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SIRT2 interacts with DDX24 to promote nasopharyngeal carcinoma growth
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Abstract: Background: Nasopharyngeal carcinoma (NPC) is one of the most prevalent cancers in Southeast Asia. Sirtuin 2 (SIRT2) is a member of the NAD+-dependent deacetylase family and has been shown to play important roles in numerous biological processes. However, Its function in NPC remains uncertain. The primary aim of this study is to clarify the role of SIRT2 in NPC. Methods: In this research, we examined the effect of SIRT2 silencing on NPC cell proliferation and colony formation using vitro NPC cell lines. Co-immunoprecipitation and mass spectrometry was applied to identify SIRT2-interacting proteins in NPC cells. Results: In comparison to nasopharyngeal epithelial NP69 cells, SIRT2 was up-regulated in multiple NPC cell lines, particularly in CNE2 cells. SIRT2 knockdown abrogated CNE2 cell proliferation and colony formation, whereas SIRT2 overexpression promoted HNE1 cell proliferation and colony formation. The SIRT2-interacting proteins were gathered in gene expression and regulation processes including RNA processing and translation. Among the SIRT2-interacting proteins, there were multiple DEAD-box (DDX) family members. Of note, silencing of DDX24 phenocopied the effect of SIRT2 knockdown on NPC growth. Overexpression of DDX24 restored SIRT2-depleted CNE2 cells to proliferative and colony formation. Conclusions: Our study indicates that SIRT2 can interact with DDX24 to enhance NPC growth. The clinical relevance of SIRT2 and DDX24 in NPC warrants further investigation.
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Introduction

Nasopharyngeal carcinoma (NPC) is one of the most common malignancies in Southeast Asia (Wong et al., 2021). Currently, platinum-based chemotherapy and radiation therapy are the main treatment options for NPC (Chen et al., 2019). However, primary or acquired chemoresistance and radiation resistance leads to unsatisfactory therapeutic outcomes (Yuan et al., 2022; Guo et al., 2021). In addition, patients in different regions seem to show different responses to treatment. Induction chemotherapy can improve the prognosis of endemic nasopharyngeal carcinoma, but not in non-endemic (Ou et al., 2016; Cao et al., 2017). This suggests that there are many factors contributing to the occurrence and development of NPC. Understanding the molecular pathways governing NPC malignant phenotypes is important for development of effective therapeutic strategies. Currently, the predictive role and related therapeutic approaches of tumor biomarkers, such as neutrophil to lymphocyte ratio, levels of EBV DNA, and microbiome are in progress (Orlandi et al., 2019).

Sirtuins (SIRTs) are a family of NAD+-dependent deacetylases that participate in a variety of biological processes including tumor development and growth (Jaiswal et al., 2022; Ji et al., 2022). Among the 7 mammalian SIRTs (SIRT1-7), SIRT1 and SIRT6 have been shown to inhibit NPC metastasis (Cheng, 2022; Chen et al., 2021). Unlike the 2 tumor-suppressive SIRTs, SIRT2 plays an oncogenic role in multiple malignancies such as osteosarcoma (Tian et al., 2022), prostate cancer (Lin et al., 2023), and endometrial cancer (Zhao et al., 2022). A recent study has indicated that SIRT2 can promote the resistance to lapatinib, a targeted tyrosine kinase inhibitor, in NPC (Aimjongjun et al., 2019). However, the part of SIRT2 in NPC has not been completely elucidated.

DDX24 is one of the DEAD-box (DDX) protein family of RNA helicases (Rocak and Linder, 2004). There are many aspects of RNA metabolism in which DDX proteins can participate, such as transcription, RNA degradation, pre-mRNA processing, RNA export, translation, and ribosomal biogenesis (Naineni et al., 2023). Thus, DDX proteins serve as important regulators of gene expression. Accumulating evidence has established a link between DDX24 and cancer progression. For instance, Liu et al. (2022) proved that expression of DDX24 is elevated in hepatocellular carcinoma (HCC) and improves proliferation and migration of HCC cells. Shi et al. (2016) showed that DDX24 is overexpressed in cancer cells and can suppress p53 activities to enhance tumor cell growth.

In this work, we explored the influence of SIRT2 in regulating NPC aggressive phenotype and identified an interaction between SIRT2 and DDX24. The mechanism underlying SIRT2-mediated NPC growth was uncovered.

Materials and Methods

Cell culture

Human nasopharyngeal epithelial cell line (NP69), as well as the NPC cell lines (CNE1, CNE2, and HNE1) were cultured at 37°C in a 5% CO2 incubator using Dulbecco’s modified eagle medium (DMEM) (Solebo, Beijing, China) complemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA).

Plasmids, small interfering RNAs (siRNAs), and cell transfection

We cloned the full-length coding sequence of SIRT2 into pcDNA3.1 myc-His vector to express Myc-tagged SIRT2. For overexpression studies, human SIRT2 and DDX24 cDNA was inserted into the pcDNA3.1(+) vector. The SIRT2- and DDX24-expressing plasmids (1 μg for each plasmid) were transfected into cancer cells through the Lipofectamine 3000 Transfection Reagent (Invitrogen, Carlsbad, CA, USA). For knockdown studies, CNE2 cells were inoculated in 6-well plates (1.5 × 106 cells/well) and incubated for 24 h. Transfection of indicated siRNAs (30 nM for each) into cells by HiPerFect Transfection Reagent (Qiagen, Hilden, Germany). The transfection efficiency exceeded 85%. The SIRT2 and DDX24 siRNA sequences are 5′-AAUCUCCACAUCCGCAGGCTT-3′ and 5′-GCAGUCAAGCUGTGGCAAATT-3′, respectively. The siRNA sequences for targeting other DDX genes are available on request. After 48 h, SIRT2 and DDX24 mRNA levels were evaluated by quantitative real-time PCR (qRT-PCR) analysis.

RNA extraction and qRT-PCR

Extraction of total RNA from the cells studied using Trizol reagent (Invitrogen) following the manufacturer’s protocol. RNA samples were transcribed to cDNA using the Superscript III Reverse Transcriptase Kit (Invitrogen). The SYBR Premix Ex Taq (TaKaRa, Tokyo, Japan) was used for qRT-PCR. The cycling conditions are indicated as below 95°C pre-denaturation for 5 min and 38 cycles of 95°C for 15 s and 60°C for 40 s. The experiment was repeated three times independently for each sample, using GAPDH as the internal reference. The results were analyzed based on the 2−ΔΔCt formula (Schmittgen and Livak, 2008). The upstream and downstream primers were 5′-CCGGCCTCTATGACAACCTA-3′ and 5′-GGAGTAGCCCCTTGTCCTTC-3′ for SIRT2; 5′-TCCCAATGATTCATGCGGTG-3′ and 5′-CAGGCAATGCATCAGACTCA-3′ for DDX24; and 5′-ACCACAGTCCATGCCATCAC-3′ and 5′-TCCACCACCCTGTTGCTGTA-3′ for GAPDH. The primer sequences for other DDX genes tested in this study are available on request.

Western blot analysis

Cells were lysed in radio-immunoprecipitation assay (RIPA) buffer supplemented with protease and phosphatase inhibitors (Thermo Fisher Scientific, Waltham, MA, USA). Protein concentration was determined using a protein assay kit (Beyotime, Beijing, China). Lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes. Membranes were blocked with 5% fat-free milk and then incubated at 4°C with the antibodies recognizing SIRT2, DDX24, Myc tag, and GAPDH (Cell Signaling Use Technology, Danvers, MA, USA). After washing, the membranes were incubated with horseradish peroxidase-coupled secondary antibodies (Beyotime, Beijing, China). Protein bands were visualized with chemiluminescence (Solebo, Beijing, China).

Co-immunoprecipitation assay

The co-immunoprecipitation experiments were carried out with the Immunoprecipitation Kit (Absin, Shanghai, China) following the manufacturer’s protocol. Briefly, CNE2 cells overexpressing Myc-tagged SIRT2 (1 × 107 cells) were lysed in RIPA buffer containing protease and phosphatase inhibitors and precleared with protein A/G agarose beads at 4°C for 1 h. The lysates were incubated with anti-Myc antibody (Cell Signaling Technology, Danvers, MA, USA) or control IgG overnight at 4°C, followed by incubation with protein A/G agarose beads at 4°C for 3 h. Immunoprecipitates were eluted from the agarose beads and subjected to Western blot analysis or mass spectrometry analysis.

Mass spectrometry analysis

Protein samples were resolved by SDS-PAGE and stained with a coomassie stain. Proteins in the gels were digested with trypsin to generate peptides. The peptides were then analyzed on a mass spectrometer. Protein identification was performed by searching against a UniProt protein database. The identified proteins were subjected to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG; https://www.kegg.jp/) analyses. Significant enrichment of genes in the GO biological processes and KEGG pathways were determined. Fisher’s exact test was used in GO and KEGG enrichment analysis. The GO categories and KEGG pathways with p-values < 0.05 were considered statistically significant.

Cell proliferation assay

CNE2 cells transfected with indicated constructs were seeded in 12-well plates at 1 × 104 cells/well. The cells were collected after being cultured for 2–6 days. The number of living cells at each point in time was determined, and the cell proliferation curve was plotted.

Colony formation assay

Colony formation assay was performed as previously described (Ling et al., 2022). CNE2 cells transfected with indicated constructs were plated in 12-well plates (400 cells/well). Colonies were cultured for 10–14 days, then dyed with crystalline violet and counted.

EdU cell proliferation assay

EdU cell proliferation assay was carried out as previously described (Wang et al., 2022). After transfecting with indicated constructs CNE2 cells were plated on cover slides in 6-well plates (1 × 104 cells/well). EdU working solution (10 μM; Beyotime) was added and incubated for further 2 h. After fixation and permeabilization, cells were incubated with the Click reaction solution in the dark for 30 min. Hoechst 33342 solution was then added to stain nuclei. Counted the number of EdU-positive cells under a fluorescence microscope.

Statistical analysis

All data are reported as the mean ± standard deviation (SD). Two groups were compared using the Student’s t-test, while multiple groups were compared with one-way analysis of variance. A p-value < 0.05 denotes statistical significance.

Results

Depletion of SIRT2 inhibits the proliferation of NPC cells

Compared to NP69 nasopharyngeal epithelial cells, SIRT2 expression increased but varied among NPC cell lines (p = 0.0004, p < 0.0001 and p < 0.0001, respectively) (Figs. 1A and 1B). Particularly, CNE2 cells exhibited more abundant expression of SIRT2 than the other NPC cell lines tested. To ascertain the role of SIRT2 plays in NPC biology, we knocked down SIRT2 using specific siRNAs. CNE2 cells transfected with SIRT2-targeting siRNAs had significantly lower levels of SIRT2 than control siRNA-transfected cells (p = 0.0033) (Figs. 1C and 1D).
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Figure 1: SIRT2 promotes the proliferation of NPC cells. (A) Quantification of SIRT2 mRNA levels in different cell lines. (B) Western blot analysis of SIRT2 protein in different cell lines. (C and D) Measurement of SIRT2 protein (C) and mRNA (D) levels in CNE2 cells transfected with control siRNA (siCtrl) or SIRT2 siRNA (siSIRT2). (E) Cell proliferation assay in CNE2 cells transfected with indicated siRNAs. (F) Colony formation assay in CNE2 cells transfected with indicated siRNAs. Scale bar, 4 mm. (G) EdU incorporation assay in CNE2 cells transfected with indicated siRNAs. Scale bar, 100 μm. (H) Western blot analysis of SIRT2 protein levels in HNE1 cells transfected with indicated plasmids. (I) Cell proliferation assay in HNE1 cells transfected with indicated plasmids. (J) Colony formation assay in HNE1 cells transfected with indicated plasmids. Scale bar, 4 mm. Data represent the mean ± SD of three replicates. *p < 0.05 by the Student’s t-test.

The cell proliferation curve (Fig. 1E) showed that SIRT2-depleted CNE2 cells proliferated more slowly than control cells at day4 (p = 0.0032), day5 (p = 0.0002) and day6 (p = 0.0005). Colony formation assays determined that SIRT2 knockdown cells generated fewer colonies than control cells (p = 0.0083) (Fig. 1F). Furthermore, EdU cell proliferation assays confirmed that the percentage of EdU-positive proliferative cells was obviously reduced in the SIRT2 knockdown group relative to the control group (p = 0.0082) (Fig. 1G). We also performed SIRT2 overexpression studies in HNE1 cells with relatively low levels of endogenous SIRT2. Ectopic expression of SIRT2 enhanced the proliferation and colony formation of HNE1 cells (Figs. 1H–1J). Taken together, SIRT2 is essential for the proliferation of NPC cells.

Protein interaction partners of SIRT2 in NPC cells

To investigate the mechanism by which SIRT2 regulates NPC growth, we performed co-immunoprecipitation and mass spectrometry to identify SIRT2-interacting proteins. For overexpression of SIRT2, the plasmid expressing Myc-tagged SIRT2 was transfected to CNE2 cells (Fig. 2A). Immunoprecipitation followed by SDS-PAGE revealed a specific band at the expected size of Myc-SIRT2 in Myc-SIRT2-overexpressing cells but not vector-transfected cells (Fig. 2B), suggesting an efficient immunoprecipitation of Myc-SIRT2. Co-immunoprecipitated proteins were subjected to in-gel digestion and protein identification by mass spectrometry. GO analysis represented that SIRT2-interacting proteins were enriched in gene expression and regulation processes including gene expression, RNA processing, and translation (Fig. 2C).
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Figure 2: Protein interaction partners of SIRT2 in CNE2 cells. (A) Overexpression of Myc-tagged SIRT2 in CNE2 cells. (B) Myc immunoprecipitates from CNE2 cells transfected with vector or Myc-tagged SIRT2-expressing plasmids were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and stained with coomassie blue stain. (C) Analysis of SIRT2-interacting proteins enriched in GO biological processes. (D) Enrichment of SIRT2-interacting proteins in specific KEGG pathways. (E) Co-immunoprecipitation assay performed in CNE2 cells transfected with Myc-tagged SIRT2-expressing plasmids.

Moreover, KEGG pathway analysis demonstrated an enrichment of SIRT2-interacting proteins in the ribosome and spliceosome pathways (Fig. 2D). These results suggest that SIRT2 may modulate gene expression via regulation of RNA processing and translation. Among the SIRT2-interacting proteins, there were multiple DDX family members including DDX1, DDX5, DDX17, DDX18, DDX24, DDX27, DDX46, DDX54, DDX55, and DDX56. Given the importance of DDX proteins in the regulation of RNA metabolism and gene expression (Rocak and Linder, 2004; Naineni et al., 2023), we speculated that SIRT2-mediated NPC growth might be ascribed to the interaction with DDX proteins.

SIRT2 interacts with DDX24 to promote NPC growth

The 10 candidate DDX genes (i.e., DDX1, DDX5, DDX17, DDX18, DDX24, DDX27, DDX46, DDX54, DDX55, and DDX56) were knocked down to determine their roles in NPC cells. Co-immunoprecipitation assay validated the association between SIRT2 and DDX24 (Fig. 2E). Silencing of DDX24 notably inhibited CNE2 cell proliferation and colony formation (p = 0.0097) (Figs. 3A–3C), which was similar to the effects elicited by SIRT2 knockdown (Fig. 1). Depletion of other DDX genes tested did not influence the growth of CNE2 cells (Suppl. Fig. S1). Most importantly, overexpression of DDX24 (Fig. 3D) restored the proliferation and colony formation of SIRT2-depleted CNE2 cells (Figs. 3E and 3F). These results suggest that the interaction between SIRT2 and DDX24 contributes to NPC cell growth.
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Figure 3: SIRT2 interacts with DDX24 to promote NPC growth. (A) Measurement of DDX24 mRNA in CNE2 cells transfected with control siRNA (siCtrl) or DDX24 siRNA (siDDX24). (B) Cell proliferation assay performed in CNE2 cells transfected with indicated siRNAs. (C) Colony formation assay performed in CNE2 cells transfected with indicated siRNAs. (D) Western blot analysis of SIRT2 and DDX24 protein in CNE2 cells transfected with indicated constructs. (E) Cell proliferation assay performed in CNE2 cells transfected with indicated constructs. (F) Colony formation assay performed in CNE2 cells transfected with indicated constructs. Data represent the mean ± SD of three replicates. *p < 0.05.

Discussion

Our study shows that SIRT2 is enhanced in NPC cells and contributes to NPC growth. Targeted reduction of SIRT2 decreases the proliferation and colony formation of NPC cells. In contrast, overexpression of SIRT2 promotes NPC cell proliferation. The growth-modulating activity of SIRT2 is causally linked to the interaction between SIRT2 and DDX24. Ectopic expression of DDX24 rescues the proliferation of SIRT2-depleted NPC cells. These findings indicate that SIRT2 can interact with DDX24 to regulate NPC growth. SIRT2 is a member of the classic type III deacetylases and has the capacity to deacetylate histone and non-histone proteins (Wang et al., 2019; Jablonska et al., 2022). Dysregulation of SIRT2 is frequently observed in malignant diseases (Damodaran et al., 2017; Chen et al., 2013; Kim et al., 2011). Chen et al. (2013) stated that SIRT2 is upregulated in HCC and significantly correlated with advanced tumor stage, microscopic vascular invasion, and shorter overall survival. Damodaran et al. (2017) found that SIRT2 expression is reduced in prostate cancer relative to benign tissues and correlates with worse clinicopathologic outcomes. Our research illustrates that SIRT2 expression is elevated in NPC cells compared to nasopharyngeal epithelial cells, suggesting its involvement in NPC progression. However, additional studies are necessary to explore the expression and clinical significance of SIRT2 in NPC.

The effect of SIRT2 in tumor progression depends on cancer type. In some cancer types such as osteosarcoma (Tian et al., 2022) and endometrial cancer (Zhao et al., 2022), SIRT2 can promote tumor progression. However, in other types of cancer for instance colorectal cancer (Wang et al., 2020) and lung cancer (Xu et al., 2015), SIRT2 plays an opposite role. Our data show that knockdown of SIRT2 antagonizes CNE2 cell proliferation and colony formation. Consist with our results, a previous study reported that inhibition of SIRT2 activity increases lapatinib cytotoxicity against NPC cells (Aimjongjun et al., 2019). These findings demonstrate that SIRT2 plays an oncogenic function in NPC.

By performing co-immunoprecipitation and mass spectrometry, we find that SIRT2-interacting proteins are enriched in gene expression and regulation processes including gene expression, RNA processing, and translation. Of note, the SIRT2-interacting proteins include several DDX family members including DDX24. DDX proteins are known to modulate gene expression and translation through alteration of RNA metabolism and transport (Rocak and Linder, 2004; Naineni et al., 2023). These data suggest that SIRT2 might interact with DDX proteins to regulate gene expression, consequently contributing to NPC growth. In agreement with this hypothesis, we show that knockdown of DDX24 phenocopies the effects of SIRT2 silencing on NPC cells. Most importantly, overexpression of DDX24 reverses the suppression of proliferation and colony formation caused by SIRT2 knockdown. It has been documented that DDX24 can promote HCC cell proliferation and migration (Liu et al., 2022). According to another study, DDX24 protein is important for HCC growth and metastasis by decreased TRIM27-induced ubiquitination-related degradation and stabilizing its protein level (Zhang et al., 2022). Our data provide first evidence that DDX24 functions as an oncogene in NPC. Its depletion leads to a remarkable inhibition of NPC cell colony formation and proliferation. In SIRT2-overexpressing CNE2 cells, DDX24 protein levels are raised, but the mRNA abundance remains unchanged. We speculated that the increased protein levels of DDX24 might be the result of SIRT2-mediated stabilization.

Studies are currently underway to address this issue. This study has some limitations. Firstly, the clinical significance of SIRT2 and DDX24 in NPC is not clarified. Secondly, it remains to be determined how SIRT2 increases the protein levels of DDX24 in NPC cells. Finally, the mechanism underlying DDX24-induced NPC growth needs further investigation.

Conclusions

In summary, this work demonstrates that SIRT2 is upregulated in NPC cells and contributes to NPC cell proliferation and colony formation. SIRT2-mediated regulation of NPC growth depends on its interaction with DDX24 protein. The clinical significance of SIRT2 and DDX24 in NPC warrants further exploration.
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Figure S1: Effect of knockdown of DDX genes on the proliferation of CNE2 cells. (A–I) Quantitative real-time PCR analysis of indicated DDX genes in CNE2 cells transfected with control siRNA (siCtrl) or DDX-targeting siRNAs. Data represent the mean ± SD of three replicates. *p < 0.05. (J–L) Cell proliferation assay performed in CNE2 cells transfected with indicated siRNAs. No significant changes in cell proliferation relative to siCtrl-transfected cells were observed.
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