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Abstract:



Increasing evidences show that XRCC6 (X-ray repair complementing defective repair in Chinese hamster cells 6) was upregulated and involved in tumor growth in several tumor types. However, the correlation of XRCC6 and human osteosarcoma (OS) is still unknown. This study was conducted with the aim to reveal the expression and biological function of XRCC6 in OS and elucidate the potential mechanism. The mRNA expression level of XRCC6 was measured in osteosarcoma cells and OS samples by quantitative transcription-PCR (qRT-PCR). The expression of XRCC6 protein was measured using Western blot and immunohistochemical staining in osteosarcoma cell lines and patient samples. Cell Counting Kit 8 (CCK8), colony-forming and cell cycle assays were used to test cell survival capacity. We found that XRCC6 was overexpressed in OS cells and OS samples compared with the adjacent non-tumorous samples. High expression of XRCC6 was correlated with clinical stage and tumor size in OS. Reduced expression of XRCC6 inhibits OS cell proliferation through G2/M phase arrest. Most importantly, further experiments demonstrated that XRCC6 might regulate OS growth through the β-catenin/Wnt signaling pathway. In conclusion, these findings indicate that XRCC6 exerts tumor-promoting effects for OS through β-catenin/Wnt signaling pathway. XRCC6 may serve as a novel therapeutic target for OS patients.
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1. Introduction


The incidence of osteosarcoma (OS) ranks first among of all primary malignant bone tumors, predominantly affecting children and adolescence populations [1]. It often occurs in long bones, such as distal femur and proximal radius [2,3]. With the aid of effective chemotherapeutic drugs the survival rate of OS has been improved from 20% to 65% since the late 1970s [4,5]. However, treating metastatic and recurrent OS with current treatments is still limited [6]. In addition to this, the pathogenesis and etiology of osteosarcoma remain elusive [7].



X-ray repair complementing defective repair in Chinese hamster cells 6 (XRCC6) is a gene coding Ku70 protein [8]. It was reported to be involved in DNA recombination and repair, which plays a crucial role in genome stability and cell survival [9]. XRCC6 was reported as a key-element in the Non Homologous End Joining pathway and bound to DNA termini to protect DNA ends with high affinity from degradation [10]. It is hypothesized that the genetic polymorphism of XRCC6 might play an important role in tumorigenesis. The association between the expression of XRCC6 and the risk of cancer, such as lung cancer [11], glioma [12,13], hepatocellular carcinoma [14,15] and so on, has been studied by several experiments. However, the role of XRCC6 in OS is still unknown.



The β-catenin/Wnt signaling pathway plays an important role in bone development, stem cell biology and tumorigenesis [16]. Its aberrant activation has been linked to the pathogenesis of various tumors in humans. Previous studies revealed that the β-catenin/Wnt pathway contributed to OS development [17,18] and efficacy of OS chemotherapy [19]. Recently, several studies revealed that XRCC6 was a regulator of the β-catenin/Wnt signaling pathway [20,21].



In this paper, we reported, for the first time, that XRCC6 was overexpressed in human osteosarcoma. Moreover, we found that knockdown of XRCC6 expression led to growth inhibition of OS cell lines and caused β-catenin/Wnt signaling pathway dysregulation, which indicated that XRCC6 might play a crucial role in OS growth by influencing the β-catenin/Wnt signaling pathway.




2. Results


2.1. XRCC6 Is Overexpressed in Human Osteosarcoma (OS) Samples and Cell Lines


To determine the biological role of XRCC6 in human OS cells, we first detected the mRNA expression of XRCC6 using quantitative RT-PCR in human osteoblast cell line (hFOB) and OS cell lines (MNNG/HOS, MG63, U2OS). A higher expression of XRCC6 was observed in OS cell lines compared with human osteoblast cell lines (Figure 1A). Additionally, the same result was also found at the protein level using Western blot. Moreover, the expression of XRCC6 was detected in twenty pairs of human OS tissue samples and their adjacent non-tumorous tissue controls. We found that XRCC6 expression was significantly up-regulated in tumor tissue samples (60%) compared to the controls (Figure 1D,E).


Figure 1. XRCC6 expression is up-regulated in osteosarcoma (OS) clinical samples and cell lines. (A–C) The mRNA and protein expression level of XRCC6 were measured by TaqMan real-time PCR and Western blot assays in OS cell lines (including MNNG/HOS, MG63 and U2OS) and human osteoblastic cell line (hFOB); (D,E) relative expression of XRCC6 was detected using qRT-PCR in 20 pairs of OS samples and their corresponding noncancerous samples. The expression of XRCC6 was overexpressed in OS tissues compared with the noncancerous tissues. Statistical analysis was performed using paired t test (D).
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2.2. Knockdown of XRCC6 Expression Inhibited OS Cell Proliferation through G2/M Phase Arrest in Vitro


In vitro experiments were carried out to evaluate the potential role of XRCC6 in tumorigenesis. MNNG/HOS and U2OS cells were transiently transfected with a targeted siRNA to decrease expression of the gene. The relative expression of XRCC6 was shown in Figure 2A,B and Figure S2. A CCK-8 assay was used to determine cell proliferation. The results showed that knockdown the expression of XRCC6 inhibited MNNG/HOS and U2OS cells proliferation (Figure 2C,D). Cell cycle changes were analyzed by flow cytometry after transfection with si-XRCC6 or si-NC. Results of cell cycle analysis revealed that inhibition of XRCC6 resulted in an elevated G2/M population in both MNNG/HOS and U2OS cells (Figure 2E–H). Thus, knockdown of XRCC6 expression may attenuate OS cell proliferation through G2/M phase arrest in vitro. However, data showed that decreased expression of XRCC6 in MNNG/HOS did not influence the ability of migration or invasion (Figure S1A,B).


Figure 2. Knockdown of XRCC6 inhibited cell proliferation through G2/M phase arrest. (A,B) The expression of XRCC6 was downregulated by a targeted siRNA; (C,D) a CCK8 assay was used to detect the proliferation of MNNG/HOS cells and U2OS cells after transfection with targeted siRNA. Diagrams showing the results of a CCK-8 assay that MNNG/HOS and U2OS proliferation were inhibited by downregulating XRCC6 expression; (E,G) cell cycle profiles determined by propidium iodide (PI) staining and flow cytometry assays of MNNG/HOS transfected with si-XRCC6 or si-NC; (F,H) cell cycle profiles determined by propidium iodide (PI) staining and flow cytometry assays of U2OS transfected with si-XRCC6 or si-NC. The data are representative of three independent experiments. Error bars represent SD (Standard Deviation). * p < 0.05, ** p < 0.01 by Student’s t test.
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2.3. Decreased XRCC6 Expression Impaired Colony-Forming Capacity of OS Cells


Colony forming assay was carried out to determine the colony-forming capacity of OS cells after knockdown of XRCC6 expression. It was found that the number and the size of the colonies were both obviously decreased in the XRCC6 knockdown group in comparison with the control group (Figure 3A,C). The number of colonies was significantly reduced by 44% and 54.5% in MNNG/HOS and U2OS cells, respectively (Figure 3B,D). In conclusion, these results demonstrated that XRCC6 was important for OS cell growth.


Figure 3. Decreased XRCC6 impaired OS cell colony-forming capacity. (A,C) Colony formation assay of MNNG/HOS cells and U2OS cells transfected with targeted siRNA or si-NC. After two weeks, cells in each well were fixed and counted. Representative photo micrographs of MNNG/HOS cells (A); and U2OS cells (C), colonies in culture plates; (B,D) significant reduction in the colony-forming efficacy in MNNG/HOS cells (B), and U2OS cells (D). Following XRCC6 knockdown. Data are expressed as mean ± SD. of three independent experiments. ** p < 0.01, by student’s t test. (Magnification: 1×).
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2.4. The β-Catenin/Wnt Signaling Pathway Was Dysregulated by XRCC6 in OS Cells


As the β-catenin/Wnt signaling pathway was widely reported in OS and correlated to tumor growth, and several studies revealed that XRCC6 was a regulator of the β-catenin/Wnt signaling pathway [20,21], we examined whether XRCC6 could influence OS cell proliferation by regulating downstream of these pathways using Western blot analysis. As shown in Figure 4, knockdown of XRCC6 expression led to a reduced expression of β-catenin and the downstream protein level of this pathway in both MNNG/HOS and U2OS cells. Taken together, XRCC6 promotes OS cell proliferation through the β-catenin/Wnt signaling pathway.


Figure 4. XRCC6 regulates the β-catenin/Wnt signaling pathway. (A) Western blot analysis of β-catenin and the downstream protein level of this pathway including c-MYC, Cyclin D1 in both MNNG/HOS and U2OS cells transfected with targeted siRNA or si-NC. Knockdown of XRCC6 expression by targeted siRNA led to reduced expression of β-catenin and the downstream protein level of this pathway in both MNNG/HOS and U2OS cells; (B) a densitometric analysis of the Western blotting bands was performed. * p < 0.05 by Student’s t test.
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2.5. XRCC6 Expression Correlates to OS Clinical Stage and Tumor Size


The protein levels of XRCC6 expression were detected by Immuohistochemical staining (IHC) in fifty human OS tissue samples and the corresponding non-tumorous tissue controls with the purpose to further explore the clinical relevance of the findings. The procedures were similar to those described previously [22]. Representative examples of IHC for XRCC6 in OS tissues and the noncancerous tissues are shown in Figure 5. The positive rate of IHC among OS tissues and the noncancerous tissues were 54% (27/50) and 18% (9/50), respectively. Moreover, XRCC6 expression levels were higher in human OS tissue samples than that in the corresponding non-tumorous tissues (56%, 28/50). Correlations between the XRCC6 protein expression level and clinical characteristics of OS were performed using stratified analyses and are summarized in Table 1. High expression of XRCC6 correlated positively with clinical stage (p < 0.05) and tumor size (p < 0.05). XRCC6 expression levels were negatively related to gender, age, anatomic location, tumor necrosis rate, or degree of malignancy. To conclude, these results revealed that XRCC6 was upregulated in OS tissue samples and might play an important role in OS survival and growth.


Figure 5. High expression of XRCC6 correlates to OS clinical stage and tumor size. Representative images of histological inspection of an OS tissue or noncancerous tissue micrographs were shown as labeled. XRCC6 was overexpressed in OS tissues compared with corresponding noncancerous tissues.
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Table 1. The relationship between Immunohistochemistry (IHC) of XRCC6 and their clinicopathologic parameters in 50 osteosarcoma patients.







	
Clinicopathologic Parameters

	
Number of Cases

	
IHC of XRCC6




	
Positive

	
Negative

	
χ2

	
p Value






	
Age (years)




	
<20

	
31

	
17

	
14

	
0.023

	
0.879




	
≥20

	
19

	
10

	
9




	
Gender




	
Male

	
27

	
14

	
13

	
0.109

	
0.741




	
Female

	
23

	
13

	
10




	
Anatomic Location




	
Tibia/Femur

	
33

	
17

	
16

	
0.241

	
0.623




	
Elsewhere

	
17

	
10

	
7




	
Ennecking Stage




	
I/II

	
35

	
15

	
20

	
4.432

	
0.035 *




	
III

	
15

	
12

	
3




	
Tumor Size (cm3)




	
<50

	
21

	
7

	
14

	
6.226

	
0.013 *




	
≥50

	
29

	
20

	
9




	
Degree of Malignancy




	
Low

	
23

	
9

	
14

	
3.791

	
0.052




	
High

	
27

	
18

	
9




	
Tumor Necrosis Rate (%)




	
<90

	
27

	
16

	
11

	
0.654

	
0.419




	
≥90

	
23

	
11

	
12








p-Value represents the probability from Perison χ-Square or Continuity Correction Test for IHC of XRCC6 expression between variable subgroups. * p < 0.05, which was considered to have a significant difference.










3. Discussion


Osteosarcoma is the most common primary malignant bone tumor with high ability of distant metastases, local recurrence and invasion [23,24]. The survival rate has increased from the 1960s to the 1980s fourfold, owing to the advances in treatments, including effective pre- and post-operative chemotherapy and wide resection of tumors [25,26]. However, the increase has stopped during the most recent three decades, and survival rates have remained unchanged [5]. Therefore, uncovering the molecular mechanisms of OS may help to identify effective therapies for OS treatment.



X-ray repair cross-complementing group (XRCC) is a family of DNA repair genes with a main function in the repair of single-strand breaks and DNA-based damage [27,28]. Multi genes in the XRCC family have been well studied in the process of carcinogenesis and have been deemed as promising genetic biomarkers. Qiao et al. revealed the potential relationship between genetic variants of XRCC1 and the susceptibility of gastric cancer in Chinese Han population, and that they might be used as molecular markers [29]. A study by Perez et al. indicated a statistical association between cervical cancer and XRCC2 [30]. Curtin et al. demonstrated that XRCC2 is crucial in colorectal cancer tumorigenesis [31].



In this article, we demonstrated that XRCC6, a member of the XRCC family, was upregulated in OS cell lines and OS tissue samples in comparison with corresponding non-tumorous tissues. In addition, we found that the expression of XRCC6 was correlated with OS Ennecking stage and tumor size according to IHC staining. The upregulation of XRCC6 has been reported in several different tumor types. Moeller et al. [32] carried out a study in a large cohort of head and neck squamous cell carcinoma (HNSCC) patients and found the overexpression of XRCC6. Marimuthu et al. [33] also reported that XRCC6 was upregulated in HNSCC cell lines through an isobaric tag for relative and absolute quantitation (iTRAQ) labeling methodology, coupled with high-resolution mass spectrometry. A study by Wang et al. revealed the increased XRCC6 expression in lung cancer [34]. However, the expression of XRCC6 in OS has not been reported before.



To further investigate whether or not the overexpression of XRCC6 has a function in OS cells, we suppressed its expression using a targeted siRNA. We found that knockdown of XRCC6 expression impairs cell proliferation ability, as well as the colony-formation ability, and led to enhancement of G2/M phase population. These results indicated that XRCC6 plays a critical role in OS cell growth and act as an oncogene in OS. The same results have been mentioned previously by other authors. Lim et al. demonstrated that XRCC6 expression was mediated by NF-κB and the high XRCC6 expression contributes to cell proliferation and carcinogenesis in gastric cancer [35]. Zhang et al. reported that XRCC6 regulates hepatocellular carcinoma cell proliferation and hepatic carcinogenesis by interacting with FOXO4 [36]. Meng et al. also showed that XRCC6 was associated with cell proliferation following cerebral hypoxia-ischemia in neonatal rats [37]. However, data showed that decreased expression of XRCC6 in MNNG/HOS did not influence migration or invasion. (Figure S1A,B)



As a evolutionarily conserved and traditional signaling pathway, the Wnt signaling pathway plays a crucial role in the regulation of multiple cellular processes, including cell fate determination, cell migration, cell polarity, and organogenesis during embryonic development and tissue homeostasis [38,39]. Several articles have reported on the association between OS and the β-catenin/Wnt signaling pathway [40,41,42]. Recent studies revealed that XRCC6 is a regulator of the β-catenin/Wnt signaling pathway in several tumor types. Puebla-Osorio et al. reported that XRCC6 was essential in tumorigenesis and proliferation in colorectal cancer and was linked to the dysregulation of the Wnt/β-catenin signaling pathway [43]. Idogawa et al. demonstrated that XRCC6 interact with TCF-4 and mediate the Wnt/β-catenin signaling pathway [44]. We found in this study that knockdown of XRCC6 expression through targeted siRNA downregulated β-catenin, c-MYC and Cyclin D1. These results suggest that XRCC6 influences OS progression by regulating the Wnt/β-catenin signaling pathway.




4. Materials and Methods


4.1. Cell Lines and Cell Culture


Two osteosarcoma cell lines were used: MNNG/HOS and U2OS. The cells were placed in a humidified atmosphere containing 5% CO2 with a constant temperature of 37 °C. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (MNNG/HOS cells) or RPMI-1640 (U2OS cells) and supplemented with 10% fetal bovine serum (FBS) (Biowest, Kansas, MO, USA), 100 U/mL penicillin (Sigma-Aldrich, St. Louis, MO, USA), and 100 mg/mL streptomycin (Sigma-Aldrich).




4.2. Human Osteosarcoma Samples


Between 2013 and 2014, a total of 50 human osteosarcoma samples and the adjacent non-tumor tissues were collected during surgery at Shanghai Jiao Tong University Affiliated Sixth People’s Hospital. The tumor samples were immediately frozen in liquid nitrogen after resection and stored at −80 °C in a refrigerator. Informed consent was acquired from all patients, and the study was approved by the Ethics Committee of the Shanghai Jiao Tong University Affiliated Sixth People’s Hospital (YS-2016-064, 24 February 2016).




4.3. RNA Isolation and qRT-PCR Assays


Trizol Kit (Invitrogen, Carlsbad, CA, USA) and Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA) were used to extract and quantify total RNA from OS cells and human OS samples. The PrimeScript RT Reagent kit (TaKaRa Biotechnology, Shiga, Japan) was used in reversely transcribed to synthesize complementary cDNA. Quantitative reversed PCR was performed using SYBR Green premix Ex Taq (TaKaRa Biotechnology) according to the manufacturer’s instructions. Expression levels were normalized using β-actin. The comparative Ct method was used to calculate the gene expression. Primer sequences used was listed below: XRCC6: Forward: TCATGGCAACTCCAGAGCAG, Reverse: AACCTTGGGCAATGTCAGGT; β-actin: Forward: TTGTTACAGGAAGTCCCTTGCC, Reverse: ATGCTATCACCTCCCCTGTGTG.




4.4. Cell Transfection


RNAi-max was used in the transfection of siRNA. The sequence of siRNA targeting XRCC6 was: GAAGTGACAGCTTTGAGAA. The procedure was performed according to the manufacturer’s protocol. Briefly, cells were cultured in six-well plates and the transfection was performed when the density was 40%–60% with a concentration of 50 nM of siRNA.




4.5. Cell Proliferation and Cell Cycle Assay


The cell viability was measured using Cell Counting Kit-8 (CCK-8) (Dojindo Molecular Technologies, Kumamoto, Japan). Briefly, cells transfected with XRCC6 siRNA were seeded in a 96-well microplate with a density of 3000 cells per well. Ten microliters of CCK8 reagent were dissolved and 100 μL RPMI-1640 (U2OS cells) or DMEM (MNNG/HOS cells) was added to each well, and a microplate reader (Mode 680) (Bio-Rad Laboratories, Hercules, CA, USA) was used to measure the absorbance at 450 nm wavelength two hours later. For cell cycle assay, cells transfected with targeted siRNA for two days were fixed in 70% ethanol and stored at −20 °C overnight. Then, the cells were stained by propidium iodide (Kaiji, Nanjing, China) at a concentration of 50 µg/mL and analyzed with a flow cytometer (BD Biosciences, San Jose, CA, USA). The assay was repeated three times. ModFit software (BD Biosciences) was used to analyze the results.




4.6. Migration and Invasion Assays


A 24-well plate with 8-μm pore size chamber inserts (Corning, New York, NY, USA) was utilized, according to the manufacturer’s instructions, for cell migration assays and invasion assays. For migration assays, we seeded 5 × 104 OS cells in the upper chamber in 200 μL serum-free DMEM (for MNNG/HOS cells) or RPMI-1640 (for U2OS cells) per well. For invasion assays, we seeded 1 × 105 OS cell in the upper chamber in 200 μL serum-free DMEM (for MNNG/HOS cells) or RPMI-1640 (for U2OS cells) per well with the Matrigel-coated membrane. Eight hundred microliters of DMEM (for MNNG/HOS cells) or RPMI-1640 (for U2OS cells), supplemented with 10% fetal bovine serum, were added in the lower chamber. Non-migrated or non-invaded cells remaining at the top surface of the inserts were removed after incubation for 13 h or 16 h at 37 °C. The cells adherent to the lower surface of the inserts were fixed and stained with 0.1% crystal violet. Cells were counted and imaged through a CKX41 inverted microscope (Olympus, Tokyo, Japan). The assay was repeated three times.




4.7. Colony Formation Assay


Cells transfected with targeted siRNA or siNC were seeded in a six-well plate with a concentration of 1000 cells per well and cultured in a humidified atmosphere containing 5% CO2 at a constant temperature of 37 °C to form colonies. Two weeks later, cells were fixed and stained with 100% methanol and 0.1% crystal violet for 20 min, separately. Colonies were air-dried and counted. The assay was repeated three times.




4.8. Western Blot Analysis


After extraction with a mixture of T-PER Protein Extraction Reagent (Thermo Fisher Scientific, Waltham, MA, USA), Complete Mini (Roche, Basel, Switzerland) and PhosSTOP (Roche) from cells, lysates were fractionated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transfected to nitrocellulose membranes (Millipore, Billerica, MA, USA). A 5% milk in phosphate buffered saline was used to block the non-specific binding sites for one hour. The membranes were then incubated at 4 °C for overnight with the following primary antibodies: XRCC6 (Proteintech, Chicago, IL, USA. 1:500), β-catenin (total) (Proteintech, 1:500), β-catenin (actived) (Bioworld Technology, St. Louis Park, MN, USA, 1:500), c-MYC (Proteintech, 1:500), Cyclin D1 (Proteintech, 1:500) or β-actin (Sigma-Aldrich, 1:20,000). The secondary antibodies were anti-rabbit IgG (Sigma-Aldrich, 1:5000) or anti-mouse IgG (Sigma-Aldrich, 1:5000). SuperSignal West Femto Maxmum Sensitivity Substrate (Thermo Fisher Scientific) was used to perform the chemiluminescence detection of the blots. Images were analyzed with ImageJ software by loading the image as a grayscale picture.




4.9. Immunohistochemistry (IHC)


Similar to what has been previously described [22], sections fixed with formalin and embedded with paraffin were warmed in a 60 °C oven, dewaxed in three changes of xylene, and passaged through graded ethanol (100%, 95%, and 70%) before a final wash in distilled water. The activity of endogenous peroxidase was quenched using 3% hydrogen peroxide. After blocking with BSA for 30 min, antibody against XRCC6 was used at a 1:50 dilution to incubate the section at 4 °C overnight. Counterstain was applied to all the above-mentioned slides with Gill’s Hematoxylin for one minute, then dehydrated and mounted for light microscopic evaluation. Staining intensity was classified using an established 0–3 scale, listed as follows, using systematically screening: 0, no staining; 1, staining in <1% cells; 2, staining in 1%–10% cells; 3, staining in >10% of cells. The samples classified as 0 and 1 were considered negative, while the samples classified as 2 and 3 were considered positive. In total, ten optical fields from three different sections were used for each evaluation by two experienced workmates, respectively.




4.10. Statistical Analysis


GraphPad Prism 5 software (Graphpad Software, Inc. La Jolla, CA, USA) was used to image all the data. The differences between the groups were compared using a two-tailed Student’s t-test. The correlations between the IHC of XRCC6 and the clinicopathologic parameters were determined using Perison Chi-Square and Continuity Correction Test. Data were analyzed using SPSS software (version 16.0) (IBM Corporation, New York, NY, USA). p < 0.05 was considered statistically significant.





5. Conclusions


To conclude, in this study, we provide novel evidence that XRCC6 was upregulated in OS cell lines and OS tissues. High expression of XRCC6 was correlated with clinical stage and tumor size in osteosarcoma. Reduced expression of XRCC6 inhibits OS cell proliferation. Further investigation revealed that the β-catenin/Wnt signaling pathway played an important role in the tumor-promoting effect of XRCC6. Importantly, these findings revealed that XRCC6 may become a promising new therapeutic target for the suppression of OS proliferation.








Supplementary Materials


Supplementary materials can be found at http://www.mdpi.com/1422-0067/17/7/1188/s1.





Author Contributions


Bin Zhu and Qingcheng Yang conceived and designed the experiments; Bin Zhu and Dongdong Cheng performed the experiments; Bin Zhu, Shijie Li and Shumin Zhou analyzed the data; Bin Zhu wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Moore, D.D.; Luu, H.H. Osteosarcoma. Cancer Treat. Res. 2014, 162, 65–92. [Google Scholar] [PubMed]

	2. 
Saha, D.; Saha, K.; Banerjee, A.; Jash, D. Osteosarcoma relapse as pleural metastasis. South Asian J. Cancer 2013, 2, 56. [Google Scholar] [CrossRef] [PubMed]

	3. 
Shaikh, A.B.; Li, F.; Li, M.; He, B.; He, X.; Chen, G.; Guo, B.; Li, D.; Jiang, F.; Dang, L. Present Advances and Future Perspectives of Molecular Targeted Therapy for Osteosarcoma. Int. J. Mol. Sci. 2016, 17, 506. [Google Scholar] [CrossRef] [PubMed]

	4. 
Coventry, M.B.; Dahlin, D.C. Osteogenic sarcoma; a critical analysis of 430 cases. J. Bone Jt. Surg. Am. Vol. 1957, 39, 741–757. [Google Scholar]

	5. 
Allison, D.C.; Carney, S.C.; Ahlmann, E.R.; Hendifar, A.; Chawla, S.; Fedenko, A.; Angeles, C.; Menendez, L.R. A meta-analysis of osteosarcoma outcomes in the modern medical era. Sarcoma 2012, 2012, 704872. [Google Scholar] [CrossRef] [PubMed]

	6. 
Bielack, S.S.; Kempf-Bielack, B.; Delling, G.; Exner, G.U.; Flege, S.; Helmke, K.; Kotz, R.; Salzer-Kuntschik, M.; Werner, M.; Winkelmann, W. Prognostic factors in high-grade osteosarcoma of the extremities or trunk: An analysis of 1,702 patients treated on neoadjuvant cooperative osteosarcoma study group protocols. J. Clin. 2002, 20, 776–790. [Google Scholar] [CrossRef]

	7. 
Yang, J.; Cheng, D.; Zhu, B.; Zhou, S.; Ying, T.; Yang, Q. Chromobox Homolog 4 is Positively Correlated to Tumor Growth, Survival and Activation of HIF-1alpha Signaling in Human Osteosarcoma under Normoxic Condition. J. Cancer 2016, 7, 427–435. [Google Scholar] [CrossRef] [PubMed]

	8. 
Li, K.; Yin, X.; Yang, H.; Yang, J.; Zhao, J.; Xu, C.; Xu, H. Association of the genetic polymorphisms in XRCC6 and XRCC5 with the risk of ESCC in a high-incidence region of North China. Tumori 2015, 101, 24–29. [Google Scholar] [CrossRef] [PubMed]

	9. 
Rathaus, M.; Lerrer, B.; Cohen, H.Y. DeubiKuitylation: A novel DUB enzymatic activity for the DNA repair protein, Ku70. Cell Cycle 2009, 8, 1843–1852. [Google Scholar] [CrossRef] [PubMed]

	10. 
Kragelund, B.B.; Weterings, E.; Hartmann-Petersen, R.; Keijzers, G. The Ku70/80 ring in Non-Homologous End-Joining: Easy to slip on, hard to remove. Front. Biosci. 2016, 21, 514–527. [Google Scholar]

	11. 
Hsia, T.C.; Liu, C.J.; Chu, C.C.; Hang, L.W.; Chang, W.S.; Tsai, C.W.; Wu, C.I.; Lien, C.S.; Liao, W.L.; Ho, C.Y. Association of DNA double-strand break gene XRCC6 genotypes and lung cancer in Taiwan. Anticancer Res. 2012, 32, 1015–1020. [Google Scholar] [PubMed]

	12. 
Zhao, P.; Zou, P.; Zhao, L.; Yan, W.; Kang, C.; Jiang, T.; You, Y. Genetic polymorphisms of DNA double-strand break repair pathway genes and glioma susceptibility. BioMed Cent. Cancer 2013, 13, 234. [Google Scholar] [CrossRef] [PubMed]

	13. 
Zhou, C.; Tang, H.; Yu, J.; Zhuang, D.; Zhang, H. Blood-based DNA methylation of DNA repair genes in the non-homologous end-joining (NEHJ) pathway in patient with glioma. Int. J. Clin. Exp. Pathol. 2015, 8, 9463–9467. [Google Scholar] [PubMed]

	14. 
Hsu, C.M.; Yang, M.D.; Chang, W.S.; Jeng, L.B.; Lee, M.H.; Lu, M.C.; Chang, S.C.; Tsai, C.W.; Tsai, Y.; Tsai, F.J. The contribution of XRCC6/Ku70 to hepatocellular carcinoma in Taiwan. Anticancer Res. 2013, 33, 529–535. [Google Scholar] [PubMed]

	15. 
Wang, Z.; Lin, H.; Hua, F.; Hu, Z.W. Repairing DNA damage by XRCC6/KU70 reverses TLR4-deficiency-worsened HCC development via restoring senescence and autophagic flux. Autophagy 2013, 9, 925–927. [Google Scholar] [CrossRef] [PubMed]

	16. 
Ma, Y.; Zhu, B.; Liu, X.; Yu, H.; Yong, L.; Liu, X.; Shao, J.; Liu, Z. Inhibition of oleandrin on the proliferation show and invasion of osteosarcoma cells in vitro by suppressing Wnt/β-catenin signaling pathway. J. Exp. Clin. Cancer Res. CR 2015, 34, 115. [Google Scholar] [CrossRef] [PubMed]

	17. 
Kansara, M.; Tsang, M.; Kodjabachian, L.; Sims, N.A.; Trivett, M.K.; Ehrich, M.; Dobrovic, A.; Slavin, J.; Choong, P.F.; Simmons, P.J. Wnt inhibitory factor 1 is epigenetically silenced in human osteosarcoma, and targeted disruption accelerates osteosarcomagenesis in mice. J. Clin. Investig. 2009, 119, 837–851. [Google Scholar] [CrossRef] [PubMed]

	18. 
McQueen, P.; Ghaffar, S.; Guo, Y.; Rubin, E.M.; Zi, X.; Hoang, B.H. The Wnt signaling pathway: Implications for therapy in osteosarcoma. Expert Rev. Anticancer Ther. 2011, 11, 1223–1232. [Google Scholar] [CrossRef] [PubMed]

	19. 
Ma, Y.; Ren, Y.; Han, E.Q.; Li, H.; Chen, D.; Jacobs, J.J.; Gitelis, S.; O’Keefe, R.J.; Konttinen, Y.T.; Yin, G. Inhibition of the Wnt/β-catenin and Notch signaling pathways sensitizes osteosarcoma cells to chemotherapy. Biochem. Biophys. Res. Commun. 2013, 431, 274–279. [Google Scholar] [CrossRef] [PubMed]

	20. 
Tavana, O.; Puebla-Osorio, N.; Kim, J.; Sang, M.; Jang, S.; Zhu, C. Ku70 functions in addition to nonhomologous end joining in pancreatic β-cells: A connection to β-catenin regulation. Diabetes 2013, 62, 2429–2438. [Google Scholar] [CrossRef] [PubMed]

	21. 
Chang, H.W.; Nam, H.Y.; Kim, H.J.; Moon, S.Y.; Kim, M.R.; Lee, M.; Kim, G.C.; Kim, S.W.; Kim, S.Y. Effect of β-catenin silencing in overcoming radioresistance of head and neck cancer cells by antagonizing the effects of AMPK on Ku70/Ku80. Head Neck 2016, 38, 1909–1917. [Google Scholar] [CrossRef] [PubMed]

	22. 
Lin, S.; Guo, Q.; Wen, J.; Li, C.; Lin, J.; Cui, X.; Sang, N.; Pan, J. Survival analyses correlate stanniocalcin 2 overexpression to poor prognosis of nasopharyngeal carcinomas. J. Exp. Clin. Cancer Res.: CR 2014, 33, 26. [Google Scholar] [CrossRef] [PubMed]

	23. 
Raymond, A.K.; Jaffe, N. Osteosarcoma multidisciplinary approach to the management from the pathologist’s perspective. Cancer Treat. Res. 2009, 152, 63–84. [Google Scholar] [PubMed]

	24. 
Ando, K.; Heymann, M.F.; Stresing, V.; Mori, K.; Redini, F.; Heymann, D. Current therapeutic strategies and novel approaches in osteosarcoma. Cancers 2013, 5, 591–616. [Google Scholar] [CrossRef] [PubMed]

	25. 
Luetke, A.; Meyers, P.A.; Lewis, I.; Juergens, H. Osteosarcoma treatment-where do we stand? A state of the art review. Cancer Treat. Rev. 2014, 40, 523–532. [Google Scholar] [CrossRef] [PubMed]

	26. 
Marina, N.; Gebhardt, M.; Teot, L.; Gorlick, R. Biology and therapeutic advances for pediatric osteosarcoma. Oncologist 2004, 9, 422–441. [Google Scholar] [CrossRef] [PubMed]

	27. 
Gong, H.; Li, H.; Zou, J.; Mi, J.; Liu, F.; Wang, D.; Yan, D.; Wang, B.; Zhang, S.; Tian, G. The relationship between five non-synonymous polymorphisms within three XRCC genes and gastric cancer risk in a Han Chinese population. Tumour Biol. 2016, 37, 5905–5910. [Google Scholar] [CrossRef] [PubMed]

	28. 
Dizdaroglu, M. Oxidatively induced DNA damage and its repair in cancer. Mutat. Res. Rev. Mutat. Res. 2015, 763, 212–245. [Google Scholar] [CrossRef] [PubMed]

	29. 
Qiao, W.; Wang, T.; Zhang, L.; Tang, Q.; Wang, D.; Sun, H. Association study of single nucleotide polymorphisms in XRCC1 gene with the risk of gastric cancer in Chinese population. Int. J. Biol. Sci. 2013, 9, 753–758. [Google Scholar] [CrossRef] [PubMed]

	30. 
Perez, L.O.; Crivaro, A.; Barbisan, G.; Poleri, L.; Golijow, C.D. XRCC2 R188H (rs3218536), XRCC3 T241M (rs861539) and R243H (rs77381814) single nucleotide polymorphisms in cervical cancer risk. Pathol. Oncol. Res. 2013, 19, 553–558. [Google Scholar] [CrossRef] [PubMed]

	31. 
Curtin, K.; Lin, W.Y.; George, R.; Katory, M.; Shorto, J.; Cannon-Albright, L.A.; Smith, G.; Bishop, D.T.; Cox, A.; Camp, N.J. Genetic variants in XRCC2: New insights into colorectal cancer tumorigenesis. Cancer Epidemiol. Biomark. Prev. 2009, 18, 2476–2484. [Google Scholar] [CrossRef] [PubMed]

	32. 
Moeller, B.J.; Yordy, J.S.; Williams, M.D.; Giri, U.; Raju, U.; Molkentine, D.P.; Byers, L.A.; Heymach, J.V.; Story, M.D.; Lee, J.J. DNA repair biomarker profiling of head and neck cancer: Ku80 expression predicts locoregional failure and death following radiotherapy. Clin. Cancer Res. 2011, 17, 2035–2043. [Google Scholar] [CrossRef] [PubMed]

	33. 
Marimuthu, A.; Chavan, S.; Sathe, G.; Sahasrabuddhe, N.A.; Srikanth, S.M.; Renuse, S.; Ahmad, S.; Radhakrishnan, A.; Barbhuiya, M.A.; Kumar, R.V. Identification of head and neck squamous cell carcinoma biomarker candidates through proteomic analysis of cancer cell secretome. Biochim. Biophys. Acta 2013, 1834, 2308–2316. [Google Scholar] [CrossRef] [PubMed]

	34. 
Wang, Y.C.; Chen, B.S. A network-based biomarker approach for molecular investigation and diagnosis of lung cancer. BioMed Cent. Med. Genom. 2011, 4, 2. [Google Scholar] [CrossRef] [PubMed]

	35. 
Lim, J.W.; Kim, H.; Kim, K.H. Expression of Ku70 and Ku80 mediated by NF-κB and cyclooxygenase-2 is related to proliferation of human gastric cancer cells. J. Biol. Chem. 2002, 277, 46093–46100. [Google Scholar] [CrossRef] [PubMed]

	36. 
Zhang, T.; Zhang, X.; Shi, W.; Xu, J.; Fan, H.; Zhang, S.; Ni, R. The DNA damage repair protein Ku70 regulates tumor cell and hepatic carcinogenesis by interacting with FOXO4. Pathol. Res. Pract. 2016, 212, 153–161. [Google Scholar] [CrossRef] [PubMed]

	37. 
Meng, S.; Lin, L.; Lama, S.; Qiao, M.; Tuor, U.I. Cerebral expression of DNA repair protein, Ku70, and its association with cell proliferation following cerebral hypoxia-ischemia in neonatal rats. Int. J. Dev. Neurosci. 2009, 27, 129–134. [Google Scholar] [CrossRef] [PubMed]

	38. 
MacDonald, B.T.; Tamai, K.; He, X. Wnt/β-catenin signaling: Components, mechanisms, and diseases. Dev. Cell 2009, 17, 9–26. [Google Scholar] [CrossRef] [PubMed]

	39. 
Tian, J.; He, H.; Lei, G. Wnt/β-catenin pathway in bone cancers. Tumour Biol. 2014, 35, 9439–9445. [Google Scholar] [CrossRef] [PubMed]

	40. 
Lin, C.H.; Ji, T.; Chen, C.F.; Hoang, B.H. Wnt signaling in osteosarcoma. Adv. Exp. Med. Biol. 2014, 804, 33–45. [Google Scholar] [PubMed]

	41. 
Cai, Y.; Cai, T.; Chen, Y. Wnt pathway in osteosarcoma, from oncogenic to therapeutic. J. Cell. Biochem. 2014, 115, 625–631. [Google Scholar] [CrossRef] [PubMed]

	42. 
Lin, C.H.; Guo, Y.; Ghaffar, S.; McQueen, P.; Pourmorady, J.; Christ, A.; Rooney, K.; Ji, T.; Eskander, R.; Zi, X. Dkk-3, a secreted wnt antagonist, suppresses tumorigenic potential and pulmonary metastasis in osteosarcoma. Sarcoma 2013, 2013, 147541. [Google Scholar] [CrossRef] [PubMed]

	43. 
Puebla-Osorio, N.; Kim, J.; Ojeda, S.; Zhang, H.; Tavana, O.; Li, S.; Wang, Y.; Ma, Q.; Schluns, K.S.; Zhu, C. A novel Ku70 function in colorectal homeostasis separate from nonhomologous end joining. Oncogene 2014, 33, 2748–2757. [Google Scholar] [CrossRef] [PubMed]

	44. 
Idogawa, M.; Masutani, M.; Shitashige, M.; Honda, K.; Tokino, T.; Shinomura, Y.; Imai, K.; Hirohashi, S.; Yamada, T. Ku70 and poly(ADP-ribose) polymerase-1 competitively regulate β-catenin and T-cell factor-4-mediated gene transactivation: Possible linkage of DNA damage recognition and Wnt signaling. Cancer Res. 2007, 67, 911–918. [Google Scholar] [CrossRef] [PubMed]



















© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png





nav.xhtml


  ijms-17-01188


  
    		
      ijms-17-01188
    


  




  





media/file5.png





media/file3.png
XRCC6
?-calenin
actived)
B-catenin
(total)
-MY/
Cyclin D1
p-actin

MNNG/HOS

—
—
— —

e B ]

U208

75 kDa
86 kDa
86 kDa
50 kDa
34 kDa
42 kDa

Mean gray value (x10000)

3

* - * .
P P ~ - -~
3
2
1
S 2 & )
) 8 3 £ B
£ g £ 2
gzt d L
MNNG/HO!
(B)






media/file0.png
IS

= hFOB mm hrOB
=0 cell lines = OS cell lines

(¢}
s
H
8
gE 3 7
g H
e 8 2 XRCCH —J-- 75kDa £
2 z
z &
g 1 fractin G—-GCG—-—— 10,
5 e 4
o P & z 0
WFOB MNNG  MG63 U208 &2 S ¥J hFOB  MNNG  MG63 U208
D E
0.3 P<0.05
—_— = overexpression
o5 . = unchanged
% = underespression
2% 02
sk
iz .
2Z 01
-
0.0

Tumor
tissues.





media/file1.png
A MNNG/HOS U208
L5 13
£ > g E s
2 — 1 g%  p—| a .
Z10 24 XRCC6 s s 75kDa
Z x g .
3 factin s s—" 42kDa 2 % (S —— Y
Zos EZ 05
% 2%
0 . - : -
si-NC si-XRCC6 si-NC si-XRCC6
2 k2 NC *
sid
-~ si-NC *
~- si-XRCC6
o 15 —o- si-XRCC6 @) b}
= = 10
g g
S 10 2
] a3
2 2
5
o & 3°
R 5 T T
Days
E M G1&G2M W Gl&G2oM F g gl&Gm /. - Gl&G"M
200 O\ § s 0
20N S 200 E|
i
EE 5 150 ]
g1 £ 100 i
z z {
50 1
. \\ \ . \
80 si-NC si-XRCC6 80 si-NC si-XRCC6
G . siNC H - SiNC
= Si-XRCC6 = Si-XRCC6
~ 604 ~ 60
< S
& L
=0 =0
£ 404 2 404
5 —_ 5
2 204 = 54 -
—_—
od
Gl G2M Gl G2/M






media/file2.png
A MNNG/HOS

Number of colony

si-NC si-XRCC6 si-NC si-XRCC6

C U208

o

Number of colony

si-XRCC6 si-NC si-XRCC6





