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Viral oncogenes may drive cellular metabolic reprogramming to modulate the normal epithelia cell malignant transformation. Understanding the viral oncogene–mediated signaling transduction dysregulation that involves in metabolic reprogramming may provide new therapeutic targets for virus-associated cancer treatment. Latent EBV infection and expression of viral oncogenes, including latent membrane proteins 1 and 2 (LMP1/2), and EBV-encoded BamH I-A rightward transcripts (BART) microRNAs (miR-BARTs), have been demonstrated to play fundamental roles in altering host cell metabolism to support nasopharyngeal carcinoma (NPC) pathogenesis. Yet, how do EBV infection and its encoded oncogenes facilitated the metabolic shifting and their roles in NPC carcinogenesis remains unclear. In this review, we will focus on delineating how EBV infection and its encoded oncoproteins altered the metabolic reprograming of infected cells to support their malignances. Furthermore, based on the understanding of the host’s metabolic signaling alterations induced by EBV, we will provide a new perspective on the interplay between EBV infection and these metabolic pathways and offering a potential therapeutic intervention strategy in the treatment of EBV-associated malignant diseases.
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Epstein–Barr Virus and EBV Infection

Epstein–Barr virus (EBV) is the first human oncogenic virus discovered in 1964 and has been currently identified in more than 90% population all over the world (Epstein et al., 1964; Cohen et al., 2011). From being a γ-herpesviruses, EBV, also known as human herpesvirus type 4 (HHV4), composed the human pathogenic herpesvirus family together with three α-herpesviruses: herpes simplex virus 1 and 2 and also varicella zoster virus; three β-herpesviruses: cytomegalovirus and HHV 6 and 7; and one γ-herpesvirus: HHV8 (Whitley, 1996). The virus consists of an outer bilayer envelop, a protein tegument, and a nucleocapsid core (Li et al., 2020). The outer bilayer envelop is composed of virus-encoded glycoprotein that functions as host cell receptor recognition, cell tropism, and cell membrane fusion. The nucleocapsid containing 162 capsomers is located at the center of the virus, where it enveloped a linear double-strand DNA with a size of 168–184 kbp. The EBV DNA genome encodes approximately 85 genes, these including but not limiting to genes in contributing to EBV infection, replication, and metabolic reprogramming (Zhang et al., 1018; Hammerschmidt and Sugden, 2013; Kang and Kieff, 2015; Piccaluga et al., 2018). In primary infection, EBV usually does not cause any symptom. The virus is believed to enter the human body through the Waldeyer’s tonsillar ring, which surrounds the nasopharynx and oropharynx. EBV may be transmitted to the mucosal surface of the ring through saliva, crossing or infecting the epithelial cells to further infect the underlying B lymphocytes (Duca et al., 2007; Thorley-Lawson et al., 2013). The cluster of differentiation 21 (CD21; also known as CR2), a major receptor for EBV infection, provides a barrier-free path for the virus to enter B cells (Hutt-Fletcher, 2007). Due to the lack of CD21 in epithelial cells, EBV infected epithelial cell by different means of mechanism, which may through fusing the viral envelope and epithelial cell membrane by the interaction of EBV-encoded gL/gH and the cell-expressed integrin αvβ5/6/8 to release the virions into the cell, entering the cell directly with/without the association with the viral-encoded BMRF2 and α5β1 and through other viral and cellular molecular interactions (Tsang et al., 2014).

EBV can undergo lytic replication or latent infection depending on different circumstances (McKenzie and El-Guindy, 2015). In the EBV latently infected memory B cells, differentiation of the cells into plasma cells will reactivate the lytic program to produce tremendous infectious virions, thereby to increase the possibility of new host cells infection (Hatton et al., 2014). In normal epithelial cells, the default mode of EBV infection is lytic infection, although there are increasing evidence indicating that the lytic infection of EBV may also contribute to oncogenesis in epithelial cancers (Rosemarie and Sugden, 2020; Frappier, 2021), including EBV-associated gastric carcinoma (EBVaGC) and nasopharyngeal carcinoma (NPC), EBV persists predominantly in a latency manner (Tsao et al., 2017). Thus, the successful establishment of latent infection by EBV in host cells has long been postulated to be an essential hallmark for malignant transformation. During the latent stage of EBV, only limit genes were expressed, and these genes are named latent genes. They were latent membrane proteins (LMPs), EBV-encoded nuclear antigens (EBNAs), BamH1-A region rightward transcript (BARTs) RNAs, and EBV-encoded small RNAs (EBERs), some of which have been reported to be included in the oncogenic role of EBV (Zhang et al., 1018; Zhu et al., 2016a; Tsao et al., 2017; Zhu et al., 2022).



EBV Infection in Tumorigenesis

As a group I carcinogen, EBV causes around 2% of all cancer cases worldwide every year, typically including NPC, EBV-associated lymphomas, and EBVaGC (Young and Dawson, 2014; Yin et al., 2019; He et al., 2022). Recent study has also identified that long-term EBV infection results in chronic inflammatory demyelinating disease of the central nervous system, such as multiple sclerosis (Bjornevik et al., 2022; Bordon, 2022; Robinson and Steinman, 2022; Sollid, 2022). In vitro data have indicated that the EBV-infected B lymphocytes will be transformed into continuous proliferative cells (Yin et al., 2019). In immunocompetent individuals, the infection of EBV triggers the cytotoxic immune response of the host to against the virus, and, finally, the number of EBV-infected cells is maintained in a homeostatic level. In immunocompromised people, like AIDS patients and immunosuppressants recipients, however, EBV-infected cells may escape from effective T-cell surveillance and become uncontrolled in cell proliferation, which ultimately leads to cancers (Young and Rickinson, 2004).

NPC is the closest EBV-associated endemic disease, in which has higher prevalence in Africa and Southeast Asia, but lower incidence in western countries. According to the latest tumor classification by the World Health Organization (WHO) (5th edition), NPC can be divided into three categories: keratinizing squamous cell carcinoma (type I), non-keratinizing squamous cell carcinoma (type II), and basaloid squamous cell carcinoma (type III) (Badoual, 2022). Non-keratinizing NPC is predominantly associated with EBV infection, of which nearly 100% of the undifferentiated and partially differentiated cases are detected as EBV-positive (Young and Dawson, 2014). Despite that the role of EBV in the etiology of NPC remains mysterious, the viral infection has been long considered as one of the major risk factors that contributes to the development of NPC (Tsao et al., 2014). Classical Hodgkin’s lymphoma (cHL) and Burkitt’s lymphoma (BL) are two typical EBV-associated B-cell lymphomas. In cHL, it is observed that approximately 40% of the cases are EBV-positive in developed countries, and this ratio will be even higher in developing counties (Vrzalikova et al., 2021). In BL, endemic BL in Equatorial Africa and Papua New Guinea especially in the regions with high incidence of malaria, demonstrates a strong correlation with EBV, in which the virus can be detected over 95% of all the cases (Brady et al., 2007; Hutcheson et al., 2020). While in sporadic BL (sBL), which is a rare form of BL but more frequently prevalent in western countries, EBV-positive tumors are only account for 20%–30% of total cases (Pannone et al., 2014; Satou et al., 2015). Unsurprisingly, EBV infection has been implicated to be one of the risk factors in HIV-associated cHL and BL, by means of statistical analysis to show that HIV-positive tumors were more likely to be EBV-positive cases (Glaser et al., 2003; Shindiapina et al., 2020). The infection of HIV may enhance the pathogenic capacity of EBV by lowering the immunity of the host. Furthermore, natural killer/T-cell lymphoma (NKTL) is another group of EBV-associated lymphoma that is commonly found in Asia and Latin America. The tumors derived from the transformed NK/T cells and it has been diagnosed that a number of NKTL are EBV-positive (Swerdlow et al., 2014). Healthy NK/T cells may be infected when the NK/T cells are in respond to EBV-infected cells. Nevertheless, the mechanism remains to be investigated. EBVaGC is a subset of gastric cancer family, which was reported more likely to be occurred in males and patients under the age of 60; however, it only accounts for around 9% of all the cases (Sun et al., 2020). Remarkably, from NPC and EBV-associated lymphomas to EBVaGC, an inescapable fact is that there is a considerable proportion of EBV-attributable tumors diagnosed as EBV-negative, whereby brings the “hit-and-run” hypothesis to the EBV pathogenesis. In this theory, the viral gene expression followed by the EBV infection, driving somatic mutations and activating the cellular oncogenes, played fundamental roles in driving EBV-associated malignances. Once the cells acquired a stable and heritable malignant feature, the virus may not be a critical factor for cell propagation; therefore, the transformed cells will steadily lose the EBV accompanied with the continuously proliferation (Ambinder, 2000; Mundo et al., 2020). However, there is only a limited direct evidence to support this idea.

Multiple mechanisms had been proposed to elucidate the roles of EBV in tumorigenesis. One of the assumptions is that EBV induces a series of glucose metabolic reprogramming events in infected cells, thereby driving healthy cells to transform to malignant cells. Standing on this point, studies focused on cell metabolic reprogramming in B-cell lymphomas have reported that EBV or EBV-encoded latent genes, like LMP1, EBNA2, EBNA-LP, and EBNA-3A, were able to immortalize and transform the cell via modulating multiple metabolic genes and enhancing the aerobic glycolytic pathway (Sommermann et al., 2011; Darekar et al., 2012; Pich et al., 2019; Wang et al., 2019). In this review, we focused on discussing the roles of EBV infection that reprogrammed metabolic shift in NPC tumorigenesis.



EBV Infection Induces Metabolic Reprogramming in NPC

EBV latently infection brings about viral-encoded latent genes to the host cell, some of which are observed to be able to regulate the glucose metabolism–related pathways to induce cellular metabolic alteration, further steadily transforming healthy cells into neoplastic cells (Figure 1 and Table 1). Thus, EBV infection is believed to be involved in the initiation of NPC pathogenesis. Unfortunately, the detailed mechanism for EBV-associated tumorigenic process is still not fully understood.




Figure 1 | Activation of multiple signaling pathways that involved in glucose metabolism in NPC cells by EBV-encoded onco-products as well as the somatic-mutated genes identified in NPC. EBV-encoded latent gene product, LMP1, involves in regulation of glucose metabolism through multiple pathways including AMPK/mTOR, PI3K/AKT/mTOR, IKK/NF-κB, FGFR and cyclin D1 signaling. The common somatic mutations in NPC targeting to these multiple presented pathways are also shown to involve in glucose metabolism. EBV infection also regulates glucose metabolism through multiple transcription factors, like HIF-1α and c-Myc, that mediated glycolytic enzymes activation. EBV microRNA also involves in regulation of glucose metabolism in NPC.




Table 1 | EBV-encoded oncogenes and targeted signaling and metabolic enzymes.




EBV-Encoded Latent Membrane Proteins

LMP1, an oncoprotein encoded by EBV, has been well documented to contribute to the NPC metabolic reprogramming. LMP1 boosts the aerobic glycolysis by modulating several oncogenic signaling pathways. Specifically, LMP1 negatively regulated an aerobic glycolysis suppressor HoxC8 through RNA polymerase II (RNA Pol II) stalling to enhance the glycolytic pathway genes (Jiang et al., 2015). A study revealed that LMP1 can activate AKT and suppress the activity of oxidative phosphorylation (OXPHOS) by upregulating the expression level of DNA methyltransferases 1 (DNMT1) (Luo et al., 2018). Activation of PI3K/AKT by LMP1 decreased the activity of glycogen synthase 3β (GSK3β), which further stabilized the oncoprotein c-Myc. Since c-Myc is a hexokinase 2 (HK2) transcription factor, the action of LMP1 ultimately enhanced the signal of HK2 and thereby promoted the glycolysis process (Xiao et al., 2014). Furthermore, upregulation of c-Myc by LMP1 promoted the transcriptional activity of wild-type IDH2, which is a key enzyme involved in the mitochondrial metabolic process, leading to a significant metabolic change in NPC cells (Shi et al., 2020). LMP1 can also activate one of the PI3K/AKT upstream pathways, the fibroblast growth factor receptor 1 (FGFR1) pathway, by increasing the expression levels of both FGFR1 and its ligand fibroblast growth factor 2 (FGF2), consequently enhancing the glycolytic system by inducing the activities of hypoxia-induced factor 1 alpha (HIF-1α), lactate dehydrogenase (LDHA), and pyruvate dehydrogenase kinase 1 (PDHK1), but suppressing the activities of the pyruvate kinase M2 isoform (PKM2) and pyruvate dehydrogenase A1 (PDHA1) (Lo et al., 2015). Moreover, a direct regulation of LMP1 on HIF-1α was reported. LMP1 significantly upregulated protein and the mRNA level of HIF-1α by reducing the expression level of tristetraprolin (TTP) and pumilio RNA binding family member 2 (PUM2), which are two RNA-destabilizing proteins, to stabilize the HIF-1α RNA. The carboxy-terminal activating region 1 (CTAR1) and 3 (CTAR3) of LMP1 were involved in this program by which the former structure interacts with the extracellular signal–regulated kinase 1 and 2 (ERK1/2) pathway and the latter interacts with the STAT3 pathway. CTAR1 also played a role in the ERK1/2/NF-κB (nuclear factor κB) pathway to enhance the HIF-1α promoter activity (Sung et al., 2016). The activity of NF-κB signals has been reported to contribute to metabolic alteration (Mauro et al., 2011; Johnson and Perkins, 2012). In NPC, aberrant activation of NF-κB pathway, which may result from the inactivating mutations of NF-κB–negative regulators such as NFKBIA, CYLD, and TNFAIP3 (Zheng et al., 2016; Li et al., 2017), was universally observed and it is believed to be closely related to the infection of EBV (Lo et al., 2006; de Oliveira et al., 2010; Lin W et al., 2018; Tay et al., 2022). Consistently, EBV infection was showed to downregulate the expression levels of CYLD in NPC cells (Li et al., 2021), and CYLD deficiency could increase the transcriptional activity of PFKFB3, which is a key regulator of glycolysis, to enhance glycolysis (Wang et al., 2022). Furthermore, the CTAR1 and CTAR2 of LMP1 have also been demonstrated to distinctly activate NF-κB (Edwards et al., 2015). Our previous study demonstrated that LMP1 is responsible for the elevated transcriptional activity of Glut-1, resulting from the activation of mechanistic target of rapamycin complex 1 (mTORC1) and NF-κB pathways (Zhang et al., 2017). Accompanied by our deeper exploring, more recently, we further found that LMP1 can also enhance the glucose metabolic programming by activating a glucose metabolic enzyme PDHE1α, which is mediated by the mTORC2 signaling (Zhang et al., 2019). Apart from LMP1, another EBV-encoded latent membrane protein LMP2A was observed to be able to activate the mTORC1 signaling (Moody et al., 2005). A recently published paper suggested that the extracellular acidification rate (ECAR) was increased in the LMP2A-expressed NPC cell lines when compared to their parental cells, indicating an enhanced glycolysis activity induced by LMP2A (Zheng et al., 2020). Nevertheless, to specifically explain more the role of LMP2A in aerobic glycolysis, studies on investigating the detailed molecular mechanisms need to be proposed.



EBV-Encoded BamH I-A Rightward Transcripts (microBARTs)

To discuss EBV-associated cancers, EBV-encoded microRNAs (miRNAs) are an inescapable member to be involved that is highly expressed in EBV-positive tumors and they are believed to contribute to the pathogenesis of EBV. There are more than 40 endogenous microRNAs (miRNAs) identified to date, the most abundant of which are EBV-encoded BamH I-A rightward transcripts (BARTs) in EBV-associated epithelial cancers, including NPC (Lo et al., 2012; Kuzembayeva et al., 2014). The underlying function of BART miRNAs in cancer development remains under investigation, particularly in recent years. Some of the BARTs, such as miR-BART3, miR-BART4, miR-BART7-3p, miR-BART8-3p, miR-BART19-3p, and miR-BART22, have been suggested to play the roles in enhancing cell proliferation, invasion, metastasis, and radio/chemo-drug resistance by different mechanisms in NPC (Lei et al., 2013; Cai et al., 2015a; Wu et al., 2018; Lin C et al., 2018; Liu et al., 2019; Zhang et al., 2020). Specifically, miR-BART4 was reported to downregulate the tumor suppressor phosphatase and tensin homolog (PTEN) thus facilitate the activation of PI3K/AKT and involved in metabolic regulation (Wu et al., 2018); miR-BART7-3p not only activate the PTEN/PI3K/Akt but also upregulate c-Myc and c-Jun (Cai et al., 2015a); miR-BART8-3p could excite both NF-κB and ERK1/2 pathways (Lin C et al., 2018); and miR-BART22 could also activate the PI3K/AKT pathway (Liu et al., 2019). It is worth noting that the pathways were activated by the miR-BARTs mentioned above also have been correlated to the improvement of the glycolysis activity. However, whether the presence of these EBV-miR-BARTs will eventually enhance the tumor aerobic glycolysis program needs to be further investigated. By contrast, direct evidence has indicated that another EBV-miR-BART, miR-BART1-5P, is able to promote cell glycolysis in terms of more lactate production, higher glucose uptake and assumption, and more ATP generation mechanistically by downregulating PTEN and the α1 catalytic subunit of adenosine 5´-monophosphate–activated protein kinase (AMPKα1) (Lyu et al., 2018). Downregulation of PTEN to activate its downstream pathways by miR-BART1 also has been reported in another study, further supporting the role of miR-BART1 as a PTEN suppressor (Cai et al., 2015b). Moreover, several metabolism-associated genes were also observed to be modulated in miR-BART1–overexpressed cells, in which miR-BART1-5P upregulated GLUT1, HK2, and LDHA (Lyu et al., 2018), miR-BART1 upregulated G6PD, PHGDH, PAST1, and IDH2, but downregulated UGT8, LDHB, SGPL1, and DHRS3 (Ye et al., 2013). These studies revealed that miR-BART1 participated in the metabolic reprogramming through multiple pathways in NPC.




EBV-Mediated Metabolic Reprogramming Contributes to the NPC Pathogenesis

Tumor cells generally use glucose for aerobic glycolysis, rather than metabolize glucose in the oxidative phosphorylation pathway, and this event was named the Warburg effect (Warburg, 1956). As one of the 10 hallmarks of cancer, aerobic glycolysis finally pushes the cancer cells into its infinite replicative potential, self-sufficiency in growth signals, and resistance to antigrowth signals; overcomes senescence and immortalization; escapes from apoptotic induction; and disturbs the microenvironment, angiogenesis, tissue invasion, and metastasis (Hanahan and Weinberg, 2011). As a herpesvirus, EBV and its encoded onco-products have the potential to alter glucose metabolism that has been discussed above, this event may contribute to NPC carcinogenesis through multiple approaches. Details of the potential involvements of glucose metabolism that contributes to carcinogenesis of EBV-associated NPC will be discussed below (Figure 2).




Figure 2 | Lactate produced by EBV enhanced aerobic glycolysis contributes to all the major steps in NPC pathogenesis. Lactate increases the expression of vascular endothelial growth factor (VEGF) stimulating angiogenesis, increases extracellular acidosis of tumor microenvironment to beneath the cancer cell motility and metastasis. Lactate is also involved in the ‘immune escape’ by decreasing monocyte migration and decreased activation of T cells as well as cytokine release. Finally, lactate is necessary for protecting cancer cells escape from apoptosis and resistance to therapy.




Glucose Metabolism Contributes to EBV-Associated Immortalization

Immortalization is a prerequisite property of cancer cells and is regarded as an early conversion from premalignancy into malignance in human carcinogenesis (Hanahan and Weinberg, 2011). Experimentally, many factors can induce cell immortalization, such as viral infection and genetic alteration that led to abnormal cell proliferation, and conspire to confer replicative immortality can contribute to immortalization. Thus, defining and elucidating the molecular and cellular mechanisms of immortalization could provide important insights into the early stage of carcinogenesis. EBV infection has the property to immortalize B cells, contributing to human B-cell entry into an uncontrolled proliferation and further transformation (Brickell, 1992; Manor, 2008; McFadden et al., 2016). The metabolic stress is a barrier for EBV-mediated B-cell immortalization, and high-glucose metabolism would enhance the cell proliferation and immortalization (McFadden et al., 2016). Interestingly, during immortalization, several biological events that are preventing this process are emerged, and one of them is bypassed senescence. Normally, primary cells undergo senescence after a period of extended culture or exposed to reactive oxygen species inducible reagents (Shay and Roninson, 2004). Enhanced glycolysis could modulate cellular life span by preventing the primary cultures from oxidative stress or oncogene expression status; in other words, the enhanced glycolysis could help cells to overcome the senescence and contributes to growth and escape from apoptosis (Kondoh et al., 2007). This theory could explain why LMP1 expression in NPE cells could reverse the oncogene Ras-induced senescence and further accelerates cancer development by preventing premature senescence induced by mitogenic oncogenes (Yang et al., 2000). In nasopharyngeal epithelial cells, infection with EBV at an early stage occurred simultaneously with slowing down the cellular growth and accelerating senescence, overexpression of cyclin D1 or its associated factors in the NPE cell lines, however, could counteract the EBV infection induced arrest and senescence (Tsang et al., 2012); this may be due to the activation of cyclin D1 pathway that enhances the aerobic glycolysis property and further overcomes the senescence, therefore enabling persistent infection of EBV and drives NPC pathogenesis. We have reported that EGFR/mTOR/NF-κB axis activation supports the growth and highly proliferative of hTERT-immortalized NPE cells, as discussed above that NF-κB signaling activation is important for the development of NPC (Zhu et al., 2016a). Thus, the observation that NF-κB activation facilitates growth of immortalized NPE cells may represent an early stage of NPC pathogenesis. EBV-encoded oncoprotein, LMP1, is also reported to drive the life-span extension of primary cultures of NPE cells and finally facilitate its immortalization; in early stage of this case, the c-Myc, Bmi-1, and Id-1 were upregulated but p21 and p16 expression were downregulated in a late stage of immortalization (Yip et al., 2010). Because enhanced glucose metabolism is a typical and prominent feature of cancer cells, therefore, a well clarification on EBV infection-enhanced aerobic glycolysis that overcomes senescence and accelerates immortalization will provide important insights into understanding of NPC carcinogenesis.



Glucose Metabolism Contributes to EBV Latency Infection

EBV has not been detected in normal nasopharyngeal epithelial cells adjacent to EBV positive tissue but has been detected in in situ nasopharynx carcinomas, which are presumed precursor lesions of NPC development (Pathmanathan et al., 1995; Niedobitek et al., 1996). Latent infection of EBV is the predominant status in nature in NPC, and the default program of EBV infection is lytic replication. The switch from latency to the lytic cycle is known as EBV reactivation, this process will amply the viral genomes to generate abundant viral particles for promoting EBV-associated carcinogenesis by entering into a latent state to remain within the host indefinitely (Murata and Tsurumi, 2014). Thus, the establishment of latent infection represents an important step in the pathogenesis of NPC. Overexpression of cyclin D1 or its associated factors has been reported to enable persistent infection of EBV in latency (Tsang et al., 2012), which may be due to the enhanced glucose metabolism by activated cyclin D1 signaling. Interestingly, Adamson and his colleagues showed that treating the EBV-positive epithelial cells with mTOR inhibitor, rapamycin, could effectively evaluate the lytic replication in a dose- and time-dependent manner, which was indicated by the enhancement of Zta and Rta transcript and protein levels (Adamson et al., 2014). Since blocking the mTOR activation by rapamycin could cause a starvation status by slowing down the glucose uptake, in other words, EBV prefers to switch into lytic cycle from latency when EBV-positive epithelial cells undergo starvation, this will heighten our knowledge of how the host-viral interactions alteration contributes to the EBV lytic cycle. A better understanding of how glucose metabolism links to EBV lytic reactivation further contributes to NPC pathogenesis that will help in designing new virus-targeted therapies by focusing on lytic cycle combining with metabolism regulation.



Glucose Metabolism Beneath NPC Escapes From Apoptosis

Apoptosis is a form of cell death required for maintaining the physiological homeostasis of the body. Metabolism has been considered as a driver for carcinogenesis through multiple aspects including promotion of the cancer cells to proliferation and escape from apoptosis (Hanahan and Weinberg, 2011). Inhibition of cell metabolism by glucose deprivation or disturbing the process of glucose metabolism have been extensively considered as approaches to preferentially arrest the carcinogenesis property (Dang, 2012; Hay, 2016; DeBerardinis and Chandel, 2016). Our study showed that EBV-encoded oncoprotein, LMP1, enhanced glucose uptake and aerobic glycolysis; this event is essential for LMP1-mediated carcinogenesis of NPE cells, treatment with glycolytic inhibitor STF-31, or knockdown Glut-1 expression that initiated the apoptotic program as indicated by the increase of cleaved-caspase 3 level, which indicated that aerobic glycolysis would benefit cells against apoptosis (Zhang et al., 2017). By targeting to the FGF1/FGFR signaling with small molecular inhibitors, LMP1-induced cell proliferation also reduced synchronous with the aerobic glycolysis reduction (Lo et al., 2015). LMP1 expression that accelerated the aerobic glycolysis also causes the NPC cells to be insensitive to radiotherapy; Xiao and colleagues reported the exposure of the LMP1-expressed NPC cells into irradiation: the apoptotic level was high if the glycolytic enzyme HK2 knocks down further (Xiao et al., 2014). Similar studies were also observed by Lu et al. (2016) and Jiang et al. (2015) by targeting the DNA-PK/AMPK pathway as well as the TET3/HoxC8 activity. Interestingly, our unpublished data show that induction of EBV lytic cycle by using rapamycin to block the mTOR activation also enhances the cell apoptosis; this event may be explained by mTOR activation–enhanced glycolysis that is essential for maintaining EBV latency infection to escape apoptosis. Taken together, these findings indicated that metabolism in EBV associated cancer may beneath the cells that are insensitive to apoptotic induction, targeting that metabolism may provide new strategy for EBV-infected NPC treatment.



Glucose Metabolism Alters the Tumor Microenvironment

The tumor microenvironment is known to play an important function for modulation of tumor growth, progression, and metastasis to distant sites, for the development of acquired treatment resistance, and, finally, for poor patient prognosis (Albini and Sporn, 2007). The tumor microenvironment contains all the elements that are required for tumor progression including malignant and immune cells, stroma, fibroblasts, and the vasculature and lymphatics of the tumor. A typical feature of tumor microenvironment is the acidic environment, which plays key roles for carcinogenesis in the tumor progression. As a product of aerobic glycolysis, lactate is the main contributor for acidosis of the cell microenvironment due to the dynamic shuttling of lactate and proton from cancer cells to the extracellular site. Lactate seems to be involved in all the major steps in cancer progression: angiogenesis, immune escape, cell migration, metastasis, and self-sufficiency of cancer cells (Hanahan and Weinberg, 2011; Hirschhaeuser et al., 2011; Dhup et al., 2012; Justus et al., 2013). EBV infection in NPC has been postulated to be associated with NPC pathogenesis by affecting the multiple aspects including angiogenesis (Sakakibara and Tosato, 2009; Jonigk et al., 2014; Yang et al., 2015), cell motility (Dawson et al., 2008; Shair et al., 2008; Wasil and Shair, 2015), and immune escape (Munz and Moormann, 2008; Merlo et al., 2010; Ning, 2011); this seems to be matched with the function of lactate. In cancer, lactate plays an important role in angiogenesis by stimulating vascular endothelial growth factor (VEGF) protein expression (Dhup et al., 2012; Polet and Feron, 2013). LMP1 increases JNKs/c-Jun signaling activation to enhance the HIF-1/VEGF activity and induce angiogenesis. It is interesting that HIF-1 is an important regulator for glucose metabolism by promoting the glycolytic enzymes activation (Denko, 2008), and it could be explained that the angiogenesis property induced by LMP1 in this case may be due to the accumulated lactate in the extracellular site. It has been known for a long time that lactate level is closely correlated with metastasis in different types of cancers; high concentrations of lactate are associated with distant cancer metastasis (Schwickert et al., 1995; Walenta et al., 2000; Walenta and Mueller-Klieser, 2004; Dhup et al., 2012). As an oncogene, LMP1 that drives NPC motility through multiple pathways has been well established, including ERK-MAPK pathway (Dawson et al., 2008), FGD4/CDC42 pathway (Liu HP et al., 2012), and NF-κB/TNFAIP2 (Chen et al., 2014), and it is attractive that all these signaling pathway activations have a common phenotype: regulating glucose metabolism. Based on their correlation, we can hypothesize that LMP1-enhanced lactate production may be involved in this event.

Lactate has been reported to contribute to immune escape from different approaches, like suppressing monocyte migration and release of cytokines (Goetze et al., 2011), inhibiting the activation of T cells and natural killer cell (Fischer et al., 2007; Husain et al., 2013). Acidosis environment could be involved in lactate to suppress immune system (Choi et al., 2013). NPC is characterized by substantial immune infiltrate in the tumor microenvironment including dendritic cells, monocytes, T cells, and B cells. The production of inflammatory cytokines largely seems to be essential for the infiltration of lymphoid NPC progression. Expression of LMP1 in NPC cells recruits T regulatory cells (Tregs) through NF-κB signaling activation, which distributes around the tumor and contributes to inhibit the activation of innate cytotoxic T-cell responses; the Tregs enhances the secretion of the chemokine CCL20 and IL-10 and increases the migration of itself toward the tumor (Marshall et al., 2003; Baumforth et al., 2008), subsequently contributing to play the immune suppressive functions. Similar studies also observed that EBV microRNAs (Nachmani et al., 2009; Haneklaus et al., 2012; Lin et al., 2013) and lytic genes (Morrison and Kenney, 2004; Bristol et al., 2010; Michaud et al., 2010; Shen et al., 2015) also contribute to evade the host immune destruction, for example, the BART-miRNA15-3p could block the production of IL-1 which is a pro-inflammatory cytokine via inhibition of the NLRP3 inflammasomal activity (Haneklaus et al., 2012). The EBV lytic gene, BZLF1, was found to inhibit interferon-α (IFNα) production by monocytes through inhibition of JAK/STAT signaling and finally induce a state of type I IFN irresponsiveness (Michaud et al., 2010). It is quite interesting that the above summarized EBV-associated immune response can affect by the lactate and it associated acidosis environment, which suggests to us that aerobic glycolysis–mediated microenvironment alteration may play a role in EBV modulation of host immune responses.




Targeting EBV-Induced Metabolic Dysregulation as Promising Strategies for NPC Therapy

In a previous clinical-based study, it has been observed that EBV infection was positively correlated with the expression of Glut-1 (Zhou et al., 2017). Compared with the healthy group, the proportion of Glut-1–positive individuals is significantly higher in NPC patients (58.73% versus 29.17%). Furthermore, the clinical stage and the ratio of the lymph node metastasis are likely to be higher but the 3-year survival rate is lower in Glut-1–positive patients, indicating that Glut-1 is a poor prognosis factor in NPC (Zhou et al., 2017). In another study, the expression of HK2 has been positively correlated to LMP1. Overexpression of HK2 in NPC patients was indicated to be a poor prognosis factor in terms of the overall survival (OS) in NPC patients (Xiao et al., 2014). Our study confirmed that highly expressed PDHE1α in NPC tissues is associated with advanced tumor stages and lower OS of the NPC patients (Zhang et al., 2019). Moreover, EBV-miR-BART1 expression in NPC has been reported that it is highly associated with higher clinical stages of the disease (Cai et al., 2015b). Collectively, EBV infection may drive the cell metabolic reprogramming to contribute to the cancer progression. Hence, targeting metabolic dysregulation in EBV-associated cancer therapy has greatly attracted researcher’s attentions these years.

The early stages of NPC patients can be effectively treated by combined chemotherapy and radiotherapy, however, the long-term survival rate of NPC patients is still poor if detected at advanced stages (Cheng et al., 2000; Wei and Sham, 2005). Thus, developing new strategies for NPC clinical treatment is an urgent need. Due to the unique role of EBV in NPC aerobic glycolysis, interfering viral-mediated metabolic reprogramming to revise the cell metabolic behavior has been shown to be promising therapeutic strategies in preclinical studies. For instance, overexpression of LMP1 suppressed gene HoxC8 in NPC cells to attenuate the function of LMP1 in glycolytic metabolism, which eventually led to the growth inhibition of cells both in vitro and in vivo (Jiang et al., 2015). Inhibition of LMP1-induced protein FGFR1 in LMP1-expressed epithelial cell lines could suppress cell proliferation, migration, and invasion to decrease the risk of the cell malignant transformation (Lo et al., 2015). Silencing the EBV-miR-BART1-5P significantly decreased the glycolytic activity and propagation of NPC cells (Lyu et al., 2018).

As aforementioned, EBV infection and EBV-encoded oncoproteins activate multiple signaling pathways that regulate NPE cell proliferation and malignant transformation, including PI3K/AKT/mTOR axis, AMPK/mTOR pathway, IKK/NF-κB pathway, and cell cycle pathway. The mTOR plays an irreplaceable function in the governing of nutrient balance and energy metabolism, and it has been shown to be activated in EBV-transformed cells (Moody et al., 2005; Wlodarski et al., 2005; McFadden et al., 2016). As an effective inhibitor of mTORC1, rapamycin or its derivates also have been proved to have inhibitory effect in EBV-associated cancers (Toh et al., 2006; Cen and Longnecker, 2011; Zhang et al., 2017) and reduce the aerobic glycolysis (Zhang et al., 2017). Similarly, targeting the AMPK signaling by metformin and AICAR (Lo et al., 2013; Lu et al., 2016) and modulating the activity of NF-κB signaling by NBD (Zhu et al., 2016b; Zhang et al., 2017) in EBV-associated epithelial cells have attenuated the EBV and its oncoproteins-droved cell growth and malignant transformation, suggesting that disrupting the above mentioned pathways by related inhibitors may provide an additional benefit to antiglycolytic therapies for EBV-infected NPC. The benefits of the combined use of these inhibitors with conventional NPC treatment modalities, namely, radiotherapy, chemotherapy, and the recently initiated immune check point therapy, remain to be explored.

The activity of glucose metabolism is highly increased in cancer cells compared with those in normal cells due to their high demands of energy and macromolecules. The former one metabolized pyruvate to lactate by LDHA and transport out to extracellular space to modulate the microenvironment, whereas the latter one transported pyruvate into trichloroacetic acid cycle in mitochondria. Thus, targeting on dysregulated metabolic enzymes that are preferentially activated in cancer cells will represent promising therapeutic strategies. As discussed above, Glut-1 is regarded as a tumor marker due to its significant clinical relevance in EBV-associated malignancy of NPC (Sommermann et al., 2011; Szablewski, 2013; Zhang et al., 2017; Zhou et al., 2017). Glut-1–specific chemical inhibitors, including STF-31, have shown to have a strong effect to selectively kill NPC cells in vitro (Chan et al., 2011; Liu Y et al., 2012; Zhang et al., 2017). Furthermore, inhibition of HK2 increased the radiotherapy sensitivity, which indicated that HK2 could be used as a target to enhance the treatment effects (Xiao et al., 2014). Another key enzyme, PKM2, which regulates the last step of glycolysis, and dephosphorylation of phosphoenolpyruvate to pyruvate, is also highly increased in LMP1-expressed cells (Lo et al., 2015). Taken together, due to their important functions in different stage of glycolysis, targeting activities of glycolytic enzymes may represent a promising approach for NPC treatment by directly interfering with glycolysis process.

To date, although there are no drugs that are targeting aerobic glycolysis available in NPC treatment, development of such kind of drugs may represent to provide a novel therapeutic option for the disease management. Serval EBV-related glycolytic genes could serve as potential targets for the cancer drug development; remarkably, drugs against HIF1α have achieved a great progression. Topotecan and bortezomib are two HIF1α inhibitors that have been approved for the treatment of solid cancers by the US Food and Drug Administration (FDA). Two phase II clinical trials, the NCT00002515 and NCT00305734 trials, have been carried out to evaluate the effectiveness of topotecan in combination with other cancer drugs in treating patients who have advanced rare caners, including NPC, and the effectiveness of bortezomib in combination with gemcitabine in treating patients who have recurrent or metastatic NPC, respectively. Additionally, more HIF1α-targeting drugs are under development. Two phase I trial (NCT00687934 and NCT01183364) to study another HIF1α inhibitor ganetespib alone or in combination with docetaxel in treating solid tumors have been completed, and the positive result collected from NCT00687934 has been published (Goldman et al., 2013). These studies have inspired investigators to develop highly effective therapeutic methods through targeting EBV-induced metabolic reprogramming in NPC.



Concluding Remarks

The role of EBV infection in NPC pathogenesis has been enigmatic. The underlying mechanism that supports latent EBV infection and tumorigenesis in NPC is yet not fully defined. An interactive interplay between glucose metabolism reprogrammed by EBV infection and its encoded-oncogene expression may modulate malignant properties of NPC cells including angiogenesis, invasion, metastasis, and resistance to therapy. Considering the prevalent impact of glucose metabolism in NPC malignances, an in-depth understanding of the mechanisms of EBV-regulated metabolic dynamics may aid the development of functional therapeutic application in modulating metabolic rewiring.

More efforts in the future are needed to identify key molecular determinants that are involving in EBV-reprogrammed glucose metabolism in order to provide relevant insights into queries like the following: how does EBV-reprogrammed glucose metabolism contribute to EBV latent infection? Does glucose metabolism contribute to EBV latent and lytic switching? How to suppress NPC metastasis and potentially reverse resistance to clinical treatment in NPC patients by targeting metabolic process?



Author Contributions

TY, CY, and SM draft the manuscript; ZL, WA, and JZ discussed the review content; WA and JZ modified the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This project was supported by funding from the National Natural Science Foundation of China (82002986) and Guangdong Basic and Applied Basic Research Foundation (2019A1515110041, 2021A1515011126).



References

 Adamson, A. L., Le, B. T., and Siedenburg, B. D. (2014). Inhibition of Mtorc1 Inhibits Lytic Replication of Epstein-Barr Virus in a Cell-Type Specific Manner. Virol. J. 11, 110. doi: 10.1186/1743-422X-11-110

 Albini, A., and Sporn, M. B. (2007). The Tumour Microenvironment as a Target for Chemoprevention. Nat. Rev. Cancer 7 (2), 139–147. doi: 10.1038/nrc2067

 Ambinder, R. F. (2000). Gammaherpesviruses and “Hit-And-Run” Oncogenesis. Am. J. Pathol. 156 (1), 1–3. doi: 10.1016/S0002-9440(10)64697-4

 Badoual, C. (2022). Update From the 5th Edition of the World Health Organization Classification of Head and Neck Tumors: Oropharynx and Nasopharynx. Head Neck Pathol. 16 (1), 19–30. doi: 10.1007/s12105-022-01449-2

 Baumforth, K. R., Birgersdotter, A., Reynolds, G. M., Wei, W., Kapatai, G., Flavell, J. R., et al. (2008). Expression of the Epstein-Barr Virus-Encoded Epstein-Barr Virus Nuclear Antigen 1 in Hodgkin's Lymphoma Cells Mediates Up-Regulation of CCL20 and the Migration of Regulatory T Cells. Am. J. Pathol. 173 (1), 195–204. doi: 10.2353/ajpath.2008.070845

 Bjornevik, K., Cortese, M., Healy, B. C., Kuhle, J., Mina, M. J., Leng, Y., et al. (2022). Longitudinal Analysis Reveals High Prevalence of Epstein-Barr Virus Associated With Multiple Sclerosis. Science 375 (6578), 296–301. doi: 10.1126/science.abj8222

 Bordon, Y. (2022). Linking Epstein-Barr Virus Infection to Multiple Sclerosis. Nat. Rev. Immunol. 22 (3), 143. doi: 10.1038/s41577-022-00686-4

 Brady, G., MacArthur, G. J., and Farrell, P. J. (2007). Epstein-Barr Virus and Burkitt Lymphoma. J. Clin. Pathol. 60 (12), 1397–1402. doi: 10.1136/jcp.2007.047977

 Brickell, P. M. (1992). Immortalization of Human B-Lymphocytes by Epstein-Barr Virus. Methods Mol. Biol. 8, 213–218. doi: 10.1385/0-89603-191-8:213

 Bristol, J, Robinson, AR, Barlow, EA, and Kenney, SC. (2010). The Epstein-Barr Virus BZLF1 Protein Inhibits Tumor Necrosis Factor Receptor 1 Expression Through Effects on Cellular C/EBP Proteins. J. Virol. 84 (23), 12362–12374. doi: 10.1128/JVI.00712-10

 Cai, L. M., Li, J. B., Zhang, X. N., Lu, Y. Y., Wang, J. G., Lyu, X. M., et al. (2015a). Gold Nano-Particles (AuNPs) Carrying Anti-EBV-miR-BART7-3p Inhibit Growth of EBV-Positive Nasopharyngeal Carcinoma. Oncotarget 6 (10), 7838–7850. doi: 10.18632/oncotarget.3046

 Cai, L. M., Ye, Y. F., Jiang, Q., Chen, Y. X., Lyu, X. M., Li, J. B., et al. (2015b). Epstein-Barr Virus-Encoded microRNA BART1 Induces Tumour Metastasis by Regulating PTEN-Dependent Pathways in Nasopharyngeal Carcinoma. Nat. Commun. 6, 7353. doi: 10.1038/ncomms8353

 Cen, O., and Longnecker, R. (2011). Rapamycin Reverses Splenomegaly and Inhibits Tumor Development in a Transgenic Model of Epstein-Barr Virus–Related Burkitt's Lymphoma. Mol. Cancer Ther. 10 (4), 679–686. doi: 10.1158/1535-7163.MCT-10-0833

 Chan, D. A., Sutphin, P. D., Nguyen, P., Turcotte, S., Lai, E. W., Banh, A., et al. (2011). Targeting GLUT1 and the Warburg Effect in Renal Cell Carcinoma by Chemical Synthetic Lethality. Sci. Transl. Med. 3 (94), 94ra70. doi: 10.1126/scitranslmed.3002394

 Chen, C. C., Liu, H. P., Chao, M., Liang, Y., Tsang, N. M., Huang, H. Y., et al. (2014). NF-kappaB-Mediated Transcriptional Upregulation of TNFAIP2 by the Epstein-Barr Virus Oncoprotein, LMP1, Promotes Cell Motility in Nasopharyngeal Carcinoma. Oncogene 33 (28), 3648–3659. doi: 10.1038/onc.2013.345

 Cheng, S. H., Tsai, S. Y.C., Yen, K. L., Jian, J. J.M., Chu, N. M., Chan, K. Y., et al. (2000). Concomitant Radiotherapy and Chemotherapy for Early-Stage Nasopharyngeal Carcinoma. J. Clin. Oncol. 18 (10), 2040–2045. doi: 10.1200/JCO.2000.18.10.2040

 Choi, Y. C., Collins, C. C., Gout, P. W., and Wang, Y. Z. (2013). Cancer-Generated Lactic Acid: A Regulatory, Immunosuppressive Metabolite? J. Pathol. 230 (4), 350–355. doi: 10.1002/path.4218

 Cohen, J.I., Fauci, A. S., Varmus, H., and Nabel, G. J. (2011). Epstein-Barr Virus: An Important Vaccine Target for Cancer Prevention. Sci. Transl. Med. 3 (107), 107fs7. doi: 10.1126/scitranslmed.3002878

 Dang, C. V. (2012). Links Between Metabolism and Cancer. Genes Dev. 26 (9), 877–890. doi: 10.1101/gad.189365.112

 Darekar, S., Georgiou, K., Yurchenko, M., Yenamandra, S. P., Chachami, G., Simos, G., et al. (2012). Epstein-Barr Virus Immortalization of Human B-Cells Leads to Stabilization of Hypoxia-Induced Factor 1 Alpha, Congruent With the Warburg Effect. PloS One 7 (7), e42072. doi: 10.1371/journal.pone.0042072

 Dawson, C. W., Laverick, L, Morris, M. A., Tramoutanis, G., and Young, L. S.. (2008). Epstein-Barr Virus-Encoded LMP1 Regulates Epithelial Cell Motility and Invasion via the ERK-MAPK Pathway. J. Virol. 82 (7), 3654–3664. doi: 10.1128/JVI.01888-07

 DeBerardinis, R. J., and Chandel, N. S. (2016). Fundamentals of Cancer Metabolism. Sci. Adv. 2 (5), e1600200. doi: 10.1126/sciadv.1600200

 Denko, N. C. (2008). Hypoxia, HIF1 and Glucose Metabolism in the Solid Tumour. Nat. Rev. Cancer 8 (9), 705–713. doi: 10.1038/nrc2468

 de Oliveira, D. E., Ballon, G., and Cesarman, E. (2010). NF-kappaB Signaling Modulation by EBV and KSHV. Trends Microbiol. 18 (6), 248–257. doi: 10.1016/j.tim.2010.04.001

 Dhup, S., Dadhich, R. S., Porporato, P. E., and Sonveaux, P. (2012). Multiple Biological Activities of Lactic Acid in Cancer: Influences on Tumor Growth, Angiogenesis and Metastasis. Curr. Pharm. Design 18 (10), 1319–1330. doi: 10.2174/138161212799504902

 Duca, K. A., Shapiro, M., Delgado-Eckert, E., Hadinoto, V., Jarrah, A. S., Laubenbacher, R., et al. (2007). A Virtual Look at Epstein-Barr Virus Infection: Biological Interpretations. PloS Pathog. 3 (10), 1388–1400. doi: 10.1371/journal.ppat.0030137

 Edwards, R. H., Marquitz, A. R., and Raab-Traub, N. (2015). Changes in Expression Induced by Epstein-Barr Virus LMP1-CTAR1: Potential Role of Bcl3. mBio 6 (2). doi: 10.1128/mBio.00441-15

 Epstein, M. A., Achong, B. G., and Barr, Y. M. (1964). Virus Particles in Cultured Lymphoblasts From Burkitt's Lymphoma. Lancet 1 (7335), 702–703. doi: 10.1016/s0140-6736(64)91524-7

 Fischer, K., Hoffmann, P., Voelkl, S., Meidenbauer, N., Ammer, J., Edinger, M., et al. (2007). Inhibitory Effect of Tumor Cell-Derived Lactic Acid on Human T Cells. Blood 109 (9), 3812–3819. doi: 10.1182/blood-2006-07-035972

 Frappier, L. (2021). Epstein-Barr Virus: Current Questions and Challenges. Tumour Virus Res. 12, 200218. doi: 10.1016/j.tvr.2021.200218

 Glaser, S. L., Clarke, C. A., Gulley, M. L., Craig, F. E., DiGiuseppe, J. A., Dorfman, R. F., et al. (2003). Population-Based Patterns of Human Immunodeficiency Virus-Related Hodgkin Lymphoma in the Greater San Francisco Bay Area, 1988-1998. Cancer 98 (2), 300–309. doi: 10.1002/cncr.11459

 Goetze, K., Walenta, S., Ksiazkiewicz, M., Kunz-Schughart, L. A., and Mueller-Klieser, W. (2011). Lactate Enhances Motility of Tumor Cells and Inhibits Monocyte Migration and Cytokine Release. Int. J. Oncol. 39 (2), 453–463. doi: 10.3892/ijo.2011.1055

 Goldman, J. W., Raju, R. N., Gordon, G. A., El-Hariry, I., Teofilivici, F., Vukovic, V. M., et al. (2013). A First in Human, Safety, Pharmacokinetics, and Clinical Activity Phase I Study of Once Weekly Administration of the Hsp90 Inhibitor Ganetespib (STA-9090) in Patients With Solid Malignancies. BMC Cancer 13, 152. doi: 10.1186/1471-2407-13-152

 Hammerschmidt, W., and Sugden, B. (2013). Replication of Epstein-Barr Viral DNA. Cold Spring Harb. Perspect. Biol. 5 (1), a013029. doi: 10.1101/cshperspect.a013029

 Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of Cancer: The Next Generation. Cell 144 (5), 646–674. doi: 10.1016/j.cell.2011.02.013

 Haneklaus, M., Gerlic, M., Kurowska-Stolarska, M., Rainey, A. A., Pich, D., McInnes, I. B., et al. (2012). Cutting Edge: miR-223 and EBV miR-BART15 Regulate the NLRP3 Inflammasome and IL-1beta Production. J. Immunol. 189 (8), 3795–3799. doi: 10.4049/jimmunol.1200312

 Hatton, H., LIeonart, M.E., Bernard, D., and Gil, J. (2014). The Interplay Between Epstein-Barr Virus and B Lymphocytes: Implications for Infection, Immunity, and Disease. Immunol. Res. 58 (2-3), 268–276. doi: 10.1007/s12026-014-8496-1

 Hay, N. (2016). Reprogramming Glucose Metabolism in Cancer: Can It Be Exploited for Cancer Therapy? Nat. Rev. Cancer 16 (10), 635–649. doi: 10.1038/nrc.2016.77

 He, Y. Q., Wang, T. M., Ji, M. F., Mai, Z. M., Tang, M. Z., Wang, R. Z., et al. (2022). A Polygenic Risk Score for Nasopharyngeal Carcinoma Shows Potential for Risk Stratification and Personalized Screening. Nat. Commun. 13 (1), 1966. doi: 10.1038/s41467-022-29570-4

 Hirschhaeuser, F., Sattler, U. G., and Mueller-Klieser, W. (2011). Lactate: A Metabolic Key Player in Cancer. Cancer Res. 71 (22), 6921–6925. doi: 10.1158/0008-5472.CAN-11-1457

 Husain, O. L., Harris-Arnold, A., Schaffert, S., Krams, S. M., and Martinez, O. M. (2013). Tumor-Derived Lactate Modifies Antitumor Immune Response: Effect on Myeloid-Derived Suppressor Cells and NK Cells. J. Immunol. 191 (3), 1486–1495. doi: 10.4049/jimmunol.1202702

 Hutcheson, R. L., Chakravorty, A., and Sugden, B. (2020). Burkitt Lymphomas Evolve to Escape Dependencies on Epstein-Barr Virus. Front. Cell Infect. Microbiol. 10, 606412. doi: 10.3389/fcimb.2020.606412

 Hutt-Fletcher, L. M. (2007). Epstein-Barr Virus Entry. J. Virol. 81 (15), 7825–7832. doi: 10.1128/JVI.00445-07

 Jiang, Y., Yan, B., Lai, W., Shi, Y., Xiao, D., Jia, J., et al. (2015). Repression of Hox Genes by LMP1 in Nasopharyngeal Carcinoma and Modulation of Glycolytic Pathway Genes by Hoxc8. Oncogene 34 (50), 6079–6091. doi: 10.1038/onc.2015.53

 Johnson, R. F., and Perkins, N. D. (2012). Nuclear Factor-Kappab, P53, and Mitochondria: Regulation of Cellular Metabolism and the Warburg Effect. Trends Biochem. Sci. 37 (8), 317–324. doi: 10.1016/j.tibs.2012.04.002

 Jonigk, D., Izykowski, N., Maegel, L., Schormann, E., Ludewig, B., Kreipe, H., et al. (2014). Tumour Angiogenesis in Epstein-Barr Virus-Associated Post-Transplant Smooth Muscle Tumours. Clin. Sarcoma Res. 4 (1), 1. doi: 10.1186/2045-3329-4-1

 Justus, C. R., Dong, L., and Yang, L. V. (2013). Acidic Tumor Microenvironment and pH-Sensing G Protein-Coupled Receptors. Front. Physiol. 4, 354. doi: 10.3389/fphys.2013.00354

 Kang, M. S., and Kieff, E. (2015). Epstein-Barr Virus Latent Genes. Exp. Mol. Med. 47, e131. doi: 10.1038/emm.2014.84

 Kondoh, H., Lleonart, M. E., Bernard, D., and Gil, J. (2007). Protection From Oxidative Stress by Enhanced Glycolysis; a Possible Mechanism of Cellular Immortalization. Histol Histopathol 22 (1), 85–90. doi: 10.14670/HH-22.85

 Kuzembayeva, M., Hayes, M., and Sugden, B. (2014). Multiple Functions are Mediated by the miRNAs of Epstein-Barr Virus. Curr. Opin. Virol. 7, 61–65. doi: 10.1016/j.coviro.2014.04.003

 Lei, T., Yuen, K. S., Xu, R., Tsao, S. W., Chen, H., Li, M., et al. (2013). Targeting of DICE1 Tumor Suppressor by Epstein-Barr Virus-Encoded miR-BART3* microRNA in Nasopharyngeal Carcinoma. Int. J. Cancer 133 (1), 79–87. doi: 10.1002/ijc.28007

 Li, Y. Y., Chung, G. T., Lui, V. W., To, K. F., Ma, B. B., Chow, C., et al. (2017). Exome and Genome Sequencing of Nasopharynx Cancer Identifies NF-kappaB Pathway Activating Mutations. Nat. Commun. 8, 14121. doi: 10.1038/ncomms14121

 Li, Z., Zhang, X., Dong, L., Pang, J., Xu, M., Zhong, Q., et al. (2020). CryoEM Structure of the Tegumented Capsid of Epstein-Barr Virus. Cell Res. 30 (10), 873–884. doi: 10.1038/s41422-020-0363-0

 Li, Y. S., Shi, F., Hu, J. M., Xie, L. L., Zhao, L., Tang, M., et al. (2021). Stabilization of P18 by Deubiquitylase CYLD is Pivotal for Cell Cycle Progression and Viral Replication. NPJ Precis. Oncol. 5 (1). doi: 10.1038/s41698-021-00153-8

 Lin, T. C., Liu, T. Y., Hsu, S. M., and Lin, C. W. (2013). Epstein-Barr Virus-Encoded miR-BART20-5p Inhibits T-Bet Translation With Secondary Suppression of P53 in Invasive Nasal NK/T-Cell Lymphoma. Am. J. Pathol. 182 (5), 1865–1875. doi: 10.1016/j.ajpath.2013.01.025

 Lin, C., Zong, J. F., Lin, W. S., Wang, M. H., Xu, Y. J., Zhou, R., et al. (2018). EBV-miR-BART8-3p Induces Epithelial-Mesenchymal Transition and Promotes Metastasis of Nasopharyngeal Carcinoma Cells Through Activating NF-kappaB and Erk1/2 Pathways. J. Exp. Clin. Cancer Res. 37 (1), 283. doi: 10.1186/s13046-018-0953-6

 Lin, W. T., Yip, Y. L., Jia, L., Deng, W., Zheng, H., Dai, W., et al. (2018). Establishment and Characterization of New Tumor Xenografts and Cancer Cell Lines From EBV-Positive Nasopharyngeal Carcinoma. Nat. Commun. 9 (1), 4663. doi: 10.1038/s41467-018-06889-5

 Liu, H. P., Chen, C. C., Wu, C. C., Huang, Y. C., Liu, S. C., Liang, Y., et al. (2012). Epstein-Barr Virus-Encoded LMP1 Interacts With FGD4 to Activate Cdc42 and Thereby Promote Migration of Nasopharyngeal Carcinoma Cells. PloS Pathog. 8 (5), e1002690. doi: 10.1371/journal.ppat.1002690

 Liu, Y., Cao, Y. Y., Zhang, W. H., Bergmeier, S., Qian, Y. R., Akbar, H., et al. (2012). A Small-Molecule Inhibitor of Glucose Transporter 1 Downregulates Glycolysis, Induces Cell-Cycle Arrest, and Inhibits Cancer Cell Growth In Vitro and In Vivo. Mol. Cancer Ther. 11 (8), 1672–1682. doi: 10.1158/1535-7163.MCT-12-0131

 Liu, Y. Y., Jiang, Q. P., Liu, X., Lin, X., Tang, Z. B., Liu, C., et al. (2019). Cinobufotalin Powerfully Reversed EBV-miR-BART22-Induced Cisplatin Resistance via Stimulating MAP2K4 to Antagonize non-Muscle Myosin Heavy Chain IIA/glycogen Synthase 3beta/Beta-Catenin Signaling Pathway. EBioMedicine 48, 386–404. doi: 10.1016/j.ebiom.2019.08.040

 Lo, A. K.F., Lo, K. W., Tsao, S. W., Wong, H. L., Hui, J. W.Y., To, K. F., et al. (2006). Epstein-Barr Virus Infection Alters Cellular Signal Cascades in Human Nasopharyngeal Epithelial Cells. Neoplasia 8 (3), 173–180. doi: 10.1593/neo.05625

 Lo, K. F., Dawson, C. W., Jin, D. Y., and Lo, K. W. (2012). The Pathological Roles of BART miRNAs in Nasopharyngeal Carcinoma. J. Pathol. 227 (4), 392–403. doi: 10.1002/path.4025

 Lo, K. F., Lo, K. W., Ko, C. W., Young, L. S., and Dawson, C. W. (2013). Inhibition of the LKB1–AMPK Pathway by the Epstein–Barr Virus-Encoded LMP1 Promotes Proliferation and Transformation of Human Nasopharyngeal Epithelial Cells. J. Pathol. 230 (3), 336–346. doi: 10.1002/path.4201

 Lo, A. K. F., Dawson, C. W., Young, L. S., Ko, C. W., Hau, P. M., and Lo, K. W. (2015). Activation of the FGFR1 Signalling Pathway by the Epstein-Barr Virus-Encoded LMP1 Promotes Aerobic Glycolysis and Transformation of Human Nasopharyngeal Epithelial Cells. J. Pathol. 237 (2), 238–248. doi: 10.1002/path.4575

 Lu, J. C., Tang, M., Li, H. D., Xu, Z. J., Weng, X. X., Li, J. J., et al. (2016). EBV-LMP1 Suppresses the DNA Damage Response Through DNA-PK/AMPK Signaling to Promote Radioresistance in Nasopharyngeal Carcinoma. Cancer Lett. 380 (1), 191–200. doi: 10.1016/j.canlet.2016.05.032

 Luo, X. J., Hong, L. P., Cheng, C., Li, N. M., Zhao, X., Shi, F., et al. (2018). DNMT1 Mediates Metabolic Reprogramming Induced by Epstein-Barr Virus Latent Membrane Protein 1 and Reversed by Grifolin in Nasopharyngeal Carcinoma. Cell Death Dis. 9 (6), 619. doi: 10.1038/s41419-018-0662-2

 Lyu, X. M., Wang, J. G., Guo, X., Wu, G. F., Jiao, Y., Faleti, O. D., et al. (2018). EBV-miR-BART1-5P Activates AMPK/mTOR/HIF1 Pathway via a PTEN Independent Manner to Promote Glycolysis and Angiogenesis in Nasopharyngeal Carcinoma. PloS Pathog. 14 (12), e1007484. doi: 10.1371/journal.ppat.1007484

 Mauro, C., Leow, S. C., Anso, E., Rocha, S., Thotakura, A. K., Tornatore, L., et al (2008). Human Plasma Accelerates Immortalization of B Lymphocytes by Epstein-Barr Virus. Cell Prolif 41 (2), 292–298. doi: 10.1111/j.1365-2184.2008.00513.x

 Marshall, N. A., Vickers, M. A., and Barker, R. N. (2003). Regulatory T Cells Secreting IL-10 Dominate the Immune Response to EBV Latent Membrane Protein 1. J. Immunol. 170 (12), 6183–6189. doi: 10.4049/jimmunol.170.12.6183

 McFadden, K., Hafez, A. Y., Kishton, R., Messinger, J. E., Nikitin, P. A., Rathmell, J. C., et al. (2011). NF-kappaB Controls Energy Homeostasis and Metabolic Adaptation by Upregulating Mitochondrial Respiration. Nat. Cell Biol. 13 (10), 1272–1279. doi: 10.1038/ncb2324

 Merlo, A., Turrini, R., Dolcetti, R., Martorelli, D., Muraro, E., Comoli, P., et al. (2016). Metabolic Stress Is a Barrier to Epstein–Barr Virus-Mediated B-Cell Immortalization. Proc. Natl. Acad. Sci. 113 (6), E782–E790. doi: 10.1073/pnas.1517141113

 McKenzie, J., and El-Guindy, A. (2015). Epstein-Barr Virus Lytic Cycle Reactivation. Curr. Top. Microbiol. Immunol. 391, 237–261. doi: 10.1007/978-3-319-22834-1_8

 Merlo, A., Turrini, R., Dolcetti, R., Martorelli, D., Muraro, E., Comoli, P., et al. (2010). The Interplay Between Epstein-Barr Virus and the Immune System: A Rationale for Adoptive Cell Therapy of EBV-Related Disorders. Haematologica-the Hematol. J. 95 (10), 1769–1777. doi: 10.3324/haematol.2010.023689

 Michaud, F., Coulombe, F., Gaudreault, E., Paquet-Bouchard, C., Rola-Pleszczynski, M., and Gosselin, J. (2010). Epstein-Barr Virus Interferes With the Amplification of IFNalpha Secretion by Activating Suppressor of Cytokine Signaling 3 in Primary Human Monocytes. PloS One 5 (7), e11908. doi: 10.1371/journal.pone.0011908

 Moody, C. A., Scott, R. S., Amirghahari, N., Nathan, C. O., Young, L. S., Dawson, C. W., et al. (2005). Modulation of the Cell Growth Regulator mTOR by Epstein-Barr Virus-Encoded LMP2A. J. Virol. 79 (9), 5499–5506. doi: 10.1128/JVI.79.9.5499-5506.2005

 Morrison, T. E., and Kenney, S. C. (2004). BZLF1, an Epstein–Barr Virus Immediate–Early Protein, Induces P65 Nuclear Translocation While Inhibiting P65 Transcriptional Function. Virology 328 (2), 219–232. doi: 10.1016/j.virol.2004.07.020

 Mundo, L., Del Porro, L., Granai, M., Siciliano, M. C., Mancini, V., Santi, R., et al. (2020). Frequent Traces of EBV Infection in Hodgkin and non-Hodgkin Lymphomas Classified as EBV-Negative by Routine Methods: Expanding the Landscape of EBV-Related Lymphomas (Vol 77, pg 853, 2020). Modern Pathol. 33 (12), 2637–2637. doi: 10.1038/s41379-020-0608-y

 Munz, C., and Moormann, A. (2008). Immune Escape by Epstein-Barr Virus Associated Malignancies. Semin. Cancer Biol. 18 (6), 381–387. doi: 10.1016/j.semcancer.2008.10.002

 Murata, T., and Tsurumi, T. (2014). Switching of EBV Cycles Between Latent and Lytic States. Rev. Med. Virol. 24 (3), 142–153. doi: 10.1002/rmv.1780

 Nachmani, D., Stern-Ginossar, N., Sarid, R., and Mandelboim, O. (2009). Diverse Herpesvirus microRNAs Target the Stress-Induced Immune Ligand MICB to Escape Recognition by Natural Killer Cells. Cell Host Microbe 5 (4), 376–385. doi: 10.1016/j.chom.2009.03.003

 Niedobitek, G., Agathanggelou, A., and Nicholls, J. M. (1996). Epstein-Barr Virus Infection and the Pathogenesis of Nasopharyngeal Carcinoma: Viral Gene Expression, Tumour Cell Phenotype, and the Role of the Lymphoid Stroma. Semin. Cancer Biol. 7 (4), 165–174. doi: 10.1006/scbi.1996.0023

 Ning, S. (2011). Innate Immune Modulation in EBV Infection. Herpesviridae 2 (1), 1. doi: 10.1186/2042-4280-2-1

 Pannone, G., Zamparese, R., Pace, M., Pedicillo, M. C., Cagiano, S., Somma, P., et al. (2014). The Role of EBV in the Pathogenesis of Burkitt's Lymphoma: An Italian Hospital Based Survey. Infect. Agent Cancer 9 (1), 34. doi: 10.1186/1750-9378-9-34

 Pathmanathan, R., Prasad, U., Sadler, R., Flynn, K., and Raab-Traub, N. (1995). Clonal Proliferations of Cells Infected With Epstein-Barr Virus in Preinvasive Lesions Related to Nasopharyngeal Carcinoma. N Engl. J. Med. 333 (11), 693–698. doi: 10.1056/NEJM199509143331103

 Piccaluga, P. P., Weber, A., Ambrosio, M. R., Ahmed, Y., and Leoncini, L. (2018). Epstein-Barr Virus-Induced Metabolic Rearrangements in Human B-Cell Lymphomas. Front. Microbiol. 9, 1233. doi: 10.3389/fmicb.2018.01233

 Pich, D., Mrozek-Gorska, P., Bouvet, M., Sugimoto, A., Akidil, E., Grundhoff, A., et al. (2019). First Days in the Life of Naive Human B Lymphocytes Infected With Epstein-Barr Virus. mBio 10 (5). doi: 10.1128/mBio.01723-19

 Polet, F., and Feron, O. (2013). Endothelial Cell Metabolism and Tumour Angiogenesis: Glucose and Glutamine as Essential Fuels and Lactate as the Driving Force. J. Internal Med. 273 (2), 156–165. doi: 10.1111/joim.12016

 Robinson, W. H., and Steinman, L. (2022). Epstein-Barr Virus and Multiple Sclerosis. Science 375 (6578), 264–265. doi: 10.1126/science.abm7930

 Rosemarie, Q., and Sugden, B. (2020). Epstein-Barr Virus: How Its Lytic Phase Contributes to Oncogenesis. Microorganisms 8 (11). doi: 10.3390/microorganisms8111824

 Sakakibara, S., and Tosato, G. (2009). Regulation of Angiogenesis in Malignancies Associated With Epstein-Barr Virus and Kaposi's Sarcoma-Associated Herpes Virus. Future Microbiol. 4 (7), 903–917. doi: 10.2217/fmb.09.49

 Satou, A., Asano, N., Nakazawa, A., Osumi, T., Tsurusawa, M., Ishiguro, A., et al. (2015). Epstein-Barr Virus (EBV)-Positive Sporadic Burkitt Lymphoma: An Age-Related Lymphoproliferative Disorder? Am. J. Surg. Pathol. 39 (2), 227–235. doi: 10.1097/PAS.0000000000000332

 Schwickert, G., Walenta, S., Sundfør, K., Rofstad, E. K., and Mueller-Klieser, W. (1995). Correlation of High Lactate Levels in Human Cervical Cancer With Incidence of Metastasis. Cancer Res. 55 (21), 4757–4759.

 Shair, K. H., Schnegg, C. I., and Raab-Traub, N. (2008). EBV Latent Membrane Protein 1 Effects on Plakoglobin, Cell Growth, and Migration. Cancer Res. 68 (17), 6997–7005. doi: 10.1158/0008-5472.CAN-08-1178

 Shay, J. W., and Roninson, I. B. (2004). Hallmarks of Senescence in Carcinogenesis and Cancer Therapy. Oncogene 23 (16), 2919–2933. doi: 10.1038/sj.onc.1207518

 Shen, Y., Zhang, S. Z., Sun, R., Wu, T. T., and Qian, J. (2015). Understanding the Interplay Between Host Immunity and Epstein-Barr Virus in NPC Patients. Emerg. Microbes Infect. 4 (3), e20. doi: 10.1038/emi.2015.20

 Shi, F., He, Y., Li, J. J., Tang, M., Li, Y. S., Xie, L. L., et al. (2020). Wild-Type IDH2 Contributes to Epstein-Barr Virus-Dependent Metabolic Alterations and Tumorigenesis. Mol. Metab. 36, 100966. doi: 10.1016/j.molmet.2020.02.009

 Shindiapina, P., Ahmed, E. H., Mozhenkova, A., Abebe, T., and Baiocchi, R. A. (2020). Immunology of EBV-Related Lymphoproliferative Disease in HIV-Positive Individuals. Front. Oncol. 10, 1723. doi: 10.3389/fonc.2020.01723

 Sollid, L. M. (2022). Epstein-Barr Virus as a Driver of Multiple Sclerosis. Sci. Immunol. 7 (70), eabo7799.

 Sommermann, T. G., O'Neill, K., Plas, D. R., and Cahir-McFarland, E. (2011). IKKbeta and NF-kappaB Transcription Govern Lymphoma Cell Survival Through AKT-Induced Plasma Membrane Trafficking of GLUT1. Cancer Res. 71 (23), 7291–7300. doi: 10.1158/0008-5472.CAN-11-1715

 Sun, K. R., Jia, K. Q., Lv, H. F., Wang, S. Q., Wu, Y., Lei, H. J., et al. (2020). EBV-Positive Gastric Cancer: Current Knowledge and Future Perspectives. Front. Oncol. 10, 583463. doi: 10.3389/fonc.2020.583463

 Sung, W. W., Chu, Y. C., Chen, P. R., Liao, M. H., and Lee, J. W. (2016). Positive Regulation of HIF-1A Expression by EBV Oncoprotein LMP1 in Nasopharyngeal Carcinoma Cells. Cancer Lett. 382 (1), 21–31. doi: 10.1016/j.canlet.2016.08.021

 Swerdlow, S. H., Jaffe, E. S., Brousset, P., Chan, J. K.C., de Leval, L., Gaulard, P., et al. (2014). Cytotoxic T-Cell and NK-Cell Lymphomas Current Questions and Controversies. Am. J. Surg. Pathol. 38 (10), E60–E71. doi: 10.1097/PAS.0000000000000295

 Szablewski, L. (2013). Expression of Glucose Transporters in Cancers. Biochim. Biophys. Acta (BBA)-Reviews Cancer 1835 (2), 164–169. doi: 10.1016/j.bbcan.2012.12.004

 Tay, J. K., Zhu, C. F., Shin, J. H., Zhu, S. X., Varma, S., Foley, J. W., et al. (2022). The Microdissected Gene Expression Landscape of Nasopharyngeal Cancer Reveals Vulnerabilities in FGF and Noncanonical NF-kappaB Signaling. Sci. Adv. 8 (14), eabh2445. doi: 10.1126/sciadv.abh2445

 Thorley-Lawson, D. A., Hawkins, J. B., Tracy, S. I., and Shapiro, M. (2013). The Pathogenesis of Epstein-Barr Virus Persistent Infection. Curr. Opin. Virol. 3 (3), 227–232. doi: 10.1016/j.coviro.2013.04.005

 Toh, H. C., Teo, M., Ong, K. W., Lee, V., Chan, E., Lee, A. S.G., et al. (2006). Use of Sirolimus for Epstein-Barr Virus-Positive Smooth-Muscle Tumour. Lancet Oncol. 7 (11), 955–957. doi: 10.1016/S1470-2045(06)70943-3

 Tsang, C. M., Yip, Y. L., Lo, K. W., Deng, W., To, K. F., Hau, P. M., et al. (2012). Cyclin D1 Overexpression Supports Stable EBV Infection in Nasopharyngeal Epithelial Cells. Proc. Natl. Acad. Sci. U.S.A. 109 (50), E3473–E3482. doi: 10.1073/pnas.1202637109

 Tsang, C. M., Deng, W., Yip, Y. L., Zeng, M. S., Lo, K. W., and Tsao, S. W. (2014). Epstein-Barr Virus Infection and Persistence in Nasopharyngeal Epithelial Cells. Chin. J. Cancer 33 (11), 549–555. doi: 10.5732/cjc.014.10169

 Tsao, S. W., Yip, Y. L., Tsang, C. M., Pang, P. S., Lau, V. M.Y., Zhang, G. T., et al. (2014). Etiological Factors of Nasopharyngeal Carcinoma. Oral. Oncol. 50 (5), 330–338. doi: 10.1016/j.oraloncology.2014.02.006

 Tsao, S. W., Tsang, C. M., and Lo, K. W. (2017). Epstein-Barr Virus Infection and Nasopharyngeal Carcinoma. Philos. Trans. R Soc. Lond B Biol. Sci. 372 (1732). doi: 10.1098/rstb.2016.0270

 Vrzalikova, K., Sunmonu, T., Reynolds, G., and Murray, P. (2021). The Contribution of Ebv to the Pathogenesis of Classical Hodgkin Lymphoma. Ann. Lymphoma 5. doi: 10.21037/aol-21-8

 Walenta, S., Wetterling, M., Lehrke, M., Schwickert, G., Sundfor, K., Rofstad, E. K., et al. (2000). High Lactate Levels Predict Likelihood of Metastases, Tumor Recurrence, and Restricted Patient Survival in Human Cervical Cancers. Cancer Res. 60 (4), 916–921.

 Walenta, S., and Mueller-Klieser, W. F. (2004). Lactate: Mirror and Motor of Tumor Malignancy. Semin. Radiat. Oncol. 14 (3), 267–274. doi: 10.1016/j.semradonc.2004.04.004

 Wang, L. W., Shen, H., Nobre, L., Ersing, I., Paulo, J. A., Trudeau, S., et al. (2019). Epstein-Barr-Virus-Induced One-Carbon Metabolism Drives B Cell Transformation. Cell Metab. 30 (3), 539–555 e11. doi: 10.1016/j.cmet.2019.06.003

 Wang, L., Lin, Y., Zhou, X., Chen, Y., Li, X., Luo, W., et al. (2022). CYLD Deficiency Enhances Metabolic Reprogramming and Tumor Progression in Nasopharyngeal Carcinoma via PFKFB3. Cancer Lett. 532, 215586. doi: 10.1016/j.canlet.2022.215586

 Warburg, O. (1956). On the Origin of Cancer Cells. Science 123 (3191), 309–314. doi: 10.1126/science.123.3191.309

 Wasil, L. R., and Shair, K. H. Y. (2015). Epstein-Barr Virus LMP1 Induces Focal Adhesions and Epithelial Cell Migration Through Effects on Integrin-Alpha 5 and N-Cadherin. Oncogenesis 4. doi: 10.1038/oncsis.2015.31

 Wei, W. I., and Sham, J. S. (2005). Nasopharyngeal Carcinoma. Lancet 365 (9476), 2041–2054. doi: 10.1016/S0140-6736(05)66698-6

 Whitley, R. J. (1996). Herpesviruses, in Medical Microbiology. Ed.  S. Baron (Galveston (TX): The University of Texas Medical Branch at Galveston).

 Wlodarski, P., Kasprzycka, M., Liu, X. B., Marzec, M., Robertson, E. S., Slupianek, A., et al. (2005). Activation of Mammalian Target of Rapamycin in Transformed B Lymphocytes is Nutrient Dependent But Independent of Akt, Mitogen-Activated Protein Kinase/Extracellular Signal-Regulated Kinase Kinase, Insulin Growth Factor-I, and Serum. Cancer Res. 65 (17), 7800–7808. doi: 10.1158/0008-5472.CAN-04-4180

 Wu, Q. B., Han, T. T., Sheng, X., Zhang, N., and Wang, P. (2018). Downregulation of EB Virus miR-BART4 Inhibits Proliferation and Aggressiveness While Promoting Radiosensitivity of Nasopharyngeal Carcinoma. BioMed. Pharmacother. 108, 741–751. doi: 10.1016/j.biopha.2018.08.146

 Xiao, L., Hu, Z. Y., Dong, X., Tan, Z., Li, W., Tang, M., Chen, L., et al. (2014). Targeting Epstein-Barr Virus Oncoprotein LMP1-Mediated Glycolysis Sensitizes Nasopharyngeal Carcinoma to Radiation Therapy. Oncogene 33 (37), 4568–4578. doi: 10.1038/onc.2014.32

 Yang, X., He, Z., Xin, B., and Cao, L. (2000). LMP1 of Epstein-Barr Virus Suppresses Cellular Senescence Associated With the Inhibition of P16ink4a Expression. Oncogene 19 (16), 2002–2013. doi: 10.1038/sj.onc.1203515

 Yang, L., Liu, L., Xu, Z., Liao, W., Feng, D., Dong, X., et al. (2015). EBV-LMP1 Targeted DNAzyme Enhances Radiosensitivity by Inhibiting Tumor Angiogenesis via the JNKs/HIF-1 Pathway in Nasopharyngeal Carcinoma. Oncotarget 6 (8), 5804–5817. doi: 10.18632/oncotarget.3331

 Ye, Y. F., Zhou, Y., Zhang, L., Chen, Y. X., Lyu, X. M., Cai, L. M., et al. (2013). EBV-miR-BART1 is Involved in Regulating Metabolism-Associated Genes in Nasopharyngeal Carcinoma. Biochem. Biophys. Res. Commun. 436 (1), 19–24. doi: 10.1016/j.bbrc.2013.05.008

 Yin, H. L., Qu, J. N., Peng, Q., and Gan, R. L. (2019). Molecular Mechanisms of EBV-Driven Cell Cycle Progression and Oncogenesis. Med. Microbiol. Immunol. 208 (5), 573–583. doi: 10.1007/s00430-018-0570-1

 Yip, Y. L., Tsang, C. M., Deng, W., Cheung, P. Y., Jin, Y. S., Cheung, A. L.M., et al. (2010). Expression of Epstein-Barr Virus-Encoded LMP1 and hTERT Extends the Life Span and Immortalizes Primary Cultures of Nasopharyngeal Epithelial Cells. J. Med. Virol. 82 (10), 1711–1723. doi: 10.1002/jmv.21875

 Young, L. S., and Dawson, C. W. (2014). Epstein-Barr Virus and Nasopharyngeal Carcinoma. Chin. J. Cancer 33 (12), 581–590. doi: 10.5732/cjc.014.10197

 Young, L. S., and Rickinson, A. B. (2004). Epstein-Barr Virus: 40 Years on. Nat. Rev. Cancer 4 (10), 757–768. doi: 10.1038/nrc1452

 Zhang, J., Jia, L., Tsang, C. M., and Tsao, S. W. (2017). EBV Infection and Glucose Metabolism in Nasopharyngeal Carcinoma. Infect. Agents Associated Cancers: Epidemiol. Mol. Biology 1018, 75–90.

 Zhang, J., Jia, L., Lin, W., Yip, Y. L., Lo, K. W., Lau, V. M.Y., et al. (2017). Epstein-Barr Virus-Encoded Latent Membrane Protein 1 Upregulates Glucose Transporter 1 Transcription via the Mtorc1/NF-kappaB Signaling Pathways. J. Virol. 91 (6). doi: 10.1007/978-981-10-5765-6_6

 Zhang, J., Jia, L., Liu, T., Yip, Y. L., Tang, W. C., Lin, W., et al. (2019). Mtorc2-Mediated PDHE1alpha Nuclear Translocation Links EBV-LMP1 Reprogrammed Glucose Metabolism to Cancer Metastasis in Nasopharyngeal Carcinoma. Oncogene 38 (24), 4669–4684. doi: 10.1038/s41388-019-0749-y

 Zhang, Q. X., Luo, D. H., Xie, Z. D., He, H. Y., and Duan, Z. Y. (2020). The Oncogenic Role of miR-BART19-3p in Epstein-Barr Virus-Associated Diseases. BioMed. Res. Int 2020, 5217039. doi: 10.1155/2020/5217039

 Zheng, H., Dai, W., Cheung, A. K., Ko, J. M., Kan, R., Wong, B. W., et al. (2016). Whole-Exome Sequencing Identifies Multiple Loss-of-Function Mutations of NF-kappaB Pathway Regulators in Nasopharyngeal Carcinoma. Proc. Natl. Acad. Sci. U.S.A. 113 (40), 11283–11288. doi: 10.1073/pnas.1607606113

 Zheng, S., Matskova, L., Zhou, X., Xiao, X., Huang, G., Zhang, Z., et al. (2020). Downregulation of Adipose Triglyceride Lipase by EB Viral-Encoded LMP2A Links Lipid Accumulation to Increased Migration in Nasopharyngeal Carcinoma. Mol. Oncol. 14 (12), 3234–3252. doi: 10.1002/1878-0261.12824

 Zhou, J. C., Zhang, J. J., Zhang, W., Ke, Z. Y., and Ma Liu, L. G.M. (2017). Expression of GLUT-1 in Nasopharyngeal Carcinoma and its Clinical Significance. Eur. Rev. Med. Pharmacol. Sci. 21 (21), 4891–4895. doi: 10.1128/JVI.02168-16

 Zhu, D. D., Zhang, J., Deng, W., Yip, Y. L., Lung, H. L., Tsang, C. M., et al. (2016a). Significance of NF-kappaB Activation in Immortalization of Nasopharyngeal Epithelial Cells. Int. J. Cancer 138 (5), 1175–1185. doi: 10.1002/ijc.29850

 Zhu, N. N., Wang, Q., Wu, Z. D., Wang, Y., and Zeng Yuan, M. S.Y. (2022). Epstein-Barr Virus LMP1-Activated Mtorc1 and Mtorc2 Coordinately Promote Nasopharyngeal Cancer Stem Cell Properties. J. Virol. 96 (5), e0194121. doi: 10.1128/jvi.01941-21




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Yang, You, Meng, Lai, Ai and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-12-935205-g001.jpg
mitochondrial
+ loss function mutation

gain function mutation

Y
Lactate)





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-12-935205-g002.jpg
VV VV VVYV

Immune evasion

Decrease monocyte migration &
T cell activity

Decrease cytokine secretion

Maintain EBV latent infection
Overcome EBV induced senescence
Promote epithelial cell immortalization

Extracellular PH decrease

Microenvironment acidification Angiogenesis, increase VEGF

Increase cell motility
Promote metastasis.

YVVVYV ¥V VY

Insensitive to therapy treatment
Escape from apoptosis

EBV associated NPC pathogenesis





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        EBV Infection and Its Regulated Metabolic Reprogramming in Nasopharyngeal Tumorigenesis

      

        		

          Epstein–Barr Virus and EBV Infection

        



        		

          EBV Infection in Tumorigenesis

        



        		

          EBV Infection Induces Metabolic Reprogramming in NPC

        

          		

            EBV-Encoded Latent Membrane Proteins

          



          		

            EBV-Encoded BamH I-A Rightward Transcripts (microBARTs)

          



        



        



        		

          EBV-Mediated Metabolic Reprogramming Contributes to the NPC Pathogenesis

        

          		

            Glucose Metabolism Contributes to EBV-Associated Immortalization

          



          		

            Glucose Metabolism Contributes to EBV Latency Infection

          



          		

            Glucose Metabolism Beneath NPC Escapes From Apoptosis

          



          		

            Glucose Metabolism Alters the Tumor Microenvironment

          



        



        



        		

          Targeting EBV-Induced Metabolic Dysregulation as Promising Strategies for NPC Therapy

        



        		

          Concluding Remarks

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb.2022.935205_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiology

EBV Infection and Its Regulated
Metabolic Reprogramming in
Nasopharyngeal Tumorigenesis





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
EBV-Encoded Oncogenes

LMP1

LMP2A
miR-BART4
miR-BART7-3p
miR-BART8-3p
miR-BART22
miR-BART1-5P

miR-BART1

Targeted Pathways or Cellular Process

1 HoxC8

1 DNMT1

1 GSK3PB, 1 PIBK/AKT and 1 c-Myc

1 c-Myc

1 FGFR1 and 1 FGF2

1 TTP, | PUM2, 1 ERK1/2 and 1 STAT3
| CYLD and 1 NF-xB

1 mTORC1 and

1 NF-xB

1 mTORC2

1 mTORC1

1 ECAR

| PTEN and

1 PIBK/AKT

1 PTEN/PIBK/Akt,

1 c-Myc and 1 c-Jun

1 NF-kB and 1 ERK1/2

1 PIBK/AKT

1 PTEN, | AMPKo1 and 1 AMPK/mTOR/HIF1

Targeted Metabolic Enzymes

1 HK2 and 1 Glut1

1 OXPHOS

1 HK2

1 IDH2

1 HIF-1a;, 1 LDHA, 1 PDHK1, 1 PKM2 and 1 PDHAT
1 HF-10:

1 PFKFB3

1 Glut-1

1 PDHE10.

1 GLUTT, 1 HK2 and

1 LDHA

1 G6PD, 1 PHGDH,

1 PAST1, 1 IDH2,

1 UGTS, | LDHB,

1 SGPL1 and | DHRS3

Ref.

(Jiang et al., 2015)
(Luo et al., 2018)
(Xiao et al., 2014)
(Shi et al., 2020)

(Lo et al., 2015)
(Sung et al., 2016)
(Edwards et al., 2015)
(Zhang et al., 2017)

(Zhang et al., 2019)

(Moody et al., 2005)

(Zheng et al., 2020)
(Wu et al., 2018)

(Cai et al., 2015a)
(Lin C et al., 2018)
(Liu et al., 2019)
(Lyu et al., 2018)

(Yeetal,, 2013)

"1" means increased activity or expression level.
"|" means decreased activity or expression level.





