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Overexpression of DGUOK promotes mitochondria oxidative phosphorylation and lung adenocarcinoma progression. However, the role and mechanism of DGUOK in regulation of mitochondria function and lung cancer progression still poorly understood. Here we demonstrated that DGUOK regulated NAD+ biogenesis. Depletion of the DGUOK significantly decreased NAD+ level. Furthermore, knockout of the DGUOK considerably reduced expression of the NMNAT2, a key molecule controlling NAD+ synthesis, at both mRNA and protein levels. Ectopic expression of the NMNAT2 abrogated the effect of knockdown of DGUOK on NAD+. Notably, this regulation is independent of DGUOK -mediated mitochondria complex I activity. We also showed that NMNAT2 was highly expressed in lung adenocarcinoma and negatively correlated with the patient overall survival. Our study suggested that DGUOK regulates NAD+ in a NMNAT2 dependent manner and DGUOK-NMNAT2-NAD+ axis could be a potential therapeutic target in lung adenocarcinoma.
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Introduction

Mitochondrial deoxyguanosine kinase (DGUOK) is a rate-limiting enzyme for the salvage pathway of purine deoxynucleotide biogenesis in mitochondria (1). It has been shown that DGUOK phosphorylates purine deoxyribonucleosides in the mitochondrial matrix. In addition, this protein phosphorylates several purine deoxyribonucleoside analogs which were used in the treatment of lymphoproliferative disorders, and this phosphorylation is critical for the effectiveness of the analogs (2). Mutations in the DGUOK led to mitochondrial DNA (mtDNA) depletion typically in the liver and brain, causing a hepatocerebral phenotype (3). We have previously shown that DGUOK was frequently overexpressed in lung adenocarcinoma and aberrant expression of DGUOK correlated with tumor progression and patient overall survival (4). However, the role and mechanism of DGUOK in lung cancer still poorly understood.

Nicotinamide adenine dinucleotide (NAD) is a critical sirtins (SIRT) coenzyme, NAD levels are very important for regulation of SIRT activity and thus are associated with a number of cellular and biological processes including cell survival, senescence, proliferation and Parkinson's disease (5–7). It exists in both oxidized (NAD+) and reduced (NADH) forms. Previous studies have demonstrated that NAD+ was biosynthesized through two major pathways: the de novo and salvage pathways (8). The salvage pathway is important for the maintenance of NAD+ level in cancer cells and involves 2 major enzymes, one of which is phosphoribosyltransferase (NAMPT) and the other is nicotinate phosphoribosyltransferase (NAPRT) (9). NAMPT acts as a rate‐limiting enzyme in the salvage pathway and works by transferring a phosphoribosyl group to nicotinamide (NAM) to form nicotinamide mononucleotide (NMN). NMN is then converted into NAD+ by nicotinamide mononucleotide adenylyltransferase (NMNAT). There are three NMNAT isoforms (NMNAT1–3) with different tissues and subcellular distributions in mammals. NMNAT family members catalyze the synthesis of NAD+ both in the de novo pathway and the salvage pathway (10, 11). Recent studies have shown that NMNAT2 is involved in colorectal cancer progression (12, 13). NAPRT is involved in the synthesis of NAD+ from nicotinic acid (9). Cancer cells were reported to have a high rate of NAD+ turnover and a low ratio of cytosolic NAD+/NADH due to their elevated metabolic needs. However, the role and mechanism of the NAD+ and NMNAT2 in cancer progression is poorly understood.

In this study, we demonstrated that DGUOK regulates NAD+ biogenesis through NMNAT2, and this regulation is independent of DGUOK-mediated mitochondria complex I activity (4). NMNAT2 expression was increased in lung adenocarcinoma and NMNAT2 level was negatively correlated with the overall survival of patients with lung adenocarcinoma. Our results indicate that DGUOK plays a pivotal role in mitochondrial function and tumor progression through regulation of the NMNAT2.



Material and Methods


Cell Culture

Lung cancer cell line H1650, H1299, and immortalized human kidney epithelial cell HEK293T were obtained from the Moffitt Cancer Center Lung Cancer Center of Excellence cell line repository. These cell lines were free of microbial (including mycoplasma) contamination. H1650 and H1299 cells were cultured in RPMI1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. HEK293T cells were maintained in DMEM medium supplemented with 10% FBS and 1% penicillin/streptomycin. All the cells were cultured at 37°C in a humidified 5% CO2 incubator.



Inhibitor Treatment

For Rotenone treatment, H1650 cells were incubated with medium containing 500 nM (Sigma, P5499) at 37°C for 10 h in a 5% CO2 incubator prior to RNA extraction.



Plasmids

The DGUOK knockout was performed using pLenti CRISPR V2 vector (Addgene_52961) encoding sgRNA targeting human DGUOK, and the sequence targeting DGUOK is: 5’-CCCCGAAGGCTCTCCATCGA-3’

NMNAT2 cDNA was subcloned into pLenti-CMV-blasticidin vector (Addgene_17486) between BamH I and XhoI sites. pLKOs encoding shRNAs for the NDFUB8 and the NMNAT2 were purchased from Sigma (ndufb8, TRCN0000318424 and NMNAT2, TRCN0000318425). Retroviral and lentiviral particles were packaged in HEK293T cells using the PEI transfection method and concentrated as previously described (14).



Antibody

The following antibodies were used in this study: anti-NMNAT2 (sc-515206), anti-GAPDH (sc-32233), and anti-DGUOK (sc-398093) antibodies were from Santa Cruz. Anti-NDUFB8 (459210) was from Thermo Fisher. Anti-Mouse, HRP (7076S) were from Cell Signaling.



Immunoblot

Cells were lyzed in SDS-NP40 buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP40, 1% SDS, 1 mM protease inhibitors cocktail) on ice for 1 min. Cells were scraped from the plate and sonicated briefly 3 times. Then lysates were heated at 95°C for 5 min and centrifuged at 20,000 × g at 4°C for 10 min. 50 μg total cell lysates were separated on SDS-PAGE and then transferred onto PVDF membrane. The membranes were blocked with non-fat dry milk for 30 min at room temperature. Following washing 3 times, the blots were incubated with primary antibodies and then peroxidase-linked anti-mouse IgG (cell signaling,7076S). The bands were detected by an ECL-plus Western blotting detection system (Tanon-5200Multi).



qRT-PCR

Cells were washed with ice-cold PBS and total RNA was extracted from using TIANGEN RNaesy Mini kit (ER501-01). Reverse transcription was performed using the Transgen cDNA synthesis kit (AT311-03). Quantitative real-time PCR (qRT-PCR) was carried out with the Bio-rad real-time PCR system using Transgene SYBR Green PCR master mix (AQ131-02).

Primers were used as follows:

NMNAT2 Q-PCR NS: 5’-GAGGCAGATATGGAGGTGATTG-3’NMNAT2 Q-PCR CAS: 5’-TTTTGTATTTGCGGAGTATTGAGG-3’;NMNAT1 Q-PCR NS: 5’-TGGGTGGAAGTTGATACATGG-3’NMNAT1 Q-PCR CAS: 5’-TCCAGGCCTTTCTAGAGTAGG -3’NRK1 Q-PCR NS: 5’- GACTCTCCGGGATACTTTGATG-3’NRK1 Q-PCR CAS: 5’- CCTCTTCAGATTTTGTTCCATCC -3’NAMPT Q-PCR NS: 5’- GCTGCCACCTTATCTTAGAGTT -3’NAMPT Q-PCR CAS: 5’- CTTGTCAACTTCTGTAGCAAACC -3’NARPT Q-PCR NS: 5’- GTCCTCATCGTAGTCAGCAAC -3’NARPT Q-PCR CAS: 5’- CACCAGCTTATAGACGCCAC -3’NADSYN1 Q-PCR NS: 5’- CAAGATACAGGCTTGGACCAG-3’NADSYN1 Q-PCR CAS: 5’- CCGCTAGGACTTGAAACGAG -3’GAPDH Q-PCR NS: 5’-TGAAGGTCGGAGTCAACGG-3’,GAPDH Q-PCR CAS:5’-AGAGTTAAAAGCAGCCCTGGTG-3’.



Blue Native Electrophoresis and Immunoblot

Blue native (BN) electrophoresis was performed as previously described (15). The Western blot analysis was carried out as described above.



Cell Migration and Invasion Assay

Cell migration and invasion assays were performed as previously described (16). Migration and invasion assayed were carried out for 5 h and 12 h, respectively.



Measurement of NAD+ Levels: LC/MS Method

Preparation of Cellular Extracts: DGUOK-knockout and control H1650 cells (1x107/well in 10 ml) were seeded in 10 cm plates and cultured overnight. For metabolite analysis, cultural medium was discarded. After washing with PBS twice, the cells were extracted using 1 ml of cold 80% methanol. Following incubation at room temperature for 15 min, the methanol extracts were sonicated (60 W, work 3 s, interval 3 s, for 3 times) at 4°C. After centrifugation (12,000 g) at 4°C for 15 min, the supernatants were dried using the EYELA Centrifugal Concentrator (CVE-3110) at 7,000 rpm, 37°C. The samples were then dissolved with deionized water.

An Agilent 6100 LC/MSD system (Agilent Technologies, Palo Alto, CA, USA) was employed for the quantitative analysis of NAD+. A HILIC column (2.1 × 100 mm, 1.8 µm, Waters Corp., Tokyo, Japan) was used for the chromatographic separation of target. In short, 0.1% formic acid water (phase A) and acetonitrile (phase B) were of the solvent system with a suitable gradient elution procedure at a flow rate of 0.15 ml/min (0–10 min, 98%–2% B; 10–15 min, 2% B). The injection volume was 2.0 µl. The gas temperature was 325°C at a rate of 8 L/min, the nebulizer pressure was 35 psi, the fragmentor was 45 V. the NAD+ mass acquisition was performed using selective ion mode (SIM) at m/z 664.1 in positive condition. The quantitative NAD+ was obtained by analyzing the mass response abundance of NAD+ in standard solution and sample solutions. Metabolite peak areas were manually checked for consistency in retention times, compared with known standards and normalized based on protein concentrations and the resultant peak areas were subjected to metabolomic analyses by utilizing MetaboAnalyst 2.0. Relative significance in metabolite levels were analyzed using Student’s t test.



Data Analysis

All the experiments were repeated three times and each experiment was performed in three replicates per sample. Data were analyzed using GraphPad Prism 6.0 (Graph-Pad Software Inc., San Diego, CA, USA), and all results were expressed as means ± SEM. Statistically significant differences were determined using Student’s t-test for two-group analysis. Statistical significance was defined as *P < 0.05, **P < 0.01 or ***P < 0.001.




Result


DGUOK Regulates NAD+ Biogenesis

We have recently reported that DGUOK overexpression promotes lung adenocarcinoma progression (4). Loss of DGUOK significantly induced mtDNA deletion and inhibited mitochondria complex I activity. Ran Jing et al. reported that NAD+ is a potential therapeutic target for mtDNA depletion syndrome, suggesting that DGUOK could involve in NAD biosynthesis (17). To test our hypothesis, we first assessed DGUOK level in a panel of lung cancer cell lines. After normalization, the results showed that DGUOK levels were higher in H1650, H1299, and A549 cells (Figure 1A).




Figure 1 | DGUOK regulates NAD+ biogenesis. (A) Western blot analysis of DGUOK level in different lung cancer cell lines. (B) Western blot analysis of DGUOK expression in DGUOK-KO and control H1650 cells. (C) NAD+ standard curve revealed by LC-MS. (D) LC-MS analysis of NAD+ level in DGUOK-KO and control H1650 cells. (E) Quantification of NAD+ level in DGUOK-KO and control H1650 cells. ***p < 0001.



To examine if DGUOK regulates NAD+ level, we first employed LC-MS to examine the content of NAD+ in DGUOK-KO and control H1650 cells. Figure 1B showed that the DGUOK protein expression was completely abrogated after infection of cells with DGUOK-KO lentivirus. To identify the level of NAD+, we first examined NAD+ LC-MS curve (Figure 1B). LC-MS analysis revealed a significant decrease in the NAD+ level in H1650 DGUOK-KO cells (Figures 1C–E). These results indicate a critical role of DGUOK in regulation of NAD+ biogenesis.



DGUOK Regulates NMNAT2 Expression

NAD+ is synthesized through two known pathways, i.e., eight-step de novo cascade and the salvage pathway, in which several enzymes are involved including NAMPT, NAPRT, NRK1/2, and NMNAT1-3 (8). To investigate how DGUOK regulates NAD+ biogenesis, we examined the mRNA levels of these enzymes by quantitative real‐time PCR. There was no significant difference in the expression of NAMPT, NAPRT, NRK1/2, and NMNAT1-3 between DGUOK-KO and control H1650 cells (Figure 2A). Notably, we found that the mRNA levels of the NMNAT2 were dramatically decreased in DGUOK-KO cells (Figure 2A). Accordingly, we observed the low expression of NMNAT2 protein level in DGUOK-KO cells (Figure 2B). To further verify our results, we analyzed the mRNA level of the NMNAT2 in DGUOK-KO and control H1299 cells. The results showed that depletion of DGUOK significantly inhibited the expression of the NMNAT2 (Figure 2C). As NMNAT2 catalyzes the synthesis of NAD+ both in the de novo and salvage pathways. Our data indicated that NMNAT2 is likely to be a key player that bridges DGUOK and NAD+ biogenesis.




Figure 2 | DGUOK controls NMNAT2 expression at mRNA and protein levels. (A) Quantitative RT-PCR analysis of the NARPT, NMNAT1/2, NADSYN, NRK1, NAMPT mRNA levels in DGUOK-KO and control H1650 cells. (B) Western blot analysis of DGUOK and NMNAT2 protein levels in DGUOK-KO and control H1650 cells. (C) Quantitative RT-PCR analysis of the NMNAT2 level in DGUOK-KO and control H1299 cells. ***p < 0001.





DGUOK Regulates NAD+ Biogenesis Through NMNAT2

To further confirm our hypothesis, we first evaluated the effect of the NMNAT2 knockdown (KD) on NAD+ level. As expected, NAD+ content was reduced by 60% in NMNAT2-KD H1650 cells compared to their controls (Figures 3A–C). To investigate if DGUOK regulates NAD+ biogenesis through NMNAT2, we examined whether ectopic expression of NMNAT2 could rescue NAD+ content in DGUOK-KO H1650 cells. Western blot analysis revealed that NMNAT2 protein was efficiently expressed in NMNAT2-transfected cells (Figure 3D). NAD+ levels in DGUOK-KO cells were restored after ectopic expression of NMNAT2 (Figures 3D–F). Taken together, these data suggested that NMNAT2 mediates DGUOK regulated NAD+ biogenesis.




Figure 3 | DGUOK regulates NAD+ biosynthesis through NMNAT2. (A) Western blot analysis of NMNAT2 and NDUFB8 expression level in NMNAT2-KD and control H1650 cells. (B) LC-MS analysis of NAD+ level in NMNAT2-KD and control H1650 cells. (C) Quantification of NAD+ level in NMNAT2-KD and control H1650 cells. (D) Western blot analysis of NMNAT2, NDUFB8 and DGUOK expression levels in DGUOK-KO, DGUOK-KO/NMNAT2-OE and control H1650 cells. (E) LC-MS analysis of NAD+ level in DGUOK-KO, DGUOK-KO/NMNAT2-OE and control H1650 cells. (F) Quantification of NAD+ level in DGUOK-KO, DGUOK-KO/NMNAT2-OE and control H1650 cells. ***p < 0001.





NMNAT2 Expression Regulated by DGUOK Is Independent of Mitochondria Respiratory Complex I Activity

It has been shown that DGUOK is required for mtDNA maintain and mitochondria respiratory complex I activity (4). To determine whether the regulation of NAD+ biogenesis and NMNAT2 expression by DGUOK is due to the mitochondrial complex I activity, we investigated the effects of Rotenone, the complex I inhibitor, on NMNAT2 and DGUOK level. As shown in Figures 4A, B, Rotenone treatment did not significantly reduce the expression of DGUOK protein and NMNAT2 mRNA, respectively (Figures 4A, B), suggesting that regulation of NMNAT2 by DGUOK is independent of mitochondria Complex I activity. To further confirm the result, we knocked down the NDUFB8, a nuclear genome encoded complex I subunit, to inhibit complex I level and activity (Figure 4C). Immunoblotting and qRT-PCR analyses showed that depletion of the NDUFB8 severely damaged the assembly of the complex I. However, inhibition of mitochondria complex I activity by NDUFB8 knockdown had no effect on the NMNAT2 mRNA level (Figure 4D). At the same time, while NAD+ is necessary for the mitochondrial complex I function, we did not observe that reduction of NAD+ level by NMNAT2 knockdown affected the level of mitochondrial complex I (Figure 4E). These results indicated that the regulation of NMNAT2 by DGUOK is independent of mitochondria respiratory complex I activity and that DGUOK controls mitochondrial function through regulation of two parallel pathways.




Figure 4 | DGUOK regulates NMNAT2 independent of mitochondria complex I activity. (A) Western blot analysis of DGUOK in control and Rotenone treated H1650 cells. (B) qRT-PCR analysis of the NMNAT2 mRNA level in Rotenone treated and control H1650 cells. (C) Western blot analysis of NDUFB8 in NDUFB8-KD and control H1650 cells. (D) qRT-PCR analysis of the NMNAT2 mRNA level in NDUFB8-KD and control H1650 cells. (E) BN-PAGE gel analysis of mitochondria complex I level in NMNAT2-KD and control H1650 cells. n.s. not significant.





NMNAT2 Is Upregulated and Correlates With Overall Survival in Patients With Lung Adenocarcinoma

We have previously shown frequent overexpression of DGUOK in lung adenocarcinoma and close association of elevated expression of DGUOK with tumor progression and patient survival (4). Knockout of the DGUOK in H1650 cells significantly inhibited cell migration and invasion (Figures 5A–D). Because DGUOK regulates NMNAT2, we further investigated if DGUOK regulates cell migration and invasion through NMNAT2 and NAD+. NMNAT2 was ectopically expressed in H1650 DGUOK-KO cells. We found that the expression of NMNAT2 largely rescued the effects of depletion of DGUOK on cell migration and invasion (Figures 5A–D), suggesting that NMNAT2 and NAD+ play an important role in DGUOK-mediated cell migration and invasion. Subsequently, we evaluated mRNA level of the DGUOK and the NMNAT2 in lung adenocarcinoma compared to paired adjacent normal tissues (http://gepia.cancer-pku.cn/detail.php?gene=&clicktag=survival).




Figure 5 | NMNAT2 was up-regulated and correlates with poor overall survival in patients with lung adenocarcinoma. (A) Representative images of in vitro migration in control, DGUOK-KO and DGUOK-KO/NMNAT2 H1650 cells. (B) Ectopic expression of NMNAT2 largely rescued cell migration in DGUOK-KO H1650 cells. (C) Representative images of in vitro invasion in control, DGUOK-KO and DGUOK-KO/NMNAT2 H1650 cells. (D) Ectopic expression of NMNAT2 largely rescued cell invasion in DGUOK-KO H1650 cells. (E) DGUOK level was up-regulated in lung adenocarcinoma when compared to adjacent normal tissue. (F) NMNAT2 level was up-regulated in lung adenocarcinoma when compared to adjacent normal tissue. (G, H). NMNAT2 expression negatively correlates with overall survival of patients with in lung adenocarcinoma in two databases: GEPIA (G, http://gepia.cancer-pku.cn/detail.php?gene=&clicktag=survival) and KM-Express (H, https://kmplot.com/analysis/). **p < 001, ***p < 0001.



We found that the DGUOK and the NMNAT2 were dramatically up-regulated in lung adenocarcinoma (Figures 5E, F). Similar to the DGUOK, high levels of NMNAT2 were associated with the poor overall survival of patients with lung adenocarcinoma (Figure 5G). To confirm this finding, we further analyzed the data from https://kmplot.com/analysis/and noticed that the NMNAT2 expression was also negatively correlated with the patients’ overall survival (Figure 5H). Collectively, these results indicated that DGUOK-NMNAT2 axis is frequently elevated in lung adenocarcinoma and could be served as poor prognostic biomarker in this malignancy. Since NMNAT2 involved lung adenocarcinoma progression, targeting NMNAT2 may benefit in the treatments of lung adenocarcinoma. As DGUOK-NMNAT2 induces NAD+ biogenesis, the DGUOK-NMNAT2-NAD+ pathway could be potential therapeutic target in lung adenocarcinoma.




Discussion

We have recently reported frequent overexpression of DGUOK lung adenocarcinoma (4). The upregulation of DGUOK was associated with poor overall survival of the patients with lung carcinoma. A well-known function of DGUOK is to regulate mtDNA maintenance and mitochondria complex I activity. It has been shown that DGUOK promotes the lung adenocarcinoma cancer progression and cancer stemness through mitochondria complex I activity (4). In this report, we demonstrated that DGUOK induced NMNAT2 expression at mRNA and protein levels which led to activation of NAD+ biogenesis. More significantly, DGUOK regulation of NMNAT2 is independent of mitochondria complex I activity. Thus, our data revealed a novel function of DGUOK, i.e., link DGUOK to NMNAT2/NAD+ cascade.

NAD+ level has been shown to be up-regulated in human cancer (18). NAD+ is an important coenzyme for SIRT, which involves in different cancers (19–21). Recently, accumulated evidence indicates that the NAD+ biosynthesis pathway plays an important role in tumor progression and metastasis (22). Ye et al reported that targeting the NAD+ salvage pathway suppressed APC mutation-driven colorectal cancer growth (23). Nicotinamide phosphoribosyl transferase (NAMPT), which is a rate-limiting enzyme for NAD+ synthesis in the salvage pathway, was shown to be overexpressed in many types of cancer, suggesting that NAMPT acts as a regulator of cancer invasion and metastasis (7, 24). NMNAT2, also a rate-limiting enzyme for NAD+ synthesis, catalyzes the synthesis of NAD+ both in the de novo pathway and the salvage pathway. NMNAT2 was shown to be a promising diagnostic and therapeutic target for colorectal cancer (12, 13) However the role of NMNAT2 in lung adenocarcinoma is unclear. In this study, we found that NMNAT2 mediates NAD+ biogenesis induced by DGUOK and that the NMNAT2 expression negatively correlates with overall survival in the patients with lung adenocarcinoma.

In summary, our results revealed a new pathway, i.e. DGUOK-NMNAT2-NAD+. DGUOK induces NAD+ level through NMNAT2. The regulation of NMNAT2 and NAD+ by DGUOK is independent of mitochondria respiratory complex I activity. Furthermore, we have shown frequent overexpression of DGUOK-NMNAT2 in lung adenocarcinoma and the association of this pathway with poor prognosis of this malignancy. Furthermore, we recently reported DGUOK promote cancer cell stemness in lung adenocarcinoma. Depletion of DGUOK significantly reduced the sphere formation in H1650 and A549 cells (4). In current study, we showed that knockout of DGUOK reduced cell migration and invasion and that ectopic expression of NMNAT2 overrode these phenotypes resulted from DGUOK knockdown (Figure 5). These findings suggest pro-tumorigenic potential of DGUOK. Collectively, our data indicate that the DGUOK-NMNAT2-NAD+ axis could be a prognostic marker and a critical therapeutic target in lung adenocarcinoma.
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