C overnight. Following removing primary antibodies, the 
secondary antibodies were added and incubated with PVDF membranes 
for 1 h at RT. The protein bands were detected by chemiluminescence 
solution. The antibodies are shown in Supplementary Table 2. 

2.6. Immunofluorescence staining assay 

NT2 cells and TCAM2 cells were cultured at 5 × 104 cells per well on 
coverslips in twelve-well plates. After 16–18 h, biotin labeled piR-36249 
mimics and scrambled siRNA oligonucleotides (a control sequence with 
biotinylation) were transfected with INTERFERin® reagent. After 
transfection for 48 h, the cells were fixed with 4% freshly prepared 
paraformaldehyde (PFA) at RT for 15 min. The fixed cells were 
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permeabilized with 0.02% Triton X-100 for 5–10 min. Subsequently, cell 
slides were immersed in 3% BSA and blocked excess protein-binding 
sites. The cell samples were incubated with primary antibodies fol-
lowed by secondary antibodies. The nucleus was stained with Hoechst 
33342 solution. The immunostained cells were observed using a 
confocal microscope (OLYMPUS, FV1200). 

2.7. Cell viability assay 

CCK8 has been widely accepted as a representative cell viability 
indicator, which can produce formazan dye during cellular prolifera-
tion, and its yield is proportional to the number of cells. Cell viability 
was measured using a CCK-8 reagent (Vazyme, A311-01). Transfected 
cell samples were seeded for 96-well plates with 1000 cells per well. 
Then 10 μl CCK8 working solution were added to 90 μl culture medium 
in each group and incubated at 37 ◦C for 1–2 h in a cell incubator. The 
optical density (OD) value was detected for each well at a wavelength of 
450 nm using a microplate reader. 

2.8. Colony formation assay 

After treatment, 1000 cells were incubated in each well of six-well 
plates with the suitable culture conditions. After incubation for 7–14 
days, removed the medium and washed colonies twice with 1 × PBS. 
Then, 4% freshly PFA was added to target cells and co-incubated at RT 
for 15 min. After fixation, cells were treated with 0.2% crystal violet 
(Meilun Biology, CAS No. 528-62-9) for 20 min at RT. Stained colonies 
were visualized under bright field microscopy. 

2.9. 5-Ethynyl-2′-deoxyuridine (edu) assay 

The EdU assay was carried out with a Beyoclick™ EdU-647 Cell 
Proliferation Assay Kit (Beyotime, C0081S). After treatment, the cells 
were immersed in EdU working solution and reaction for 2 h in a cell 
incubator. The EdU medium mixture was removed thoroughly, and 4% 
PFA in 1 × PBS was used to fix the cells for 10–15 min at RT. The fixed 
cells were washed 3 times with 3% BSA for 5 min, and 0.02% Triton X- 
100 was added to target cell, permeabilized for 10 min at RT. Click re-
action solution was then added to react for 30 min at RT in the dark. 
After washing 3 times with 3% BSA for 5 min, Hoechst 33342 was 
stained the cell nucleus for 2–3 min. The immunostained cells were 
imaged using a microscope (OLYMPUS, IX73), and quantitative analysis 
of cell images was performed by ImageJ software. 

2.10. Wound healing/scratch assay 

Cell migration and motor ability were assessed by wound healing/ 
scratch assays according to previously reported [33]. After transfection 
treatment, TCAM2 and NT2 cells were seeded into twelve-well plates. 
The pipette tips were applied to make perpendicular scratches along the 
centerline of the cell culture plate, followed by washing with 1 × PBS 
and incubating in DMEM with low concentration serum to culture the 
cells. The cells were then photographed and recorded with a microscope 
at 0 h or 24 h. The quantitative cell images were analyzed by ImageJ 
software. 

2.11. Cell apoptosis assay 

The cell apoptosis analysis was conducted according to the in-
structions of the apoptosis detection kit (Vazyme, A211-01). Briefly, cell 
pellets were collected after transfection and washed twice with pre-
cooled 1 × PBS. Then, 100 μL fixation buffer was added to resuspend the 
cell pellets, Annexin V-FITC dye was applied to label apoptotic cells and 
PI solution was used for staining nucleus. The cells were incubated with 
two stain fluids at RT for 10 min in the dark. Subsequently, 400 μL 
fixation buffer was added to the cells. Samples were need to measure by 

flow cytometry within 1 h and analyzed by FlowJo_V10_CL. 

2.12. Biotinylated piRNA pull-down 

Biotin-labeled-piRNA pull-down experiments were conducted as 
previously recorded [34]. Briefly, the 3′-end biotinylated piR-36249 
mimics and negative control were transfected into NT2 cells. The cells 
were collected after transfection for 24 h and washed twice with 1 ×
PBS. Then, 1 mL lysis buffer (0.3% NP-40, 100 mM KCl, 5 mM MgCl2, 20 
mM Tris-HCl pH 7.4) was added and applied to lyse cells. Meanwhile, 
RNase inhibitor and protease inhibitor cocktail were added to lysis 
buffer. After 65 min of incubation at 4 ◦C with rotation. The cell lysates 
were obtained by centrifuging at 14,000×g for 10 min. Then, magnetic 
beads (Invitrogen, 11205D) were added to each supernatant. After 2 h of 
incubation at 4 ◦C, the beads were isolated using 8% SDS‒PAGE gels and 
Coomassie blue staining. Then, the sections were destained and 
analyzed by mass spectrometry (MS). 

2.13. Dual-luciferase reporter assay 

Our priority is to construct some recombinant plasmid, the wild-type 
PTBP3-3′UTR or OAS2-3′UTR sequence containing the putative piR- 
36249 target site or mutant PTBP3-3′UTR or OAS2-3′UTR sequence 
was cloned into the pmirGLO vector (Promega, E1330). Then, NT2 cells 
were cotransfected with negative control or piR-36249 mimics and 
pmirGLO vector containing wild-type or mutant PTBP3-3′UTR or OAS2- 
3′UTR. After 48 h, Firefly or Renilla luciferase activities were measured 
according to the dual-luciferase system kit (Promega, E2920) on a 
CLARIOstar Microplate reader (BMG LAkBTECH). 

2.14. RNA-binding protein immunoprecipitation (RIP) assay 

RNA-binding protein immunoprecipitation (RIP) assays in cells were 
conducted as previously recorded [32]. Briefly, the cells were seeded in 
10–15 cm dishes. When the cell density was approximately 90%, the 
cells were washed twice with ice-cold 1 × PBS (not digested). Then, cells 
crosslinked with 400 mJ UV were collected and removed as much 1 ×
PBS as possible with a pipette tip carefully. The cell sample was sus-
pended in NET-N buffer for 1–2 h at 4 ◦C under rotating conditions. The 
cell lysate was sonicated for 4 min in an ice bath with 4 s on and 6 s off 
pulse intervals. The lysates were spun at 16,000×g for 10 min at 4 ◦C. 
Then, specific antibodies or isotype IgG were added to the supernatant 
and incubated overnight at 4 ◦C. Protein A/G Magnetic Beads (Thermo, 
88803) were added to each sample followed by incubation for 2 h at 
4 ◦C. Finally, the beads were washed and collected for RT-qPCR analysis. 

2.15. RNA sequencing and analysis 

After treatment, three independent RNA samples in each group (piR- 
36249 mimics or negative control) were prepared as described above. 
RNA library preparation and sequencing were performed by Berry Ge-
nomics (Beijing). Then, we use FastQC (version 0.11.8) to do some 
quality control checks. Clean reads were mapped using HISAT2 (version 
2.1.0) [35] to the GRCM38 Ensembl genome. The SAM files were sorted 
and converted to BAM files using SAMtools (version 1.7) [36]. The 
mapped reads were then counted using feature Counts (version 2.0.1) 
[37]. DEGs were determined using R package DESeq2 (version 1.26.0) 
[38] with a P-value <0.05 and an absolute value of log2FC > 1. Volcano 
map and heatmap generation were conducted, respectively, using R 
packages “ggplot2” (version 3.3.2) and “pheatmap” [Kolde R, Kolde MR. 
Package “pheatmap”2] (version 1.0.12 https://CRAN.R-project. 
org/package=pheatmap). 

2.16. Statistical analysis 

All statistical analyses were conducted using GraphPad software. To 
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assess the statistical significance of a difference between two treatments, 
we used unpaired, two-tailed Student’s t tests. Data are shown as the 
mean ± SEM, and statistical significance is set as *P < 0.05, **P < 0.01, 
and ***P < 0.001. 

3. Results 

3.1. piR-36249 is downregulated in testicular cancer 

To study the role and mechanism of PIWI-interacting RNAs (piRNAs) 
in testicular cancer, we collected human testicular cancer tissues and 
subsequently validated the differential expression of piR-36249 by RT- 
qPCR. We found that piR-36249 showed a significantly decreasing 
trend in testicular cancer tissue compared to the control (Fig. 1A). 
Multiple alignment analysis of the piR-36249 (DQ598183) locus ac-
cording to the UCSC database showed that it is conserved among mice, 
rhesus monkeys and humans (Fig. 1B). In addition, we also validated the 
level changes of piR-36249 in normal testicular Leydig cells TM3, 
normal spermatogonial cells GC1, testicular nonspermatogonial carci-
noma cells NT2, and testicular spermatogonial carcinoma cells TCAM2. 
The results showed that piR-36249 had low expression in testicular 
cancer cells compared with normal testicular cells (Fig. 1C and D). The 
results suggested that the conserved piR-36249 may function in inhib-
iting testicular cancer development. 

3.2. piR-36249 is distributed in the cytoplasm of NT2 and TCAM2 cells 

piRNAs may be distributed in the nucleus or cytoplasm or both and 
play multiple roles in different subcellular localizations to perform 
different functions. Considering that the regulatory mechanism of piR-
NAs is related to their situations, we dissected target cells into the nu-
cleus and cytoplasm to characterize the subcellular localization of piR- 
36249 in human nonspermatogonial carcinoma cells (NT2) and 

human seminoma cells (TCAM2). The cellular distribution analysis 
suggested that GAPDH protein was only enriched in the cytoplasm; 
whereas LaminB1 was mainly distributed in the nucleus, validating the 
accuracy of our fractionation (Fig. 2A). We subsequently validated the 
expression of piR-36249 in differential components from NT2 and 
TCAM2 cells by RT-qPCR, showing that piR-36249 was mainly 
expressed in the cytoplasm, with only a tiny portion in the nucleus 
(Fig. 2B and C). We also performed immunofluorescence (IF) to confirm 
the subcellular localization of transfected biotin-labeled piR-36249 
mimics. The IF analyses agreed with the RT-qPCR results, and piR-36249 
was largely located in the cytoplasm of testicular cancer cells (Fig. 2D 
and E). Together, these results suggest that cytoplasmic piR-36249 may 
participate in testicular cancer cell progression. 

3.3. piR-36249 suppresses the malignant phenotype of NT2 and TCAM2 
cells 

To study whether piR-36249 functions in testicular cancer cells, we 
performed overexpression and knockdown experiments using piR- 
36249 mimics and inhibitor, respectively. By RT-qPCR analysis, we 
confirmed that transfection was effective in NT2 and TCAM2 cells 
(Fig. 3A and B). The CCK8 assays revealed that piR-36249 significantly 
suppressed NT2 and TCAM2 cell proliferation, whereas inhibition of 
piR-36249 promoted cell proliferation (Fig. 3C–F). We also performed 
an EdU (5-ethynyl-2′-deoxyuridine) assay in NT2 and TCAM2 cells to 
examine cell proliferation, and similar phenotype were again determi-
nated in NT2 and TCAM2 cells (Figs. S1A–D). Furthermore, colony 
formation analysis showed that the tumor formation and colony for-
mation ability of NT2 and TCAM2 cells were also inhibited upon piR- 
36249 overexpression (Fig. 3G–J). It is known that the cell scratch 
assay can serve as a way to assess cell invasion. We next performed 
wound healing analysis to investigate cell invasion and repair ability. 
This result was consistent with the fact that piR-36249 can suppress the 

Fig. 1. piR-36249 is downregulated in testicular cancer. (A) Relative expression levels of piR-36249 in human testicular cancer and tumor-adjacent tissue were 
detected by RT-qPCR (n = 3). (B) The piR-36249 gene (DQ598183) information shown in the UCSC human database. (C–D) Relative expression levels of piR-36249 in 
different normal germ cells and cancer cells were detected by RT-qPCR (n = 3). Normal nonspermatogonial cell line (TM3), nonspermatogonial carcinoma cell line 
(NT2), normal spermatogonial cell line (GC1) and testicular spermatogonial carcinoma cell line (TCAM2). 
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migration ability of NT2 and TCAM2 cells, while knockdown of piR- 
36249 increases viability (Fig. 3K-N). These data indicated that piR- 
36249 inhibits the malignant phenotypes of testicular cancer cells, 
including proliferation, colony formation, and migration. 

3.4. piR-36249 promotes apoptosis and upregulates proapoptotic related 
proteins 

To investigate whether piR-36249 suppresses cell viability in 

testicular cancer cells by enhancing cell apoptosis, we then recorded the 
number of apoptosis-positive cells after NT2 and TACM2 cells were 
transfected with piR-36249 mimics or inhibitor by flow cytometry 
(Fig. 4A and B). The analysis data showed that following overexpression 
of piR-36249, the number of apoptotic-positive cells is significantly 
increased in NT2 cells, while the piR-36249 inhibitor did not have a 
dramatic effect on apoptosis progression (Fig. 4C). Furthermore, piR- 
36249 upregulation or inhibition had no obvious interference with 
cell apoptosis in TCAM2 cells (Fig. 4D). 

Fig. 2. piR-36249 is distributed in the cytoplasm of NT2 and TCAM2 cells. (A) The fractions of cytoplasmic and nuclear in NT2 and TCAM2 cells was identified by 
western blot. GAPDH is regarded as a cytoplasmic marker, as well as Lamin B1 is a nuclear marker. (B–C) Distribution of piR-36249 in the cytoplasm and nucleus of 
NT2 and TCAM2 cells, respectively (n = 3). (D–E) Subcellular localization of exogenous piR-36249 in NT2 and TCAM2 cells transfected with biotin-labeled piR- 
36249 mimics or negative control (mimics NC) by confocal microscopy. piR-36249 was then stained with antibiotin555 (red), and cell nuclei were stained by using 
Hoechst 33342 (blue). Scale bars, 20 μm. 
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Fig. 3. piR-36249 suppresses testicular cancer cell proliferation, colony formation and cell migration ability. (A–B) Relative expression levels of piR-36249 after in 
vitro transfection of piR-36249 mimics or inhibitor in NT2 and TCAM2 cells were quantified by RT-qPCR (n = 3). (C–F) Effect of piR-36249 mimics or inhibitor on 
NT2 and TCAM2 cell proliferation determined by CCK8 assay (n = 3). (G and I) Effect of piR-36249 mimics or inhibitor on the colony formation ability of testicular 
cancer cells. (H and J) Quantification of colony forming ability relative to the control (n = 3). (K–N) The cell migration ability of NT2 and TCAM2 cells was analyzed 
and quantification of the effect of piR-36249 overexpression or inhibition on NT2 (K–L) and TCAM2 (M − N) cell migration ability. Scale bar: 200 μm. 
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On the other hand, we carried out western blot assay and measured 
the protein levels of the p53 and p21 genes, which are two important 
regulators in cell cycle, cell survival and participated in protection 
against tumorigenesis [39,40]. We also detected the p16 protein 

expression level, which has been regarded as negatively regulator in 
mostly cancers [41]. In addition, we tested the expression levels of other 
proteins involved in the apoptotic signaling pathway, such as the 
proapoptotic-related proteins caspase 3 and COX IV (cytochrome c 

Fig. 4. piR-36249 promotes apoptosis and upregulates proapoptotic related proteins. (A–B) Effect of piR-36249 on apoptosis by flow cytometry analysis in NT2 cells 
and TCAM2 cells. (C–D) The number of positive apoptotic cells was quantified in NT2 cells and TCAM2 cells by FlowJo_V10_CL (n = 3). (E–F) The protein levels of 
p16, p53, p21 and expression level of protein COX IV, caspase 3, Bcl-2 were measured by western blot assay after overexpression or inhibition of piR-36249 in NT2 
and TCAM2 cells. (G–H) Quantification of western blots for cell cycle modulators (p21, p53 and p16) and apoptosis-related proteins (caspases 3, COX IV and Bcl-2), n 
= 3. 
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oxidase subunit IV) and the antiapoptotic protein Bcl-2 [42,43]. We 
found a significant increasing trend of p16, p21, p53, caspase 3 and COX 
IV proteins upon overexpression of piR-36249 in NT2 and TCAM2 cells 
(Fig. 4E–H). We also found that piR-36249 can effectively block the 
function of the protein Bcl-2 in NT2 and TCAM2 cells. However, 

inhibition of piR-36249 did not completely reverse the expression of 
these proteins (Fig. 4E–H). These results indicated that piR-36249 af-
fects testicular cancer cell proliferation by activating proapoptotic pro-
teins and promoting cell apoptosis. 

Fig. 5. piR-36249 binds to the 3′UTR of 2′-5′-oligoadenylate synthetase 2 (OAS2) mRNA and upregulates OAS2 expression. (A) Volcano plots showing the expression 
profiles of differentially expressed genes (DEGs) upon overexpression of piR-36249 (mimics) in NT2 cells. Black dots mean no change, red dots represent upregulated 
trend, blue dots are downregulated. (B) The heatmap shows the fold changes of the top 50 differentially expressed genes with base mean 100 in NT2 cells transfected 
with piR-36249 mimics and mimics-negative control. (C) Gene ontology enrichment of DEGs in NT2 cells. (D–F) The expression level of 22 candidate DEGs in NT2 
cells after transfection of piR-36249 mimics and NC was detected by RT‒qPCR, using GAPDH mRNA as an internal control (n = 3). (G–I) RT-qPCR analysis was 
applied to detect the same genes as above in NT2 cells transfected with piR-36249 inhibitor and NC (n = 3). (J) Schematic diagram of the potential binding sites of 
piR-36249 on PTBP3 and OAS2 mRNA. (K–L) Relative luciferase activity of PTBP3-3′UTR and OAS2-3′UTR recombinant plasmids was measured upon cotransfection 
of piR-36249 mimics or mimics NC in NT2 cells (n = 3). 
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3.5. piR-36249 binds to the 3′UTR of 2′-5′-oligoadenylate synthetase 2 
(OAS2) mRNA and upregulates OAS2 expression in NT2 cells 

Recent evidence suggests that piRNAs can also bind to mRNA 
through incomplete base pairing to suppress or activate gene expression. 
To identify the potential targets of piR-36249, we performed a trans-
fection assay in NT2 cells with piR-36249 mimics or negative control 
(NC). Then, we collected three independent RNA samples in each group 
and subjected them to RNA sequencing (mRNA-Seq; Data number 
GSE213411). We identified 401 differentially expressed genes (DEGs) 
among different samples with a P value < 0.05 and fold change >2. Of 
these, 219 genes were significantly upregulated, and the rest were 
downregulated in NT2 cells upon piR-36249 overexpression (Fig. 5A). 
The top 50 DEGs were depicted in the heatmap obtained via hierarchical 
clustering analysis (Fig. 5B). The GO (gene ontology) enrichment anal-
ysis showed that many differentially expressed protein coding genes 
were associated with some biological processes, such as wound healing 
and tumor immune responses (Fig. 5C). 

We subsequently validated the differential expression of candidate 
DEGs by RT-qPCR, showing that 17 out of 22 genes were statistically 
significantly differentially expressed after piR-36249 overexpression 
(Fig. 5D–F). However, when endogenous piR-36249 was suppressed by 
the inhibitor, the expression of these genes was not statistically signifi-
cantly compensated (Fig. 5G–I). We further used miRanda software 
(miRanda: http://www.bioinformatics.com.cn) to select and identify 
the target genes of piR-36249 among the 17 confirmed DEGs. Among the 
potential target genes, we found that piR-36249 might interact with the 
3′UTRs of PTBP3 and OAS2 mRNAs, which were downregulated or 
upregulated, respectively, by piR-36249 mimics. We then cloned the 
3′UTRs of these two genes into dual-luciferase reporter plasmids 
(Fig. 5J) and verified the site of interaction between piR-36249 and 
PTBP3 or OAS2 mRNA. The results revealed that the luciferase activity 
was not affected for the PTBP3 3′UTR (Fig. 5K). It was significantly 
reduced in NT2 cells cotransfected with piR-36249 mimics and wild- 
type (WT) OAS2-isoform1/2–3′UTR luciferase reporter gene plasmids, 
which was abolished when the OAS2-isoform1/2–3′UTR was mutated 
(MUT) (Fig. 5L). These results demonstrated that piR-36249 targets the 
3′UTR of OAS2-isoform 1/2 mRNA. 

We further determined the effects of piR-36249 on OAS2 expression 
by detecting OAS2 protein levels in response to piR-36249 mimics or 
inhibitors in transfected NT2 cells. Our data showed that piR-36249 
mimics increased and the inhibitor decreased the OAS2 protein levels 
in NT2 cells (Fig. 6A and B), consistent with the above results that OAS2 
mRNAs were upregulated by piR-36249 mimics. Next, to verify whether 
knockdown of OAS2 would produce the same cell phenotype of inhib-
iting cell proliferation as piR-36249, we designed two siRNAs specif-
ically targeting OAS2 isoform 1 and isoform 2 and transfected them into 
NT2 cells to knockdown OAS2. Western blot analysis showed that the 
protein level of OAS2 was significantly reduced upon siRNA transfection 
(Figs. S2A–B). Then, EdU assays and scratch wound healing assays were 
carried out, and the data showed that NT2 cell proliferation and invasion 
ability were inversely proportional to the expression levels of OAS2 
(Figs. S2C–D and E-F), similar to what we observed after knockdown of 
piR-36249. We thus speculated that piR-36249 restrains testicular can-
cer cell progression by upregulating OAS2 expression. 

3.6. piR-36249 and DHX36 together inhibit testicular cancer cell 
progression by upregulating OAS2 

As cytoplasmic piRNAs can interact with certain proteins to perform 
their function, we conducted an RNA pull-down assay (using biotin- 
conjugated piR-36249 oligonucleotides as the bait) combined with 
mass spectrometry (MS) analysis in NT2 cells to identify potential piR- 
36249-associated proteins (Fig. S3A). The results showed that piR- 
36249 might interact with some proteins involved in cell metabolic 
processes and RNA splicing (Fig. 6C). Intriguingly, they can also affect 

mRNA transcription and translation. Further validating pulled down 
proteins through Western blot, we found that piR-36249 bound to ATP- 
dependent DNA/RNA helicase DHX36 (DHX36) (Fig. 6D). 

Additional analysis of DHX36 expression levels in human testicular 
cancer and nontumor counterparts by using GEPIA2 databases (Gene 
Expression Profiling Interactive Analysis, GEPIA 2 (http://gepia2. 
cancer-pku.cn/#index)) showed that DHX36 was significantly reduced 
in TGCT (Fig. S3B). A study reported that DHX36 can directly target the 
3′UTR and 5′UTR of mRNAs to activate translation [44]. Given the 
interaction between piR-36249 and OAS2 mRNA, we wanted to predict 
the interaction probability between DHX36 protein and OAS2 mRNA by 
a predictive database (RNA-Protein Interaction Prediction, RPISeq, http 
://pridb.gdcb.iastate.edu/RPISeq/). Our data showed that the DHX36 
protein was likely to aim to the 3′UTR of OAS2 mRNA (Fig. S3C). We 
next carried out a RIP (RNA immunoprecipitation) assay with DHX36 
antibodies and confirmed the interaction between the helicase DHX36 
and OAS2 mRNA (Fig. 6E and F). To determine the underlying molecular 
mechanism of how DHX36 intercedes OAS2 mRNA expression, we first 
detected the expression level of OAS2 following transfection with 
DHX36 siRNA in the NT2 cell line (Fig. 6G and H). The results showed 
that the protein level of OAS2 was decreased but that of mRNA was 
increased upon DHX36 knockdown (Fig. 6I–K), indicating that DHX36 
knockdown inhibits the protein expression level of OAS2 and increases 
its mRNA abundance, which potentially suggests a 
translation-promoting effect of DHX36 on OAS2 mRNA. These data 
suggest that piR-36249 and DHX36 together inhibit testicular cancer cell 
progression by upregulating OAS2 protein levels. 

4. Discussion 

piRNAs have been reported to be abundantly enriched in the 
reproductive system and closely related to spermatogenesis and germ 
cell development, as well as associated with reproductive diseases and 
developmental disorders in a variety of species. Recent studies have 
shown that piRNAs are also expressed in somatic tissues and that 
abnormal expression is closely associated with the development of some 
human cancers [45,46]. For example, piR-54265 interacts with PIWIL2 
protein to promote the progression of colorectal cancer [47]. In addi-
tion, piRNAs can function independently of PIWI proteins in cancer 
systems. For example, piRNA-30473 can promote tumorigenesis by 
enhancing the expression of WTAP (a methylase) and upregulating HK2 
(hexokinase 2) m6A levels in B cell lymphoma [48]. Nevertheless, the 
underlying mechanism of how piRNAs function in the survival of human 
testicular cancer is still unknown. 

In the present work, we have demonstrated that piR-36249 binds to 
the 3′UTR of 2′-5′-oligoadenylate synthetase 2 (OAS2) mRNA and 
upregulates OAS2 protein expression in a PIWI-independent manner. 
Several studies have identified that OAS2 serves as a regulator and 
contributes to the regulation of important physiological processes 
including cell proliferation, cell differentiation and cell apoptosis 
[49–51]. Importantly, it has been shown that OAS2 is a valid suppressor 
and plays an important role in modulating the occurrence and pro-
gression of some tumors. In colorectal cancer, OAS2 inhibits invasion 
and metastasis by upregulating E-cadherin, claudin-1 and β-catenin 
[52]. Furthermore, they demonstrated that vascular endothelial growth 
factor D (VEGFD) is upregulated in OAS2-inhibiting cells, which is 
required for the dissemination of colorectal cancer [52]. Another study 
reported that OAS2 effectively inhibited cell proliferation in pancreatic 
β-cells [53]. High mRNA expression of OAS2 is also correlated with 
favorable prognosis for all breast cancer patients tested [51]. Recently, it 
has been reported that OAS2, as an interferon IFN-stimulated gene, is 
repressed in mesenchymal/cancer stem cells [54], while the interferon 
response is related to the survival and metastatic activity of breast 
cancers [55]. 

In our study, OAS2 knockdown cells consistently showed increased 
proliferation and invasion compared to the control cells. piR-36249 can 

Q. Wang et al.                                                                                                                                                                                                                                   

http://www.bioinformatics.com.cn
http://gepia2.cancer-pku.cn/#index
http://gepia2.cancer-pku.cn/#index
http://pridb.gdcb.iastate.edu/RPISeq/
http://pridb.gdcb.iastate.edu/RPISeq/


Non-coding RNA Research 8 (2023) 174–186

183

Fig. 6. piR-36249 and DHX36 together inhibit testicular cancer cell progression by upregulating OAS2. (A–B) Representative images and quantification of Western 
blots for OAS2 protein upon transfecting piR-36249 mimics and inhibitor in NT2 cells (n = 3). (C) List of top piR-36249 binding protein candidates detected in NT2 
cells by RNA pull down–mass spectrometry. (D) Western blots assessed the specific association of piR-36249 with DHX36 in pull-down lysates of two repeated 
experiments. (E) Western blots assessed DHX36 immunoprecipitation by anti-DHX36 antibody in the NT2 cell line (n = 3). (F) Relative enrichment of OAS2 binding 
to DHX36 in IP was detected by RT‒qPCR assay (n = 3). (G–H) Representative image and quantification of Western blot for DHX36 protein following in vitro 
transfection of siRNAs in NT2 cells (n = 3). (I) The expression level of OAS2 mRNA after DHX36 knockdown in the NT2 cell line was measured by RT-qPCR analysis 
(n = 3). (J–K) Western blot assay and quantification of OAS2 protein in the NT2 cell line following DHX36 knockdown (n = 3). 
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promote OAS2 mRNA expression, and inhibition of piR-36249 increases 
the malignant phenotype of testicular cancer cells. Furthermore, our 
RNA-seq data showed that piR-36249 overexpression downregulates 
wound healing and the blood vessel development pathway. All of these 
data support that piR-36249 inhibits testicular cancer cell survival and 
migration by activating the expression of OAS2. However, more in- 
depth research and in nude mouse models are necessary to disclose 
the detailed effect of piR-36249 and OAS2 on in testicular cancer cell 
growth and migration. 

Interestingly, studies have shown that piRNAs can directly bind to 
3′UTRs of mRNAs and recruit cis-acting AU-rich elements to form the 
MIWI/piRNA/eIF3f/HuR supercomplex to activate translation during 
mouse spermatogenesis [56]. We thus speculated that piR-36249 might 
interact with some proteins to activate OAS2 gene expression. Our 
piRNA pull-down-MS data showed that piR-36249 interacts with the 
ATP-dependent DNA/RNA helicase DHX36, and RIP assay showed that 
DHX36 interacts with OAS2 mRNA. In addition, the protein level of 
OAS2 was decreased but that of mRNA was increased upon DHX36 
knockdown. This result is consistent with a recent report showing that 
DHX36 knockout results in a significant increase in target mRNA 
abundance [44]. It is also an interesting phenotype indicating a diver-
gent function of DHX36 in regulating OAS2 at the mRNA and protein 
levels. For mRNA regulating function, DHX36 was first defined as an 
ARE (AU-rich element, ARE)-bound RBP (RNA-binding protein) that 
regulates post-transcriptional processing and RNA decay [57,58]. Thus, 
the increased OAS2 mRNA we observed upon DHX36 knockdown might 
be due to the loss of RNA decay or mRNA instability function of DHX36. 
However, we didn’t find any typical decay factors involved in mRNA 
degradation in piR-36249 pull-down mass spectrometry (MS) samples 
(Supplemental Table S3). 

For protein level regulation, it has been shown that the binding of 
DHX36 in mRNA 3′UTR and 5′UTR results in increased translational 
efficiency of target mRNA in a helicase activity-dependent manner [44, 
59,60]. The decreased OAS2 protein level we observed upon DHX36 
knockdown thus indicated that DHX36, which binds to OSA2 mRNA, 
might function in promoting OAS2 mRNA translation whose knockdown 
decreased translation efficiency and decreased the protein level of 
OAS2. Additionally, the increased mRNA level and decreased protein 
level of OAS2 in DHX36 knockdown also imply that the completion of a 
translation cycle of OAS2 might trigger its mRNA degradation and/or 
reflects a feedback result from the retarded translation. On the other 
hand, GO enrichment pathway analysis of piR-36249 pull-down MS 
results revealed that many potential piR-36249-associated proteins were 
associated with RNA splicing and mRNA metabolic pathways (Fig. S4A), 
which could also regulate the OAS2 mRNAs amount and stability. 
Further detailed mechanism studies in the future will help to uncover 
how DHX36 knockdown affect OAS2 expression at both RNA and pro-
tein levels. This will provide useful insights and implications revealing 
the multifunctionality of DHX36 as a single molecule. 

Notably, DHX36 functions as a tumor suppressor to regulate tumor 
development at the posttranscriptional level. For example, DHX36 in-
hibits breast cancer growth by regulating the activities of cyclin- 
dependent kinases [61]. In non-small cell lung cancer (NSCLC), 
DHX36 can also serve as a tumor suppressor and potentially become a 
new target for anticancer therapy based on helicase-specific targeting 
[62]. We now provide evidence that DHX36 is downregulated in 
testicular cancer (from GEPIA2 databases) and, together with 
piR-36249, promotes OAS2 protein levels. 

5. Conclusion 

In this study, we found that piR-36249 interacts with the DHX36 
protein and that piR-36249 targets OAS2 mRNA on its 3′UTR through 
imperfect base-pairing interactions, which leads to the upregulation of 
the OAS2 protein. In turn, the upregulation of OAS2 increases the cell 
inflammatory response, resulting in the suppression of malignant 

phenotypes, including proliferation, colony formation ability, and 
migration. These data support that piRNA-36249 is a novel therapeutic 
target of testicular cancer and all results open up new directions for male 
infertility and testicular cancer research. 
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