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Perturbed Nicotinamide adenine dinucleotide (NAD+) homeostasis is involved in cancer progression and metastasis. Quinolinate phosphoribosyltransferase (QPRT) is the rate-limiting enzyme in the kynurenine pathway participating in NAD+ generation. In this study, we demonstrated that QPRT expression was upregulated in invasive breast cancer and spontaneous mammary tumors from MMTV-PyVT transgenic mice. Knockdown of QPRT expression inhibited breast cancer cell migration and invasion. Consistently, ectopic expression of QPRT promoted cell migration and invasion in breast cancer cells. Treatment with QPRT inhibitor (phthalic acid) or P2Y11 antagonist (NF340) could reverse the QPRT-induced invasiveness and phosphorylation of myosin light chain. Similar reversibility could be observed following treatment with Rho inhibitor (Y16), ROCK inhibitor (Y27632), PLC inhibitor (U73122), or MLCK inhibitor (ML7). Altogether, these results indicate that QPRT enhanced breast cancer invasiveness probably through purinergic signaling and might be a potential prognostic indicator and therapeutic target in breast cancer.
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Introduction

Breast cancer is the most common malignant disease among women and represents a major healthcare burden (1). The incidence of breast cancer has been increasing worldwide, including in Taiwan (2, 3). Despite tremendous advances in the diagnosis and treatment of breast cancer, an increase in breast cancer mortality rates without regional disparities has been observed (4). Developing new therapeutic strategies that target cancer progression and metastasis will be essential to improve patient outcomes.

Nicotinamide adenine dinucleotide (NAD+) and its reduced form NADH play an important role in biogenesis and redox balance of the human body (5). There is growing evidence of perturbed NAD+ homeostasis contributing to various disease states, including cancer and aging (6). In multiple cancer types, enzymes involving NAD+ metabolism are aberrantly expressed or dysregulated. One of the well-studied targets is nicotinamide phosphoribosyltransferase (NAMPT), the rate-limiting enzyme of the NAD+ salvage pathway (7). High NAMPT expression was associated with aggressive biological features in breast cancer and other malignancies (8, 9). Translational potential by genetic knockdown of NAMPT or pharmacologic inhibition has been rigorously evaluated in preclinical models.

In addition to the salvage pathway, NAD+ can be synthesized from a simple amino acid, tryptophan, via the de novo pathway (10). Quinolinate phosphoribosyltransferase (QPRT) is the final and rate-limiting enzyme in the kynurenine pathway (11). The role of QPRT in cancer has not been well studied. Higher QPRT expression was noted in aggressive glioblastomas than in low-grade gliomas (12). Recently, QPRT was identified as a crucial prognostic gene that was significantly associated with breast cancer overall survival (13). In this study, we aimed to explore the clinicopathological significance of QPRT expression in breast cancer and its potential biological mechanisms.



Materials and Methods


Cell Lines and Reagents

Human breast cancer cell lines (BT-20, T-47D, SK-BR-3, MCF-7, MDA-MB-468, MDA-MB-157, BT-474, DU4475, and MDA-MB-231) were all purchased from the American Type Culture Collection, Manassas, VA. An additional MCF-7 cell line derived from Dr. Jose Baselga’s laboratory (Memorial Sloan Kettering Cancer Center, New York, NY) was kindly provided by Dr. Yen-Shen Lu (National Taiwan University Hospital, Taipei, Taiwan) (14). Cell line authentication by short tandem repeat sequencing was performed to check for cross-contamination. BT-20 cells were grown in Eagle’s Minimum Essential Medium supplemented with 10% fetal bovine serum (FBS). MDA-MB-468 and MDA-MB-231 cells were grown in Leibovitz’s L-15 Medium supplemented with 10% FBS. All cells were maintained at 37°C in a 5% CO2 humidified atmosphere.

Cisplatin was purchased from Fresenius Kabi, Viman Nagar, India. Phthalic acid was obtained from Sigma-Aldrich, Merck KGaA, Darmstadt, Germany. For specific inhibitors, Y16 was obtained from MedChemExpress, Monmouth Junction, NJ; selisistat and olaparib from Selleck Chemicals, Houston, TX; NF340, Y27632, U73122, and ML7 from ApexBio Technology, Houston, TX.



Public Databases and Bioinformatic Analysis

The clinicopathologic profile and mRNA expression data of The Cancer Genome Atlas (TCGA) breast cancer dataset were downloaded through the Genomic Data Commons Data Portal (https://portal.gdc.cancer.gov/) (15). High and low QPRT expression groups were assigned by the median split method, and overall survival between the groups was compared with the log-rank test statistic. Transcriptome data from tumor samples of the top 25 percent and the bottom 25 percent of QPRT expression were further examined, and gene set enrichment analysis (GSEA) was performed to explore the potential significance of differential QPRT expression (16). Additionally, we used a meta-analysis of databases, the KM Plotter Online Tool (https://kmplot.com/analysis/), to validate the relationship between QPRT expression and clinical outcomes (recurrence-free survival and distant metastasis-free survival) (17).



Immunohistochemical (IHC) Staining

Tissue microarrays of breast neoplasms were obtained from Pantomics Inc., Fairfield, CA. The BB08015 set contained 48 tissue cores from 24 patients, and BC08118a contained 100 cores from 100 patients. Overall, 10 normal breast tissues, 20 cases of ductal carcinoma in situ (DCIS), and 94 cases of invasive carcinoma were included in the analysis. Mouse anti-human QPRT antibody was purchased from GeneTex, Irvine, CA. The tissue microarray slides were deparaffinized using xylene and rehydrated using serial gradient ethanol. The anti-QPRT antibody was diluted to 1:100. IHC staining was performed as we previously reported (18). Negative control slides were obtained by omitting the primary antibody incubation, and normal liver tissues were used as positive controls.

QPRT protein expression was quantified according to the intensity and extent of immunoreactivity. When the breast epithelial cells showed no positivity or <10% positive staining, they were scored as 0 and 1, respectively. When 10%–50% or >50% positive staining was observed, they were scored as 2 and 3, respectively. The IHC scores of two cores from the same patient were averaged.



Transfection

Lentiviral plasmid vector pLKO.1-puro with short hairpin RNA (shRNA) specific for QPRT and lentiviral vector with control shRNA were purchased from Sigma-Aldrich. To knock down the QPRT expression, MDA-MB-468 and BT-20 cells were transduced with lentivirus in the presence of polybrene (Sigma-Aldrich) and selected with puromycin (InvivoGen, San Diego, CA). Knockdown efficacy was confirmed by real-time quantitative polymerase chain reaction and western blotting.

To overexpress QPRT in breast cancer cells, pCMV6-entry empty vector and pCMV6-entry QPRT expression constructs were purchased from OriGene Technologies, Rockville, MD. We transfected MDA-MB-231 cells with the constructs using Lipofectamine 3000 reagent (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s protocol. QPRT overexpression was confirmed by western blotting 72 h after transfection.



Cell Viability

Cell growth was evaluated in MDA-MB-468 and BT-20 cells stably transfected with a control shRNA or QPRT-targeting shRNA for 24 to 96 h. MDA-MB-231 cells transfected with pCMV6-entry or pCMV6-QPRT were treated with increasing doses (0.1, 1, 10, 100, and 1000 μM) of cisplatin for 24 or 48 h. Cell viability was determined by the CellTiter Aqueous One Solution Cell Proliferation (MTS) Assay (Promega, Madison, WI) as previously described (19).



Migration and Invasion Assay

The migration and invasion assays were performed as described (20). Cells in serum-free medium were seeded onto the upper Transwell insert with 8-μm pores of polycarbonate membrane (Corning Life Sciences, Tewksbury, MA). For invasion assay, BioCoat cell culture inserts pre-coated with Matrigel matrix (Corning Life Sciences) were used. The lower chamber contained the complete culture medium. The cells migrated or invaded through the insert membrane were fixed and stained with Diff-Quick (Sysmex, Kobe, Japan). The numbers of migrated or invaded cells were counted under the microscope from five random fields.



NAD+ Quantification

Intracellular NAD+ and NADH levels were measured using the NAD/NADH Assay Kit (ab65348; Abcam, Cambridge, UK) according to the manufacturer’s protocol. Briefly, cells were extracted with the NAD/NADH extraction buffer and filtered through a 10 kD spin column to remove enzymes that consume NADH. To detect the NADH only, decomposition was performed by heating the samples at 60°C for 30 min. As such, NAD+ was decomposed while the NADH was intact. The decomposition step was omitted in the detection of total NAD+ and NADH. NAD+ in the samples was then converted to NADH by adding NADH developer. Concentrations of NADH in the samples were derived from the standard curve. NAD+/NADH ratio was calculated as ((total NAD+ and NADH) - NADH)/NADH.



Immunoblot

Proteins extracted from total cellular lysates were subjected to SDS-PAGE followed by transfer to polyvinylidene fluoride membranes (21). The membranes were incubated with the following primary antibodies: anti-QPRT (GTX83743; GeneTex), anti-phospho-ERK1/2 Thr202/Tyr204 (#9101), anti-phospho-AKT Ser473 (#9271), anti-phospho-GSK3β Ser9 (#9336), anti-phospho-Smad2 Ser465/467/Smad3 Ser423/425 (#8828), anti-phospho-MLC2 Ser19 (#3671), and MLC2 (#8505). All antibodies were obtained from Cell Signaling Technology, Danvers, MA unless otherwise specified. Anti-β-actin (A5441; Sigma-Aldrich) or α-tubulin (T5168; Sigma-Aldrich) signal served as loading controls. The immunoblot band intensities were quantified using ImageJ software.



RNA Sequencing (RNA-seq) Analysis

Total RNA was isolated from MDA-MB-468 and BT-20 cells stably transfected with a control shRNA or QPRT-targeting shRNA. RNA-seq libraries were prepared and sequenced on an Illumina NovaSeq 6000 System (Illumina, San Diego, CA). Raw reads were trimmed to remove adaptor contamination and low-quality reads. Expression levels of the annotated genes were estimated using fragments per kilobase of transcript sequence per millions of base pairs (FPKM). RNA-seq data are available at the Gene Expression Omnibus (GEO) repository (https://www.ncbi.nlm.nih.gov/geo/), with GEO accession number GSE151521.

Hierarchical cluster analysis was performed as described (22). Differential gene expression calculations were done in DESeq2. GSEA was used to identify significant pathways associated with QPRT silencing.



MMTV-PyVT Transgenic Mice

All animal experiments (MMH-AS-108-22) were conducted according to the guidelines established by the institutional animal care and use committee of MacKay Memorial Hospital. Male FVB/N-Tg(MMTV-PyVT)634Mul/J were randomly bred with wild-type C57BL/6J females (BioLASCO, Taipei, Taiwan) to obtain female mice heterozygous for the expression of the Polyoma Virus middle T antigen. Hemizygous MMTV-PyVT mice develop spontaneous mammary tumors that closely resemble the progression and morphology of human breast cancer (23). Mammary tumor formation was monitored by palpation twice a week. Upon the formation of palpable tumors, the mice were further observed for 3–4 weeks for tumor progression (24). Normal mammary gland tissue samples were obtained from wild-type female mice. Proteins extracted from mammary tumors and normal mammary tissues were subjected to western blot analysis. Anti-mouse Qprt antibody was purchased from Biorbyt, Cambridge, UK. Murine liver tissues were used as positive controls.



Statistical Analysis

Data were expressed as mean ± SD. Statistical analyses were performed using Prism 8.3.0 (GraphPad, San Diego, CA). Comparisons of the subgroups were performed by an unpaired t-test or Jonckheere-Terpstra trend test. A two‐sided P‐value < 0.05 was considered statistically significant.




Results


Clinical Significance of QPRT Expression in Breast Cancer

To explore the potential significance of QPRT expression in breast cancer, we set out to analyze TCGA transcriptome data. As shown in Figure 1A, primary breast tumors and metastatic lesions had significantly higher QPRT expression levels than normal breast tissues. Among breast cancer samples with available staging information (n = 1,071), a positive correlation between QPRT expression levels and disease stage was observed (Figure 1B). Divided by the median split, breast cancer patients with high QPRT expression had significantly shorter overall survival than those with low QPRT expression (P < 0.001, Figure 1C). Consistently, data from the KM Plotter indicated that breast cancer patients with high QPRT expression had significantly shorter recurrence-free and distant metastasis-free survival (Figure 1D). Taken together, these data indicate that higher QPRT expression may represent a negative prognostic factor in breast cancer.




Figure 1 | Bioinformatic analysis of the clinical significance of quinolinate phosphoribosyltransferase (QPRT) expression in breast cancer. (A) Expression of QPRT quantified by RNA-Seq by Expectation Maximization (RSEM) from The Cancer Genome Atlas (TCGA) breast cancer (BRCA) dataset. Significance was calculated using an unpaired t-test. ***P < 0.001. Horizontal lines represent median values. (B) Expression of QPRT from TCGA BRCA dataset. Significance was calculated using the Jonckheere-Terpstra trend test (n = 1071). **P for trend < 0.01. Horizontal lines represent median values. (C) Overall survival illustrated for patients from TCGA BRCA dataset. Significance was calculated using the log-rank test. ***P < 0.001. (D) Recurrence-free survival and distant metastasis-free survival data from the KM Plotter. (E) Gene set enrichment analysis (GSEA) of differential QPRT expression using TCGA BRCA dataset NES, normalized enrichment score.



GSEA was performed to identify possible alterations in association with differential QPRT expression. Interestingly, tumor invasiveness was associated with higher QPRT expression in breast cancer (Figure 1E).



QPRT Protein Expression in Human and Murine Breast Neoplasms

We next performed IHC staining in clinical breast samples. As shown in Figure 2A, normal breast tissue or DCIS generally showed weak QPRT immunoreactivity. Invasive ductal or lobular carcinoma exhibited moderate to strong cytoplasmic staining for QPRT. The IHC scores significantly increased from normal breast tissue (n = 10) and DCIS (n = 20) to invasive carcinoma (n = 94) of different disease stages (Figure 2B). A total of 76 samples of invasive carcinoma had available information of tumor grade. Among them, the IHC scores were positively correlated with higher tumor grade. Taken together, the results suggest that the QPRT protein expression in breast neoplasms was associated with the aggressiveness of breast cancer.




Figure 2 | Expression of quinolinate phosphoribosyltransferase (QPRT) in human and murine breast neoplasms. (A) Representative QPRT immunostaining of normal breast tissue, ductal carcinoma in situ (DCIS), and invasive ductal/lobular carcinoma in female patients. Original magnification, 200X. (B) Error bar plots showing means and standard deviations of immunohistochemical (IHC) scores. Significance was calculated using the Jonckheere-Terpstra trend test (normal n = 10, DCIS n = 20, invasive cancer n = 94). *P for trend < 0.05; ***P for trend < 0.001. (C) Western blot analysis of QPRT protein expression in mammary tumors and normal mammary tissues from MMTV-PyVT and wild-type mice, respectively. (D) Protein expression of QPRT in a panel of breast cancer cell lines.



QPRT overexpression in breast cancer was further validated in spontaneous mammary tumors from MMTV-PyVT transgenic mice. While normal mammary gland tissues from wild-type mice exhibited virtually undetectable QPRT expression, mammary tumors of MMTV-PyVT mice had relatively abundant QPRT protein expression (Figure 2C).

We next screened the QPRT expression in a panel of breast cancer cell lines in our laboratory. While breast cancer cell lines had variable QPRT expression, DU4475 and MDA-MB-231 cells were negative for QPRT expression (Figure 2D). Accordingly, triple-negative cancer cell line MDA-MB-231 was used for gain-of-function assays, and two triple-negative cancer cell lines MDA-MB-468 and BT-20 were used for loss-of-function assays in the subsequent experiments.



QPRT Depletion Suppressed the Migratory and Invasive Capacity

Gene silencing by lentiviral shRNA transduction remarkably reduced the QPRT expression in MDA-MB-468 and BT-20 cells (Figure 3A). QPRT depletion did not have adverse effects on cell viability or growth in breast cancer cells (Figure S1). Nonetheless, the migratory and invasive capacity were significantly suppressed by QPRT knockdown (Figures 3B, C).




Figure 3 | Effects of quinolinate phosphoribosyltransferase (QPRT) silencing in breast cancer cells. (A) Protein expression of QPRT in MDA-MB-468 and BT-20 breast cancer cells stably transfected with a control shRNA or QPRT-targeting shRNA. (B) Migration and (C) invasion determined by the Transwell assay in breast cancer cells transfected with a control shRNA or QPRT-targeting shRNA. Significance was calculated using an unpaired t-test (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001. Data represent means ± standard deviations. Scale bars, 500 μm. (D) Heatmap of selected differentially expressed genes analyzed by RNA-seq in MDA-MB-468 and BT-20 cells transfected with a control shRNA or QPRT-targeting shRNA. Significantly enriched gene sets generated by Gene set enrichment analysis (GSEA) are shown. NES, normalized enrichment score.



To identify differentially expressed genes in association with QPRT silencing, RNA-seq analysis was performed in MDA-MB-468 and BT-20 cells transfected with a control shRNA or QPRT-targeting shRNA. A heatmap of selected differentially expressed genes was shown in Figure 3D. The GSEA further suggested enrichment for gene sets associated with breast cancer bone relapse and RhoA pathway in breast cancer cells with higher QPRT expression.



Ectopic QPRT Expression Increased the Migratory and Invasive Capacity

MDA-MB-231 cells showed undetectable QPRT expression and were transfected with pCMV6-QPRT. Abundant QPRT protein expression following transfection was confirmed by Western blot (Figure 4A). In malignant glioma cells, QPRT expression prevented apoptosis and increased resistance to oxidative stress induced by chemoradiotherapy (12). To test the hypothesis that QPRT overexpression may exert anti-apoptotic effects in breast cancer cells, MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT were treated with increasing doses of cisplatin. Nonetheless, we found no augmentation of cell viability in QPRT-overexpressing cells (Figure S2).




Figure 4 | Effects of ectopic quinolinate phosphoribosyltransferase (QPRT) expression in breast cancer cells. (A) Protein expression of QPRT and relevant phosphorylated molecules in MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT. (B) Migration and (C) invasion determined by the Transwell assay in MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT. Significance was calculated using an unpaired t-test (n = 6). *P < 0.05, **P < 0.01. Data represent means ± standard deviations. Scale bars, 500 μm. (D) The ratio of intracellular NAD+ to NADH levels in MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT. Significance was calculated using an unpaired t-test (n = 3). ***P < 0.001. Data represent means ± standard deviations.



Following QPRT overexpression, MDA-MB-231 cells had significantly increased migratory and invasive capacity (Figures 4B, C). It is consistent with the results of loss-of-function assays in MDA-MB-468 and BT-20 cells. As expected, the NAD+/NADH ratio was increased in MDA-MB-231 cells transfected with pCMV6-QPRT (Figure 4D).



QPRT Overexpression Increased the Phosphorylation of Myosin Light Chain

We next asked whether canonical oncogenic signaling pathways are involved in the QPRT-mediated increase in cellular migration and invasion. Following QPRT overexpression, the phosphorylation of ERK1/2 and myosin light chain was increased, while there was no alteration in the phosphorylation of AKT, GSK3β, and Smad2/3 (Figure 4A). Phosphorylation of the myosin light chain is a prime regulatory event of the contractile mechanism of stress fibers (25). Considering that the involvement of the RhoA pathway was suggested by our GSEA enrichment results, we hypothesized that the phosphorylation of myosin light chain might be the main effector of QPRT-associated invasiveness.

Sirtuins and poly(ADP-ribose) polymerases (PARPs) are important NAD+-consuming enzymes and play important roles in breast cancer biology (10). Furthermore, NAD+ can act as a ligand for the P2Y11 purinoreceptor (26). To further delineate the association between QPRT and the RhoA pathway, we used QPRT inhibitor (phthalic acid), SIRT1 inhibitor (selisistat), PARP inhibitor (olaparib), and P2Y11 antagonist (NF340) to examine the reversibility of the QPRT-enhanced invasiveness. At concentrations of no significant impact on the invasiveness in control cells, phthalic acid effectively reversed the augmented invasiveness in association with QPRT overexpression (Figure 5A). Paradoxically, selisistat heightened the invasiveness in MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT. Olaparib and NF340 were able to reverse the QPRT-enhanced invasiveness, while the latter showed a better efficacy.




Figure 5 | Effects of inhibitors on quinolinate phosphoribosyltransferase (QPRT)-induced invasiveness in breast cancer cells. (A) MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT were treated with vehicle control (dimethyl sulfoxide; DMSO), QPRT inhibitor (phthalic acid), SIRT1 inhibitor (selisistat), PARP inhibitor (olaparib), or P2Y11 antagonist (NF340) for 24 h. Cell invasive ability was determined by the Transwell assay. Significance was calculated using an unpaired t-test (n = 4). **P < 0.01, ***P < 0.001 compared to DMSO control. ###P < 0.001 compared to pCMV6-empty vector. Data represent means ± standard deviations. (B) Protein expression of QPRT and relevant phosphorylated molecules in MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT and treated with vehicle control (DMSO), QPRT inhibitor (phthalic acid 100 μM), or P2Y11 antagonist (NF340 20 μM) for 24 h. Significance was calculated using an unpaired t-test (n = 4). *P < 0.05, **P < 0.01 compared to pCMV6-empty vector. #P < 0.05, ##P < 0.01 compared to DMSO control. Data represent means ± standard deviations.



Subsequently, we evaluated the effects of treatment with phthalic acid or NF340 in QPRT-overexpressing MDA-MB-231 cells. Either treatment did not alter the phosphorylation of ERK1/2, AKT, and GSK3β. Nonetheless, both agents attenuated the phosphorylation of myosin light chain induced by ectopic QPRT expression (Figure 5B).



QPRT Involved Both Rho GTPase and Phospholipase C (PLC) Pathways

G-protein-coupled P2Y11 receptors activate PLC and stimulate inositol trisphosphate generation and calcium mobilization (27). Subsequently, Ca2+/calmodulin-dependent myosin light chain kinase (MLCK) is activated, resulting in phosphorylation of myosin light chain and cell contraction. Furthermore, Gαq/11 could enhance p63RhoGEF-induced RhoA activation by direct protein-protein interaction (28). RhoA and its effector, Rho kinase (ROCK), modulate the phosphorylation of myosin light chain and its dephosphorylation by myosin phosphatase (29). Accordingly, we used Rho inhibitor (Y16), ROCK inhibitor (Y27632), PLC inhibitor (U73122), and MLCK inhibitor (ML7) to assess the reversibility of the QPRT-enhanced invasiveness. At concentrations of no significant impact on the invasiveness in control cells, all inhibitors could effectively reverse the QPRT-enhanced invasiveness (Figure 6A).




Figure 6 | Effects of inhibitors on quinolinate phosphoribosyltransferase (QPRT)-induced invasiveness in breast cancer cells. (A) MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT were treated with vehicle control (dimethyl sulfoxide; DMSO), Rho inhibitor (Y16), ROCK inhibitor (Y27632), PLC inhibitor (U73122), or MLCK inhibitor (ML7) for 24 h. Cell invasive ability was determined by the Transwell assay. Significance was calculated using an unpaired t-test (n = 4). **P < 0.01, ***P < 0.001 compared to DMSO control. ###P < 0.001 compared to pCMV6-empty vector. Data represent means ± standard deviations. (B) Protein expression of QPRT and relevant phosphorylated molecules in MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT and treated with vehicle control (DMSO), Rho inhibitor (Y16 50 μM), ROCK inhibitor (Y27632 10 μM), PLC inhibitor (U73122 0.2 μM), or MLCK inhibitor (ML7 10 μM) for 24 h. Significance was calculated using an unpaired t-test (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001 compared to pCMV6-empty vector. #P < 0.05 compared to DMSO control. Data represent means ± standard deviations.



Treatment with inhibitors of Rho, ROCK, PLC, or MLCK did not affect the QPRT expression. While the phosphorylation of ERK1/2 was reduced by the MLCK inhibitor, the most consistent finding was that the QPRT overexpression-induced phosphorylation of myosin light chain was decreased by treatment with either Rho, ROCK, PLC, or MLCK inhibitor (Figure 6B). Taken together, these results indicate that the Rho-ROCK and PLC-MLCK pathways are both involved in the phosphorylation of myosin light chain as a downstream of the P2Y11 activation.




Discussion

In this study, we provided strong evidence supporting the association between QPRT upregulation and tumor progression in breast cancer. First, QPRT expression was positively associated with disease stage and tumor grade, whereas normal breast tissue exhibited low or undetectable QPRT expression. Second, spontaneous mammary tumors from MMTV-PyVT transgenic mice showed a similar trend of QPRT overexpression. Third, QPRT depletion significantly hindered the invasiveness of breast cancer cells.

NAD+ participates in various cellular physiologic processes including glycolysis and oxidative phosphorylation. In mammalian cells, NAD+ can be synthesized from nicotinic acid using the Preiss-Handler pathway, synthesized from tryptophan via the de novo pathway, or generated from nicotinamide or nicotinamide riboside via the salvage pathway. The source of NAD+ generation appears to be tissue and cellular context-dependent (30). Targeting NAMPT of the salvage pathway has received much attention in recent years. Nonetheless, the metabolic plasticity of cancer cells generally leads to acquired resistance to NAMPT inhibition, and increased expression or activity of QPRT is a novel resistance mechanism (31, 32). It, therefore, highlights the need to further investigate the role of QPRT in cancer biology.

The expression of QPRT in malignant neoplasms was evaluated in only a few tumor types. Increased QPRT expression was observed in glioblastomas and follicular thyroid carcinomas (12, 33). Conversely, QPRT expression was decreased in renal cell carcinoma in comparison to normal kidney tissue (34). Furthermore, QPRT expression was decreased in metastatic melanoma after the acquisition of resistance to BRAF inhibitors (35). In the present study, upregulation of QPRT expression was validated in clinical samples and spontaneous murine tumors.

Increased QPRT expression would enhance the synthesis of nicotinic acid mononucleotide and in turn NAD+. A reduction in intracellular NAD+ in breast cancer cells may induce apoptosis and suppress cell survival (36). On the contrary, nonlethal reduction of NAD+ may render tumor cells more aggressive and increase metastasis (37). Although QPRT seems to possess anti-apoptotic properties in some tumor types (12, 38), we did not find any difference in cell growth or viability in breast cancer cells following QPRT depletion or ectopic QPRT expression. At the time of this manuscript preparation, Yue et al. reported that knocking down QPRT in MCF-7 and T47D cells increased the apoptosis rate, and QPRT overexpression marginally decreased apoptosis (39). The basis for such a difference is unclear, but our group and Yue et al. both showed that QPRT positively participates in regulating the migratory and invasive capacity of breast cancer cells.

We further examined whether the invasion-promoting effect of QPRT was mediated by NAD+-consuming enzymes. Sirtuins are a family of histone deacetylases that require NAD+ as a substrate for SIRT-mediated deacetylation reactions. Sirtuins can promote or suppress breast cancer metastasis, and several sirtuin modulators (including selisistat, a SIRT1 inhibitor) have been investigated in clinical trials (40). In breast cancer cells, SIRT1 depletion induced an epithelial shift and inhibited cell invasion (41). Nonetheless, we found that treatment with selisistat in QPRT-overexpressing cells resulted in an uprise of cell invasion. PARPs are also NAD+-consuming enzymes, and poly(ADP)-ribosylation is a unique post-translational modification affecting various protein functions. The PARP inhibitor olaparib has been approved to treat patients whose cancer is positive for homologous recombination deficiency. MDA-MB-231 is a BRCA wild-type cell line with BRCA1 allelic loss and shows normal BRCA1 transcript levels (42). Although olaparib could partially reverse the QPRT-enhanced invasiveness, we were focusing on purinergic signaling as the potential link.

Nucleotides are prometastatic factors favoring tumor cell migration and tissue colonization, and purinergic receptors play an important role (43, 44). Given that NAD+ is a P2Y11 agonist (45), we evaluated the rescue effect of a P2Y11 antagonist NF340 and found that NF340 effectively reversed the QPRT-enhanced invasiveness. The result was similar to that treatment with NF340 prevented ATP-induced stimulation of cell migration in hepatocellular carcinoma cells (46). Furthermore, we showed that both Rho GTPase and PLC pathways downstream to the P2Y11 receptor were involved. Nonetheless, we could not exclude the possibility that additional NAD+-independent mechanisms are operative in the QPRT-mediated increment in cell migration and invasion.

Currently, phthalic acid, a quinolinic acid analog, is the only competitive inhibitor of QPRT (11). Treatment with phthalic acid reduced intracellular NAD+ levels, SIRT1 activity, and cell viability in a dose-dependent manner in human astrocytes and neurons (47). Although phthalates are widely used as plasticizing agents, phthalic acid is a germ cell mutagen (48). While newer selective QPRT inhibitors are under investigation, it would be interesting to determine the synergic or additive effects of combining QPRT and NAMPT inhibitors. Additionally, QPRT blockade might undoubtfully increase the upstream quinolinic acid, and quinolinic acid will lead to neurotoxicity. A combination with inhibitors against 3-hydroxyanthranilic acid oxygenase or other enzymes along the kynurenine pathway should be taken into consideration.

In summary, the present study demonstrated a significant role of QPRT in breast cancer. QPRT promotes cell migration and invasion of breast cancer cells through, at least in part, the phosphorylation of myosin light chain via Rho GTPase and PLC pathways downstream of purinergic receptors (Figure 7). QPRT might be a potential prognostic indicator and therapeutic target in breast cancer.




Figure 7 | Model illustrating how quinolinate phosphoribosyltransferase (QPRT) promoting cell migration and invasion through phosphorylation of myosin light chain (MLC) in breast cancer.
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Supplementary Figure 1 | Effects of quinolinate phosphoribosyltransferase (QPRT) depletion on breast cancer cell growth. In MDA-MB-468 and BT-20 cells stably transfected with a control shRNA or QPRT-targeting shRNA, cell viability was determined by the CellTiter Aqueous One Solution Cell Proliferation (MTS) Assay at 24 to 96 h. Significance was calculated using an unpaired t-test (n = 3). Data represent means ± standard deviations.

Supplementary Figure 2 | Effects of ectopic quinolinate phosphoribosyltransferase (QPRT) expression on cell viability and chemotherapy sensitivity. MDA-MB-231 cells transfected with pCMV6-empty vector or pCMV6-QPRT were treated with cisplatin in serial dilutions. Cell viability was determined by the CellTiter Aqueous One Solution Cell Proliferation (MTS) Assay at 24 and 48 h. Significance was calculated using an unpaired t-test (n = 3). Data represent means ± standard deviations.
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