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2-DG 2-Deoxy-D-glucose 

SOP Sodium pyruvate 

DCA Dichloroacetate 
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ECAR Extracellular acidification rate 

ERK1/2 Extracellular signal-regulated kinase 1/2 

FBP Fructose-1,6-bisphosphate  

GPI Glucose-6-phosphate isomerase 

ALD Aldolase 

TPI Triose phosphate isomerase 

PGK1 Phosphoglycerate kinase 1 

hnRNP Heterogeneous nuclear ribonucleoprotein 

EGFR Epidermal growth factor receptor 

PPARγ Peroxisome proliferator-activated receptor γ 

PPRE PPARγ response elements  

NF-κβ Nuclear factor kappa-light chain-enhancer of activated B cells 

PKCε Protein kinase C 

SAICAR Succinyl-5-aminoimidazole-4-carboxamide-1-ribose-5'-phosphate 

NADP Nicotinamide adenine dinucleotide phosphate 

CENPF Centromere protein F 

HSP90 Heat shock protein 90 

PPP Pentose phosphate pathway 

HDAC3 Histone deacetylase 3 

PTB Polypyrimidine-tract-binding protein 

C-MYC Cellular myelocytomatosis 

PAK2 p21-activated kinase 2 

TG1F2 TGF-β-induced factor homeobox 2 

CDH1 Cadherin-1 

MEK5 Mitogen-activated protein kinase 5 

ROCK2 Rho-associated coiled-coil containing protein kinase 2 

SNAP23 Synaptosomal-associated protein 23  

BCL-2 B-cell lymphoma 2 

JMJD5 Jumonji Domain-containing 5 

HMGB1 

BUB3 

High mobility group box 1 

Budding uninhibited by benzimidazoles 

SOCS3 Suppressor of cytokine signaling 3 

1L-17 Interleukin-17 

TNFR1 Tumor necrosis factor receptor 1 

DMEM Dulbecco’s Modified Eagle Medium  
FBS 

LPS 

Fetal Bovine Serum 

Lipopolysaccharide 

BHK-21 Baby hamster kidney-21 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide  
DMSO Dimethyl sulfoxide 

RIPA Radioimmunoprecipitation assay  

TBST Tris-buffered Saline with Tween 20 

HPLC High-performance liquid chromatography 

PBS Phosphate Buffered Saline  

BSA Bovine serum albumin 

DAPI 4',6'-diamidino-2-phenylindole 

GFP Green fluorescence protein 

MOI Multiplicity of infection 

DCFH-DA 2',7'-dichlorodihydrofluorescein diacetate 

RIG-I Retinoic acid-inducible gene I 
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MDA5 Melanoma differentiation-associated protein 5 

MAVS Mitochondrial antiviral signaling protein 

IFN-β Interferon-beta 

PEP Phosphoenol pyruvate 

PDK Pyruvate dehydrogenase kinase 

RMSD Root Mean Square Deviation 

RMSF Root Mean Square Fluctuation 

SASA Solvent Accessible Surface Area  

CDK1 

JNK1 

JAK2 

Cyclin-dependent kinase 1 

c-Jun N-terminal kinase 1 

Janus kinase 2 
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Abstract 

Viruses impose substantial metabolic stress on the host cells, which drives the increased 

biosynthesis of nucleotides, lipids, and proteins required for supporting rapid virus multiplication in 

the infected cells. In the current study, we have shown that Japanese encephalitis virus (JEV) 

profoundly reprograms neuronal metabolism by stimulating glycolysis. This was reflected by increased 

glycolytic flux in JEV-infected Neuro-2a cells. Further, the replication was augmented by enhanced 

extracellular glucose levels and insulin treatment. Conversely, treatment with glycolytic inhibitors 

markedly restricted viral replication, which highlights the enhanced utilization of glucose upon JEV 

infection. This glycolytic reprogramming was found to be orchestrated by key glycolytic enzymes in 

the infected cells. Moreover, the enhanced expression of Hypoxia-inducible factor-1 (HIF-1α), a 

known transcription factor for glycolytic genes, was also observed in the infected cells. Additionally, 

the stabilization of HIF-1α expression by cobalt chloride (CoCl2) treatment enhanced JEV replication, 

while its knockdown reduced the replication. This reflects that HIF-1α is a positive regulator of JEV 

replication in neurons. The study also uncovers a mechanistic perspective, as enhanced reactive oxygen 

species (ROS) accumulation was observed in the infected cells. We speculate that enhanced ROS 

stabilizes HIF-1α in the infected cells, which in turn increases the transcription of glycolytic genes 

such as glycolytic enzymes to support glycolysis. In the current study, we also describe a novel host 

cell factor, pyruvate kinase isoform M2, regulating JEV replication in neuronal cells, by inducing the 

activation of Signal Transducer and Activator of Transcription (STAT3), which then modulates the 

expression of proinflammatory cytokines such as Tumor necrosis factor alpha (TNF-α) and 

Interleukin-1beta (IL-1β). The study also delineates the cellular co-localization and interaction of 

PKM2 with the NS1 protein of JEV. However, the functional implication of this interaction remains to 

TH-3993_196106107



  2  
 

be uncovered. Altogether, the study highlights the mechanism of glycolytic reprogramming by JEV in 

neuronal cells. Targeting these glycolytic enzymes and host factors can help in designing virus-specific 

therapies. 

                                        

                                                              

                                                             Graphical thesis abstract  
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Chapter 1 

Introduction 

 

 

Brief overview of the Chapter 

The chapter begins with an overview of the epidemiology of Japanese encephalitis and its 

causative agent, providing a concise description of the transmission cycle of the Japanese encephalitis 

virus. It then outlines the structure of the virus, its genome organization, and the functions of structural 

and non-structural proteins. Subsequently, the chapter focuses on the replication cycle of the virus 

along with the viral proteins involved in the replication. At last, the concept of replication-induced 

glycolytic reprogramming has also been introduced.  

  

1.1 Introduction 

Japanese encephalitis (JE) is a neurotropic disease caused by the mosquito-borne Japanese 

encephalitis virus (JEV) (Pinapati et al., 2023). According to the WHO, JE is regarded as the 

predominant cause of viral encephalitis in Asia, with an estimated yearly incidence of 50,000 to 

100,000 cases, with the majority occurring in children and young adults (Li et al., 2025). The early 

symptoms of JEV infection include headache, altered consciousness, and vomiting (Mohsin et al., 

2022). JE is estimated to have a fatality rate of about 30%, with up to 50% of survivors experiencing 

long-term neurological consequences (Kulkarni et al., 2018; Mohsin et al., 2022). The most common 

mode of transmission of JEV is through the bite of an infected female Culex mosquito (Srivastava et 

al., 2023). Certain species of Anopheles mosquitoes, including Anopheles subpictus, Anopheles 

peditaeniatus, and Anopheles hyrcanus, are also implicated in the transmission of JEV (Srivastava et 

al., 2023). Pigs and wading birds are considered amplifying hosts and significant contributors to the 
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transmission of JEV to mosquitoes. Humans are dead-end hosts as they do not develop infect breeding 

mosquitoes (Figure 1.1) (Turtle and Solomon, 2018).  

 

Figure 1.1 Schematic representation of the transmission cycle of JEV. 

 

1.2 Structure and genome organization 

JEV belongs to the genus Orthoflavivirus and is 40-50 nm in diameter (Unni et al., 2011). It 

has a spheroid shape, with a core composed of nucleocapsid containing the genome and core (C) 

protein (Lindenbach and Rice, 2003). The structure of JEV was elucidated using X-ray crystallographic 

techniques (Wang et al., 2017b).  It was discovered that, like other Orthoflavivirus, its outer surface is 

smooth and comprises envelope and membrane proteins. Envelope proteins form homodimers 

arranged in a head-to-tail fashion, resulting in an icosahedron (Luca et al., 2012; Wang et al., 2017b). 

It is surrounded by a lipid bilayer, which it acquires from its host. The genome is positive-stranded, 

single-stranded and 10.7 kb in length, containing a single ORF flanked by untranslated regions (UTR) 

at both 5' and 3' ends (Unni et al., 2011). The genome possesses a 5' cap but lacks a poly A tail (Dong 

et al., 2014; Ray et al., 2006). It encodes a single polyprotein of 3400 amino acids, which is cleaved 
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by viral or host proteases to form 10 proteins (Kim et al., 2015). Out of 10 proteins, structural proteins 

are capsid (C), pre-membrane (prM/M), and envelope (E), while non-structural proteins are NS1, 

NS2A/2B, NS3, NS4A/4B and NS5 (Figure 1.2) (Yun and Lee, 2018).   

 

 

Figure 1.2 Diagrammatic illustration of the structure and genome organization of JEV. 

 

1.2.1 Structural proteins  

The mature capsid is a ~11-12 kDa protein involved in genome packaging and forms the 

nucleocapsid (Dey et al., 2021). It has a helix-rich structure, leading to the formation of stable 

homodimers (Poonsiri et al., 2019). It interacts with both the envelope protein and the virus genome, 

forming an enclosure around the genome (Poonsiri et al., 2019). Envelope is a ~55 kDa protein with 

12 conserved cysteine residues (Lai et al., 2008). It possesses a hydrophobic fusion loop, which, upon 

attachment to the host cell membrane, results in the fusion of the host and the viral membrane, forming 

endocytic vesicles (Lai et al., 2008). Inside endosomes, the acidic pH induces the dissociation of the 

dimers into monomers, which later acquire an irreversible trimeric conformation, thereby facilitating 
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the release of the nucleocapsid into the host cytoplasm  (Allison et al., 1995; Bressanelli et al., 2004; 

Modis et al., 2004). The prM is a ~18 kDa protein (Markoff, 1989; Markoff et al., 1994; Rice et al., 

1985). It is associated with the fusion loop of the E protein and prevents the nascent virions from 

undergoing premature fusion with the host cell membrane (Li et al., 2008; Lorenz et al., 2002; Yu et 

al., 2008). During the maturation of virions, it is cleaved by furin proteases into the pr and M in the 

lumen of the Golgi apparatus (Elshuber et al., 2003; Stadler et al., 1997). The acidic pH of the Golgi 

lumen keeps the prM peptide associated with the E protein until it is dissociated from the E protein 

upon exposure to a neutral extracellular environment (Li et al., 2008).   

 

1.2.2 Non-structural proteins   

NS1 is a 46-55 kDa multifunctional glycosylated protein (Wang et al., 2021). It is translocated 

to the ER lumen, where it undergoes glycosylation, leading to its dimerization (Xie et al., 2025). The 

dimeric NS1 interacts with the ER membrane and initiates the formation of the replication complex 

along with other non-structural proteins (Xie et al., 2025). Multimeric NS1 is secreted from the infected 

cell and is involved in the modulation of the immune responses (Flamand et al., 1999; Muller and 

Young, 2013).  NS2A is a ~22 kDa membrane-associated protein (Wu et al., 2015). It transports the 

viral RNA and both structural and non-structural viral proteins to the site of virion assembly (Xie et 

al., 2019). NS2B is a ~14 kDa hydrophobic protein (Li et al., 2016). The NS2B binds with NS3, 

resulting in a functional serine protease that cleaves viral polyprotein into functional proteins (Li et al., 

2016). The central region is hydrophilic, with its N-terminal (49-67 residues) forming a β-strand and 

facilitating the proper folding of the NS3, while the C-terminal, a β-hairpin region, forms a substrate 

binding domain (Luo et al., 2015; Zhang et al., 2016). The membrane-associated domain provides a 

scaffold for the replication complex and helps to anchor NS3 at the site of replication (Li et al., 2015b). 

NS3 is the second largest protein with a molecular weight of ~70 kDa (Yusof et al., 2000).  Along with 

NS2B, it forms an active protease complex (Bessaud et al., 2006). Its C-terminal has helicase and 
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NTPase activity; helicase unwinds RNA while NTPase activity caps newly formed RNA (Luo et al., 

2008; Wang et al., 2018). Along with NS2A, it supports the assembly and packaging of newly 

synthesized RNA (Liu et al., 2003). NS4A is a ~17 kDa protein, with a crucial role in the formation of 

the replication complex along with NS2A, NS2B and NS4B (Zou et al., 2015). NS4A forms membrane 

curvature, resulting in the formation of a scaffold for the replication complex (Teo and Chu, 2014). 

NS4B is a ~27 kDa protein (Zou et al., 2014). It augments the processivity of NS3 by enhancing its 

activity and is also involved in the dislodging of RNA from its helicase domain (Umareddy et al., 

2006). It also acts as a bridge, linking NS1 to the replication complex (Youn et al., 2012). NS5 is 

the largest protein with a molecular weight of ~103 kDa (Tay et al., 2016). It has RNA-dependent RNA 

polymerase (RdRp) activity on its N-terminal motif, while methyltransferase activity is at the C-

terminal end (Yap et al., 2007; Zhao et al., 2015). It also acts as an interferon antagonist (Lin et al., 

2006).  

 

1.3 Replication cycle of JEV 

JEV  binds to the host cell through specific interactions of glycoprotein E with host cell surface 

factors (Zhu et al., 2023). E protein has 3 domains: E-DI, E-DII and E-DIII (Wang et al., 2017b). 

Glycosylation of E-DI and the presence of Arg-Gly-Asp (RGD) motif in E-DIII suggest the probable 

interaction of N-glycans and RGD motif with lectins and integrins on the target cell surface (Fan et al., 

2017; Shimojima et al., 2014). The presence of conserved basic residues in E-DI also acts as a binding 

site for glycosaminoglycans (GAGs) (Liu et al., 2015). After attachment, the virus enters the host cell 

through clathrin-dependent or clathrin-independent endocytosis (Pierson and Kielian, 2013). The 

endosomal acidification induces structural rearrangements in the E-M heterotetramers, leading to the 

dissociation of heterotetramers and formation of E homotrimer (Yun and Lee, 2018). This exposes the 

hydrophobic fusion loop of E-proteins, and pinches it partly into the outer leaflet of the host membrane. 

These structural changes in the E protein leads to the fusion of the virus and host membrane and release 
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of the nucleocapsid in the cytoplasm (Hu et al., 2021). After release, the viral genome is translated into 

two overlapping polyproteins in the endoplasmic reticulum (ER). Polyproteins are processed co- or 

post-translationally into mature functional, structural, and non-structural proteins by both viral and 

host proteases (Kumar et al., 2022). Replication of the viral genome occurs in a “replication complex” 

formed by non-structural proteins (Kumar et al., 2022). The positive-strand genomic RNA is 

transcribed into a negative-strand RNA, which then acts as a template to synthesize progeny positive-

stranded genomes. Newly synthesised viral genome and C protein form a complex which is budded 

into the lumen of the ER as immature virions. Inside the lumen, prM and E are also incorporated 

(Konishi and Mason, 1993). Thereafter, immature virions are carried to the trans-Golgi network 

through the cellular secretory pathway (Leyssen et al., 2000). Due to the acidic environment in the 

trans-Golgi, immature virions undergo structural rearrangements, resulting in the exposure of the 

cleavage site of prM to the furin proteases (Yun and Lee, 2018). The cleavage of the prM protein into 

M protein results in the maturation of virions. Complete and partial mature virions are then budded 

into the extracellular environment via exocytosis (Figure 1.3) (Yun and Lee, 2018).   

 

1.4 Replication-induced reprogramming of glycolysis by RNA viruses 

 Viruses lack metabolism and rely entirely on the host cells for their replication. They hijack the 

host cellular machinery to synthesize nucleotides for genome replication and lipids for viral membrane 

formation, facilitating their rapid multiplication in the host cell (Mayer et al., 2019b). As a result, virus 

replication imposes a significant energy burden on the host cell (Thaker et al., 2019a). Glycolysis is a 

much faster process to generate ATP than oxidative phosphorylation, despite producing fewer ATP per 

molecule of glucose (Epstein et al., 2014; Locasale and Cantley, 2011; Vander Heiden et al., 2009). 

Therefore, most viruses fulfil this excessive energy demand by instigating glycolysis in the host cell  

(Kavanagh Williamson et al., 2018; Kraut et al., 1986; Lee et al., 2020; Ritter et al., 2010). This 

enhanced glycolysis in the infected cells is supported by increased glucose uptake and overexpression 
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of key glycolytic genes (Bhatt et al., 2022b; Gong et al., 2022; Lee et al., 2020; Qian et al., 2022; Singh 

et al., 2020). Several host signaling pathways, such as PI3K/AKT and mTORC1/eIF4E/HIF-1α, are 

involved in the regulation of glycolysis by viruses. Inhibition of these pathways has been shown to 

significantly impede virus replication (Chi et al., 2018; Passalacqua et al., 2019).  

 

 

Figure 1.3 Diagrammatic representation of the life cycle of JEV. 
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Chapter 2 

Review of Literature 

 

 

Brief overview of the chapter  

The chapter begins with an overview of the RNA virus-induced glycolysis reprogramming in 

the host cells, which is a phenomenon known as the Warburg effect. This metabolic shift supports viral 

replication by providing essential macromolecular precursors and energy. Further, the key components 

of glycolysis, including glucose transporters and glycolytic enzymes involved in the regulation of 

glycolysis by RNA viruses, have also been discussed. The chapter also elaborates the molecular 

mechanisms involved in the regulation of glycolysis by RNA viruses. Subsequently, a multifunctional 

glycolytic enzyme, pyruvate kinase M2 (PKM2), has been discussed in detail with a focus on 

regulation of its activity, role in glycolysis, and its non-metabolic functions. Diving more into detail, 

the chapter describes the regulation of immune responses by PKM2 and its role in viral pathogenesis. 

The chapter ends with the research gap in the understanding of the regulation of glycolysis in JEV-

infected neuronal cells and the role of PKM2 in its replication. 

 

2.1 The Warburg effect by RNA viruses  

Cancer and RNA virus-infected cells exhibit the Warburg effect, resulting in enhanced 

glycolysis to produce reducing equivalents and precursors for macromolecules essential for replication 

(Bilz et al., 2018; Fontaine et al., 2015b; Heyward and Eisenhofer, 1985). The Warburg effect refers to 

the conversion of pyruvate, the end-product of glycolysis, into lactate in the presence of oxygen. It 

results in the accumulation of lactic acid, a decrease in glycolytic intermediates that contribute to the 

TCA cycle, and an enhanced uptake of glucose (Goyal and Rajala, 2023a). Several studies suggest that 
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RNA viruses modulate the central carbon metabolism of host cells by enhancing glycolysis. For 

example, viruses belonging to the genus orthoflavivirus, such as dengue virus, Zika virus, and West 

Nile virus (WNV), have been reported to induce glycolysis in the infected cells (Fontaine et al., 2015b; 

Goyal and Rajala, 2023a; Mingo-Casas et al., 2023). Other RNA viruses, such as the influenza virus, 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), hepatitis C virus (HCV), and 

respiratory syncytial virus (RSV), have also been shown to induce glycolysis in the infected cells 

(Guarnieri et al., 2023; Levy et al., 2016; Mazzoni et al., 1986; Ren et al., 2021a; Ripoli et al., 2010). 

The molecular mechanisms regulating glycolysis differ among these viruses, with each virus affecting 

distinct signaling pathways, modulating specific glycolytic enzymes, and inducing glucose uptake in 

to optimize their replication and meet metabolic needs in a specific host cell type. 

 

2.2 Regulation of glycolytic enzymes by RNA viruses 

RNA viruses have been shown to regulate the expression of essential regulatory enzymes of 

glycolysis, such as hexokinase (HK), phosphofructokinase (PFK), pyruvate kinase (PK), and lactate 

dehydrogenase (LDH). Hexokinase (HK) catalysis the rate-limiting first step of glycolysis, which is 

the phosphorylation of glucose to glucose-6-phosphate (Roberts and Miyamoto, 2015). Several RNA 

viruses, such as Newcastle disease virus (NDV), dengue virus, Zika virus and SARS-CoV-2, have been 

reported to upregulate HK2 expression to promote glycolysis in the infected cells (Bhatt et al., 2022b; 

Gong et al., 2022; Lee et al., 2020; Singh et al., 2020). 

PFK, a glycolytic enzyme which is responsible for the breakdown of fructose-6-phosphate to 

fructose-1,6-bisphosphate, was regulated by coxsackievirus B3 (CVB3) (Qian et al., 2022). Similarly, 

PK, another critical enzyme in the glycolytic pathway, is targeted by RNA viruses such as CVB3, 

H1N1 influenza virus and SARS-CoV-2 (McElvaney et al., 2020a; Qian et al., 2022; Ren et al., 2021a). 

Lactate dehydrogenase A (LDHA) is an enzyme that catalysis the last step of the pathway, 

which is the conversion of pyruvate (the end-product of glycolysis) into lactate. This conversion is 
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particularly significant in anaerobic conditions (or low oxygen), as it regenerates NAD+, mandatory 

for the maintenance of glycolysis (Pathria et al., 2018). Multiple studies have highlighted the role of 

LDHA in RNA virus infection. For example, metabolomics and transcriptomic analysis of H1N1 

influenza A-infected A549 cells have revealed enhanced glycolysis, along with significant 

upregulation of HK2 and LDHA (Zhang et al., 2024b). Studies on porcine reproductive and respiratory 

syndrome virus (PRRSV) have reported that inhibition of LDHA using sodium oxamate reduces 

replication in Marc-145 cells (Zhang et al., 2023). Elevated LDH levels have also been observed in the 

mice infected with WNV and JEV (Argade and Banerjee, 1990). Therefore, glycolytic enzymes serve 

as critical regulators in the reprogramming of glycolytic flux by RNA viruses.  

 

2.3 Molecular mechanisms regulating glycolysis during RNA virus infection 

HIF is a protein consisting of two distinct subunits, HIF-1α and HIF-1β (Wang et al., 1995). 

HIF-1β is constitutively expressed, while HIF-1α, under normal conditions, undergoes rapid 

hydroxylation by prolyl hydroxylases (PHD) and is subsequently degraded through ubiquitin-

mediated proteasomal pathways (Berra et al., 2003; Bruick and McKnight, 2001; Dayan et al., 2006; 

Hon et al., 2002; Matsuzawa and Yamamoto, 1975). However, under low oxygen conditions, 

hydroxylation is inhibited, and HIF-1α is translocated to the nucleus, regulating the expression of 

several genes, including glycolytic enzymes and GLUTs (Luo et al., 2011; Mathupala et al., 2001; 

Maxwell et al., 2001; Wheaton and Chandel, 2011). HIF-1α has been reported to be targeted by RNA 

viruses to promote their replication in the host cells. RNA viruses have been shown to activate the 

mitochondrial ROS-HIF-1α-mediated glycolytic pathway in the infected cells (Chen et al., 2023a; 

Zhang et al., 2024b). Virus infection often leads to mitochondrial damage, resulting in the increased 

production of ROS. Elevated ROS levels inhibit the hydroxylation of HIF-1α, resulting in its 

stabilization and accumulation in the infected cells. This, in turn, upregulates glycolytic flux to 

compensate for the energy deficit caused by mitochondrial dysfunction (Figure 2.1). This metabolic 
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shift towards glycolysis not only restores cellular energy balance but also supports virus replication 

and the release of progeny virions (Ren et al., 2021a; Zhang et al., 2024b). For example, HCV interacts 

with cellular mitochondria, resulting in the generation of ROS and an increase in HIF-1α expression. 

This activates glycolysis and enhances viral replication (Jung et al., 2016b). Similarly, it has been 

shown that NDV infection induces a transition from mitochondrial fusion to fission, instigating energy 

stress characterized by an imbalance in ATP, ADP, and AMP levels. This impairs mitochondria, which 

are then degraded by selective autophagy. NDV-induced mitophagy also results in the elimination of 

SIRT3. Consequently, the degradation of SIRT3 in damaged mitochondria elevates cellular 

mitochondrial ROS levels, stabilising HIF-1α and inducing the expression of its downstream targeted 

genes in NDV-infected cells, thereby shifting mitochondrial bioenergetic metabolism towards aerobic 

glycolysis (Gong et al., 2022). 

AMPK regulates glucose, lipid, and protein metabolism in response to metabolic stress (Long 

and Zierath, 2006). Under low glucose conditions, AMPK promotes glucose uptake and glycolysis by 

enhancing the surface expression of GLUT1 and GLUT4 (Bratthauer, 1994; Wu et al., 2013). It plays 

a pivotal role in regulating the activity of FOXO (Forkhead box O) transcription factors, which 

maintain cellular redox balance and promote cell survival. FOXO proteins are activated by AMPK and 

regulate the expression of genes involved in antioxidant production and glucose metabolism (Greer et 

al., 2007). AMPK can also negatively regulate the Warburg effect and suppress tumor growth (Faubert 

et al., 2013). However, in the context of RNA virus infection, AMPK has been shown to negatively 

regulate glycolysis and inhibit virus replication (Singh et al., 2020). 

AKT is a crucial protein associated with cellular energy sensing across a variety of cell types 

(Hung et al., 2017; Roberts et al., 2013). AKT enhances glycolysis by promoting the movement of 

GLUT1 to the cell surface, which increases glucose uptake, and by inducing the expression of 

glycolytic enzymes such as HK and PFK (Coloff et al., 2011). Under sufficient glucose conditions, 

AKT is activated and subsequently stimulates mTOR signaling to promote glucose metabolism and 
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protein synthesis (Paul et al., 1987). Several RNA viruses have been reported to regulate the AKT 

signaling pathway (Fan et al., 2024; Hajari et al., 2025; Lahon et al., 2021; Li et al., 2021a; Tang et al., 

2023). Notably, increased phosphorylation of AKT has been observed following norovirus infection, 

indicating its critical role in virus replication. In particular, norovirus infection in RAW cells showed 

an increase in AKT phosphorylation, which in turn promoted glycolysis to support its replication. 

Interestingly, Inhibition of glycolysis by 2-DG suppressed AKT activation and reduced its infection 

significantly (Passalacqua et al., 2019). Multiple studies have shown that Zika virus infection in several 

human cell lines, including those derived from liver, neuroblastoma, neural progenitor, and embryonic 

kidney, depends on the activation of the AKT/mTORC signaling pathway. (Chan et al., 2018; Gratton 

et al., 2019; Holbrook, 2017; Kong et al., 2020). In all cellular models, the suppression of the mTOR 

or phosphatidylinositol 3-kinase PI3K/AKT pathways has negatively impacted its replication. 

Similarly, other RNA viruses, such as dengue virus and YFV, also depend on this pathway not only for 

their replication but also for the modulation of immune responses (Altenberg and Greulich, 2004; 

Carter et al., 2022; Chan et al., 2018; De Wied and De Kloet, 1987; Liang et al., 2016; Sahoo et al., 

2020). Interestingly, avian reovirus (ARV) was also shown to elevate α-ketoglutarate levels by 

upregulating isocitrate dehydrogenase 3 subunit beta (IDH3β) and glutamate dehydrogenase (GDH), 

leading to the activation of mTORC1. Activated mTORC1 further increases eIF4E, boosting the 

translation of HIF-1α, which in turn promotes the expression of glycolytic enzymes, leading to 

enhanced glycolytic flux (Chi et al., 2018). All these studies suggest that RNA viruses can upregulate 

the glycolytic pathway by regulating PI3K/AKT signalling (Figure 2.1). 
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Figure 2.1 Schematic representation of glycolysis-mediated regulation of RNA virus infection. Virus 

infection activates the PI3K/AKT/mTOR pathway and induces mitochondrial ROS. Subsequently, 

ROS inhibits PHD, an enzyme responsible for the hydroxylation of HIF-1α, which prevents ubiquitin-

mediated proteasomal degradation of HIF-1α, leading to the HIF-1α accumulation and its translocation 

to the nucleus. Inside the nucleus, it activates the expression of genes encoding glycolytic enzymes 

and GLUTs. Glycolytic enzymes facilitate enhanced glycolysis while GLUTs are translocated to the 

cell surface to provide more glucose for fuelling glycolysis, thereby supporting virus replication.  

 

2.4 Therapeutic approaches against RNA viruses targeting glucose uptake and its metabolism  

Different compounds have been tested for inhibiting the replication of RNA viruses by targeting 

glycolytic enzymes. 2-DG is the most widely used compound for inhibiting glycolysis. 2-DG targets  

HK, an important rate-limiting enzyme of the glycolytic pathway. Inhibition of glycolysis by using 2-

DG has shown a significant reduction in the replication of several RNA viruses such as influenza A 

virus (H1N1), CVB3, dengue virus, WNV, etc. (Fontaine et al., 2015b; Mingo-Casas et al., 2023; Qian 

et al., 2022; Ren et al., 2021a). HK can also be inhibited by 3-bromopyruvate and Favipiravir, and 
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thus, can be a potent glycolytic inhibitor for inhibiting viral infection (Kohio and Adamson, 2013; 

Kulkarni and Padmanabhan, 2022). Another compound, oxamate, an inhibitor of LDH, is also a 

potential inhibitor of glycolysis and has been shown to impair the replication of influenza A, 

Senecavirus A (SVA) and dengue virus (Fontaine et al., 2015b; Li et al., 2023a; Ren et al., 2021a). 

Another potent compound that can inhibit glycolysis is Dichloroacetate (DCA), which targets the 

PDK4 enzyme. The inhibitory effect of DCA has been shown for different viruses such as H1N1, SVA 

and WNV (Li et al., 2023a; Mingo-Casas et al., 2023; Ren et al., 2021a). Apart from glycolytic enzyme 

inhibitors, GLUT inhibitors have also been used to inhibit glucose uptake as a strategy to suppress 

virus replication. Some examples of GLUT inhibitors are Indinavir, Fasentin, Dexamethasone and 

Niclosamide. Fasentin, which inhibits GLU1/4, have been shown to reduce the virus-induced glucose 

uptake in RSV-infected Hep-2 cells. Moreover, a significant reduction in ECAR, a key indicator of 

glycolytic flux, was also observed (Chen et al., 2023a). Dexamethasone reduces the expression of 

GLUT1 by inhibiting HIF-α (Clayton et al., 2023). It has been reported that treatment of human 

immunodeficiency virus (HIV) infected HC69 glial cells with dexamethasone reduces the abundance 

of viral transcripts in the infected cells (Shytaj et al., 2021). Niclosamide, an anti-helminthic drug, was 

shown to inhibit glucose uptake in NDV-infected DF-1 (Chicken embryo fibroblast) cells. Moreover, 

the expression of GLUT1 and HK was also found to be reduced in infected cells. However, whether 

these genes are direct targets of niclosamide is not known (Vashi et al., 2023). Thus, GLUT inhibitors 

can be a promising antiviral strategy by limiting glucose uptake and perturbing the virus-induced 

metabolic reprogramming.  

Targeting the pathways that are involved in glucose metabolism can also be explored for 

developing interventions to inhibit viral infections. A study investigated the role of AMPK in Zika 

virus infection and reported a decreased active phosphorylated state of AMPK in infected cells. 

Treatment of Zika virus-infected HRvEC and HUVEC cells with AMPK agonist AICAR abolished 

infection and significantly reduced the titres in the infected cells. Similar results were observed when 
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Zika virus-infected HRvEC cells were treated with GSK621 (AMPKα-specific activator) (Singh et al., 

2020). Rhinovirus has been shown to upregulate glucose uptake in infected cells in a PI3K-dependent 

manner. When rhinovirus-infected primary human fibroblasts and HeLa cells were treated with PI3K 

inhibitors, PP242 and LY294002, glucose uptake reverted to normal conditions (Gualdoni et al., 2018). 

RSV has been shown to upregulate glycolysis in infected cells by regulating HIF-1α expression. HIF-

1α is the core transcription factor that regulates glycolysis and controls the expression of glucose 

transporters and glycolytic enzymes. RSV-infected HEp-2 cells showed activation of IR/PI3K/AKT 

signalling, which led to increased HIF-1α expression. Pharmacological inhibition of HIF-1α with PX-

478 significantly reduced RSV infection in vitro and in vivo. Glucose uptake and glycolysis were also 

reduced by using BMS-754807, an insulin receptor (IR) inhibitor and LY294002, a PI3K inhibitor 

(Chen et al., 2023a).  

 

Table 1: List of RNA viruses regulating different glycolytic enzymes along with signaling pathways 

involved. 

 

S.No 

 

Virus 

 

signaling 

pathway 

 

Glycolytic 

proteins   

 

Viral 

protein 

 

 

References  

1. Newcastle disease 

virus 

 

HIF-1α NA NA (Gong et al., 2022; Lan et al., 

2010)  

 

2. Respiratory syncytial 

virus 

PI3K/Akt, HIF-1α HK1, HK2 M (Chen et al., 2023a; Hu et al., 

2023; Morris et al., 2020)  

 

3. Dengue virus PI3K/Akt/mTOR HK2, GAPDH NS1 (Allonso et al., 2015; Fontaine et 

al., 2015b; Lahon et al., 2021; Lee 

et al., 2020)  

 

4. Human 

immunodeficiency 

virus 

PI3K, HIF-1α HK1 Vpr (Deshmane et al., 2009; Kavanagh 

Williamson et al., 2018; Loisel-

Meyer et al., 2012; Palmer et al., 

2014; Rivas et al., 1997; Sorbara 

et al., 1996)  

 

5. Influenza A virus mTOR/PI3K HK2, PKM2, 

GAPDH, PFK 

PDK3, LDH 

GP1, FBP, ALD, 

TPI, PK 

 

M1 (Mishra et al., 2020; Ren et al., 

2021a; Ritter et al., 2010; 

Smallwood et al., 2017) 
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Table 2: List of glycolytic inhibitors used against different RNA viruses. 

 

S.No 

 

Virus 

 

Inhibitor 

 

Target 

 

References 

 

1. Influenza A virus  

 

 

BEZ235 

3- Bromopyruvate   

2-DG 

Oxamate 

 

PI3K/mTOR 

HK 

HK and GPI 

LDH 

(Kleinehr et al., 2023; Kohio and Adamson, 

2013; Ren et al., 2021a; Smallwood et al., 

2017) 

2. 

 

Newcastle disease virus  Sodium oxamate 

Niclosamide 

LDH 

Glycolysis 

(Vashi et al., 2023) 

 

 

3. Coxsackievirus B3 2-DG 

Sodium citrate 

Shikonin 

HK 

PFKM 

PKM2  

(Qian et al., 2022; Thompson et al., 1987) 

4. West Nile virus  AL-429 

Sodium oxamate 

2-DG 

Dichloroacetate 

 

Glycolysis 

LDH 

HK 

PDK4 

(Mingo-Casas et al., 2023) 

6. Mayaro virus NA PFK NA (El-Bacha et al., 2004) 

7. SARS-CoV-2 HIF-1α NA NA (Codo et al., 2020b; Rochowski et 

al., 2024)  

 

8. Murine norovirus  

 

Akt NA NA (Passalacqua et al., 2019) 

9. Coxsackievirus B3 PI3K/Akt, ERK1/2 HK2, PFKM, 

PKM2 

 

NA (Luo et al., 2002; Qian et al., 

2022) 

10. West Nile virus NA HK2, HK3, 

PDK4 

 

NS1 (Mingo-Casas et al., 2023; Wessel 

et al., 2021) 

 

11. Rhinovirus PI3K NA NA (Gualdoni et al., 2018) 

12. Senecavirus A NA HK2, PFKM, 

PKM, PGK1 

 

NA (Li et al., 2023a) 

 

 

13. Zika virus  PI3K/Akt/mTOR, 

AMPK, HIF-1α 

HK1, HK2, 

GAPDH, LDH, 

TPI 

NS4A, 

NS4B 

(de Farias et al., 2025b; Liang et 

al., 2016; Singh et al., 2020) 

 

14. Porcine reproductive 

and respiratory 

syndrome virus 

 

HIF-1α HK2 nsp1β (Pang et al., 2022; Zhang et al., 

2023)  

 

 

 

15. Avian reovirus HIF-1α HK, PFK, TPI, 

PK 

 

σA (Chi et al., 2018; Hsu et al., 2023) 

 

16. 

 

Rous sarcoma virus NA HK, PFK, PK, 

LDH, G-6-P 

dehydrogenase 

pp60src (Presek et al., 1980; Salter et al., 

1982; Singh et al., 1974a; Singh et 

al., 1974b)  
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5. Human 

immunodeficiency virus 

 

Dexamethasone Glycolysis (Shytaj et al., 2021) 

6. Rhinovirus 2-DG 

PP242 

LY294002 

 

HK 

PI3K 

PI3K 

(Gualdoni et al., 2018) 

7. Senecavirus A 2-DG 

Oxamate 

Dichloroacetate 

 

HK 

LDH 

PDK4 

(Li et al., 2023a) 

 

 

8. Dengue virus 2-DG 

Oxamate 

6-Amino-

Nicotinamide 

 

HK 

LDH 

NADH 

biosynthesis 

(Fontaine et al., 2015b; Ogire et al., 2024) 

 

9. Norovirus 2-DG HK (Passalacqua et al., 2019) 

 

10. Respiratory syncytial 

virus 

PX-478 

BMS-754807 

LY294002 

Fasentin 

 

HIF-1α 

IR 

PI3K 

GLUT 

(Chen et al., 2023a) 

11. SARS-CoV-2 2-DG 

 

HK (Bhatt et al., 2022b) 

12. Semliki forest virus 

 

2-DG 

 

HK  (Findlay and Ulaeto, 2015) 

 

13. Sindbi virus Lonidamine 

Oxamate 

 

HK 

LDH 

 

(Findlay and Ulaeto, 2015) 

 

14. Zika virus 2-DG HK (Singh et al., 2020) 

 

 

 

2.5 PKM2: A multi-functional glycolytic enzyme 

PK is a crucial enzyme of the glycolytic pathway which catalysis the conversion of 

phosphoenolpyruvate to pyruvate while coupling ATP synthesis (Israelsen and Vander Heiden, 2015). 

It has four different isoforms: L, R, M1, and M2 (Gupta and Bamezai, 2010). L-isoform is mainly 

present in the liver, kidney, pancreas and intestine; R-isoform is present in RBCs; M1 is present in 

muscle, kidney and brain tissue, and M2 is present in the brain, lung, liver, kidney, heart, embryonic 

tissues and cancer cells (Lu, 2012). These isoforms are encoded by two genes: PKLR (which encodes 

the L and R isoforms) and PKM (which encodes the M1 and M2 isoforms) (Noguchi et al., 1986; 

Noguchi et al., 1987). PKM1 and PKM2 are produced by the alternate splicing of the same gene, PKM, 

at exon 9 and exon 10, respectively (Figure 2.2) (Noguchi et al., 1986; Takenaka et al., 1991). PKM2 
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can form a dimer or a tetramer, while PKM1 can only create a monomer. The dimeric and tetrameric 

forms of PKM2 perform distinct functions: the tetrameric form plays a catalytic role in glycolysis, 

while the dimeric form exhibits low catalytic activity and is involved in the biosynthesis of precursor 

biomolecules (Dong et al., 2016a). Dimeric PKM2 can localize to different cellular compartments, 

such as the ER and nucleus. In the nucleus, it activates the transcription of several genes, or it can 

associate with other transcription factors to regulate gene expression and inside the ER, it regulates the 

ER stress (Zhang et al., 2019). Dimeric PKM2 can bind to the outer mitochondrial membrane to 

regulate its function (Christofk et al., 2008a; Liang et al., 2017). Therefore, depending on its isomeric 

state, PKM2 can perform a range of different functions inside the cell.  

 

 

Figure 2.2 Schematic illustration of different isoforms of Pyruvate kinase encoded by the PKLR and 

PKM genes through alternative splicing 

 

 

2.5.1 Regulatory mechanism of PKM2 expression 

Several factors regulate PKM2 expression. As previously discussed, alternative splicing, 

performed by riboproteins (hnRNPL, hnRNP1, and hnRNP2), controls the transcription switch from 

PKM1 to PKM2 (Clower et al., 2010). Several non-coding RNAs, such as miR-138, miR-148a, miR-
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152, miR-199a, miR-22, and let-7a, have been proposed to downregulate the expression of PKM2 by 

directly interacting with the UTRs of its mRNA transcript (Guo et al., 2017; Xu et al., 2015; Zhang et 

al., 2015). It has been shown in most cancer cells P13K/mTOR signaling pathway promotes PKM2 

expression through HIF-1α-mediated expression of c-Myc (Iqbal et al., 2013; Sun et al., 2011). c-Myc 

upregulates PKM2 expression by inducing the expression of hnRNPs involved in alternative splicing 

(Deming, 1991; Iqbal et al., 2013; Mazurek, 2007; Sun et al., 2011). Peroxisome proliferator-activated 

receptor γ (PPARγ) and epidermal growth factor receptor (EGFR) also induce the expression of PKM2, 

as its promoter contains binding sites for PPARγ known as PPARγ response elements (PPRE) 

(Panasyuk et al., 2012). EGFR-mediated activation of NF-κβ via mono-ubiquitinylation of PKCε also 

activates PKM2 expression (Yang et al., 2012b).  

 

2.5.2 Regulation of PKM2 activity 

 The existence of PKM2 in tetrameric and dimeric forms depends on allosteric regulation. 

Tetramers can exist in either the catalytically inactive T-state or active R-state, while dimeric PKM2 

possess protein kinase activity (Chen et al., 2020b; Wang et al., 2015). Fructose-1,6-bisphosphate 

(FBP), a glycolytic intermediate, binds to the allosteric region of PKM2 and stabilizes its active 

tetrameric form (Jurica et al., 1998). Serine can also act as an allosteric activator of PKM2, stabilizing 

its tetrameric form (Chaneton et al., 2012). The binding of succinyl-5-aminoimidazole-4-carboxamide-

1-ribose-5′-phosphate (SAICAR) induces the protein kinase activity of PKM2 (Keller et al., 2014). 

PKM2 activity is also regulated through several post-translational modifications. Phosphorylation of 

PKM2 at Tyr105 induces the conversion of tetrameric PKM2 into dimeric form by disrupting its 

interaction with FBP, thereby reducing pyruvate kinase activity (Hitosugi et al., 2009). Studies have 

reported that acetylation of PKM2 at Lys305 and Lys433 inhibits pyruvate kinase activity by disrupting 

its interaction with phosphoenolpyruvate. Phosphorylation of PKM2 by JNK1 at Thr365 enhances 

PKM2 activity (Iansante et al., 2015). Succinylation of PKM2 at K498 enhances its activity (Xiangyun 
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et al., 2017). Phenylalanine inhibits the pyruvate kinase activity of PKM2 by stabilizing its inactive 

tetrameric state (Morgan et al., 2013). Structural analogs of pyruvate, such as oxalate and malonate, 

have been shown to stabilize active R-state tetramers of PKM2 (Armilla, 1967). Thyroid hormone was 

also shown to inhibit the pyruvate kinase activity of PKM2 by stabilizing its inactive monomers 

(Morgan et al., 2013). In several cancers, ERK2, upon activation by EGFR, induces the translocation 

of PKM2 and promotes its protein kinase activity (Yang et al., 2012c; Yang et al., 2012d).  

 

2.5.3 PKM2 and its association with glucose metabolism  

 The active tetrameric form of PKM2 acts as a glycolytic enzyme, while the dimeric form of 

PKM2 induces the accumulation of glycolytic intermediates through PPP and glycerol synthesis, which 

boosts the production of nucleotides and NADP (Anastasiou et al., 2011; Chen et al., 2014; Zahra et 

al., 2020). In the cancer cells, the balance between tetrameric and dimeric PKM2 is critical in 

determining the fate of glucose, whether it will be utilized for ATP production via oxidative 

decarboxylation or diverted towards biosynthesis of amino acids, lipids and nucleotides (Wu and Le, 

2013). This ratio is controlled by oncogenes, tumor suppressor genes, and intermediate metabolites (Li 

et al., 2014; Zhang et al., 2019). At the time of rapid proliferation, cancer cells exhibit augmented 

levels of dimeric PKM2, promoting accumulation of glycolytic intermediates such as 3-

phosphoglycerate, dihydroxyacetone phosphate and FBP (Li et al., 2014). These glycolytic 

intermediates are utilized to fuel the biosynthesis of amino acids, lipids and nucleotides (Li et al., 

2014). When FBP reaches beyond a particular threshold level, cancer cells temporarily halt 

proliferation, and the low activity dimer then undergoes conformational change to form an active 

tetramer (Gupta et al., 2010). This allosteric conversion is triggered by activators like phenylalanine, 

serine, glycine, cysteine, alanine, thyroid hormone, growth hormone, intracellular ROS levels and FBP 

(Akhtar et al., 2009; Vander Heiden et al., 2009). This increases the active tetrameric form of PKM2 

to enhance glucose metabolism, providing energy until these allosteric activators decline below 
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threshold levels (Akhtar et al., 2009; Vander Heiden et al., 2009). Additionally, when cancer cells are 

exposed to stress upon drug treatment, they overexpress HIF-1α, which increases PKM2 expression 

and promotes its tetramerization. This catalytically active PKM2 supports the TCA cycle and electron 

transport chain, helping to scavenge the ROS generated under stressed conditions (Yang et al., 2011). 

Studies have linked chromosomal segregation during mitosis to glucose metabolism in prostate cancer 

(Morgan et al., 2013). It was shown that CENPF, a microtubule-binding protein, regulates cancer 

metabolism through its effect on PKM2 phosphorylation. Upon silencing of CENPF, phosphorylation 

of PKM2 increased at Tyr105, inactivating its pyruvate kinase function, crucial for glycolysis (Shahid 

et al., 2018). In HCC cells, it was shown that HSP90/GSK-3β mediates phosphorylation of PKM2 at 

Thr328, induces its stabilisation, promoting glycolysis and inhibiting apoptosis (Xu et al., 2017).  

 

2.5.4 Non-metabolic roles of PKM2 

 Apart from pyruvate kinase activity, PKM2 can act as a protein kinase and as a transcriptional 

co-activator. PKM2 translocates to the nucleus and phosphorylates histone proteins, and activates 

transcription of several genes. PKM2 is involved in instigating tumorigenesis through the activation 

of EGFR. Activated EGFR signaling promotes the nuclear localization of PKM2 by ERK2. Once 

PKM2 enters the nucleus, it interacts and phosphorylates β-catenin at Y333 (Yang et al., 2011). The 

PKM2-β-catenin complex is recruited to the promoter site of CCND1 gene to phosphorylate H3 

histone, leading to its separation from HDAC3.  This results in the stimulation of cyclin D1 expression, 

promoting tumor cell proliferation and growth (Yang et al., 2011). Nuclear PKM2 can also act as a co-

activator of β-catenin, which further promotes the expression of c-myc. C-myc induces upregulation 

of GLUT1, LDHA and PTB-dependent expression of PKM2; all these enzymes promote the Warburg 

effect in cancer cells (Yang et al., 2011). Upon EGFR activation, PKM2 can also directly phosphorylate 

H3 histone at T11, inducing the dissociation of HDAC3 from CCDN1 and MYC promoter regions and 

acetylation of H3 histone at K9 (Yang et al., 2012c). This initiates the expression of cyclin D1, a key 
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regulator of cell-cycle progression, and c-MYC, a transcription factor that regulates the expression of 

glycolytic enzymes, thereby promoting the Warburg effect and tumorigenesis (Yang et al., 2012c). 

Nuclear PKM2 phosphorylates PAK2, preventing its ubiquitination and proteasomal degradation. This 

stabilizes PAK2, enhancing cell mobility and metastasis (Cheng et al., 2018). Dimeric nuclear PKM2 

interacts with TGIF2 and promotes its ubiquitin-mediated proteasomal degradation (Hamabe et al., 

2014). This results in exposing the CDH1 promoter to HDAC3, which deacetylates H3 histone and 

suppresses the transcription of CDH1, thereby promoting metastasis and tumour progression (Hamabe 

et al., 2014). PKM2 can also directly bind to STAT3 at Tyr705, which subsequently activates 

transcription of MEK5 and HIF-1α (Cheng et al., 2018). PKM2 associates and phosphorylates Bub3 

at Tyr207 during mitosis (Jiang et al., 2014a). Bub3 is a spindle checkpoint protein, and its 

phosphorylation by PKM2 is crucial for precise chromosomal segregation (Jiang et al., 2014a). 

Phosphorylation of PKM2 at Thr45 by Aurora B induces its binding to MLC2, resulting in its 

phosphorylation at Tyr118. Phosphorylated MLC2 associates with ROCK2, resulting in the 

phosphorylation of MLC2 at Ser15 by ROCK2, which is essential for inducing cytokinesis and cell 

division (Jiang et al., 2014b). This highlights the role of protein kinase activity of PKM2 in regulating 

cell-cycle progression in cancer cells. PKM2 also activates mTORC1 signaling by phosphorylating its 

inhibitor, AKT1S1 at Ser202/203, leading to inhibition of growth and autophagy in cancer cells (Chen 

et al., 2020b). Nuclear PKM2 associates with H2AX histone, inducing genome instability in cancer 

cells (Xia et al., 2017). PKM2 can regulate the tumor microenvironment by phosphorylating the 

SNAP-23 protein at Ser95, thereby inducing the release of exosomes. Additionally, in response to 

oxidative stress. PKM2 can translocate the outer membrane of mitochondria and phosphorylate BCL2 

at Thr69, leading to its stabilization. This inhibits apoptosis induced during oxidative stress (Liang et 

al., 2017). Under hypoxic conditions, PKM2 interacts with JMJD5, which prevents its tetramerization, 

thereby promoting nuclear translocation and interaction with HIF-1α. This facilitates the binding of 

HIF-1α to the HRE and regulates the transcription of metabolic genes, such as PKM2, LDHA, ENO1, 
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and GLUT1 (Wang et al., 2014). Moreover, dimeric PKM2 also acts as a co-activator of HIF-1α, which, 

along with PHD3, induces the transcription of HIF-1α-regulated genes (Luo et al., 2011; Luo and 

Semenza, 2011).  

 

2.5.5 PKM2-mediated regulation of immune responses  

 Research has demonstrated that PKM2 contributes to the regulation of immune cell metabolism 

by modulating the Warburg effect (Liu et al., 2021b). As previously described, dimeric PKM2 drives 

aerobic glycolysis while the active tetrameric form provides pyruvate for the TCA cycle (Zhang et al., 

2019). LPS-activated macrophages have been shown to exhibit higher PKM2 expression, 

predominantly in its inactive monomeric or dimeric forms (Palsson-McDermott et al., 2015a; Shirai et 

al., 2016). The LPS-induced PKM2 translocates to the nucleus and associates with HIF-1α to form a 

complex. This complex directly binds to the promoter of the IL-1β gene and activates its transcription 

(Palsson-McDermott et al., 2015a). When activated macrophages were treated with DASA-58 and 

TEPP-46 to drive the conversion of dimeric PKM2 into its active tetrameric form, this abrogated the 

LPS-induced expression of IL-1β and other HIF-1α-regulated genes (Palsson-McDermott et al., 

2015a). Moreover, PKM2 also regulates the expression of HMGB1, a potent pro-inflammatory 

cytokine in activated macrophages, through its interaction with HIF-1α. Moreover, the knockdown of 

PKM2 using specific shRNA or its inhibition by shikonin resulted in the reduced expression of 

HMGB1 and glycolytic-related genes (Bichler et al., 1989). In addition, in colorectal carcinoma cells 

treated with LPS, PKM2 was associated with the enhanced expression of proinflammatory cytokines 

(Shirai et al., 2016). It was shown that treatment with LPS induced the nuclear localization of PKM2, 

where it interacts with the promoter of STAT3, directly inducing its transcription. Moreover, nuclear 

localization of dimeric PKM2 in LPS-activated CAD macrophages phosphorylates and activates 

STAT3, which in turn boosts the expression of IL-1β and IL-6 (Shirai et al., 2016). When dimeric 

PKM2 was induced to convert into tetrameric conformation by treatment with ML265, it reduced its 
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nuclear translocation and phosphorylation of STAT3, which also led to a decrease in the expression of 

proinflammatory cytokines (Shirai et al., 2016). Inhibition of dimeric PKM2 by shikonin protected the 

mice from LPS-induced endotoxemia (Yang et al., 2014b). In agreement with these observations, 

PKM2 expression was upregulated in different inflammatory diseases, such as Crohn’s disease (Tang 

et al., 2015). In line with this, mice suffering from TNBS-induced colitis also showed marked 

upregulation of PKM2 (Bertrand et al., 2015). Notably, proteomics analysis of synovial tissue from 

the arthritis patient also revealed that PKM2 was one of the 33 genes that were found to be upregulated 

(Li et al., 2013). PKM2 is also involved in the differentiation of Th17 cells through its interaction with 

STAT3, enhancing its activation and differentiation (Damasceno et al., 2020). Th17 cells produce IL-

17, a proinflammatory cytokine and are involved in the development of several autoimmune diseases 

such as rheumatoid arthritis, diabetes mellitus, psoriasis, and multiple sclerosis. Moreover, studies have 

also revealed that PKM2 can drive macrophages to the M1 phenotype by regulating the expression of 

proinflammatory mediators (Shirai et al., 2016). Dendritic cells play an important role in inducing 

tumour-specific immune responses by presenting tumour-specific antigens on their surface (Armstrong 

et al., 1998; Huang et al., 1994). However, dendritic cells are mostly ineffective in the tumor 

microenvironment (Bennaceur et al., 2008). It was demonstrated that SOCS3, induced by cytokines 

and tumour-induced factors in DCs, interact directly with PKM2, leading to reduced ATP synthesis, 

which ultimately reduces the antigen-presenting ability of DCs (Zhang et al., 2010). Inflammatory 

diseases and cancer lead to the accumulation of lactate (Haas et al., 2015; Weyand et al., 2017). The 

lactate induces the expression of lactate transporter SLC5A12 in CD4+ T cells, which, through 

PKM2/STAT3 signaling, promotes the expression of IL-17 and enhances fatty acid synthesis (Pucino 

et al., 2019). The glycolysis-inactive PKM2 was also shown to be involved in the manifestation of 

allergic airway disease by eliciting IL-1β signaling through STAT3 phosphorylation (van de Wetering 

et al., 2020). This suggests that PKM2 is a crucial target for treating inflammatory diseases due to its 

role in regulating the expression of proinflammatory cytokines. 
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Figure 2.3 Schematic representation of metabolic, non-metabolic and immunoregulatory functions of 

PKM2. 

 

 

2.5.6 PKM2 and viruses  

 Several viruses have been shown to enhance PKM2 expression to regulate their infection in the 

host cells (Qian et al., 2022). PKM2 was found to be involved in the replication and pathogenesis of  

HCV by interacting with NS5B, which is the viral RNA-dependent RNA polymerase, and its 

downregulation in HCV9B cells was shown to inhibit its replication (Wu et al., 2008). Studies in HBV 

have shown that activation of PKM2 upon treatment with TEPP-46 inhibits the expression of viral 

proteins (Wu et al., 2021). Contrary to this, HPV16 E7 oncoprotein induces the proliferation of cervical 

cancer cells by activating non-metabolic functions of PKM2 (Lee et al., 2021). PKM2 was also shown 

to interact with NS4A and NS5A, promoting their expression in the infected cells. Moreover, PKM2 

was shown to promote CSFV replication by inducing mitophagy through the activation of the 

AMPK/mTOR pathway (Liu et al., 2024). Very recently, it was demonstrated that cyclophilin-A 
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restricts respiratory syncytial virus infection by inhibiting glycolysis through downregulation of PKM2 

(Zhang et al., 2025a). In the case of dengue virus-infected huh cells, PKM2 was downregulated, while 

in U937 cells, dengue virus infection resulted in the upregulation of PKM2 (Martínez-Betancur and 

Martínez-Gutierrez, 2016; Pando-Robles et al., 2014). A549 cells infected with the H1N1 influenza 

virus have also shown higher expression of glycolytic enzymes, including PKM2 (Ren et al., 2021a). 

Studies in COVID-19 patients have shown that the increased expression of cytokines such as IL-6, IL-

5, IL-1β and sTNFR1, along with the increased expression of cytosolic PKM2, phosphorylated PKM2 

and HIF-1α (McElvaney et al., 2020a).  

 

2.6 Knowledge gap and scope of current research  

 Glycolysis is the first stage in glucose metabolism, which is the breaking down of glucose into 

pyruvate while generating ATP and NADH. The glucose-6-phosphate produced in glycolysis can be 

utilized in the PPP to synthesize nucleotides. Similarly, pyruvate, which is the end-product of 

glycolysis, is converted to acetyl-CoA and is used in the synthesis of cholesterol and other lipids. As a 

central metabolic pathway, glycolysis is closely linked with other metabolic processes. Its regulation 

can directly or indirectly impact the overall metabolomics of a cell. Consequently, many viruses 

reprogram glycolysis to support their multiplication in the host cell. Multiple pathways, enzymes, and 

transcription factors are involved in this regulation. Inhibitors of key glycolytic enzymes have also 

been shown to be very effective in restricting the viral infection. However, no studies have clearly 

outlined the mechanisms regulating glycolysis during JEV infection in neuronal cells. Understanding 

the enzymes and factors regulating glycolysis during JEV infection could help in the development of 

virus-specific antiviral therapies. One of the glycolytic enzymes, Pyruvate kinase M2, not only plays 

a central role in glycolysis but also carries out several non-glycolytic functions, such as regulating 

immune response, particularly the expression of inflammatory cytokines. Most of the previous studies 

have concentrated on its glycolytic function in controlling viral infections. To date, there are no studies 
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which have specifically explored the non-metabolic role of PKM2 in JEV-infected neuronal cells. This 

work aims to elucidate the role of glycolysis in JEV infection, its regulatory mechanism, the role of 

the glycolytic enzyme PKM2 in JEV neuropathogenesis and its potential interaction with JEV NS1 

protein.   

 

2.7 Objectives 

Based on the knowledge gap, we proposed the following objectives 

1. To understand the regulation of glycolysis in Japanese encephalitis virus-infected neuronal 

cells 

2. To understand the role of pyruvate kinase M2 in Japanese encephalitis virus replication 

3. Investigating the interaction and cellular co-localization of pyruvate kinase M2 and the non-

structural protein 1 of Japanese encephalitis virus 
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Chapter 3 

Japanese encephalitis virus promotes its replication in 

neuronal cells by enhancing glycolysis via hypoxia-

inducible factor-1α 

 

 

Brief overview of the chapter 

 Glycolysis is one of the crucial metabolic pathways regulated by most RNA viruses. In this 

chapter, we investigated the regulation of glycolysis by JEV, with a specific focus on the regulation of 

glycolytic enzymes. We demonstrated that JEV replication induces a time-dependent increase in 

glycolysis, as evidenced by reduced glucose and elevated lactic acid levels in the supernatant of 

infected cells. Furthermore, treatment with glycolytic inhibitors, such as 2-DG and sodium oxamate, 

reduced virus replication. Moreover, supplementation with sodium pyruvate, an alternative energy 

source, and treatment with insulin promoted JEV replication, highlighting their positive role in 

enhancing JEV replication during metabolic stress. In addition, several glycolytic enzymes were found 

to be upregulated in JEV-infected cells. Later, we identified HIF-1α, a known transcription factor for 

controlling the expression of glycolytic genes, as a critical regulator of glycolysis during JEV infection, 

as its expression was upregulated following infection. Besides this, CoCl2-induced stabilization of 

HIF-1α enhanced JEV replication, while its knockdown abrogated this effect in treated cells. At last, 

we concluded that JEV modulates host glucose metabolism via HIF-1α to facilitate its replication and 

highlighted glycolytic inhibitors as potential antivirals for JEV infection.  

 

3.1 Introduction 

TH-3993_196106107



  31  
 

Viruses rely on the host cellular metabolic machinery for their replication and propagation. 

Specifically, they stimulate anabolism to produce the macromolecules required for virion replication 

and assembly (Thaker et al., 2019a). Both DNA and RNA viruses reprogram many facets of host 

carbon metabolism, including enhanced glycolysis and the PPP to facilitate nucleotide synthesis, 

amino acid production, and lipid biosynthesis (Dunn et al., 2021; Krishnan et al., 2021a; Moreno et 

al., 2022; Thaker et al., 2019b; Vastag et al., 2011). Glucose is the primary energy source involved in 

cellular metabolism. Glycolysis and the tricarboxylic acid cycle are the two basic mechanisms involved 

in glucose metabolism (Bose et al., 2021). Many viruses have been shown to regulate glucose 

metabolism in the host cells by targeting glycolytic enzymes and GLUTs (Codo et al., 2020b; Gong et 

al., 2022; Kavanagh Williamson et al., 2018; Ritter et al., 2010; Zhang et al., 2023). Viruses often 

modulate pathways such as PI3K/Akt and mTORC1/eIF4E/HIF-1α to regulate the expression of 

glycolytic enzymes (Chi et al., 2018; Lahon et al., 2021; Li et al., 2021a; Liao et al., 2024). Viruses of 

the genus Orthoflavivirus, such as dengue virus, Zika virus and WNV, have been reported to depend 

on glycolysis for their replication (Fontaine et al., 2015b; Mingo-Casas et al., 2023; Singh et al., 2020). 

Dengue virus infection in human foreskin fibroblast cells was reported to induce glycolysis mediated 

by the overexpression of GLUT1 and HK2 (Fontaine et al., 2015b). Similarly, Zika virus replication 

in HUVEC cells promoted glycolysis, facilitated by enhanced expression of glycolytic genes such as 

GLUT1 and HK (Singh et al., 2020). LDH was also found to be upregulated in WNV and JEV-infected 

mice (Argade and Banerjee, 1990; Zhou et al., 2024). Additionally, another glycolytic enzyme, 

aldolase, was also shown to be upregulated upon JEV infection (Tien et al., 2014). Several past studies 

have shown that glycolysis inhibitors are very effective in reducing virus replication, indicating critical 

role of glycolysis in viral pathogenesis (Fontaine et al., 2015b; Mingo-Casas et al., 2023; Qian et al., 

2022).  HIF-1α is a critical regulator of glucose metabolism in several tumor types (Rankin and 

Giaccia, 2008). HIF-1 is a heterodimeric protein, comprising HIF-1α and HIF-1β (Erbel et al., 2003).  

Under normal conditions, HIF-1α is hydroxylated by prolyl hydroxylases, leading to pVHL (von-
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Hippel-Lindau protein) dependent ubiquitination and proteasomal degradation of HIF-1α, while HIF-

1β is constitutively expressed (Lee et al., 2004; Zhang et al., 2025b). Under hypoxic conditions, the 

hydroxylation of HIF-1α is inhibited, leading to its accumulation and translocation to the nucleus, 

where it regulates the transcription of glycolytic genes, especially glycolytic enzymes (Strowitzki et 

al., 2019). Enhanced expression of glycolytic enzymes promotes glycolysis, leading to increased 

glucose uptake. Several RNA viruses have been shown to induce glycolysis in the infected cells by 

stabilizing HIF-1α (Chen et al., 2023b; Jung et al., 2016a; Pang et al., 2022; Zhang et al., 2024c). A 

previous study has reported that JEV replication modulates glycolysis, the PPP and lipid metabolism 

in neuronal cells (Li et al., 2021b). However, the precise mechanism by which JEV modulates 

glycolysis remains elusive. Elucidating the specific glycolytic enzymes regulated during JEV 

replication, along with their mechanism of regulation, may offer critical avenues for JEV-specific 

antiviral therapy. The current study highlights HIF-1α as a critical metabolic checkpoint for regulating 

glucose metabolism in JEV-infected cells.  

 

3.2 Materials and Methods 

3.2.1 Cells and virus  

The mouse neuroblastoma cells (Neuro-2a) and the baby hamster kidney cells (BHK-21) were 

obtained from the National Centre for Cell Sciences (NCCS), Pune, India. The cells were cultured in 

DMEM supplemented with 10% FBS and 1% antibiotic-antimycotic (GIBCO) cocktail at 37 °C in a 

humidified incubator with 5% CO2. The JEV strain SA14-14-2 (GenBank accession number 

JN604986) used in this study was procured from the Department of Health and Family Welfare, 

Government of Assam, India.  

 

3.2.2 Chemical reagents and antibodies 
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2-DG, Tokyo Chemical Industry (TCI), Sodium oxamate, SIGMA (02751-5G), Sodium 

pyruvate, SIGMA (S8636-100ML), Recombinant human insulin, HIMEDIA (TCL035), Cobalt 

chloride (II) hexahydrate, SRL. The following primary and secondary antibodies were used: JEV NS1 

(GeneTex, GTX633820), hexokinase 2 (Cell Signaling Technology, #2867), Glyceraldehyde-3-

phosphate dehydrogenase (Cell Signaling Technology, #5174), Pyruvate kinase M1/M2 (Cell 

Signaling Technology, #3190), Pyruvate dehydrogenase (Cell Signaling Technology, #3205), Hypoxia 

inducing factor-1α (ABclonal, A7684), β-actin (Invitrogen, MA1-140).  

 

3.2.3 Virus stock preparation 

For the preparation of virus stock, BHK-21 cells were cultured in T75 culture flasks and 

allowed to reach 80 % confluency. The cells were infected with JEV at 0.01 MOI, and the virus was 

allowed to adsorb on the cell surface for 2 hours. After the adsorption, the infection media were 

substituted with fresh DMEM supplemented with 2% FBS. The infected cells were placed at 37 ˚C in 

a 5% CO2 incubator for 72 hours for sufficient virus replication and release of progeny virions. 

Afterwards, the cells were lysed through successive freeze-thaw cycles for the release of entrapped 

virions. Cell debris was removed by centrifugation at 1,500 g for 5 minutes, and the clear supernatant 

containing JEV was collected and stored at -80 °C until further use.  

 

3.2.4 Plaque assay 

JEV titration was performed using plaque assay in BHK-21 cells. Cells were seeded 12 hours 

before infection in a 12-well plate. Virus dilution was prepared in plain DMEM, and the seeded cells 

were infected. After 2 hours of virus adsorption, the infection media were discarded, and the cells were 

washed with PBS, followed by overlaying with methylcellulose DMEM supplemented with 2% FBS. 

Plates were incubated for at least 72 hours at 37 ̊ C in 5% CO2 incubator. Overlay media was dispensed, 

and cells were fixed with chilled methanol for 10 minutes. After fixation, cells were stained with 1% 
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crystal violet and washed under tap water. The number of plaques was manually counted, and the titer 

was represented as plaque-forming units per milliliter of supernatant (PFU/mL).  

 

3.2.5 Cell cytotoxicity assay 

The cytotoxicity of the chemical compounds dissolved in milli-Q water was estimated using 

the MTT assay. Neuro-2a cells were seeded on a 96-well plate with a seeding density of 104 cells/well 

and allowed to attach overnight. The cells were then treated with different concentrations of the 

respective chemical compounds and incubated at 37 ˚C CO2 incubator for different time points 

depending on the compound. Post-incubation cells were treated with 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide (MTT) and incubated in a 37 ˚C incubator for 3 hours. The MTT reagent 

was discarded, and DMSO was added to dissolve the formazan crystals. The plate was incubated in 

the dark for 10 minutes, following which absorbance was measured at 570 nm using Multiscan Go 

(Thermo Scientific, USA) microplate reader.  

 

3.2.6 Western blotting  

Estimation of targeted proteins in a whole cell lysate was performed using western blotting. 

Cells were lysed in RIPA buffer, and proteins were separated on a 12% SDS-PAGE gel. Separated 

proteins from the gel were transferred to a 0.4 µm nitrocellulose membrane. Thereafter, the membrane 

was blocked with 5% skim milk in TBST for 1 hour to prevent non-specific binding of antibodies. 

Following blocking, primary antibody dilution was prepared in 2% BSA (Bovine Serum Albumin) and 

incubated at 4 ˚C overnight. After incubation, the membrane was washed with TBST at least three 

times for 5 minutes each, followed by incubation with HRP-conjugated secondary antibody for 1 hour 

at room temperature. Protein bands were detected using ECL reagent (BioRad, USA) under 

chemiluminescence. Quantitative analysis was performed using ImageJ software. 
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3.2.7 Glucose and lactic acid estimation 

Neuro-2a cells were cultured in a 6-well plate overnight. Cells were infected with 0.1 MOI 

JEV, and supernatant was collected at 24-, 48- and 72-hours post-infection for glucose and lactic acid 

estimation. The cell supernatant was first passed through a 0.22-μm filter and subsequently analyzed 

using HPLC (Shimadzu system) equipped with a refractive index detector. The concentrations of lactic 

acid and glucose were measured using a mobile phase of 5 millimolar sulfuric acid, eluted at a rate of 

0.6 mL/min on an aminex 87H HPLC column (Bio-Rad) maintained at 50 °C. 

 

3.2.8 Treatment with glycolytic inhibitors  

To inhibit glycolysis, 2-DG and sodium oxamate were used. 2-DG is a structural analog of 

glucose that inhibits HK, an enzyme catalysing the first step of glycolysis, conversion of glucose to 

glucose-6-phosphate (Barban and Schulze, 1961). Sodium oxamate is a LDH inhibitor, an enzyme that 

catalyses the conversion of pyruvate to lactate (Kolesnik et al., 2023). Neuro-2a cells were cultured in 

a 6-well plate and infected with JEV at 0.1 MOI. Virus was allowed to adsorb for two hours, following 

which cells were maintained in DMEM with 2% FBS supplemented with 2-DG and sodium oxamate 

for 48 hours. Virus supernatant was collected for titration, and protein lysate was prepared for further 

analysis. 

 

3.2.9 Nuclear and cytoplasmic fractionation 

 The Neuro-2a cells were cultured in a 6-well plate and infected with 0.1 MOI JEV. At 48 hours 

post-JEV infection, cells were collected and washed with PBS twice. The cells were lysed in lysis 

buffer containing PBS, 1 mM Dithiothreitol, protease inhibitor cocktail (TaKaRa), and 1% NP 40 for 

10 minutes at room temperature. The lysate was centrifuged at 1000g at 4 ˚C for 10 minutes. The 

supernatant containing the cytoplasmic fraction was collected in separate tubes. The nuclear pellet was 

washed with PBS twice and lysed in 40 µl of 1% SDS. The collected fractions were then subjected to 
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SDS-PAGE followed by western blotting. GAPDH and H3 histone served as internal controls for 

fractionation.   

 

3.2.10 Overexpression of HIF-1α  

For the overexpression studies, CoCl2, a well-known chemical inducer of hypoxia, was used to 

stabilize HIF-1α and promote its accumulation in the cells. Neuro-2a cells were pre-treated with CoCl2 

for 12 hours, and then the cells were infected with JEV at 0.1 MOI. 48 hours post-infection, protein 

lysate and supernatant were collected. Proteins were analyzed by western blotting, and the extracellular 

virus in the supernatant was quantified using the plaque assay.  

 

3.2.11 knockdown studies  

The knockdown of endogenous HIF-1α was achieved with a shRNA plasmid procured from 

Addgene (Catalog No. #21104), submitted by Connie Cepko's laboratory (Chen and Cepko, 2009). 

The HIF-1α RNAi target sequence: GGGTTGAAACTCAAGCAACTG. Scrambled shRNA plasmid 

gifted by Robert Friedlander was used as a negative control (Addgene #89912) (Yano et al., 2014). 

Neuro-2a cells were cultured overnight and transfected with 2 µg of plasmid with Lipofectamine 2000 

(Invitrogen, USA) as per the manufacturer's protocol. Post-transfection cells were maintained in 2% 

DMEM supplemented with CoCl2 (100 µM) for 12 hours. After which, cells were infected with 0.1 

MOI JEV and maintained for 48 hours. 

 

3.2.12 ROS quantification 

Neuro-2a cells were seeded in a 35 mm dish and incubated at 37 ˚C in 5% CO2 incubator for 

12 hours. Thereafter, cells were infected with JEV at 0.1 MOI, and uninfected cells were kept as a 

negative control. At 24 and 48-hours post-infection, cells were collected in 500 µL PBS, treated with 

10 µM of DCFH-DA dye and incubated in the dark at 37 ˚C for 30 min. The cells were then analyzed 
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using CytoFLEX flow cytometer (Beckman Coulter, USA). The cells treated with 100 µM of H2O2 

were used as a positive control for the estimation of ROS. The FITC filter channel was used to record 

the emission intensity of DCFH-DA dye.  

 

3.2.13 Statistical Analysis 

All the results were shown as mean ± standard deviation. All the experiments were reproduced 

at least three times. Statistical tests were performed using GraphPad Prism software. The significance 

level among different groups was represented as *, **, ***, where * is for P < 0.05, ** for P < 0.01, 

and *** for P < 0.001. P <0.05 was considered significant.  

 

3.3 Results 

3.3.1 JEV infection induces glycolysis in neurons. 

To understand the role of glucose in virus replication, Neuro-2a cells were infected with JEV 

at 0.1 MOI. Increased acidification of supernatant was observed in infected cells compared to 

uninfected cells (Figure 3.1A). Supernatant from the infected cells was collected at different time 

intervals post-infection to quantify glucose and lactic acid in the supernatant. The glucose 

concentration in the supernatant of infected cells was found to be significantly lower compared to 

uninfected cells at 48- and 72-hours post-infection (Figure 3.1B). However, lactic acid concentration 

in the supernatant of infected cells increased significantly compared to uninfected cells at 48- and 72-

hours post-infection (Figure 3.1C). To further investigate this correlation, the dependence of JEV 

infection on exogenous glucose was investigated by infecting the cells under low (5 mM), medium (10 

mM) and high (25 mM) glucose conditions. We observed a gradual increase in NS1 expression with 

an increase in exogenous glucose. (Figure 3.1D and 3.1E). The extracellular viral particles in the 

supernatant were also titratedusing plaque assay (Figure 3.1F), which showed an increase in 

extracellular virus titer with increasing exogenous glucose (Figure 3.1G). 
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Figure 3.1 JEV infection induces glycolysis in neurons. Picture showing enhanced acidification of 

supernatant at 48 hours post-infection (A). Graph depicting glucose concentration in the supernatant 

at different time intervals post-infection compared to uninfected cells (B). Graph representing lactic 

acid concentration in the supernatant at different time intervals post-infection compared to uninfected 

cells (C). Immunoblot showing NS1 expression with increasing concentration of glucose in 

supernatant (D). Graph showing the relative percentage density of NS1 in infected cells under 

increasing glucose (E). Plaque image showing increased extracellular virus titer in the supernatant of 

infected cells treated with increasing glucose concentration (F). Graph showing enhanced virus titer 

with an increase in glucose concentration (G). Represented values are mean ± SD. Statistical analyses 

were performed using student’s t-test for (B) and (C), while one-way ANOVA was used for (E) and 

(G).  

 

3.3.2 Cytotoxicity assay and glycolysis inhibition upon treatment with glycolytic inhibitors 

Cellular cytotoxicity of the glycolytic inhibitors was determined 48 hours post-treatment by 

MTT assay. Treatment with 5 mM of 2-DG resulted in about 82% cell viability (Figure 3.2A), whereas 

about 89% of the cells were viable upon treatment with 5 mM oxamate (Figure 3.2D). Next, we 

estimated the glucose and lactic acid concentration in the supernatant of the cells treated with 5 mM 

of glycolytic inhibitors. The glucose uptake by cells treated with 2-DG and oxamate was found to be 
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significantly lower than untreated cells (Figure 3.2B and 3.2E), and the lactic acid released in the 

supernatant was also significantly lower in the treated cells compared to the untreated cells (Figure 

3.2C and 3.2F). These results indicated reduced glycolysis upon treatment with glycolytic inhibitors. 

 

Figure 3.2 Cytotoxicity assay and glycolysis inhibition upon treatment with glycolytic inhibitors. 

Graph showing percentage cell viability upon treatment with different concentrations of 2-DG (A). 

Graph showing relative glucose uptake, 48 hours post-treatment with 2-DG (B). Graph showing lactic 

acid concentration in the supernatant, 48 hours post-treatment with 2-DG (C). Graph representing 

percentage cell viability upon treatment with different concentrations of oxamate (D). Graph showing 

relative glucose uptake, 48 hours post-treatment with oxamate (E). Graph showing lactic acid 

concentration in the supernatant, 48 hours post-treatment with oxamate (F). Represented values are 

mean ± SD. Statistical analyses were performed using student’s t-test. 

 

3.3.3 Treatment with glycolytic inhibitors impairs JEV replication. 

To understand the reason behind increased glucose uptake and the role of glycolysis in the JEV-

infected cells. We pharmacologically inhibited glycolysis by using 2-DG and sodium oxamate. 

Treatment with glycolytic inhibitors resulted in a significant reduction of JEV replication in a dose-

dependent manner. Treatment with 5 mM 2-DG resulted in a 68% reduction in NS1 expression (Figure 
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3.3A and 3.3B) while treatment with 5 mM sodium oxamate resulted in about 56% reduction in NS1 

expression (Figure 3.3C and 3.3D). Plaque assay was performed to examine viral particles in the 

supernatant of the infected cells (Figure 3.3E). Treatment with 2-DG resulted in about 85% reduction 

in virus titer, while treatment with sodium oxamate resulted in around 59% reduction in virus titer 

compared to untreated infected cells (Figure 3.3F). 

 

 

Figure 3.3 Treatment with glycolytic inhibitors inhibited JEV replication. Immunoblot representing 

NS1 protein expression upon treatment with 2-DG (A). Graph showing relative percentage density of 

NS1 protein upon treatment with 2-DG compared to untreated infected cells (B). Western blot 

depicting NS1 protein expression upon treatment with sodium oxamate (C). Graph showing relative 

percentage density of NS1 protein upon treatment with sodium oxamate compared to untreated 

infected cells (D). Picture showing a decrease in virus titer in the form of plaques upon treatment with 

glycolytic inhibitors (2-DG and sodium oxamate) compared to untreated infected cells (E). Graph 

showing extracellular viral titer in 2-DG and sodium oxamate-treated infected cells compared to 

untreated infected cells (F). Represented values are mean ± SD. Statistical analyses were performed 

using one-way ANOVA. 

 

3.3.4 Treatment with sodium pyruvate enhances JEV replication.   
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Sodium pyruvate (SOP) is one of the intermediates in the glycolytic pathway. It acts as an 

alternate carbon source in addition to glucose. Since JEV infection leads to enhanced glycolysis to 

support the growing energy demand required to facilitate its replication. Therefore, we hypothesised 

that this high energy demand could be met by utilizing sodium pyruvate as an alternate energy source. 

Firstly, the percentage cell viability of cells treated with different concentrations of SOP for 48 hours 

was determined using the MTT assay. Treatment up to 5 mM of SOP did not affect the cell viability 

(Figure 3.4A). Next, to test the effect of SOP on JEV replication, JEV-infected cells were treated with 

5 mM SOP in addition to the basal level already present in high glucose culture media, followed by 

immunoblotting to quantify NS1. Treatment with 5 mM SOP resulted in a significant increase in NS1 

expression compared to untreated infected cells (Figure 3.4B and 3.4C). Extracellular virus titer was 

also examined (Figure 3.4D), which showed up to 68% increase in JEV titer upon treatment with SOP 

compared to untreated infected cells (Figure 3.4E).  

 

Figure 3.4 Treatment with sodium pyruvate enhances JEV replication. Graph representing percentage 

cell viability upon treatment with different concentrations of SOP (A). Immunoblot picture showing 

NS1 expression upon treatment with SOP (B). Graph representing relative percentage densitometric 

quantification of NS1 upon treatment with SOP compared to untreated infected cells (C). Plaque image 
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showing enhanced extracellular viral titer upon SOP treatment (D). Graph depicting virus titer in the 

supernatant collected from infected cells upon SOP treatment compared to untreated infected cells (E). 

Sodium pyruvate is represented as SOP. Represented values are mean ± SD. Statistical analyses were 

performed using student’s t-test.  

 

3.3.5 Treatment with insulin positively modulates JEV replication.  

Neuro-2a cells were treated with 100 nM insulin for 6 hours, and glucose uptake was estimated 

48 hours post-treatment. Treatment with insulin resulted in a 2.7-fold increase in glucose uptake 

relative to untreated cells (Figure 3.5A). To check the effect of insulin on JEV replication, infected 

cells were treated with 10 nM and 100 nM of insulin for the same duration, followed by western blot 

analysis. In the 100 nM insulin-treated cells, there was a significant increase in NS1 expression 

compared to untreated infected cells (Figure 3.5B and 3.5C). Extracellular virus titer was also 

quantified (Figure 3.5D), and about a 71% increase in virus titer was observed upon treatment with 

100 nM insulin compared to untreated infected cells. However, there was no significant difference in 

JEV titer upon treatment with 10 nM of insulin (Figure 3.5E).  

 

3.3.6 Modulation of glycolytic enzymes and HIF-1α upon JEV replication. 

To further understand the role of glycolysis in JEV replication, the expression of key glycolytic 

enzymes at different time intervals post-infection was analyzed. We observed that there was a 

significant increase in the expression of HK2, PKM and PDH at 24- and 48-hour post-infection. 

However, there was no change in the expression of GAPDH (Figure 3.6A and 3.6B). To understand 

the mechanism of regulation of glycolysis in JEV-infected neuronal cells, the expression of HIF-1α 

was analyzed at 24-, 48- and 72-hours post-infection. The expression of HIF-1α was enhanced 

significantly in JEV-infected cells at 24- and 48-hour post-infection. There was no change in the 

expression of HIF-1α at 72 hours post-infection (Figure 3.6C and 3.6D). We also observed an increase 

in the nuclear localization of HIF-1α in JEV-infected cells compared to uninfected control (Figure 3.6E 
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and 3.6F).  

 

Figure 3.5 Treatment with insulin positively modulates JEV replication. Graph showing relative 

glucose uptake upon treatment with 100 nM for 6 hours (A). Immunoblot picture showing NS1 

expression upon treatment with insulin (B). Graph representing the relative percentage density of NS1 

upon treatment with insulin compared to untreated infected cells (C). Plaque image showing 

extracellular viral titer upon insulin treatment (D). Graph depicting virus titer in the supernatant 

collected from infected cells upon insulin treatment compared to untreated infected cells (E). 

Represented values are mean ± SD. Statistical analyses were performed using one-way ANOVA. P < 

0.05 (*), P < 0.01 (**), and P < 0.001 (***) were considered significant.  

 

3.3.7 CoCl2-induced stabilization of HIF-1α promotes JEV replication.  

To assess the cytotoxicity of CoCl2, cells were pre-treated with varying concentrations of CoCl2 

for 12 hours, followed by replacement with fresh media. After 48 hours, the MTT assay was performed. 

Approximately 75-80 % of the cell viability was observed at 150 µM of CoCl2 (Figure 3.7A). 

Therefore, we used 100 µM of CoCl2 to achieve maximum viable cells. Next, to understand the role of 

HIF-1α, its stabilization was induced in the Neuro-2a cells by pre-treating the cells with CoCl2 for 
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12hours. Treatment with 100 µM and 200 µM of CoCl2 significantly increased the expression of HIF-

1α compared to untreated control (Figure 3.7B). Neuro-2a cells were pre-treated with 100 µM of CoCl2 

for 12 hours, followed by JEV infection for 48 hours. This resulted in a significant increase in NS1 

expression compared to untreated infected cells (Figure 3.7C and 3.7D).  

 

 

Figure 3.6 Modulation of glycolytic enzymes and HIF-1α upon JEV replication. Blot showing 

expression of different glycolytic enzymes at different time intervals post-infection (A). Relative 

percentage densitometric quantification of different glycolytic enzymes at different time points post-

infection (B). Immunoblot showing time-dependent expression of HIF-1α (C). Graph depicting relative 

percentage density of HIF-1α expression at different time intervals post-infection (D). Immunoblot 

representing nuclear HIF-1α expression in uninfected and JEV-infected cells (E). Graph showing 

relative percentage density of nuclear HIF-1α in infected cells compared to uninfected cells (F). 

Represented values are mean ± SD. Statistical analyses were performed using two-way ANOVA for 

(B) and (D), while the student’s t-test was used for (F).  

 

3.3.8 HIF-1α knockdown abrogated the effect of CoCl2 on JEV replication. 

To determine whether the effect of CoCl2 on JEV replication was specifically mediated by HIF-
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1α, cells treated with CoCl2 were transfected with HIF-1α-specific shRNA. Treatment with HIF-1α-

specific shRNA significantly reduced HIF-1α expression in CoCl2 treated cells (Figure 3.8A and 3.8B). 

When cells transfected with HIF-1α-specific shRNA were treated with CoCl2, there was no difference 

in the NS1 expression compared to untreated infected cells. However, compared to scrambled shRNA-

transfected and CoCl2-treated cells, NS1 expression was significantly reduced in cells transfected with 

HIF-1α shRNA along with CoCl2 treatment (Figure 3.8A and 3.8C). Extracellular virus titer also did 

not show any significant difference. Nevertheless, there was a significant reduction in JEV titer upon 

HIF-1α downregulation compared to the cells treated with CoCl2 and transfected with scrambled 

shRNA (Figure 3.8D and 3.8E). Moreover, knockdown of HIF-1α alone without CoCl2 treatment 

resulted in a 66% reduction in NS1 expression level (Figure 3.8F and 3.8G) and a 54% reduction in 

virus titer (Figure 3.8H).  

 

Figure 3.7 CoCl2-induced stabilization of HIF-1α promotes JEV replication. Graph showing 

percentage cell viability upon treatment with different concentrations of CoCl2 (A). Immunoblot 

showing CoCl2-mediated stabilization of HIF-1α (B). Immunoblot representing enhanced NS1 
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expression upon pre-treatment with 100 µM CoCl2 compared to untreated infected cells (C). Graph 

depicting relative percentage density of NS1 upon CoCl2 pre-treatment compared to untreated infected  

cells (D). Represented values are mean ± SD. Statistical analysis was performed using a student’s t-

test.  

 

 

Figure 3.8 HIF-1α knockdown abrogated the effect of CoCl2 on JEV replication. Immunoblot image 

showing NS1 expression upon transfection with HIF-1α-specific shRNA in CoCl2 treated cells (A). 

Graph of relative percentage density of HIF-1α upon its knockdown in CoCl2 treated infected cells 

compared to scrambled shRNA-transfected controls (B). Graph of relative percentage density of NS1 

in HIF-1α knockdown CoCl2-treated infected cells compared to scrambled shRNA-transfected controls 

(C). Plaque picture showing reduction in extracellular virus titer upon knockdown of HIF-1α in CoCl2 

treated infected cells (D). Graph showing virus titer in the supernatant collected from HIF-1α 

knockdown, CoCl2 treated infected cells compared to scrambled shRNA-transfected controls (E). 

Immunoblot showing reduction in NS1 expression upon HIF-1α knockdown without CoCl2 treatment 
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(F). Graph showing relative percentage density of NS1 upon HIF-1α knockdown (G). Graph showing 

reduction in virus titer in HIF-1α knockdown cells (H). Represented values are mean ± SD. Statistical 

analyses were performed using one-way ANOVA. 

 

3.3.9 JEV infection induces ROS 

 To understand the mechanism by which HIF-1α expression is upregulated in JEV-infected 

Neuro-2a cells, we estimated the ROS production in JEV-infected Neuro-2a cells at 24-hour and 48-

hours post-infection (Figure 3.9A and 3.9C). We observed a significant increase in ROS intensity at 

both 24-hours and 48-hours post-infection compared to the uninfected control (Figure 3.9B and 3.9D).  

 

 

Figure 3.9 JEV infection induces ROS.  Flow cytometric analysis of ROS 24-hours post-infection in 

JEV-infected, control and H2O2 treated cells (A). Graph showing relative percentage ROS intensity 24- 
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hours post-infection in JEV-infected, control and H2O2 treated cells (B). Flow cytometric analysis of 

ROS, 48-hours post-infection in JEV-infected, control and H2O2 treated cells (C). Graph showing 

relative percentage ROS intensity 48-hours post-infection in JEV-infected, control and H2O2 treated 

cells (D). 

 

3.4 Discussion 

Virus-infected cells synthesize additional nucleotides for their replication, lipids for their 

membrane formation, and genome-encoded proteins to support structural components of budding 

virions (Mayer et al., 2019a). Since glycolysis is a much faster process to generate ATP from a glucose 

molecule than oxidative phosphorylation (Shiratori et al., 2019). Perhaps, when energy demands are  

very high, most of the RNA viruses exploit glycolysis in the host cells to meet their energy 

requirements (Jaquet et al., 2024; Li et al., 2023b; Passalacqua et al., 2019; Qian et al., 2022). In the  

current study, we showed that JEV infection induces glycolysis in the Neuro-2a cells. This was 

demonstrated by time-dependent quantification of glucose and lactic acid in the supernatant of JEV-

infected cells, which revealed lower glucose levels and higher lactic acid levels in the supernatant of  

the infected cells compared to the uninfected cells. Also, increased glucose concentration enhanced 

JEV replication. This was similar to other viruses belonging to the same genus, Orthoflavivirus, such 

as dengue virus, Zika virus and WNV, which have been shown to instigate glycolysis in the host cells 

(Fontaine et al., 2015b; Mingo-Casas et al., 2023; Rothan et al., 2019). Similar results were reported 

in the context of SARS-CoV-2 infection, where enhanced glycolysis supports the high energy demands 

of virus-producing cells (Krishnan et al., 2021b). Studies on HIV have also shown that glycolysis was 

enhanced in CD4+ T cells and monocytes (Datta et al., 2016; Hegedus et al., 2014). To show that 

glycolysis is essential for JEV replication, we inhibited glycolysis by treating cells with 2-DG and 

sodium oxamate. 2-DG and sodium oxamate are widely used pharmacological inhibitors of glycolysis. 

2-DG inhibits glycolysis by targeting HK, while sodium oxamate inhibits glycolysis by targeting LDH. 

Treatment with glycolysis inhibitors reduced JEV replication significantly. The reduction in JEV 
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replication was much greater in 2-DG treated since it inhibits the first rate-limiting step of glycolysis. 

Previously, 2-DG was also shown to reduce the replication of the influenza virus, dengue virus and 

West Nile virus (Fontaine et al., 2015a; Mingo-Casas et al., 2023; Zhang et al., 2024c). Similarly, 

sodium oxamate was also shown to inhibit the replication of the influenza virus and the dengue virus 

(Fontaine et al., 2015a; Ren et al., 2021b).  

Sodium pyruvate is very crucial under limiting glucose conditions when cellular energy 

demands are high, such as during rapid cell proliferation or metabolic stress, as it acts as an alternate 

energy substrate to glucose. Sodium pyruvate also acts as an antioxidant and protects cells against 

damage caused by reactive oxygen species. Virus infection induces metabolic stress, resulting in 

reactive oxygen species, which can damage cells and prevent further virus infection (Wang et al., 

2007). Therefore, treatment with sodium pyruvate can not only act as an energy source but also protect 

cells from damage caused by virus-induced reactive oxygen species.  When we supplemented the cell-

culture media with additional sodium pyruvate, JEV replication was significantly enhanced, showing 

sodium pyruvate as a positive modulator of JEV replication.  

Insulin enhances neuronal glucose uptake by inducing GLUT3 translocation to the cell surface 

(Uemura and Greenlee, 2006). This increased intracellular glucose promotes glycolysis, a process that 

many viruses modulate to meet the high energy and biosynthetic demands of virus-infected cells 

(Goyal and Rajala, 2023b). Therefore, insulin-treated cells can potentially support virus infection. In 

our study, JEV-infected cells were treated with insulin and enhanced JEV replication was observed in 

insulin-treated cells compared to uninfected cells, indicating that higher glucose levels support JEV 

replication.  

Next, we performed the time-dependent expression analysis of glycolytic enzymes post-JEV 

infection. HK2, PKM and PDH were found to be upregulated at 24- and 48-hour post-infection as viral 

genome replication and protein synthesis mostly occur at early time points post-infection. This was 

similar to previous studies where HK2 was found to be upregulated in case of Zika virus-infected 
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HUVEC cells (Singh et al., 2020). In addition, dengue virus infection in suckling mice was also 

reported to induce glycolysis by inducing the expression of 2 (Fontaine et al., 2015b). Studies on other 

viruses, such as influenza and SARS-CoV-2 have also shown HK as a key modulator of virus 

replication (Bhatt et al., 2022a; Ren et al., 2021b). Past studies have also shown pyruvate kinase 

involvement in the replication of several viruses, such as CVB3, influenza virus and COVID-19 

(McElvaney et al., 2020a; Qian et al., 2022; Ren et al., 2021b). Altogether, it can be concluded that 

increased glycolysis is facilitated by enhanced expression of glycolytic enzymes in JEV-infected cells.  

Under hypoxic conditions, HIF-1 induces adaptive responses in the cell to support its survival 

by reducing its dependency on oxygen-dependent mechanisms of energy production. One such 

response is modulation of glucose metabolism. This regulation is achieved by HIF-1α-mediated 

upregulation of glycolytic enzymes (Papandreou et al., 2006). In the current study, we showed 

upregulation of HIF-1α in JEV-infected cells compared to uninfected cells, indicating that JEV 

replication induces hypoxia-like conditions, thereby stabilizing HIF-1α. Many past studies have 

reported that reactive oxygen species can stabilize HIF-1α, leading to its accumulation (Jung et al., 

2008; Patten et al., 2010). Since JEV infection is known to induce ROS and mitochondrial damage, 

this can probably lead to excess HIF-1α in JEV-infected cells (Gupta et al., 2024a; Gupta et al., 2024b; 

Srivastava et al., 2009; Yang et al., 2012a; Yang et al., 2024). Similarly, the mitochondrial ROS in 

SARS-CoV-2 infected cells have also been found to induce HIF-1α stabilization. (Codo et al., 2020b; 

Tian et al., 2021). CoCl2 is known to induce hypoxia-like conditions, stabilizing HIF-1α and resulting 

in its cytoplasmic accumulation (Rana et al., 2019). To understand whether HIF-1α positively or 

negatively regulates JEV replication, we treated the Neuro-2a cells with CoCl2, followed by JEV 

infection and observed enhanced JEV replication in treated cells. The results showed that HIF-1α 

supports JEV replication in neuronal cells, which was consistent with the previous reports where the 

treatment with CoCl2 was shown to promote the infection of SARS-CoV-2 in Caco2 cells (Tian et al., 

2021). Further, when we transfected the Neuro-2a cells with HIF-1α-specific shRNA and then treated 
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them with CoCl2, we did not observe an increase in JEV replication. This shows that the increase in 

JEV replication was due to CoCl2-induced HIF-1α. The knockdown of HIF-1α alone without CoCl2 

treatment also resulted in a significant reduction in JEV replication. Similar results were observed for 

H5N1 influenza virus-infected A549 cells, where downregulation of HIF-1α resulted in inhibition of  

H1N1 influenza replication (Ren et al., 2021b). Other viruses, such as PRRSV, RCV, Zika virus, and 

SARS-CoV-2, have been reported to depend on HIF-1α for their replication (Chen et al., 2023b; de 

Farias et al., 2025a; Pang et al., 2022; Tian et al., 2021). Altogether, it can be concluded that JEV 

replication induces glycolysis to support its replication in neuronal cells by upregulating glycolytic 

enzymes through the activation of HIF-1α.  
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Chapter 4 

Understanding the role of pyruvate kinase M2 in 

Japanese encephalitis virus replication 

 

 

Brief overview of the chapter 

PKM2 is a key modulator of glucose metabolism. The role of PKM2 in the autoimmune 

response and inflammatory processes is now increasingly being acknowledged. However, its role in 

modulating virus replication remains largely unexplored. This chapter investigates the role of PKM2 

in JEV replication. The results demonstrate that JEV infection induces PKM2 expression in the infected 

cells.  Both gain and loss-of-function studies substantiate the negative effect of PKM2 on JEV 

replication. Additionally, JEV infection induced STAT3 activation in the infected cells, which was 

enhanced by PKM2 overexpression and attenuated upon its knockdown. Moreover, elevated levels of 

PKM2 were associated with increased expression of proinflammatory cytokines such as TNF-α and 

IL-1β, whereas reduced PKM2 expression inhibited their expression in infected cells. This concludes 

that PKM2 negatively regulates JEV replication by inducing the expression of proinflammatory 

cytokines such as TNF-α and IL-1β through STAT3 activation, underscoring its potential as a host 

restriction factor.  

 

4.1 Introduction 

Several RNA viruses have been shown to modulate key glycolytic enzymes such as HK, PFK, 

PK and LDH (Fontaine et al., 2015b; Qian et al., 2022; Ren et al., 2024; Singh et al., 2020; Zhang et 

al., 2023). Some of these glycolytic enzymes also have non-metabolic roles, especially in regulating 

innate immune responses. The first rate-limiting enzyme of glycolysis, hexokinase, was found to be 
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upregulated in inflammatory diseases (Bao et al., 2022; Chen et al., 2024). Its inhibition by 2-DG has 

been shown to inhibit the expression of proinflammatory cytokines (Cai et al., 2021). In the case of 

Zika virus infection, it has been reported that treatment with 2-DG resulted in enhanced innate immune 

responses through the activation of AMPK, suppressing its replication (Singh et al., 2020). 

Furthermore, PRRSV infection was also found to induce glycolysis by upregulating hexokinase and 

LDH in the infected cells (Zhang et al., 2023). The LDH converts pyruvate into lactate, which in turn 

reduces RIG-I, MDA5 and MAVS-induced IFN-β promoter activity, thereby suppressing innate 

immune responses in PRRSV-infected cells (Zhang et al., 2023). LDH and aldolase were also found 

to modulate JEV replication (Tien et al., 2014; Zhou et al., 2024). PKM2 is one of the key glycolytic 

enzymes which has been well explored in terms of its non-metabolic roles in cancer; its role in virus 

replication remains unclear. While some studies do suggest its involvement in the replication of viruses 

(de Wit et al., 2016; Lo et al., 2015; Ma et al., 2015; Mazurek et al., 2001). However, there is currently 

no evidence suggesting its role in JEV replication.  

PKM2 is a rate-limiting glycolytic enzyme, essential for tumour metabolism and development 

(Dong et al., 2016b). PKM2 plays a pivotal role in multiple cellular pathways, encompassing aerobic 

glycolysis, intranuclear signal transmission, protein synthesis, inflammation, and apoptosis (Liu et al., 

2022). PKM2 enhances the expression of genes by activating HIF-1α, β-catenin (β-cat), insulin, signal 

STAT3, and other transcription factors that stimulate cell growth and proliferation (Azoitei et al., 2016; 

Iqbal et al., 2013; Li et al., 2015a). PKM2 also serves as a critical regulator in the apoptotic signaling 

pathways of several cancer types (He et al., 2017; Hu et al., 2015; Liang et al., 2017). BCL-2, a 

prominent anti-apoptotic protein and very well characterized for its anti-apoptotic properties, is a target 

of PKM2, both directly and indirectly (Liang et al., 2017). As part of the innate immune response, 

PKM2 stimulates the production of inflammatory cytokines such as IL-1β and TNF-α (Palsson-

McDermott et al., 2015b). PKM2 also functions as a protein kinase, facilitating the phosphorylation of 

STAT3, leading to the production of IL-6 and IL-1β to initiate the inflammatory response (Shirai et 
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al., 2016). PKM2 activates and engages HIF-1α to regulate the release of HMGB1, an efficient 

proinflammatory cytokine that is released from activated macrophages (Andersson et al., 2000; Yang 

et al., 2014a). Recent studies have shown the role of PKM2 expression in autoimmune and 

inflammatory responses as well (Chung-Faye et al., 2007; Day et al., 2012; Tang et al., 2015).  

PKM2 is one of the key glycolytic enzymes which performs several non-glycolytic tasks with 

far-reaching consequences, the extent of which has to be fully deciphered (Gupta and Bamezai, 2010). 

Hence, it is important to have a more comprehensive understanding of the metabolic and nonmetabolic 

roles of PKM2. PKM2 has been associated with several RNA virus infections. The expression of 

PKM2 was enhanced in mouse lung tissues infected with the H1N1  influenza virus (Ren et al., 2021a). 

PKM2 has also been shown to be elevated in individuals affected with severe coronavirus disease 2019 

(COVID-19) (McElvaney et al., 2020b). Phosphorylation of PKM2 was also found to be enhanced 

upon dengue virus infection in U937 cells (Wongtrakul et al., 2020). Phosphorylation inhibits its 

catalytic activity and promotes its translocation to the nucleus (Alquraishi et al., 2019; Wongtrakul et 

al., 2020). Studies in CSFV and HCV have also shown PKM2 involvement in virus replication (Liu et 

al., 2024; Wu et al., 2008). Collectively, these studies suggest the potential involvement of PKM2 in 

RNA virus pathogenesis. However, there is no report about its role in JEV replication. 

 

4.2 Materials and Methods 

4.2.1 Plasmids and antibodies  

The following plasmids were used in the current study: pEGFP.PKM2 (Addgene #64698) and 

pEGFP (Addgene #165830). The antibodies used are as follows: Anti-NS1 (GeneTex, USA), Anti-

PKM2 (Cell Signaling Technology, USA), Anti-GAPDH (Cell Signaling Technology, USA), Anti-GFP 

(Bio Bharati, India), Goat anti-Rabbit (Invitrogen, USA) and anti-mouse (Cell Signaling Technology, 

USA) conjugated with horseradish peroxidase (HRP). 
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4.2.2 Gene expression analysis using quantitative RT-PCR 

RNA lysate was prepared at different time points post-infection using RNAiso Plus reagent 

(TaKaRa, Japan). Total RNA was extracted using the phenol-chloroform extraction method and was 

quantified by measuring absorbance at 260 nm.  The RNA was checked for purity by taking the ratio 

A260/280 (>1.8).  A total of 1 µg of RNA was reverse transcribed to cDNA using a high-capacity 

cDNA reverse transcription kit (Thermo Fisher Scientific, USA). The quantitative real-time PCR was 

performed using PowerUp SYBR Green Master Mix (Applied Biosystems, USA). The fold change in 

mRNA level in infected versus mock-infected samples was calculated using the 2(-ΔΔCt) method with 

GAPDH as an internal control for normalization. 

 

4.2.3 Plasmid and siRNA transfection 

The plasmid used in this study, pEGFP-PKM2 (Catalog No #64698), was a generous gift from 

Axel Ullrich's lab (Stetak et al., 2007). For overexpression experiments, Neuro-2a cells were cultured 

on 6-well plates and then transfected with 2 µg of an expression plasmid using Lipofectamine 2000 

(Invitrogen, USA) as per the instructions provided by the manufacturer.  

The knockdown of endogenous PKM2 was achieved by co-transfecting two siRNAs at a total 

concentration of 50 pmol. The following sense strand sequences of siRNA were used: 

GAUGUCGACCUUCGUGUAA[dT] and UCCUAUCAUUGCCGUGACU[dT][dT] (Zheng et al., 

2020). Lipofectamine RNAiMAX (Invitrogen, USA) was used for transfection studies as per the 

manufacturer's protocol, and siRNA universal negative control (SIC001, Sigma-Aldrich, Germany). 

 

4.2.4 Disuccinimidyl Suberate (DSS) cross-linking of PKM2  

 Neuro-2a cells were infected with JEV, and 48 hours post-infection, cells were washed with 

ice-cold PBS three times and treated with 500 µM of DSS crosslinker (Merck, Catalog No-S1885) for 

30 min at 37 ˚C.  The cross-linking reaction was quenched by treating cells with 10 mM Tris-HCl (pH 
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7.5) for 15 min. Cells were then lysed with RIPA buffer, followed by western blotting.  

 

4.2.5 Statistical Analysis 

All the data were statistically validated using GraphPad Prism software, and the results were 

shown as mean ± standard deviation. All the experiments were reproduced at least three times. The 

significance level among different groups was represented as *, **, ***, where * is for P < 0.05, ** 

for P < 0.01, and *** for P < 0.001. P <0.05 was considered significant.  

 

4.3 Results 

4.3.1 JEV infection induces upregulation of PKM2 expression in Neuro-2a cells 

The expression of PKM2 was investigated in Neuro-2a cells following JEV infection with 

different MOI. Quantitative analysis using real-time PCR at various MOI showed a gradual increase 

in JEV replication in infected cells compared to uninfected cells (Figure 4.1A). PKM2 mRNA also 

showed an increase in expression compared to the control with the increase in MOI, except at 0.001 

(Figure 4.1B).  However, the maximum increase in expression was at 0.1 MOI.  At the protein level, 

there was a significant increase in PKM2 expression at both 0.01 and 0.1 MOI compared to the 

uninfected control. However, there was no change in PKM2 expression at 0.001 MOI compared to the 

uninfected control (Figure 4.1C and 4D). Furthermore, the time-dependent experiment was performed 

to investigate the progression of JEV replication over time (Figure 4.1E). The mRNA analysis revealed 

an upregulation of PKM2 expression at both 24- and 48-hours post-infection (Figure 4.1F). There was 

no significant difference in the PKM2 mRNA compared to the control at 72 hours post-infection. At 

the protein level, there was a significant increase in PKM2 expression in infected cells compared to 

uninfected controls (Figure 4.1G and 4H). Thus, JEV replication induces PKM2 expression in the 

infected cells. 
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Figure 4.1 JEV infection leads to upregulation of PKM2. Real-time PCR analysis of JEV replication 

at different MOI (A). Fold-change in PKM2 mRNA at different MOI (B). Immunoblot showing MOI-

dependent expression of PKM2 and NS1 at the protein level (C). Graph showing the relative 

percentage density of NS1 at different MOI (D). Time-dependent analysis of JEV replication (E). 

Time-dependent fold change in PKM2 mRNA expression post-infection (F). Immunoblot analysis of 

PKM2 and NS1 expression at different time points post-infection (G). Relative percentage density of 

PKM2 at different time intervals post-infection (H). GAPDH was used for the normalization of real-

time PCR analysis. Values are shown as mean fold change ± standard deviation, validated with a one-

way ANOVA statistical test.  

 

4.3.2 PKM2 expression is responsible for inhibiting JEV replication 

To investigate the function of PKM2 in the context of JEV infection, Neuro-2a cells were 

TH-3993_196106107



  58  
 

transfected with the pEGFP-PKM2 plasmid (Figure 4.2A). Exogenous PKM2 expression was 

confirmed at both 24- and 48-hours post-transfection (Figure 4.2B). Next, the cells were infected with 

JEV at 0.1 MOI, 24 hours post-transfection, and protein lysate was prepared 48 hours post-infection. 

The western blot analysis revealed around 52% reduction in NS1 expression in cells with 

overexpressed exogenous PKM2 compared to GFP control (Figure 4.2C and 4.2D). This was further 

validated by an immunofluorescence experiment that showed a reduction (around 58%) in the number 

of cells expressing NS1 when exogenous PKM2 was overexpressed compared to GFP control (Figure 

4.2E). Using the standard plaque assay, the virus titer in the supernatant collected from the infected 

cells was also quantified (Figure 4.2F). It was observed that there was about a 54% reduction in JEV 

titer in cells overexpressing PKM2 compared to the control (Figure 4.2G). In conclusion, the 

expression of exogenous PKM2 negatively regulates JEV replication. 

 

Figure 4.2 PKM2 overexpression inhibited JEV replication. Image shows expression of exogenous 

PKM2 24- and 48-hours post-transfection (A). Immunoblot analysis of time-dependent expression of 
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exogenous PKM2 post-transfection (B). Immunoblot analysis of NS1 expression upon overexpression 

of exogenous PKM2 in infected cells (C). Graph showing the relative percentage density of NS1 upon 

PKM2 overexpression (D). Immunofluorescence pictures of cells with exogenous PKM2 expression 

and JEV infection. Immunofluorescence labelling: red fluorescence indicates JEV-infected cells; blue 

fluorescence indicates DAPI-labelled nuclei; and green fluorescence represents PKM2 expression (E). 

Picture showing the reduction in extracellular viral titer in the form of plaques (F). Graph representing 

virus titer level measured in plaque-forming units per millilitre (PFU/ml) (G). Values are shown as 

mean ± standard deviation, validated with a one-way ANOVA statistical test.  

 

4.3.3 PKM2 downregulation enhanced JEV replication 

Endogenous PKM2 was knocked down via transfection of a cocktail consisting of two PKM2-

specific siRNAs. At the mRNA level, around 84% reduction in PKM2 expression was observed 

compared to scRNA-transfected cells (Figure 4.3A). At the protein level, siRNA-mediated silencing 

resulted in approximately 99% reduction in PKM2 expression compared to scRNA-transfected cells 

(Figure 4.3B and 4.3C). The western blot analysis demonstrated about 80% increase in NS1 expression 

upon PKM2 silencing compared to control, indicating that PKM2 silencing positively modulates JEV 

replication (Figure 4.3D and 4.3E). This was further confirmed by immunofluorescence results, which 

showed around 62% of the number of cells expressing NS1 upon PKM2 downregulation (Figure 4.3F). 

We also quantified the extracellular virus titer in the supernatant by plaque assay (Figure 4.3G). The 

results showed that PKM2-silenced cells produced 2.56-fold higher JEV titer compared to scRNA  

control, and 2.1-fold higher titer compared to untransfected controls (Figure 4.3H).  

 

4.3.4 Inhibition of PKM2 with metformin enhanced JEV infection  

JEV-infected cells were treated with 100 µM of metformin post-infection. At the protein level,  

about 79% decrease in endogenous PKM2 expression was observed, while in JEV-infected cells, about 

50.5% decrease was observed compared to the untreated control (Figure 4.4A and 4.4B). The amount 

of NS1 protein was also doubled (111% increase) in metformin-treated cells (Figure 4.4C). Plaque 
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assay also revealed about a 2.8-fold increase in virus titer in metformin-treated cells compared to 

untreated cells (Figure 4.4D and 4.4E). 

 

Figure 4.3 PKM2 knockdown enhanced JEV replication. Graph showing the reduction in PKM2 

mRNA level upon treatment with PKM2 siRNA (A). Immunoblot showing a reduction in PKM2 

expression upon treatment with PKM2 siRNA (B). Graph depicting the relative percentage density of 

PKM2 protein upon its knockdown (C). Immunoblot analysis of NS1 expression upon knockdown of 

PKM2 in infected cells (D). Graph representing the relative percentage density of NS1 protein upon 

its knockdown in infected cells (E). Immunofluorescence images showing enhanced JEV infection 

upon treatment with PKM2 siRNA. Red fluorescence images indicate JEV-infected cells, while green 

fluorescence indicates endogenous PKM2 expression (F). Plaque images showing the reduction in 

extracellular viral titer (G). Graph representing virus titer level in plaque-forming units per millilitre 

(PFU/ml) (H). Values are shown as mean ± standard deviation, validated with one-way ANOVA 

statistical test.  
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Figure 4.4 Inhibition of PKM2 with metformin enhanced JEV infection. Immunoblot indicates NS1 

and PKM2 expression upon metformin treatment (A). Graph showing relative percentage density of 

PKM2 upon metformin treatment (B). Graph depicting relative percentage density of NS1 upon 

metformin treatment (C). Representative plaque image with enhanced JEV titer upon metformin 

treatment (D). Graph representing virus titer in PFU/mL (E). Values represent mean ± standard 

deviation, calculated from three independent experiments. Statistical analysis was performed using 

student’s t-test. 

 

 

4.3.5 JEV replication induces nuclear translocation of PKM2 and STAT3 

 To investigate the expression levels of different multimeric forms of PKM2 post-infection, 

protein lysates were collected from infected cells and subjected to chemical cross-linking followed by 
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Western blotting. The results revealed significantly enhanced expression of all three forms (monomer, 

dimer, and tetramer) of PKM2 post-infection compared to uninfected controls, suggesting that JEV 

infection promotes overall PKM2 abundance and multimerization (Figure 4.5A). We further analyzed 

the nuclear and cytoplasmic distribution of PKM2 and STAT3 post-infection, which showed 

significantly higher translocation of STAT3 to the nucleus in JEV-infected cells compared to the 

control (Figure 4.5B and 4.5C). Notably, a similar trend was observed for PKM2, which showed 

enhanced nuclear localization of PKM2 in infected cells compared to uninfected control (Figure 4.5B 

and 4.5D).  

 

 

Figure 4.5 JEV replication induces nuclear translocation of PKM2 and STAT3. Immunoblot depicting 

different oligomers of PKM2 post-JEV infection (A). Western blot showing cytosolic and nuclear 

fraction of STAT3 and PKM2 upon JEV infection (B). Graph showing the relative percentage density 

of cytosolic and nuclear STAT3 upon JEV infection compared to control (C). Graph showing the 

relative percentage density of cytosolic and nuclear PKM2 upon JEV infection compared to control 
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(D). Values represent mean ± standard deviation, calculated from three independent experiments. 

Statistical analysis was performed using student’s t-test.  

 

 

4.3.6 PKM2 modulates JEV replication through STAT3 activation 

To validate the role of PKM2 in mediating STAT3 translocation during JEV infection, both 

PKM2 overexpression and knockdown strategies were employed. In cells with overexpressed PKM2, 

a significant increase in nuclear localization of STAT3 was observed following JEV infection, as 

demonstrated by western blotting of nuclear and cytoplasmic fractions (Figure 4.6A, 4.6B and 4.6C). 

Conversely, downregulation of PKM2 substantially reduced STAT3 translocation to the nucleus post-

infection (Figure 4.6D, 4.6E and 4.6F).  Furthermore, knockdown of PKM2 also resulted in a 

substantial reduction of dimeric STAT3 in infected cells (Figure 4.6G and 4.6H). Collectively, these 

results demonstrate that JEV replication may induce the nuclear translocation of STAT3 by 

upregulating different forms of PKM2 in the infected cells. 

 

4.3.7 PKM2 inhibits JEV replication by upregulating proinflammatory cytokines  

To investigate the expression of proinflammatory cytokines such as TNF-α and IL-1β post-

JEV infection, a time-dependent experiment was performed. It was observed that expression of TNF-

α and IL-1β significantly enhanced at early time points (24- and 48-hours) post-infection (Figure 4.6A, 

4.6B and 4.6C). The overexpression of PKM2 significantly upregulated the levels of TNF-α and IL-

1β (Figure 4.6D, 4.6E and 4.6F), whereas the downregulation of PKM2 resulted in the significant 

reduction of these cytokines (Figure 4.6G, 4.6H and 4.6I). This indicates that PKM2 suppresses JEV 

infection by inducing the expression of TNF-α and IL-1β. 
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Figure 4.6 PKM2 modulates JEV replication through STAT3 activation. Western blot showing 

cytosolic and nuclear localization of STAT3 upon PKM2 overexpression (A). Graph showing relative 

percentage density of cytosolic STAT3 upon PKM2 overexpression (B). Graph showing relative 

percentage density of nuclear STAT3 upon PKM2 overexpression (C). Immunoblot showing cytosolic 

and nuclear translocation of STAT3 upon PKM2 knockdown in JEV-infected cells (D). Graph showing 

relative percentage density of cytosolic STAT3 upon PKM2 downregulation (E). Graph showing 

relative percentage density of nuclear STAT3 upon PKM2 downregulation (F). Immunoblot showing 

monomeric and dimeric forms of STAT3 upon PKM2 knockdown (G). Graphs showing the relative 

percentage density of STATE dimer (H). All the lysates were prepared 48 hours post-JEV infection. 
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Values represent mean ± standard deviation, calculated from three independent experiments. Statistical 

analysis was performed using student’s t-test.  

 

Figure 4.7. PKM2 inhibits JEV replication by upregulating pro-inflammatory cytokines. Western blot 

representing time-dependent analysis of TNF-α and IL-1β post-JEV infection (A). Graph showing 

relative percentage density of TNF-α at different time points post-infection (B). Graph showing relative 

percentage density of IL-1β at different time points post-infection (C). Immunoblot depicting effect of 

PKM2 overexpression on TNF-α and IL-1β (D). Graph showing relative percentage density of TNF-α 

upon PKM2 overexpression (E). Graph showing relative percentage density of IL-1β upon PKM2 

overexpression (F). Immunoblot analysis of TNF-α and IL-1β expression upon PKM2 down-regulation 

(G). Graph showing relative percentage density of TNF-α upon PKM2 knockdown (H). Graph showing 

relative percentage density of IL-1β upon PKM2 knockdown (I). Values represent mean± SD 
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calculated from three independent experiments. Statistical analysis was performed using student’s t-

test considering P < 005 as significant.  (* for P < 0.05, ** for P < 0.01, and *** for P < 0.001). 

 

4.4 Discussion 

PKM2 is a glycolytic enzyme catalyzing the rate-limiting, last step of glycolysis (Dong et al., 

2016b). PKM2 is a multifunctional protein involved in several critical functions like apoptosis, mitosis, 

hypoxia, inflammation, and metabolic reprogramming (Liu et al., 2022; Mucaj et al., 2012). The role 

of PKM2 in several cancers has been well-explored (Bluemlein et al., 2011; Cairns et al., 2011; Chen 

et al., 2020a; Christofk et al., 2008b). Furthermore, PKM2's participation in numerous cellular 

pathways, protein-protein interactions, and nuclear transport indicates that it performs several non-

glycolytic functions (Dong et al., 2016b). Perhaps, PKM2 might also be involved directly or indirectly 

in regulating virus replication and pathogenesis through multiple pathways. Since the role of PKM2 in 

JEV pathogenesis has not been studied. The present study aims to understand the role of PKM2 in JEV 

replication. The results collectively show that PKM2 negatively regulates JEV replication.  

We performed MOI and time-dependent analysis of PKM2 expression in JEV-infected and 

uninfected Neuro-2a cells. The results revealed enhanced endogenous PKM2 expression in infected 

cells. Studies performed on other RNA viruses, such as CSFV and SARS-CoV-2, have also shown 

higher expression of PKM2 in infected cells (Liu et al., 2024; McElvaney et al., 2020b). To investigate 

the potential role of PKM2 in JEV replication, we conducted overexpression and knockdown 

experiments. We observed that JEV infection was significantly reduced in cells with overexpressed 

PKM2, while JEV replication was enhanced in cells with silenced PKM2.  Similar results were 

observed upon treatment with metformin, which is a known inhibitor of PKM2  (Shang et al., 2017; 

Su et al., 2018). Altogether, these studies show that PKM2 plays a negative role in JEV replication. 

PKM2 exists in two functional states: the active tetrameric state and the inactive dimeric state 

(Nandi et al., 2020). The affinity of dimeric PKM2 for PEP is low, contrary to that of tetrameric PKM2 
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(Christofk et al., 2008b). PKM2 transforms into its dimeric form within cancer cells, enhancing glucose 

absorption and promoting the buildup of glycolytic intermediates essential for anabolic activities, 

including the production of nucleic acids, amino acids, and lipids (Christofk et al., 2008c; Israelsen 

and Vander Heiden, 2015; Mazurek, 2011). Multiple molecules regulate the transition between the 

dimeric and tetrameric forms of PKM2. E7 oncoproteins, tyrosine kinase-mediated phosphorylation, 

acetylation, and oxidation promote the development of the low-activity dimeric PKM2. Conversely, 

FBP, serine, and SAICAR facilitate the assembly of a highly active tetramer (Anastasiou et al., 2012). 

We investigated the expression level of different forms of PKM2 in JEV-infected neurons and 

observed an increase in all multimeric forms of PKM2 in JEV-infected cells relative to uninfected 

cells. It has been reported that tetrameric PKM2 mostly resides in the cytoplasm to perform glycolytic 

functions, whereas dimeric PKM2 frequently translocates to the nucleus to regulate gene transcription 

(Qian et al., 2024). In JEV-infected neuronal cells, we observed higher PKM2 expression in both 

cytosolic and nuclear fractions compared to uninfected cells. This indicates the multifaceted role of all 

PKM2 isomers in JEV replication kinetics. It has been shown that dimeric nuclear PKM2 directly 

phosphorylates STAT3 at Tyr705, independent of the JAK2 and c-Src pathways, activating 

the transcription of MEK5 (Gao et al., 2012). Tyr705 phosphorylation promotes the dimerization of 

STAT3, inducing its translocation to the nucleus and DNA binding (Guadagnin et al., 2015).  Prior 

work has also shown that PKM2 interacts with STAT3, facilitating its activation by phosphorylating 

it at Tyr705, which subsequently promotes Th17 cell development (Damasceno et al., 2020). 

Furthermore, it has been shown that the mutation of PKM2 at position Arg399 stabilizes its dimeric 

conformation, hence increasing its ability to phosphorylate STAT3 (Gao et al., 2012). In the present 

study, we observed increased levels of both STAT3 and PKM2 in the nucleus of infected neuronal 

cells compared to uninfected ones. Further, silencing of PKM2 reduced STAT3 dimerization and its 

translocation to the nucleus in infected cells compared to untreated infected cells. Altogether, these 

results indicated that PKM2 induces STAT3 activation to regulate JEV replication.  
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 Several studies have linked PKM2 with the expression of proinflammatory cytokines (Shirai 

et al., 2016; Shu et al., 2024; Sun et al., 2024; Yuan et al., 2023). LPS has been shown to increase the 

PKM2 expression and STAT3 promoter binding, leading to TNF-α and IL-1β production in colorectal 

cancer (Yang et al., 2015). Several proinflammatory cytokines are induced by neurotropic viruses and 

are responsible for neuronal death (Cheng et al., 2016; Gupta et al., 2024b; Kumar et al., 2010; 

Plociennikowska et al., 2021). Consistent with the previous studies, we observed that neuronal cells 

infected with JEV resulted in enhanced proinflammatory cytokines expression during the early stages 

of infection. Moreover, overexpression of PKM2 enhanced the cellular antiviral response by inducing 

the expression of TNF-α and IL-1β, resulting in decreased viral multiplication and reduced its release 

in the culture supernatant. Conversely, siRNA-mediated knockdown diminished the cellular antiviral 

response, facilitating JEV multiplication in neurons. This aligns with the previous research showing 

enhanced replication of JEV because of decreased levels of proinflammatory cytokines (IL-6 and TNF-

α) in SOCS5 overexpressing microglial cells following JEV infection (Sharma et al., 2016). Taken 

together, we concluded that PKM2 negatively modulates JEV replication by inducing the expression 

of proinflammatory cytokines in neurons.  
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Chapter 5 

Investigating the interaction and cellular co-localization 

of JEV NS1 and PKM2 in JEV-infected neuronal cells 

 

 

Brief overview of the chapter 

  In this chapter, we have investigated the potential interaction between NS1 and PKM2. 

Molecular docking was used to identify PKM2–NS1 complexes. Out of five complexes, we selected 

the most stable complex based on the binding free energies. Next, we performed the molecular 

dynamics simulations to analyze the stability of the complex. Molecular dynamics simulation results 

confirmed the structural stability and rigidity of the complex, validated by consistent Root mean square 

deviation (RMSD), Root mean square fluctuation (RMSF), radius of gyration (Rg), and Solvent-

accessible surface area (SASA) profiles. Using in silico studies, the interacting residues were also 

identified. Later, we performed the microscopic studies, which revealed the co-localization of PKM2 

and NS1 in the endoplasmic reticulum (ER) of the JEV-infected cells. Subsequently, we validated the  

PKM2-NS1 interaction by co-immunoprecipitation (Co-IP) assay. Altogether, the study identifies 

PKM2 as a binding partner of NS1. 

 

5.1 Introduction  

NS1 protein is a highly conserved protein with a molecular weight ranging from 46 to 55 kDa, 

depending on the extent of glycosylation (Rosales Ramirez and Ludert, 2019). It exists in three forms: 

monomeric, dimeric, and hexameric. The hydrophobic dimeric form is membrane-associated and is 

transported to viral replication sites to participate in viral replication. Dimeric NS1 is further processed 

into hexameric NS1, which is secreted from the cell (Zhang et al., 2024a). Secreted NS1 has an immune 
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evasion function as it directly interacts with several complement proteins such as C1q, C1s and C4, 

antagonizing their functions (Avirutnan et al., 2010; Edeling et al., 2014; Silva et al., 2013). NS1 forms 

a structural role, potentially contributing to the attachment of the viral replication complex to the 

membrane, alongside transmembrane replicase components (Muller and Young, 2013). Additionally, 

the NS1 protein interacts with SLC25A12, which results in enhanced type I interferon expression, 

inhibiting JEV replication (Yin et al., 2024). Furthermore, NS1 and NS1' proteins promote JEV 

replication by binding to CDK1, which translocates them from the nucleus to the cytoplasm, where 

they phosphorylate vimentin and remodel its network (Xie et al., 2024). NS1 also interacts with several 

ribosomal proteins constituting the 60S ribosomal subunit, such as RPL18, RL18a, and RPL7, re-

localizing these proteins to the viral replication sites (Cervantes-Salazar et al., 2015). These ribosomal 

proteins are not only crucial components of the host translational machinery but also perform several 

extra-ribosomal tasks by facilitating interaction with IRES and supporting ribosomes to the ER 

membrane. Silencing of these proteins has shown a negative effect on flavivirus replication (Rastogi 

et al., 2016). It has been reported that the NS1 protein of dengue virus interacts and co-localizes with 

GAPDH in the perinuclear region, where it enhances GAPDH activity and supports viral replication 

(Allonso et al., 2015). 

PKM2 is a multifunctional protein known for its sticky nature and extensive interactome, 

encompassing both host and viral proteins. Beyond its traditional role in glycolysis, PKM2 is involved 

in non-glycolytic functions through direct interactions with viral proteins. Notably, PKM2 has been 

shown to interact with the oncogenic E7 protein of HPV, leading to activation of its non-glycolytic 

functions{Lee, 2021 #207}. Additionally, PKM2 interacts with several viral non-structural proteins. 

For instance, it associates with NS4A and NS5A of CSFV, promoting their expression in the infected 

cells (Liu et al., 2024). It also binds with the NS5B protein of the HCV and CSFV, enhancing its RNA 

polymerase activity (Mazurek et al., 2001; Song et al., 2025; Wu et al., 2008; Zwerschke et al., 1999). 

Furthermore, influenza virus RNA polymerase is another target of PKM2 (Miyake et al., 2017). These 
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diverse interactions suggest that PKM2 can modulate virus replication either positively or negatively, 

depending on the context and virus involved. In this chapter, we have explored the potential interaction 

between NS1 and PKM2 utilizing both in silico and in vitro approaches. We have also examined the 

cellular localization of PKM2 in JEV-infected cells.  

 

5.2 Materials and Methods 

5.2.1 Structure modeling  

The amino acid sequences of JEV NS1 and mouse PKM2 proteins were retrieved from 

GenBank accession numbers, QCZ42158 and NP_001365797, respectively. The three-dimensional 

structures of the proteins were predicted and generated by I-TASSER (Iterative Threading ASSEmbly 

Refinement) protein structure and function prediction software as experimentally validated complete 

structures were not available for the proteins. The tool constructs 3D structure models by threading the 

query protein sequence through a library of known structures in the Protein Data Bank (PDB), followed 

by iterative template-based fragment assembly simulation (Roy et al., 2010; Yang and Zhang, 2015; 

Zhang, 2008). Further, the predicted models were subsequently subjected to energy minimization using 

YASARA software to enhance the structural stability and reduce steric clashes. Thereafter, the models 

were validated by Ramachandran plot using PROCHECK, which assesses their stereochemical 

stability based on dihedral angle distributions (Laskowski et al., 1993). All three-dimensional 

structures were visualized using PyMOL. 

 

5.2.2 Molecular docking  

To study the possible interaction between the predicted structure of JEV NS1 and mouse PKM2 

protein, molecular docking was performed using Cluspro 2.0 protein-protein docking software. 

ClusPro 2.0 generates multiple docking conformations (clusters) based on rigid-body docking, 

followed by energy-based filtering and clustering to identify the most probable binding models 
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(Kozakov et al., 2017). The top-ranked docked complexes from ClusPro 2.0 were further analyzed for 

binding affinity using the HawkDock server scoring function, which is based on Molecular 

Mechanics/Generalized Born Surface Area (MM/GBSA) free energy decomposition (Liu et al., 2019; 

Zhang et al., 2025c). The MM/GBSA method provides a more rigorous estimation of binding free 

energy for protein-protein complexes, where lower binding energy values indicate higher stability of 

the complex (Chen et al., 2016; Gohlke and Case, 2004). Finally, the PDB sum generator tool was 

used to get insights into the amino acid residues involved in binding, over the molecular interface 

spanning both proteins (de Beer et al., 2014). 

 

5.2.3 Molecular dynamics simulations 

To study the conformational stability, the docked protein-protein complex was subjected to all-

atom molecular dynamics simulations using the GROMACS v2020.1 software (Hess et al., 2008; Van 

Der Spoel et al., 2005). The system consisted of the protein-protein complex in a solvated 

dodecahedron box with a minimum distance of 1.2 nm from the boundary. The system was solvated 

with the TIP3P water model and subsequently neutralized by adding countercations (Na+) or anions 

(Cl-). The solvated system was then energy minimized using the steepest descent algorithm of 50,000 

steps and further equilibrated for NPT (constant number, pressure, and temperature) and NVT 

(constant number, volume, and temperature) at 300 K, 1 bar pressure, and 100 ps to optimize the 

orientation and system density. The final equilibrated system was used as a starting conformation for 

the simulation run of 50 ns with a 2 fs time step. Long-range electrostatic interactions were defined by 

the Particle Mesh Ewald approach, and the cut-offs for Coulomb and van der Waals interactions were 

set to 1.2 nm. Finally, the output trajectory was obtained, and the estimation of RMSD, RMSF, SASA, 

and Rg were performed using GROMACS packages. The graphs were analyzed and plotted using 

GraphPad Prism software. 
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5.2.4 Confocal microscopy  

Neuro-2a cells were grown on coverslips and subsequently transfected with pEGFP-PKM2. 

The cells were infected with JEV 24 hours post-transfection and 48 hours post-infection, cells were 

fixed with 4% formaldehyde in PBS for 15 minutes at room temperature.  Following fixation, cells 

were washed with PBS at least 3 times and permeabilized with 0.3% Triton X-100 in PBS.  

Subsequently, the fixed cells were rinsed using 1X PBS and then incubated in a blocking buffer (5% 

BSA). For JEV protein detection, cells were incubated with 1/100 dilution of mouse monoclonal 

antibody against NS1 (GeneTex, USA), followed by incubation with a 1/500 dilution of goat Alexa-

fluor 594 (Invitrogen, USA) anti-mouse IgG secondary antibody. After the final wash with PBS, cells 

were stained with DAPI, and slides were mounted using Prolong Gold Antifade Reagent (Invitrogen, 

USA) and examined under a 63X objective using the confocal microscope (Zeiss LSM 880, Germany). 

 

5.2.5 Co-immunoprecipitation (Co-IP) assay 

Capturem Co-IP kit was procured from TaKaRa (Japan). The Neuro-2a cells were transfected 

with pEGFP-PKM2, and the cells were infected with JEV 24 hours post-transfection.  Infected cells 

were harvested and lysed after 48 hours in the 200 µl lysis buffer per 1 x 106 cells. An appropriate 

amount of the protease inhibitor cocktail was added to the lysis buffer to yield a 1X final concentration.  

The collected lysate was centrifuged at 17,000g for 10 minutes at 4 ˚C. The clear supernatant was 

collected and incubated with the recommended amount of anti-GFP (Bio Bharati, India) and anti-NS1 

(GeneTex, USA) antibodies for 3 hours at 4 ˚C. Pre-incubated samples were loaded onto the Capturem 

protein A columns (TaKaRa) and centrifuged at 1000g for 1 minute at room temperature. Flowthrough 

was discarded, and spin columns were washed with wash buffer (provided in the kit). Bound samples 

were eluted from spin columns in elution buffer by centrifugation at 1000g for 1 minute at room 

temperature and analyzed by Western blot. 
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5.2.6 Cloning of JEV NS1 in eukaryotic expression vector 

Neuro-2a cells were infected with JEV at 0.1 MOI, and 72 hours later, RNA lysate was prepared 

using RNAiso Plus reagent (TaKaRa, Japan). Total RNA was extracted using the phenol-chloroform 

extraction method, 1µg of total RNA was reverse transcribed to cDNA using a high-capacity cDNA 

reverse transcription kit (Thermo Fisher Scientific, USA). The NS1 gene was amplified using specific 

primer forward primer: 5’CTAGCTAGCATGGACACTGGATGTGCCATTG3’ and reverse primer: 

5’CGGAATTCCTAAGCAGCGACTAGCAC3. The amplified product was digested with NheI and 

EcoRI and was ligated using ligase (TaKaRa, Japan) to pre-digested (with the same restriction 

enzymes) pcDNA3.1 mammalian expression vector (Invitrogen, USA). The positive clone was 

confirmed by restriction enzyme digestion, and the expression was confirmed by immunoblotting 

using NS1-specific antibody (GeneTex, USA).   

 

5.2.7 Co-overexpression of PKM2 and NS1      

 Neuro2a cells were seeded in 35 mm culture dishes, and 12 hours later cells were transfected 

with pCDNA.NS1 and pEGFP.PKM2 using Lipofectamine 2000 (Invitrogen, USA). 48-hours post-

transfection, whole cell lysate was prepared and analyzed using non-reducing SDS-PAGE followed by 

western blotting. 

 

5.3 Results 

5.3.1 Structure modeling of JEV NS1 and mouse PKM2 protein 

PKM2 is known to regulate virus infection by directly interacting with viral proteins involved 

in the replication (Mazurek et al., 2001; Miyake et al., 2017; Wu et al., 2008). NS1 is a key non-

structural protein involved in the replication of flavivirus (Rastogi et al., 2016). Therefore, we first 

investigated the possible PKM2 and JEV NS1 interaction in silico. For this, the three-dimensional 

structure of the mouse PKM2 protein was modeled using I-TASSER (Figure 5.1A). The modeled 
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structure that was found to be most similar to human PKM2 (PDB ID-3GR4) with RMSD value 0.74 

was selected and analyzed for stereochemical stability using a Ramachandran plot, which showed 

90.8% residues in most favoured regions, 7.5% in additional allowed regions, 0.9% in generously 

allowed regions, and only 0.9% in disallowed regions (Figure 5.1B). Similarly, the three-dimensional 

model of the JEV NS1 protein was predicted (Figure 5.1C). The predicted model was found to be most 

similar in structure to Zika virus NS1 (PDB ID-5K6K) with RMSD value 0.50, and was subsequently 

analyzed using a Ramachandran plot which showed 87.8% residues in most favoured regions, 11.6% 

in additional allowed regions, 0.3% in generously allowed regions, and only 0.3% in disallowed 

regions (Figure 5.1D).  

 

Figure 5.1 Structure modeling of JEV NS1 and mouse PKM2 protein. Figures depicting the three-

dimensional model of Mouse PKM2 protein (A) with its analyzed Ramachandran plot (B) and the 

three-dimensional structure of JEV NS1 protein (C) with its analyzed Ramachandran plot (D). 

 

5.3.2 PKM2-NS1 Docking studies  

Docking between the predicted structure of the mouse PKM2 protein and the NS1 protein of 
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JEV was performed (Figure 5.2A). The most stable complex out of the top 5 predicted models of 

PKM2-NS1 complex was determined using MM/GBSA-based binding free energy values. The most 

stable PKM2-NS1 complex (M1) with the lowest binding free energy of -150.85 kcal/mol was selected 

for further analysis. The stereochemical stability of the most stable PKM2-NS1complex was analyzed 

by Ramachandran plot, which showed 647 residues (83.3%) in the most favourable regions, 112 

residues (14.4%) in additionally allowed regions, 10 residues (1.3%) in the generously allowed 

regions, and 8 residues (1.0%) in the disallowed regions (Figure 5.2B). The interface residues of the 

complex were also analysed. The 33 residues of PKM2 interacted with 33 residues of NS1 (Figure 

5.2C). The number of salt bridges was 6, hydrogen bonds were 24, and non-bonded contacts were 372 

(Table 1). These results indicate the potential PKM2 and NS1 interaction. 

 

 

Figure 5.2 PKM2-NS1 Docking studies.  Pictures of the predicted docking models (M1, M2, M3, M4 

and M5) along with their binding free energies (A). Image representing Ramachandran plot of model 
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M1 (B). Diagrammatic representation of interacting amino acid residues involved in model M1 (C). 

 

Table 3: The number of interface residues, interface area, salt bridges, H-bonds, and non-bonded 

contacts involved in PKM2-NS1 interaction. 

 

 

5.3.3 Molecular dynamics simulation studies 

MD simulations were performed to test whether the PKM2-NS1 complex was stable over time 

in a simulated physiological environment, such as a solvated system and appropriate temperature. It 

rules out false docking results based on the strength and stability of the complex in comparison to the 

interacting proteins. Several parameters, such as RMSD, RMSF, Rg, and SASA, were analyzed for 

PKM2, NS1 and PKM2-NS1 complex over a 50 ns time scale. The RMSD plot analysis is crucial in 

understanding the structural stability of the protein and protein-protein complex. It denotes 

conformational changes in the structure over a time.  Stable RMSD values over a time represent more 

stable structures (Rastogi et al., 2016). The PKM2, NS1 and PKM2-NS1 complex achieved steadiness 

at 12 ns, 22 ns, and 17 ns, respectively and remained in equilibrium with only minor changes. The 

average RMSD values for PKM2, NS1 and PKM2-NS1 complex were 0.35 nm, 0.385 nm, and 0.325 

nm, respectively (Figure 5.3A). RMSF evaluates the rigidity and flexibility of a complex. RMSF 

represents the flexibility of individual atoms or residues within a molecule over a time (Martinez, 
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2015). C-alpha atoms of the residues of the bound complexes were analyzed to identify the fluctuations 

of each atom across the backbone. The PKM2, NS1 and PKM2-NS1 complex were stable throughout 

except for minor fluctuations around the 110 residue region for NS1 and the 500 residue region for 

PKM2 and PKM2-NS1 complex (Figure 5.3B). The average RMSF values for PKM2, NS1 and PKM2-

NS1 complex were 0.119 nm, 0.152 nm, and 0.154 nm, respectively. The rigidity and compactness of 

the complex were characterized using Rg values. A stable protein or protein-protein complex usually 

has constant Rg values throughout the simulation (Rastogi et al., 2016). Therefore, it is one of the 

important parameters to assess the stability of the complex. Rg values for PKM2 acquired equilibrium 

at 10 ns and maintained it till the end, except for minor fluctuations around 20 ns and 30 ns, while NS1 

achieved equilibrium at 6 ns and maintained it till the end, except for minor fluctuations at around 20-

26 ns timeframe. The Rg values for the PKM2-NS1 complex showed minor fluctuations in the 

beginning. However, it achieved equilibrium at around 14 ns and maintained it till the end except for 

minor fluctuations at around 33–38 ns timeframe (Figure 5.3C). The average Rg values for PKM2, 

NS1, and PKM2-NS1 complex were 2.58 nm, 2.34 nm, and 3.20 nm, respectively. Additionally, the 

SASA values were also analyzed to assess the solvent behaviour and examine the folding/unfolding of 

the PKM2, NS1 and PK2-NS1 complex. Overall SASA values for PKM2, NS1, and the PKM2-NS1 

complex remained in equilibrium over the course of the simulation. The average SASA values obtained 

for the proteins PKM2, NS1 and PKM2-NS1 complex were 248.249 nm2, 194.187 nm2 and 403.759 

nm² respectively (Figure 5.3D). Overall, these parameters show that the PKM2-NS1 complex is stable 

and rigid. 

 

5.3.4 Cellular localization and interaction studies  

Confocal microscopy was performed to study the cellular localization of PKM2 and NS1. Cells 

were transfected with a PKM2-expressing plasmid and infected with JEV. Immunofluorescence results 

showed the cellular co-localization of PKM2 with NS1 protein (Figure 5.3A). JEV NS1 protein 
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localizes in the ER of infected cells (Figure 5.3B). PKM2 showed a strong correlation with NS1 

(Pearson correlation coefficient 0.72), and NS1 showed a strong correlation with ER (Pearson 

correlation coefficient 0.82) in the infected cells (Figure 5.3C). The Co-IP experiment was performed 

to study the potential interaction between PKM2 and NS1. PKM2 was detected after the pull-down 

with NS1, while NS1 was detected after the pull-down with GFP. This validated the interaction 

between PKM2 and NS1 protein (Figure 5.3D). From these microscopic studies, we conclude that 

PKM2 and NS1 interact with each other, possibly in the ER of infected cells.  

 

 

Figure 5.3 Molecular dynamics simulations. Graphs showing results after Root Mean Square 

Deviation (RMSD) analysis (A), Root Mean Square Fluctuations (RMSF) analysis (B), Radius of 

Gyration (Rg) analysis (C), and Solvent Accessible Surface Area (SASA) analysis (D). 

 

 

5.3.5 Effect of PKM2 binding on oligomerization of NS1.  

To check the effect of PKM2 on NS1 oligomerization. NS1 was cloned into the eukaryotic 

expression vector pCDNA3.1. Cloning was confirmed using restriction digestion (Figures 5.5A). 
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Further, we also analyzed the multimeric form of overexpressed NS1 using non-reducing SDS-PAGE 

(Figure 5.5B). Next, we co-overexpressed PKM2 and NS1, which did not show any effect of PKM2 

on NS1 oligomerization (Figure 5.5C).  

 

Figure 5.4 Cellular localization and interaction studies. Confocal images showing cellular co-

localization of PKM2 with NS1 in JEV-infected cells (A). Representative images showing red 

fluorescence indicate NS1 expression while green fluorescence indicates PKM2 expression. The merge 

panel shows both PKM2 and NS1 proteins. Cell nuclei were stained with DAPI (blue channel).  Arrows 

indicate cells showing co-localization of PKM2 and NS1 (A). Confocal images showing localization 

of NS1 (red channel) and ER (green channel) in the JEV-infected cells (B). ER was stained with ER 

tracker dye while the nucleus was stained with DAPI. Arrows indicate the localization of NS1 in the 

ER of the infected cells. The graph shows the average Pearson correlation coefficient of PKM2-NS1 

and NS1-ER calculated from 10 individual cells (C). The interaction of PKM2 with the NS1 protein 

of JEV was examined by co-immunoprecipitation assay (co-IP). The cell lysates were 

immunoprecipitated by anti-NS1 and anti-GFP antibodies and interactions were detected using 

immunoblot (D). Statistical analysis was performed using student’s t-test. ` 
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Figure 5.5 Effect of PKM2 binding on oligomerization of NS1. Restriction digestion confirmation 

image of NS1 cloned in pCDNA3.1 (M: size marker, Lane 1: undigested pCDNA3.1, Lane 2: digested 

pCDNA3.1-NS1 (NheI and EcoRI) (A). Western blot showing oligomers of NS1 (B). Immunoblot 

showing oligomers of NS1 in cells overexpressing PKM2 (C). 

 

 

5.4 Discussion 

The present study elucidated the potential interaction between PKM2 and NS1 using both in 

silico and in vitro studies. The molecular docking studies yielded the top five PKM2-NS1 complexes, 

all of which exhibited negative binding free energies, indicating a favorable binding interaction. The 

most stable PKM2-NS1 complex was found to have a binding free energy of -150.85 kcal/mol. The 

analysis of the residues involved in the interaction further supported the binding of PKM2 with the 

NS1 protein of JEV, involving several salt bridges and hydrogen bond linkages. We also analyzed the 

rigidity and stability of PKM2, NS1 and the PKM2-NS1 complex with the help of molecular dynamics 

simulations, and comparisons were made using parameters such as RMSD, RMSF, Rg and SASA. The 

RMSD and RMSF patterns did not show any substantial shifts, which suggested the stability of the 

PKM2, NS1 and PKM2-NS1 complex. Further, the increase in Rg and SASA values after NS1 binding 

with PKM2 is because of the increase in the size of the complex compared to individual proteins. Also, 

the Rg and SASA patterns were overall consistent and suggested a stable complex. Microscopic studies 

also showed cellular co-localization of PKM2 and NS1 protein with a strong positive correlation 

between them, suggesting their probable interaction. Also, we observed NS1 to be localized in the ER 
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of the JEV-infected cells, as indicated by a strong positive correlation coefficient. This was consistent 

with the previous reports of NS1 reported to be concentrated in the ER membranes to facilitate viral 

replication (Ci et al., 2020; Xie et al., 2025). PKM2 was also found to be localized in the ER, where it 

interacts with valosin-containing protein (VCP) and regulates the expression of ER membrane-

associated proteins such as TMEM33 (Liu et al., 2021a). It also regulates calcium signaling by 

interacting directly with IP3 in the ER (Lavik et al., 2022). Therefore, we concluded that PKM2 

probably interacts with NS1 in the ER of infected cells. Further, the interaction of PKM2 with NS1 

was validated by the Co-IP assay. Since NS1 localizes in the ER of the infected cells, where it anchors 

the replication complex and facilitates replication (Sarkar et al., 2024; Xie et al., 2025). Therefore, it 

can be suggested that both might co-localize in the ER of the infected cells, where PKM2 may interfere 

with the formation of the replication complex. However, this remains to be experimentally validated. 

Studies on the dengue virus and influenza A virus have shown that the NS1 protein is phosphorylated 

(Dechtawewat et al., 2021; Kathum et al., 2016). In the influenza virus, phosphorylation of NS1 at 

Thr49 was shown to suppress its interferon antagonist activity, whereas phosphorylation at Ser205 was 

found to be essential for its polymerase-enhancing function (Kathum et al., 2016; Patil et al., 2021). 

Since dimeric PKM2 acts as a protein kinase, its interaction with NS1 could induce phosphorylation 

of NS1. Although, depending on the position and type of phosphorylated residues, it can have both 

positive and negative effects on JEV replication. PKM2 also undergoes several post-translational 

modifications, one of which is O-GlcNAcylation, the attachment of O-linked N-acetylglucosamine to 

Ser and Thr residues (Prakasam et al., 2018; Wang et al., 2017c). O-GlcNAcylation of PKM2 at Thr405 

and Ser406 promotes the Warburg effect by enhancing the translocation of PKM2 to the nucleus (Wang 

et al., 2017c; Yang and Qian, 2017). Several RNA viruses are known to induce glycolysis to support 

their replication (Codo et al., 2020a; Fontaine et al., 2015b; Mingo-Casas et al., 2023). We have also 

shown that Thr405 and Ser406 are interacting residues of PKM2 with NS1. This can affect the O-

GlcNAcylation of PKM2, thereby regulating glycolysis and JEV replication in the infected cells. 
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However, further extensive investigation is required to authenticate it. NS1 consists of 6 pairs of 

cysteine residues, which form disulfide linkages, resulting in the formation of dimeric NS1 (Rastogi 

et al., 2016). The dimeric NS1, together with other non-structural proteins, forms a replication complex 

(RC) where replication of the virus genome occurs (Hall et al., 1999; van de Wetering et al., 2020). 

The cellular dimeric NS1 protein is heavily glycosylated. Its carbohydrate moieties are trimmed off in 

the trans-Golgi network by glycosidases, resulting in the formation of a soluble hexamer, which is 

secreted from the cells (Rastogi et al., 2016). We hypothesized that one of the implications of PKM-

NS1 interaction could be interference with the formation of NS1 dimers and hexamers, resulting in 

negative regulation of JEV replication. However, PKM2 and NS1 co-transfection experiments, which 

did not show any effect of PKM2 on NS1 dimerization, ruled out this possibility, suggesting an 

alternative way by which PKM2-NS1 interaction impedes JEV replication.  
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Chapter 6 

Conclusion and future prospects 

 

 

Virus-infected cells have been shown to reprogram glycolysis to fuel the biosynthesis of 

additional biomacromolecules required for sustained production of new progeny virions. However, the 

molecular mechanisms involved in the reprogramming of glycolysis differ with viruses (Jaquet et al., 

2024; Li et al., 2023b; Passalacqua et al., 2019; Qian et al., 2022).  

The present study confirmed the regulation of glycolysis in JEV-infected neurons. In the normal 

cells, HIF-1α is degraded by ubiquitin-mediated proteasomal degradation (Salceda and Caro, 1997). 

However, our findings showed that rapid JEV replication in neurons induces ROS accumulation, which 

prevents the HIF-1α degradation, leading to its stabilization. The increased HIF-1α then translocates 

to the nucleus and binds to the promoter of glycolytic genes, leading to the overexpression of glycolytic 

enzymes. The increased expression of glycolytic enzymes supports rapid glycolysis, enhancing 

glucose utilization in the infected cells compared to uninfected cells.  

Although JEV exploits glycolysis for its replication, the specific metabolic changes induced 

are context-dependent and can vary with the host-cell type (Goyal and Rajala, 2023b). Moreover, there 

could be multiple strategies simultaneously involved in the regulation of glycolysis by JEV. The current 

study establishes HIF-1α as a crucial host-transcription factor that modulates the expression of 

glycolytic enzymes in JEV-infected neuronal cells. Being a multifunctional transcription factor, it has 

to interact with many other cellular proteins to regulate cellular processes other than glycolysis (Liu et 

al., 2012). Therefore, there is a possibility that it can modulate JEV replication through multiple other 

mechanisms simultaneously. Further studies are required for deeper insights into the cross-talk 

between HIF-1α and JEV infection, which can extend beyond the metabolism. The study also identified 

glycolytic enzyme PKM2 as a crucial modulator of JEV replication in neuronal cells. From the study, 
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we concluded that enhanced PKM2 expression in JEV-infected activated STAT3, which in turn 

modulated the expression of proinflammatory cytokines such as TNF-α and IL-1β, thereby negatively 

regulating JEV replication in neurons. Beyond its well-known function in metabolism, PKM2 also 

influences key cellular processes such as cell-cycle regulation, cell migration, apoptosis, and 

autophagy (Hamza et al., 2023; Jiang et al., 2014a; Luo et al., 2021; Wang et al., 2017a). Exploring 

these functions in the context of JEV neuropathogenesis could shed more light on the broader impact 

of PKM2 in JEV replication and uncover potential therapeutic targets. In addition, in vivo studies will 

help in better assessing the effect of PKM2 modulation on viral load, neuroinflammation, and overall 

disease progression in a complex biological system. Although we have confirmed physical interaction 

between PKM2 and NS1, and shown the potential interacting residues, further site-directed 

mutagenesis of specific residues would help in identifying critical residues involved in the interaction 

and their effect on the overall binding affinity and functionality of the interacting proteins.  
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