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1. Introduction 

1.1 Glucose metabolism 

In living organisms, glucose metabolism signifies the various biochemical processes 

responsible for the formation, breakdown, and interconversion of carbohydrates. 

These processes provide energy and biosynthetic precursors to maintain cellular 

homeostasis and function. Metabolism consists of catabolism, which breaks down 

macromolecules (such as polysaccharides, lipids, nucleic acids and proteins) into 

smaller units (such as monosaccharides, fatty acids, nucleotides, and amino acids, 

respectively) to produce energy, and anabolism, which constructs essential building 

blocks for macromolecule production. 

 

1.1.1 Glycolysis 

Glycolysis is the main catabolism pathway, where a glucose molecule breaks down 

into two pyruvate molecules, while releasing energy as adenosine triphosphate (ATP) 

and nicotinamide adenine dinucleotide hydride (NADH) (Figure 1.1) 1. Nearly all living 

organisms that break down glucose utilize glycolysis. This pathway is anaerobic, 

because it does not require oxygen. 

The first step in glucose metabolism is its entrance in the cell through the action of 

glucose transporters (GLUT) that belong to the SLC2A family of membrane transport 

proteins. Glycolysis consists of ten steps, split into two phases. The first phase 

requires the breakdown of two ATP molecules. During the second phase, chemical 

energy from the intermediates is transferred into ATP and NADH. The breakdown of 

one molecule of glucose results in two molecules of pyruvate, which can be further 

oxidized to provide more energy in later processes. The first step relies on the 

phosphorylation of glucose by the rate-limiting enzyme hexokinase (HK), which yields 

glucose-6-phosphate. The quick phosphorylation of intracellular glucose prevents its 

cellular efflux as well as the enzymatic conservation of high-energy bonds through the 

formation of phosphate esters. Additionally, phosphoryl groups destabilize glucose 

and facilitate its consequent metabolism. HK is regulated through a negative feedback 

loop by glucose-6-phosphate that when in high intracellular quantity signals for excess 

of cellular energy. Glucose-6-phosphate is then reversibly isomerized to 

fructose-6-phosphate, which can be further phosphorylated by phosphofructokinase 

(PFK), at the cost of one ATP molecule, to fructose-1,6-bisphosphate. The irreversible 
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step mediated by PFK is a very important pacemaker of glycolysis being allosterically 

positively regulated by AMP and negatively by ATP, fructose-2,6-phosphate, and 

citrate. This balance points out the importance of the ATP/AMP ratio for the rate of 

glycolysis, as well as its regulation to channel carbon molecules through the oxidative 

branch of the pentose phosphate pathway (PPP) for maintaining the NADPH pool for 

fatty acid synthesis. Ultimately, FK is also capable of indirectly inhibiting hexokinase. 

If PFK is inactive, fructose-6-phosphate and glucose-6-phosphate accumulate, thus 

inhibiting hexokinase. However, this dynamic may be variable depending on the final 

destination of glucose-6-phosphate. Although the latter is an important intermediate, 

since it can modulate the glycolytic flux, it may also be shuttled to feed glycogenesis 

or the pentose phosphate pathway. The other irreversible step of glycolysis is 

mediated by pyruvate kinase where phosphoenolpyruvate is converted into the end 

glycolytic product, pyruvate. In fact, pyruvate kinase isoforms have been suggested to 

support divergent energetic and biosynthetic outputs, and thus fulfilling differential 

requirements of cellular metabolism. As such, this catalytic activity plays a crucial role 

in energy metabolism and has recently been associated with cell proliferation and 

tumor growth2, 3. Although glucose represents a high-energy substrate, only a small 

portion of free energy is released during glycolysis: most of it remains in the end 

product, pyruvate, that needs to be further catabolized. 

 

Figure 1.1 Glycolysis pathways and the integration of multiple metabolic pathways 
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Glycolysis is a series of metabolic processes, driven by nine specific enzymes, by which one molecule 

of glucose is catabolized into two molecules of pyruvate, two moles of NADH with a net gain of two ATP. 

It is separated into two parts, the energy investment phase and the energy generation phase. The 

energy investment phase has five reactions, two of which are reversible and the other three are 

irreversible. During this phase, two ATP are converted into two ADP. The energy generation phase also 

has five reactions, one of these reactions is irreversible and the rest are reversible. Four ADP are 

converted to four ATP and two NAD+ into two NADH. For every molecule of glucose entering glycolysis, 

two ATP and NAD+ are used and four ATP and NADH are generated. The net gain in glycolysis is two 

ATP and two NADH.1 

 

1.1.2 Tricarboxylic Acid (TCA) Cycle 

In mammalian organisms, the end product of glycolysis, pyruvate, shuttles to the 

mitochondria to yield acetyl-Coenzyme A, which will sustain the TCA cycle (also 

named citric acid cycle or Krebs cycle) (Figure 1.2) 4, 5. The TCA cycle is a series of 

chemical reactions used by all aerobic organisms to release stored energy through 

the oxidation of acetyl-CoA into carbon dioxide and chemical energy in the form of 

ATP. The first primary control point in the TCA cycle occurs in the decarboxylation of 

isocitrate to α-ketoglutarate. NADH and ATP inhibit this reaction, which under certain 

circumstances (excess of pyruvate and excess of acetyl-CoA) may culminate in 

accumulation of citrate, triggering lipid synthesis. The allosteric inhibition of 

α-ketoglutarate dehydrogenase, by succinyl-CoA and NADH, hampers its activity to 

convert α-ketoglutarate into succinyl-CoA. It is also a key metabolic pathway that 

connects carbohydrate, fat, and protein metabolism.  

TCA cycle is an amphibolic pathway that generates several biosynthetic precursors 

for de novo synthesis of macromolecules. Oxaloacetate and α-ketoglutarate are 

precursors for aspartate and glutamate synthesis, which in turn may originate other 

amino acids, such as asparagine, arginine, proline, and glutamine. Furthermore, 

these intermediates can also contribute to the synthesis of pyrimidines and purines, 

which are the main building blocks of nucleic acids6. Oxaloacetate may also be 

converted into phosphoenolpyruvate, by phosphoenolpyruvate carboxykinase, thus 

completing the first step of gluconeogenesis. Succinyl-CoA withdrawal is responsible 

for the central metabolism that originates the synthesis of porphyrin rings, essential 

for hemoglobin production7. Citrate production may have a vital role in de novo fatty 

acid synthesis. However, when these intermediates are withdrawn from the TCA cycle, 

its rate is reduced and only their replenishment will allow the continuation of the 

oxidative capacity of this cycle. This exquisite and dynamic balance is mainly assured 
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by pyruvate carboxylase that produces oxaloacetate via carboxylation of pyruvate, 

which guarantees the maintenance of homeostatic levels of TCA intermediates. 

 

Figure 1.2 The tricarboxylic acid cycle and the integration of multiple metabolic pathways 

CoA=Coenzyme A, FAD=flavin adenine mononucleotide, GDP=guanosine diphosphate, 

GTP=guanosine triphosphate, NAD=nicotinamide adenine dinucleotide 

 

1.1.3 Pentose phosphate pathway 

The pentose phosphate pathway (PPP) is a major glycolytic-divergent pathway that 

shifts metabolic reactions towards the production of precursors for nucleotide and 

amino acid synthesis as well as the mostly studied product, the reducing co-factor 

NADPH. This pathway supports cell proliferation and survival8, 9. The PPP comprises 

an oxidative (Figure 1.3) and a non-oxidative branch. The rate limiting step of the 

oxidative branch is mediated by glucose-6-phosphate dehydrogenase (G6PD) that 

through the oxidative decarboxylation of glucose-6-phosphate, produces two 

molecules of NADPH and one ribose-5-phosphate. As expected, this branch relies on 

the availability of NADP+, as the final electron acceptor, while excess of NADPH is a 

negative regulator. The non-oxidative branch includes several reversible reactions 

that interchange carbons from three-carbon and six-carbon molecules to five-carbon 

molecules, depending on the cellular concentration of NADPH and 

ribose-5-phosphate, being rate limited by transketolase and transaldolase. The fine 

balance between PPP and glycolysis is tightly regulated. Whereas 

ribose-5-phosphate can be produced for nucleotide synthesis, NADPH production 

mainly supports fatty acid synthesis and has an important action in counteracting 

oxidative stress. For the latter, six molecules of ribose-5-phosphate are shifted 

towards production of two molecules of glyceraldehyde-3-phosphate and four 

molecules of fructose-6-phosphate, thus fuelling glycolysis. The maintenance of redox 

homeostasis is a vital requisite for cell survival, particularly in aerobic organisms. 

Taken together, PPP is essential not only in the coordination of cellular metabolism 
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(catabolism/anabolism) but also for fulfilling intermediaries that are needed for cellular 

defense and detoxification. 

 

 

 

Figure 1.3 The pentose phosphate pathway 

The oxidative arm of the pentose phosphate pathway is initiated by conversion of 

glucose to glucose-6-phosphate (G6P) by hexokinases. Fructose-6-phosphate (F6P) 

can either be used for glycolysis or be converted back to G6P to replenish the 

oxidative PPP, while G3P can be utilized in glycolysis, depending on the cellular 

requirements. The oxidative and nonoxidative branches of the PPP are highlighted by 

a blue and yellow background, respectively.9 

 

1.1.4 Hexosamine biosynthesis pathway  

The hexosamine biosynthetic pathway (HBP) is a side branch of glycolysis, which 

controls O-GlcNAc modification of proteins (Figure 1.4). A fraction (2-5%) of the 

glucose entering the cell is directed into this pathway for UDP-GlcNAc biosynthesis10. 

Then, glutamine D-fructose-6-phosphate amidotransferase (GFPT) uses glutamine to 

convert fructose-6-phosphate into glucosamine-6-phosphate, which is then used for 

the synthesis of UDP-GlcNAc. OGT uses UDP-GlcNAc as a substrate to add GlcNAc 

on serine or threonine residues, and its activity is tightly dependent on the 

concentration of UDP-GlcNAc in the cell. These modifications can be reversed by 

OGA, which removes the O-GlcNAc moiety from O-GlcNAc-modified proteins. In 

experiment, the level of O-GlcNAc in proteins can be increased by culturing cells with 

a high concentration of glucose, glucosamine (which bypasses allosteric inhibition of 

the ratelimiting enzyme GFAT) or with PUGNAc, which inhibits deglycosylation of 

proteins by OGA. O-GlcNAc is a post-translational protein modification, which 

consists of a single N-acetylglucosamine moiety attached via an O-β-glycosidic 
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linkage to serine and threonine residues11, 12. Cytosolic and nuclear O-GlcNAc 

glycosylation constitutes a dynamic process, which regulates the activity, localization 

or stability of the modified proteins13. In many respects, O-GlcNAc is similar to 

phosphorylation of proteins; for example, it can dynamically attach or remove 

O-GlcNAc in response to the changes in the cellular environment triggered by stress, 

hormones or nutrients14. Similar to protein phosphorylation, O-GlcNAcylation can 

influence protein function by regulating protein-protein interaction, protein stability, 

nuclear-cytoplasmic shuttling, and intrinsic protein activity15. The interplay between 

phosphorylation and O-GlcNAcylation has been implicated in the regulation of critical 

cellular processes. 

 

 

Figure 1.4 Hexosamine biosynthesis pathway 

A small fraction of the glucose entering the cell feeds the hexosamine biosynthetic pathway (HBP) 

to produce UDP-GlcNAc, the substrate used by O-GlcNAc-transferase (OGT) to add N-acetyl 

glucosamine on serine or threonine residues of cytosolic or nuclear proteins.13  

 

During short-term fasting, glucagon stimulates gluconeogenesis by enhancing the 

activity of the cyclic AMP-responsive element-binding protein (CREB). CREB is 

phosphorylated at Ser 133 by cAMP-dependent Ser/Thr kinase protein kinase A 

(PKA)16. CREB phosphorylation increases its interaction with CBP/p30017, 18, which 

has been shown to promote gluconeogenic gene expression by acetylating 

nucleosomal histones19, 20. CREB directly enhances the expression of 

phosphoenolpyruvate carboxykinase 1 (PEPCK1), and glucose-6-phosphatase 
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(G6PC). CREB phosphorylation also promotes the expression of peroxisome 

proliferator-activated receptor-γ co-activator 1α (PGC1α), which is a critical 

co-activator for prolonged stimulation of gluconeogenic gene transcription21. 

O-GlcNAcylation of many gluconeogenic transcription factors and cofactors has been 

reported to promote glucose production in the liver. OGT can induce hepatic 

gluconeogenesis by O-GlcNAcylation of CRTC2, the co-activator of CREB. At basal 

levels, CRTCs are phosphorylated at the amino acid residues Ser 70 and Ser 171 by 

salt-inducible kinases (SIKs) and other members of the AMP-activated protein kinase 

(AMPK) family and are sequestered in the cytoplasm by 14-3-3 proteins22. In 

response to cAMP and calcium signals, CRTC2 is dephosphorylated and 

O-GlcNAcylated at the same site, leading to CRTC2 nucleus translocation and 

binding to CREB, thereby inducing gluconeogenesis23. 

On the other hand, during prolonged fasting, OGT primarily affects PGC1α-mediated 

expression of gluconeogenic genes. PGC1α acts as a co-activator for the 

glucocorticoid receptor, the hepatocyte nuclear factor 4 (HNF4), and FOXO1, which 

further stimulate the expression of gluconeogenic genes21. PGC-1α helps recruit OGT 

to O-GlcNAcylate and activate FOXO124, which further promotes hepatic glucose 

production. Therefore, OGT is also involved in glucocorticoid induction of 

gluconeogenesis25. Despite remarkable advances in the understanding of the role of 

O-GlcNAcylation in insulin signaling, how O-GlcNAcylation crosstalks with 

phosphorylation is not well known. Exploring the mechanistic and kinetic features of 

O-GlcNAcylation on key signaling proteins holds great promise for a better 

understanding of normal liver metabolism. 

Uncontrolled gluconeogenesis is one of the hallmarks of diabetic liver and contributes 

to hyperglycemia. O-GlcNAcylation has been found on many gluconeogenic 

transcription factors and cofactors, including CRTC2, PGC-1α, and FOXO1. Global 

O-GlcNAcylation levels have been shown to be elevated in the liver of high fat diet-fed 

mice. Hepatic overexpression of OGA in these mice decreases O-GlcNAcylation of 

CRTC2, downregulates gluconeogenic gene expression, and attenuates 

hyperglycemia21. OGT O-GlcNAcylates and activates FOXO1 during prolonged 

fasting to stimulate gluconeogenesis. The levels of HCF-1 are elevated in the liver of 

high fat diet-fed and db/db mice, which is causally linked with uncontrolled 

gluconeogenesis and hyperglycemia. 

Recent studies have indicated that O-GlcNAcylation modulates glycolysis by inhibiting 
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phosphofructokinase 1 (PFK1) activity and redirecting glucose flux into PPP. 

Overexpression of OGT or pharmacological inhibition of OGA in many cell lines leads 

to increased global O-GlcNAcylation, decreased glycolysis, and decreased ATP 

concentration. However, further studies should clarify whether O-GlcNAcylation 

inhibits glycolysis in the liver and whether O-GlcNAcylation contributes to the 

pathogenesis of insulin resistance. Small molecules that target O-GlcNAc signaling 

should be investigated as novel therapeutic agents for liver-related diseases. 

 

1.1.5 Gluconeogenesis 

Gluconeogenesis is the reverse process of glycolysis, which involves the conversion 

of non-carbohydrate molecules into glucose26. The non-carbohydrate molecules that 

are converted in this pathway include pyruvate, lactate, glycerol, alanine, and 

glutamine26. Although glycolysis and gluconeogenesis are not exactly the reverse of 

each other, both pathways share several enzymes and are reciprocally regulated 

within the same cell. The major differences between gluconeogenesis and glycolysis 

are at: (i) the conversion of pyruvate to phosphoenolpyruvate, (ii) the hydrolysis of 

fructose-1-6-biphosphate in fructose 6-phosphate, and (iii) the hydrolysis of 

glucose-6-phosphate in glucose. The first step of gluconeogenesis takes place in the 

mitochondria and consists in the carboxylation of pyruvate to oxaloacetate, at the 

expense of one ATP molecule by pyruvate carboxylase. Oxaloacetate can then be 

cleaved into phosphoenolpyruvate, by phosphoenolpyruvate carboxykinase (PEPCK) 

that is transported to the cytosol to follow the reversible glycolytic reversible steps until 

the formation of 1,3-bisphosphoglyerate, fueling the reaction mediated by 

glyceraldehyde 3-phosphate dehydrogenase. However, this reaction requires 

reducing equivalents at the level of NADH. As such, translocation of reducing 

equivalents from the mitochondria (where β-oxidation of fatty acid taks place leading 

to excess of these cofactors) is essential for gluconeogenesis. In this sense, 

mitochondrial oxaloacetate may be reduced to malate using the excess of 

mitochondrial NADH, which is then transported to the cytosol. Once in cytosolic, 

malate is re-oxidized to oxaloacetate, which, by the action of phosphoenolpyruvate 

carboxykinase, is simultaneously decarboxylated and phosphorylated to generate 

phosphoenolpyruvate at the expense of energy. Following these reactions, 

phosphoenolpyruvate is reversely converted to the upstream intermediates of the 

glycolytic pathway until the irreversible conversion of fructose-1-6-biphosphate into 
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fructose-6-phosphate. The phosphate ester at C1 is hydrolyzed by 

fructose-1-6-biphosphatase, thus yielding fructose 6-phosphate. After isomerization 

by phosphoglucose isomerase, the obtained glucose-6-phosphate is cleaved by 

endoplasmic reticulum-bounded glucose-6-phosphatase, which originates in glucose 

that is secreted to maintain the serum glucose levels. The ratio of mitochondrial 

transport of malate or phosphoenolpyruvate, or other source, to cytosol depends 

mainly on the availability of cytosolic NADH. This pathway is energetically expensive, 

being, therefore, replenished via fatty acid β-oxidation. Indeed, fatty acids are rapidly 

mobilized by the hydrolytic action of lipases from triglycerides. The fatty acid products 

undergo β-oxidation, whereas the glycerol produced is mainly used to replenish 

gluconeogenic precursors. 

 

1.1.6 Carbohydrates as storage 

Carbohydrates are typically stored as long polymers of glucose molecules with 

glycosidic bonds for structural support or for energy storage. However, the strong 

affinity of most carbohydrates for water makes storage of large quantities of 

carbohydrates inefficient due to the large molecular weight of the solvated 

water-carbohydrate complex. In most organisms, excess carbohydrates are regularly 

catabolized to form acetyl-CoA, which is a feed stock for the fatty acid synthesis 

pathway; fatty acids, triglycerides, and other lipids are commonly used for long-term 

energy storage. The hydrophobic character of lipids makes them a much more 

compact form of energy storage than hydrophilic carbohydrates. However, animals, 

including humans, lack the necessary enzymatic machinery and so do not synthesize 

glucose from lipids. 

 

1.1.8 Metabolism and HBV 

There are clinical associations between HBV infection and host metabolism since 

metabolic derangement exists in patients with HBV infection. From the molecular 

mechanism perspective, HBV infection influences the hepatic metabolc signaling 

pathway (Figure 1.5), including glucose, lipid, nucleic acid and bile acid metabolism, 

ultimately resulting in metabolic derangement. It is well known that glucose 

homeostasis is regulated by balancing the consumption and the uptake of glucose27. 

Glucose metabolism in hepatocytes can be divided broadly into two categories: 

anabolism and catabolism, including gluconeogenesis, glycolysis, aerobic oxidation 
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and PPP. Previous studies have provided some clues into the glucose metabolic 

alterations caused by HBV infection, including the up-regulation of PEPCK, G6Pase, 

and enzymes involved in glycolysis, PPP and TCA cycle28.  

The liver, the main organ for the synthesis and circulation of lipids (e.g., fatty acids, 

fats, phospholipids and cholesterol), oxidation of fatty acids and the production of 

ketone bodies, plays an important role in lipid metabolism29. A significant amount of 

basic research has indicated that HBV infection has an effect on fatty acid metabolism. 

Many, but not all, studies have shown that HBV can promote the synthesis and 

oxidation of fatty acids. HBV infection can induce the accumulation of lipids via three 

different regulatory mechanisms, including elevated expression of FABP1, 

up-regulation of LXR, SREBP1 and PPARγ and increased expression of 

N-acetylglucosaminyltransferase III. On the one hand, up-regulation of FABP1 would 

increase fatty acid binding and transport. On the other hand, induction of 

LXR-mediated SREBP1 and PPARγ would result in increased transcriptional activity 

of hepatic lipogenic genes (FAS, SCD, ACC) and adipogenic genes. In addition, 

elevation of N-acetylglucosaminyltransferase III would cause glycosylation and 

dysfunction of apolipoprotein B, finally leading to reduced secretion of very 

low-density lipoproteins (containing cholesterol and triglyceride). 

Bile acid, mainly synthesized in the liver from cholesterol, plays a key role in the 

digestion and absorption of lipids30. The study of Yan et al31 showed that the HBV 

pre-S1 lipopeptide efficiently blocked the uptake of bile salts by Na+-taurocholate 

cotransporting polypeptide (NTCP), suggesting that HBV infection may limit the 

physiological function of NTCP. Moreover, reduced bile salts can promote 

compensatory bile acid synthesis to maintain its homeostasis32, 33. 

 

 

Figure 1.5 Changes in the hepatic metabolic signaling pathway induced by hepatitis B virus 

infection 

Alterations in related signaling pathways (including glucose, lipids, nucleic acids, bile acids and 
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vitamins) following hepatitis B virus (HBV) infection are marked and highlighted. The influence of HBV 

infection on vitamin D metabolism is unclear. 

 

It is well known that the main function of nucleotides is the biosynthesis of nucleic 

acids. Many studies have reported that DNA damage can cause abnormalities in 

nucleic acid metabolism34. HBV infection can decrease nucleic acid biosynthesis via 

HBx-induced DNA damage, which may result in hepatocarcinogenesis35. 

 

1.2 Hepatitis B virus 

1.2.1 Molecular structure 

HBV belongs to the hepadnavirus family36. It is an enveloped, partially 

double-stranded DNA virus with a length of 3.2 kb. It replicates through RNA 

intermediates and can be integrated into the host genome. Related viruses are found 

in woodchucks, ground squirrels, tree squirrels, Peking ducks, and herons. There are 

four overlapping open reading frames (ORFs) which encode seven proteins (pre-S1, 

pre-S2, S, pre-C, C, viral polymerase, HBx protein) and four regulatory elements 

(enhancer II/basal core promoter, preS promoter, preS2/S promoter, and enhancer 

I/X promoter) (Figure 1.6)37. 

Within the envelope is the viral nucleocapsid. The viral capsid contains a viral genome, 

a relaxed-circular (RC), partially duplex DNA of 3.2 kb, and a polymerase (also 

serving as a reverse transcriptase) that is responsible for the synthesis of viral DNA in 

infected cells and mRNA transcripts. Besides the virions particle, subviral particles, 

including 20-nm spheres and filaments are pleomorphic and exist in patient’s serum. 

These two particles are not infectious and are composed of lipid and protein that form 

part of the surface of the virion, which is called the surface antigen (HBsAg). HBsAg is 

produced in excess during the life cycle of the virus.  
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Figure 1.6 Hepatitis B virus (HBV) genome map 

The genome consists of a circular, partially double-stranded DNA molecule 3.2 kb in length. During 

viral replication, the partially double-stranded genome, also named relaxed circular (RC) DNA, is 

repaired into covalently closed circular (ccc) DNA. cccDNA is a mini-chromosome that serves as the 

template for viral transcription, generating five major mRNAs that are 3.5-, 2.4-, 2.1-, and 0.7-kb in size. 

One 3.5 kb mRNA called pre-C mRNA serves as the template for translation of the HBeAg (pre-core 

protein), and one slightly shorter mRNA called pgRNA serves as the template for core and polymerase 

proteins, as well as the pre-genomic RNA used as a template during viral replication. The 2.4 kb 

transcript (pre-S1 mRNA) is used in the translation of the large surface antigen (L); the 2.1 kb 

transcripts (pre-S2 mRNAs) are used to produce the M and S surface antigens; and the 0.7 kb 

transcript is used in the production of the X protein.37 

 

HBV contains a small, partially double-stranded genome that consists of a full-length 

negative strand and an incomplete positive strand (Figure 1.6). Its genome contains 

four promoters, two enhancer regions (Enh1, Enh2), and two direct repeats (DR1, 

DR2). During virus replication, the partially double-stranded DNA, also named relaxed 

circular (RC) DNA, is repaired into covalently closed circular (ccc) DNA, which serves 

as the template for viral transcription, generating mRNAs that are 3.5-, 2.4-, 2.1-, and 

0.7-kb in size. One 3.5 kb mRNA called pre-C mRNA serves as the template for 

translation of the HBeAg (pre-core protein), and one slightly shorter mRNA called 

pgRNA serves as the template for core and polymerase proteins, as well as the 

pre-genomic RNA used as a template during viral replication. The 2.4 kb transcript 

(pre-S1 mRNA) is used in the translation of the large surface antigen (L), the 2.1 kb 

transcripts (pre-S2 mRNAs) are used to produce the M and S surface antigens, and 

the 0.7 kb transcript is used in the production of the X protein38.  
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1.2.2 HBV life cycle 

The HBV life cycle begins with the binding of HBV particles to hepatocytes through 

the interaction between cell surface receptors and viral envelope proteins (including 

HBsAg)36. Intranuclear HBV cccDNA is used as a template for transcription of viral 

RNA. HBV is one of the few known non-retroviral viruses that use reverse 

transcription as part of their replication process39, 40. Thus, the viral life cycle is special 

and complicated. As shown in Figure 1.7, the HBV life cycle includes six processes, 

like attachment, penetration, uncoating, replication, assembly and release. The 

detailed process is as follows:  

The initial phase of HBV infection involves the attachment of mature virions to the 

host cell membrane, likely involving the pre-S domain of surface proteins. 

Na+-taurocholate cotransporting polypeptide (NTCP) has been found and recognized 

as a specific receptor of HBV41, 42. There are two different pathways for HBV entry into 

the host cells: one is endocytosis followed by release of nucleocapsids from endocytic 

vesicles, and the other one is fusion of the viral envelope with the plasma 

membrane43.  

 

 

Figure 1.7 HBV life cycle 

HBV enters hepatocytes through the specific receptor Na+-taurocholate cotransporting polypeptide 

(NTCP), followed by uncoating, and nuclear transport of the rcDNA. The rcDNA is converted to cccDNA, 

which serves as the template for transcription of HBV mRNA. These RNAs are exported to the 

cytoplasm for protein translation. pgRNA is selectively packaged inside core particles, followed by P 

protein-mediated (-) strand DNA synthesis (reverse transcription), pgRNA degradation, and (+) strand 

DNA synthesis to generate rcDNA. Mature core particles are enveloped for release as virions, or 

transported to the nucleus to generate more cccDNA.40 

 

Secondly, the viral membrane fuses with the host cell membrane and releases the 

DNA and core proteins into the cytoplasm43. Then, the nucleocapsid in cytoplasm 



 

14 
 

could be transported along with microtubules into the nucleus44. In this process, the 

partially double stranded viral DNA is dissociated from the core proteins, released into 

the nucleoplasm, repaired to full double stranded DNA, and transformed into 

covalently closed circular DNA (cccDNA), which serves as a template for transcription 

of four viral mRNAs45, 46. Then, viral mRNAs procees to replication. The largest 

transcript pgRNA is used to make the new copies of the genome and to make the 

capsid core protein and the viral DNA polymerase. In the nucleus, rcDNA could be 

repaired and form cccDNA by viral polymerase, combined with host cellular 

enzymes47. The cccDNA serves as a transcriptional template in the nucleus and 

utilizes the cellular transcriptional machinery to produce all viral RNAs45. The RNA 

transcripts are then transported to the cytoplasm and translate into associated 

proteins, while pgRNA is assembled with core protein and polymerase proteins to 

form the RNA-containing nucleocapsid in cytoplasm. Maturation of RNA-containing 

nucleocapsid includes synthesis of the (-) DNA strand, pgRNA degradation and 

synthesis of the (+) DNA strand by the different enzyme activities of viral polymerase48. 

Four viral transcripts, including 3.5 kb preC RNA and pgRNA, 2.4 and 2.1 kb preS/S 

mRNAs, and 0.7 kb HBx, undergo additional processing and go on to form progeny 

virions. The long mRNA is then transported back to the cytoplasm where the virion P 

protein synthesizes DNA via its reverse transcriptase activity49, 50.  

The last step is virions release. In this process, nucleocapsids can be directly bud into 

the endoplasmic reticulum (ER) or proximal Golgi membranes to acquire their 

glycoprotein envelope, and trigger new virions secretion, or they are re-imported into 

the nucleus to amplify the cccDNA pool51. This pathway is important for virus 

persistence in hepatocytes and also contributes to the relapse of viremia after 

stopping antiviral treatment in chronic HBV infected patients45.  

 

1.2.3 Modulation of HBV replication 

HBV gene expression can be regulated during transcription or post-transcriptional 

processes. Therefore, HBV replication is regulated by many extracellular and 

intracellular factors such as specific hormones, inflammatory cytokines, intracellular 

signaling pathways and metabolic processes52-55.  

The HBV cccDNA plays a key role in the viral life cycle and permits the persistence of 

infection45. cccDNA accumulates in hepatocyte nuclei and forms a stable 

minichromosome organized as a template for the transcription of viral mRNAs. Thus, 

http://en.wikipedia.org/wiki/CccDNA
http://en.wikipedia.org/wiki/MRNA
http://en.wikipedia.org/wiki/MRNA
http://en.wikipedia.org/wiki/Capsid
http://en.wikipedia.org/wiki/DNA_polymerase
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HBV utilizes the cellular transcriptional machinery to produce all viral RNAs necessary 

for viral protein production and viral replication56, 57. Moreover, the acetylation status 

of cccDNA-bound histones is closely correlated with viremia levels, indicating that 

epigenetic mechanisms can regulate the transcriptional activity of the cccDNA57.  

Virus replication also relies on host cells. The ability of HBV replication mainly 

depends on the nature of the antiviral stimulus applied. Host cellular factors 

participate in HBV life cycle in almost every step from cccDNA formation, transcription, 

core particle formation and progeny secretion. The proliferation status of host cells 

also affects HBV replication58, 59. In addition, HBV replication can be controlled by 

multiple cellular transcription factors, in particular, several nuclear receptors like 

farnesoid X receptor α (FXRα), hepatocyte nuclear factor 4α (HNF4α), liver X receptor 

(LXR), retinoid X receptor α (RXRα), and peroxisome proliferator activated receptor 

α/γ (PPARα/γ)60.  

Moreover, there are other cell pathways that contribute to control HBV replication, 

such as host innate immunity61. As shown previously, type I IFNs, proinflammatory 

cytokines, and chemokines play essential roles in controlling HBV infection. IFNs elicit 

an anti-viral response by triggering the JAK-STAT signaling pathway, followed an 

increase in the expression levels of IFN-stimulated genes (ISGs), whose products 

exhibit antiviral effects62. At present, activation of innate immune response can act as 

a therapeutic approach for chronic hepatitis B infection. 

Among the relevant intracellular pathways, the phosphatidylinositol 3-kinase 

(PI3K)/Akt signaling pathway is a major cellular pathway involved in regulating HBV 

infection63, 64. Guo et al. have reported that HBV replication could be inhibited by 

activation of the PI3K/Akt signal pathway63. This mechanism is likely in part 

responsible for the reduced HBV replication observed in tumor cells, which can show 

activation of the PI3K/Akt pathway. Moreover, Hepatitis B surface antigen (HBsAg) 

synthesis may also be regulated through the PI3K/Akt/mTOR signaling pathway65.  

HBV may also be regulated by metabolic processes, including autophagy28, 66-68. 

Autophagy is also known as one of the host defense responses against infections. 

However, it has been demonstrated that HBV induces autophagy and elicits this to 

facilitate its DNA replication. This process is mediated by the HBx protein, which binds 

to and activates class III phosphatidylinositol-3-kinase (PI3KC3), an enzyme 

important for autophagy initiation69, 70. There is also evidence showing that the small 

HBV surface protein is required to induce autophagy formation by triggering unfolded 
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protein responses71.  

 

1.2.4 HBV-associated liver diseases 

According to the recent estimation of the World and Health Organisation (WHO), there 

are about 257 million people with chronic HBV infection worldwide. It is well 

established that chronic HBV infection leads to severe liver diseases and fibrosis, and 

may finally develop into liver cirrhosis and hepatocellular carcinoma (HCC)72, 73. Until 

now, HBV infection is still one of the most common chronic viral infection worldwide. 

HBV is primarily transmitted through parenteral routes, mucosal contact, or perinatal 

exposure. About 5% of adults with acute exposure to HBV develop chronic infections, 

and up to 90% of newborns exposed by vertical transmission may develop chronic 

HBV74. Acute HBV infection is self-limiting and may be self-cleaned in several months.  

Chronic infection with HBV is a major cause of HCC, a leading cause of 

cancer-related death75. The risk of HCC associated with HBV is significant and can 

exist without cirrhosis, resulting in a 20-fold increased risk of HCC in individuals with 

chronic infection76. In areas of high HBV endemicity, persons with cirrhosis have an 

approximately 16-fold higher risk of HCC than the inactive carriers, and a 3-fold higher 

risk for HCC than those with chronic hepatitis but without cirrhosis77. HBV DNA 

genome is able to integrate into the host chromosomal DNA, resulting in host genome 

rearrangements and instability, which lead to large inverted repeats, deletions and 

chromosomal translocations78. Although the tumorigenesis mechanism of HBV is still 

unclear, several factors have been found to be associated with a high risk of 

developing HCC in patients with chronic hepatitis B (CHB). For example, HBx seems 

to play a key role in the development of HCC79-82. HBx does not bind directly to host 

DNA, but acts on cellular promoters through protein-protein interactions and by 

regulating cytoplasmic signaling pathways. HBV exerts its carcinogenic potential 

through a multifactorial process, including both direct and indirect mechanisms that 

likely act synergistically83. In addition, the association between HCC and HBV 

recurrence after liver transplantation and the detection of cccDNA in HCC cells 

indicate the possibility of HBV replication in tumor cells. The latter may be a potential 

reservoir of HBV recurrence, especially in patients with recurrent HCC84. 

Vaccination can prevent HBV infection. The HBV vaccine can be administered as 

recombinant or plasma-derived HBsAg and is effective in preventing chronic HBV 

infection in over 95% of cases. According to data from a longitudinal cohort study, 
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vaccination can provide long-term immunity for more than 20 years85. Since the 

preventive vaccine was available in 1981, the implementation of universal vaccination 

of infants plays a key role in the sharp decline in prevalence86. Several serological 

markers of HBV infection, such as HBsAg and anti-HBs, HBeAg and anti-HBe, and 

anti-HBc IgM and IgG, have been used in clinical diagnosis. Currently, the treatments 

for patients with chronic HBV infection include interferon-α and nucleoside analogues. 

However, they are limited by low rates of sustained response, side effects, and the 

emergence of drug resistance87. The main obstacle in the cure of CHB is the inability 

to eradicate or inactivate cccDNA45, 88. Thus, it is essential to further investigate the 

complex host-HBV interaction and gain more thorough understanding of the 

mechanisms of HBV pathogenesis and identify potential new therapeutic targets. 

 

1.3 Autophagy 

1.3.1 The autophagy machinery 

Macroautophagy (known as autophagy) is an evolutionarily ancient and highly 

conserved catabolic process, involving extensive degradation of cellular proteins and 

damaged organelles to provide macromolecular precursors for recycling or for fuel 

metabolic pathways89-91. The autophagy process is mediated by various 

autophagy-related (ATG) proteins and can be divided into at least five sequential 

steps: autophagy initiation, membrane nucleation and phagophore formation, 

phagophore expansion, fusion of the autophagosome (the fully enclosed phagophore) 

to a lysosome, and degradation of sequestered cargo in the autolysosome (Figure 

1.8)92. Different ATG molecules are implicated in these steps93. Initiation begins with 

the activation of the ULK1 (also known as ATG1 in yeast) complex 

(ULK1-ATG13-FIP200), which activates a class III PI3K complex comprising VPS34, 

ATG14, UV radiation resistance-associated gene protein and activating molecule in 

BECN1‑regulated autophagy protein 1, all of which are scaffolded by a putative tumor 

suppressor, Beclin 194. The ATG5-ATG12 complex conjugates with ATG16 to expand 

the autophagosome membrane, and members of the LC3 (also known as ATG8 in 

yeast) are conjugated to the lipid phosphatidylethanolamine (PE) and recruited to the 

membrane. ATG4B, in conjunction with ATG7, conjugates LC3I and PE to form LC3II. 

This lipid-conjugated form of LC3 commonly serves as an autophagosome marker. 

Ultimately, the autophagosome fuses with the lysosome, the contents are degraded 

and macromolecular precursors are recycled or used to fuel metabolic pathways. The 
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adaptor protein sequestosome 1 (also known as p62), which targets specific 

substrates to autophagosomes, and LC3II are degraded along with other cargo 

proteins and can be used as a measure of autophagic flux95.  

 

 

 

Figure 1.8 A schematic depicting the process and main regulatory machinery of autophagy  

Autophagy is a multistep process that includes (1) initiation, (2) membrane nucleation and phagophore 

formation, (3) phagophore expansion, (4) fusion with the lysosome, and (5) degradation, which 

correspondingly are regulated by multiple proteins, referred to as autophagy- related proteins (ATGs). 

The conserved metabolic sensors and longevity determinants mTORC and AMP-activated kinase 

(AMPK) are the main regulators of autophagy, with mTORC acting as an inhibitor and AMPK as an 

activator.92 

 

1.3.2 Main regulatory machinery of autophagy 

Key upstream regulators of the autophagy process include the highly conserved 

nutrient sensors mTORC and AMP activated kinase (AMPK), which directly 

phosphorylate ULK1, a conserved kinase that serves as the key upstream initiator of 

autophagy (Figure 1.8). PKA directly activates mTORC1, inactivating both AMPK and 

autophagy. AMPK negatively regulates mTORCC1 either directly or by activating the 

TSC2 protein. Another important upstream factor is Akt/PKB, a negative regulator of 

the TSC1/2 complex.  

Under growth factor deprivation or nutrient starvation, the activity of mTORC1 is 

inhibited by AMPK. The ULK1/2 complex is also directly activated by AMPK-mediated 

phosphorylation, resulting in the translocation of ULK1/2 complex to the membrane of 

endoplasmic reticulum (ER)96-98. In mammalian cells, ULK1 can be activated by both 
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AMPK-dependent (glucose starvation) and AMPK-independent (amino acid starvation) 

processes96. The ULK1/2-ATG13-RB1CC1 interaction is nutrient independent, 

forming a complex even in nutrient-rich conditions99. In this situation, mTORC1 

phosphorylates and inhibits ULK1/2 and ATG13, disrupting the interaction between 

ULK1 and AMPK96. In contrast, under autophagy-inducing conditions, mTOR is 

released from the complex, resulting in activation of ULK1/2, which phosphorylates, 

and presumably activates, ATG13 and RB1CC1. AMBRA1 and BECN1, components 

of the autophagy-promoting PtdIns3K complexes, are also phosphorylated by ULK1. 

These modifications result in localization of the lipid kinase complex to the ER and its 

activation100, 101.  

Although mTORC was considered as a main regulatory machinery of autophagy, 

mTORC-independent pathways have been recently reported. Such as amino acid 

inhibits Raf-1-MEK1/2-ERK1/2 signaling cascade, thereby inhibiting autophagy102 and 

JNK1 and DAPK phosphorylate and disrupt the interaction of anti-apoptotic proteins 

with Beclin 1, resulting in the activation of the Beclin 1-associated class III PtdIns3K 

complex and initiation of autophagy103, 104.  

 

1.3.3 Autophagy and HBV 

Autophagy has been implicated in a number of cellular and developmental processes, 

including cell-growth control and programmed cell death105. Notably, the dysfunction 

of autophagy has been implicated in multiple diseases, including neurodegenerative 

diseases, muscle diseases, cancer, cardiac diseases, and infectious diseases. 

Autophagy can contribute to innate and adaptive immunity against intracellular 

microbial pathogens or their products106, 107.  

Most viruses, such as sindbis virus and vesicular stomatitis virus (VSV), seem to have 

evolved mechanisms to escape cellular clearance by autophagy107-109. Many viruses 

have developed counteracting mechanisms to escape autophagic degradation110, 111. 

For example, several herpesviruses, including herpes simplex virus type 1 (HSV-1), 

bovine herpesvirus type 1 (BHV-1), human cytomegalovirus (HCMV), and herpesvirus 

saimiri (HVS), can capably suppress autophagy. For HSV-1, the viral protein ICP34.5 

interacts with Beclin-1 to inhibit autophagy induction112, 113. On the other hand, some 

DNA viruses including adenoviruses, human papillomavirus 16 (HPV16), human 

parvovirus B19 (HPV-B19) and HBV, activate portions of the autophagy pathway and 

employ this process to enhance viral replication114, 115. HBV induces early stages of 
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autophagy pathways in hepatocytes71, 116, 117. Thus, autophagy-induced cell death 

assists the final step of the adenovirus life cycle to release virus particles118.  

Previous studies have reported that HBV could be regulated by metabolic processes, 

including autophagy28, 66-68. HBV enhances and uses autophagy for its replication. 

However, the mechanisms responsible for autophagy induction as well as the step of 

HBV replication affected by autophagy are still controversial119. Upon viral infection, 

autophagy can be triggered by direct mechanisms like the recognition of viral element 

that promote autophagy protein expression, or by indirect mechanisms like virus 

triggered cellular stress. For example, during infection a large amount of viral proteins 

are synthesized and unfolded, and the misfolded proteins can activate ER stress 

response. HBV can use direct and indirect mechanisms to induce autophagy (Figure 

1.9).  

Different groups have shown that HBV expression is correlated with autophagy 

induction71, 120. HBV expression induces the formation of early phagosomes, whereas 

the rate of autophagic protein degradation is seemingly not increased. The exact 

steps impacted by autophagy are still unclear, but it seems that autophagy can either 

enhance HBV DNA replication or favor HBV envelopment. Sir et al. reported that the 

HBx protein interacts with PI3K to enhance autophagosome formation, which in turn 

activates viral DNA replication69. Moreover, the results of Liu et al. revealed that HBx 

impairs lysosome maturation by inhibiting lysosomal acidification without disturbing 

the autophagosome-lysosome fusion, which may be beneficial for HBV replication121. 

In addition, Li et al. reported that the small HBV surface protein triggers the unfolded 

protein responses and enhances the autophagic process without promoting protein 

degradation by the lysosomes, which is required for HBV envelopment but not for 

efficient HBV release71. Thus, cellular autophagy is closely related to HBV 

envelopment or its replication. 
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Figure 1.9 Autophagy is induced by HBV expression and enhances HBV replication. 

HBV induces autophagy to favor its own replication. The exact steps impacted by autophagy are still 

unclear, but it seems that autophagy can either enhance HBV DNA replication or favor HBV 

envelopment. To date, different non-exclusive mechanisms for autophagy induction have been 

proposed. The regulatory protein HBx could directly activate autophagy through the induction of 

PI3KC3 activity or the up-regulation of beclin1 expression. Finally, the small envelope protein (SHBs) 

has been shown to induce autophagy via the establishment of ER stress that triggers the unfolded 

protein response (UPR) and autophagy. Interestingly, a study has reported that induction of UPR 

triggers autophagy-dependent degradation of three HBV envelope proteins. This mechanism seems to 

be in contradiction with the previous findings. It will be interesting to determine if this 

autophagy-dependent mechanism regulates the overall production of viral particles following 

autophagy induction.122  

 

HBV can also induce autophagy indirectly via the induction of cellular stress123, 124 

(Figure 1.9). In searching for the mechanism leading to autophagy upon HBV 

expression, Li and collaborators found that the expression of HBV small surface 

protein (SHBs) induced ER stress and subsequently the activation of unfolded protein 

response (UPR) signaling pathways, such as PERK, ATF6 and IRE171. They further 

demonstrated that the blockade of any of these three UPR signaling pathways 

blocked autophagy induction. Their study supports the idea that induction of ER stress 

by SHBs is the inducer of autophagy. Moreover, the authors observed an interaction 

between SHBs proteins and the autophagosome marker LC3, suggesting that this 

interaction could be involved in the enveloping process of HBV virions (Figure 1.9). 

How autophagy enhances viral envelope acquisition needs further investigation. 
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2. Aims of the study 

Glucose is a ubiquitous energy source in biology. It is used as an energy source in 

most organisms, from bacteria to humans, through either various metabolic pathway 

including aerobic respiration and anaerobic respiration, or fermentation. Evidently, 

HBV infection interferes with most aspects of hepatic metabolic responses, including 

glucose, lipid, nucleic acid, bile acid and vitamin metabolism. Glucose and lipid 

metabolism are a particular focus due to the significant promotion of gluconeogenesis, 

glucose aerobic oxidation, the PPP, fatty acid synthesis or oxidation, phospholipid and 

cholesterol biosynthesis affected by HBV infection. Previous studies have reported 

that HBV replication induces systematic metabolic alterations in host cells. In recent 

years, it has been found that host metabolism has a significant impact on HBV 

replication. HBV infection upregulates the biosynthesis of hexosamine and 

phosphatidylcholine by activating GFAT1 and choline kinase alpha (CHKA) 

respectively. Importantly suppressing hexosamine biosynthesis and 

phosphatidylcholine biosynthesis can inhibit HBV replication and expression. In 

addition, HBV induces oxidative stress and stimulates central carbon metabolism and 

nucleotide synthesis. Thus, in this project, we asked two questions: whether the 

different glucose concentrations regulate HBV replication and what is the underlying 

molecular mechanism in this process? 

To elucidate this study, we followed the subsequent steps: 

1. Identified whether glucose could modulate HBV replication in primary human 

hepatocytes and hepatoma cells  

2. Identified whether low glucose concentration modulate HBV replication through 

inducing autophagy  

3. Identified the function of AMPK and Akt/mTOR in the regulation of HBV replication 

in response to glucose 

4. Investigated whether inhibiting GLUTs by phloretin could modulate HBV 

replication by mimicking the culture condition at a low glucose concentration 

5. Investigated whether 2-DG, an analogue of glucose, modulates HBV replication 

also through regulating AMPK and Akt/mTOR signaling pathway 

6. Identified whether inhibition of O-GlcNAcylation plays an important role in 

modulating HBV replication 

7. Identified whether inhibition of O-GlcNAcylation promotes HBV replication 

depending on induced autophagosome formation 
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8. Identified whether inhibition of O-GlcNAcylation promotes HBV replication by 

suppressing autophagic degradation 

9. Identified whether inhibition of O-GlcNAcylation promotes HBV replication via 

inhibiting mTOR signaling pathway in hepatoma cells 

10. Identified whether inhibition of N-glycosylation promotes HBV replication by 

suppressing autophagic degradation 
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3. Materials and methods 

3.1 Materials 

3.1.1 Plasmids 

The HBV plasmid pSM2 was kindly provided by Prof. Hans Will as previously 

reported125. Plasmid GFP-LC3 was a gift from Prof. Jiming Zhang, Shanghai, China.  

pGL3-HBV promoter report plasmids. The luciferase reporter plasmids containing 

HBV promoters were constructed by Dr. Xiaoyong Zhang58. The regions of HBV SP1 

promoter (nt2224-2784), SP2 promoter (nt2814-3123), core promoter (nt1648-1853), 

and HBV X promoter (nt1237-1375) were amplified from pSM2 plasmid and inserted 

into pGL3-basic vector between Mlu I and Bgl II restriction sites (Promega, Madison, 

WI) (Figure 3.1, adopted from Promega), resulting in the luciferase reporter vectors 

pSP1, pSP2, pCP and pXP, respectively. The Renilla luciferase report plasmid was 

purchased from Clontech. 

 

Figure 3.1 pGL3-basic vector circle map 

 

 

3.1.2 Reagents 

The list of the reagents used in the present study is shown as follows: 

Name Company 

Glucose Sigma-Aldrich 

2-DG Sigma-Aldrich 

Phloretin Sigma-Aldrich 

AICAR Selleck Chemicals 

OSMI-1 Sigma-Aldrich 

tunicamycin Sigma-Aldrich 



 

25 
 

CQ Sigma-Aldrich 

3-MA Sigma-Aldrich 

MHY1485 Selleck Chemicals 

Rapamycin Sigma-Aldrich 

Tunicamyicn Sigma-Aldrich 

Akti-1/2 Merck Millipore 

RPMI 1640 Medium Gibco 

RPMI 1640 Medium, no glucose Gibco 

DMEM High Glucose medium Gibco 

DMEM, no glucose Gibco 

William’s Medium E Biotech GmbH 

Opti-MEM® I (1×) Reduced Serum Medium Gibco 

Trypsin-EDTA PAA Laboratories 

HEPES Buffer Solution PAA Laboratories 

FBS PAA Laboratories 

MEM Non-Essential Amino Acids PAA Laboratories 

G418 Merck Millipore 

Penicillin/Stretomycin PAA Laboratories 

2-propanol Roche 

Tris MP BioMedicals 

Nonidet P-40 AppliChem 

NaCl MP BioMedicals 

NaOH AppliChem 

EDTA solution (pH 8.0) AppliChem 

Tris buffer (pH7.4 / 8.0 / 8.8) AppliChem 

Hydrochloric Acid Sigma-Aldrich 

Chloroform Sigma-Aldrich 

Roti-phenol Roche 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich 

DNAase I Roche 

D-PBS Invitrogen 

5× Green GoTaq™ Reaction Buffer  Promega 

20× SSC Buffer Invitrogen 

Proteinase K Qiagen 
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10% SDS AppliChem 

RNase A Qiagen 

MgCl2 MP BioMedicals 

Cocktail ThermoFisher 

Salmon Sperm DNA Invitrogen 

Sodium Acetate (3M, pH 5.5) Ambion 

4',6-Diamidino-2-phenylindole (DAPI) Sigma-Aldrich 

10× SDS-PAGE Roche 

10× TBE Buffer Invitrogen 

30% Acrylamide Solution BIO-RAD 

Glycin MP BioMedicals 

TEMED Sigma-Aldrich 

Alpha-P32 (dCTP) Hartmann Analytic GmbH 

Amersham ECL Western Blotting Reagent GE Healthcare 

AmershamTM Rapid-hyb Buffer GE Healthcare 

Amersham Protran 0.45 NC GE Healthcare 

EcoR I and Buffer New England BioLab 

Ethanol AppliChem 

peqGOLD protein marker Ⅳ(10-170kDa) Peqlab 

IllustraTM MicroSpinTM S-200 HR columns GE Healthcare 

Lipofectamine® 2000 Reagent Invitrogen 

NorthernMax®-Gly Sample Loading Dye Thermofisher 

Positively Chgd. Nylon transfer membrane GE Healthcare 

QIAprep Spin Miniprep Kit Qiagen 

QIAGEN Plasmid Midi Kit Qiagen 

QIAGEN Plasmid Maxi Kit Qiagen 

DNA Blood Mini Kit Qiagen 

Red lysis & Loading Buffer Cell Signaling 

QuantiFast SYBR Green RT-PCR kit Qiagen 

SmartLadder Eurogentec 

TRIzol® Reagent Invitrogen 

FUJI medical X-ray film (18×24) FUJI FILM Corporation 

Cell Counting Kit-8 Sigma-Aldrich 



 

27 
 

Lactate Colorimetric/Fluorometric Assay Kit BioVision Inc 

Sample Bag for BetaplateTM Maximum 

membranes Size 102*258mm 

PerkinElmer 

Tween 20 Biochemica 

Yeast RNA Ambion 

protein A/G Thermofisher 

 

3.1.3 Buffers 

The list of buffers used in the present study is shown as follows: 

Name Component 

Lysis buffer for HBV EcDNA extraction 

50 mM Tris pH 7.4 

1 mM EDTA 

1% Nonidet P-40 

Denaturation buffer 
1.5 M NaCl  

0.5 M NaOH 

Neutralization buffer 

2.0 M NaCl 

1.0 M Tris-base  

2.5% hydrochloric acid 

Wash buffer 1 for Southern blotting 2× SSC; 0.1% SDS 

Wash buffer 2 for Southern blotting 0.1× SSC; 0.1% SDS 

Lysis buffer for Immunoprecipitation 

20 mM Tirs-HCl， pH 7.4; 150 

mM NaCl; 10 mM EDTA; 1% 

NP-40; 1× cocktail 

Wash buffer for Immunoprecipitation 
10 mM Tirs-HCl， pH 7.4; 0.5 M 

NaCl; 5 mM EDTA; 0.5% NP-40;  

12 % SDS Separation gel (10 ml) 

3.3 ml ddH2O 

4.0 ml 30% acrylamide  

2.5 ml 1.5M Tris pH 8.8 

100 μl 10% SDS 

100 μl 10% AP 

4 μl TEMED 

5% SDS Concentration gel (5 ml) 
3.15 ml deionized water 

720 μl 30 % acrylamide  
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540 μl 1.0 M Tris pH 6.8 

45 μl 10% SDS 

25 μl 10% AP 

5 μl TEMED 

10× Transfer buffer (1 l) 
142.6 g Glycin 

30 g Tris-base 

10× TBS 
0.5 M Tris-HCl, pH 7.6 

 1.5 M NaCl 

 

3.1.4 Instruments 

The list of all the instruments used in the present study is shown as follows: 

Name Company 

-20 °C Freezer AEG, Germany 

-80 °C Freezer Thermo Forma, Germany 

Amersham HybondTM-N+ GE Healthcare, USA 

BIO WIARD KOJAIR BIO-FLOW Technik, Germany 

Bio Imaging System Syngene, UK 

Bin DER 
BIOTron Labortechnik GmbH, 

Germany 

CAWOMAT 2000 IR 
CAWO photochemisches Werk 

GmbH, Germany 

Centrifuge Avanti J-26Xpi Beckman Coulter, Germany 

Centrifuge 5415 R   Eppendorf, Germany 

Centrifuge: Ultracentrifuge Optima 

L-70K 
Beckman Coulter, Germany 

CO2 incubator Thermo, Germany 

Cyclone Storage Phosphor Screen Packard, USA 

Hybidization Oven/Sharker Amersham Pharmacia, USA 

Model 785 Vacuum Blotter BIO-RAD, USA 

Mini Protein Tetra Cell BIO-RAD, USA 

Mini Trans-Blot Cell BIO-RAD, USA 

Rotor-Gene Q Qiagen, Germany 

TopCount.NXTTM Packard, UK 

Vacuum Regulator BIO-RAD, USA 
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3.1.5 siRNAs 

The sequences of all siRNAs used in the present study are shown as follows: 

Name Product Name Compan

y 

Target sequence 

siR-C Allstars Negative Control siRNA Qiagen Proprietary 

siATG5 Hs_APG5L_6 FlexiTube siRNA Qiagen 
5'-AACCTTTGGCCTAA

GAAGAAA-3' 

siOGT Hs_OGT_7 FlexiTube siRNA Qiagen 
5'-AAGATTAATGTTCT

TCATAA-3' 

siOGA Hs_MGEA5_6 FlexiTube siRNA Qiagen 
5'-CAGCCTCTAGAATG

GTAACAA-3' 

 

3.1.6 Primers  

The sequences of commercial used in the present study are shown as follows: 

Name Product Name Company Cat. No. 

OGT Hs_OGT_1_SG QuantiTect Primer Assay Qiagen QT00064631 

OGA 
Hs_MGEA5_1_SG QuantiTect Primer 

Assay 
Qiagen QT00085862 

β-actin Hs_ACTB_2_SG QuantiTect primer assay Qiagen QT01680476 

 

The synthesized primer pairs were used as follows:  

HBV RNA: 5'- CCGTCTGTGCCTTCTCATCT -3' (sense) and 5'- 

TAATCTCCTCCCCCAACTCC -3' (anti-sense).   

HBV DNA primers: 5'-GTTGCCCGTTTGTCCTCTAATTC-3' (sense) and 

5'-GGAGGGATACATAGAGGTTCCTT-3' (anti-sense).  

 

3.1.7 Antibodies  

Antibodies against the following proteins were used: 

Name Source Company 

Akt Rabbit pAb Cell Signaling 

phospho-Akt Rabbit pAb Cell Signaling 

mTOR Rabbit pAb Cell Signaling 

phospho-mTOR Rabbit mAb Cell Signaling 

O-GlcNAc Rabbit pAb Cell Signaling 

https://www.qiagen.com/de/shop/pcr/real-time-pcr-enzymes-and-kits/two-step-qrt-pcr/quantitect-primer-assays/?catno=QT00085862
https://www.qiagen.com/de/shop/pcr/real-time-pcr-enzymes-and-kits/two-step-qrt-pcr/quantitect-primer-assays/?catno=QT00085862
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RL2 Rabbit pAb Santa Cruz Biotechnology 

PGC1α Rabbit pAb Cell Signaling 

ChREBP Rabbit pAb Abcam 

CREB Rabbit pAb Cell Signaling 

AMPK Rabbit pAb Cell Signaling 

phospho-AMPK Rabbit pAb Cell Signaling 

ULK1 Rabbit pAb Cell Signaling 

phospho- ULK1 S555 Rabbit pAb Cell Signaling 

anti-p62 Rabbit pAb Abcam 

anti-LC3 Rabbit pAb Cell Signaling 

anti-LC3 Mouse mAb Cell Signaling 

Anti-HBsAg Horse hAb Abcam 

anti-β-actin Mouse mAb Sigma 

p70S6 K Rabbit pAb Cell Signaling 

phospho-p70S6 K Rabbit mAb Cell Signaling 

IgG Mouse mAb Sigma 

Albumin Rabbit mAb Cell Signaling 

 

3.2  Methods 

3.2.1 Plasmid extraction 

The transformation of plasmids into E.coli strains (DH5α, Invitrogen) were performed 

according to manufacturer’s instructions.  

(1) Take competent cells out of -80 °C and thaw on ice (approximately 20-30 min).  

(2) Remove agar plates (containing the appropriate antibiotic) from storage at 4 °C 

and let warm up to room temperature.  

(3) Mix 1-5 μl of DNA (usually 10 pg-100 ng) into 20-50 μl of competent cells in a 1.5 

ml microcentrifuge. Gently mix by flicking the bottom of the tube with your finger a 

few times.  

(4) Incubate the competent cell/DNA mixture on ice for 20-30 min. 

(5) Heat shock each transformation tube by placing the bottom 1/2 to 2/3 of the tube 

into a 42 °C water bath for 90-120 s. 

(6) Put the tubes back on ice for 2 min. 

(7) Add 300 μl LB or SOC media (without antibiotic) to the bacteria and grow in 37 °C 

shaking incubator for 45-60 min. 
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(8) Plate some or all of the transformation onto a 10 cm LB agar plate containing the 

appropriate antibiotic. 

(9) Incubate plates at 37 °C overnight. 

(10) Pick a single colony from a freshly streaked selective plate and inoculate a 

starter culture of 2-5 ml LB medium containing the appropriate selective antibiotic. 

Incubate for approx. 8 h at 37 °C with vigorous shaking (approx. 300 rpm). 

(11) Dilute the starter culture 1/500 to 1/1000 into selective LB medium. For 

high-copy plasmids, inoculate 25 ml medium with 25-50 µl of starter culture. For 

low-copy plasmids, inoculate 100 ml medium with 250-500 µl of starter culture. 

Grow at 37 °C for 12-16 h with vigorous shaking (approx. 300 rpm) 

(12) Harvest the bacterial cells by centrifugation at 6000 g for 15 min at 4 °C. 

(13) Resuspend the bacterial pellet in 4 ml (high-copy plasmids) or 10 ml 

(low-copy plasmids) Buffer P1. 

(14) Add 4 ml or 10 ml Buffer P2, mix thoroughly by vigorously inverting the sealed 

tube 4-6 times, and incubate at room temperature (15-25 °C) for 5 min. 

(15) Add 4 ml or 10 ml of chilled Buffer P3, mix immediately and thoroughly by 

vigorously inverting 4-6 times, and incubate on ice for 15 min or 20 min. 

(16) Centrifuge at 15, 000 g for 30 min at 4 °C. Remove supernatant containing 

plasmid DNA promptly. Recentrifuge the supernatant at 15,000 g for 15 min at 

4 °C. Remove supernatant containing plasmid DNA promptly. 

(17) Equilibrate a QIAGEN-tip 100 or QIAGEN-tip 500 by applying 4 ml or 10 ml 

Buffer QBT, and allow the column to empty by gravity flow. 

(18) Apply the supernatant from step 16 to the QIAGEN-tip and allow it to enter the 

resin by gravity flow. 

(19) Wash the QIAGEN-tip with 2 x 10 ml or 2 x 30 ml Buffer QC. 

(20) Elute DNA with 5 ml Buffer QF. 

(21) Precipitate DNA by adding 3.5 ml (0.7 volumes) room-temperature 

isopropanol to the eluted DNA. Mix and centrifuge immediately at 15,000 g for 30 

min at 4°C. Carefully decant the supernatant. 

(22) Wash DNA pellet with 2 ml room-temperature 70% ethanol, and centrifuge at 

15,000 g for 10 min. Carefully decant the supernatant without disturbing the pellet. 

(23) Air-dry the pellet for 5-10 min, and redissolve the DNA in 100 μl sterile water. 

DNA concentration was quantified by NanoDrop microvolume 

spectrophotometers.  
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(24) Finally, purified plasmid DNA was confirmed by restriction enzyme digestion. 

 

3.2.2 Cell culture and transfection 

The human hepatoma cell line HepG2.2.15, which harbors integrated dimers of the 

HBV genome (GenBank Accession Number: U95551) and shows a constantly 

detectable level of HBV replication, was cultured in RPMI-1640 medium (Gibco) with 

10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 µg/ml streptomycin (Gibco), 

10% NEAA, 10% HEPES and 500 µg/ml G418 (Merck Millipore). Another human 

hepatoma cell line Huh7 was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, 

Gibco) supplemented with 10% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin 

(Gibco), 10% NEAA and 10% HEPES. Primary human hepatocytes were kindly 

provided by Dr. Ruth Broering, University Hospital Essen, which were cultured in 

William E medium with 250 μl insulin, 2% DMSO and 125 μl hydrocortisone 

hemisuccinate. All cell cultures were incubated in a humidified atmosphere containing 

5% CO2 at 37 ºC. 

The cultivation and viral infection of primary human hepatocytes are shown as 

follows: 

(1) 2 days before HBV infection, separate the PHHs from patient and seed them into 

12-well plate. 

(2) 1 day before HBV infection, wash the cells with PBS one time. PHHs were 

incubated with 20 μl HBV viron (2×1010 copies/ml, 1:50) and 1 ml WM1 medium (WM2 

medium + PEG 8000) at 37 °C for 24 h. 

(3) At the end of incubation (0-day post HBV infection), wash the cells with PBS 3 

times. Then PHHs were incubated with 1 ml WM2 medium. 

(4) At 2, 4, 6, day post HBV infection, harvest the supernant, wash the cells with PBS 

1 time, and change new medium with 1 ml WM2 medium. 

(5) At 10-day post HBV infection, harvest the supernant to detect HBsAg and HBeAg, 

wash the cells with PBS 1 time, and change with no-glucose medium as for 48 h or for 

72 h. 

(6) At 13-day (72 h post treatment), collect the supernatant and cells for further 

detection. 

Plasmids or siRNAs were transfected into cells at indicated concentrations using 

the Lipofectamine 2000 transfection reagent (Invitrogen) according to the 

manufacturer’s instructions. The protocol of transfection used in this study is as 
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follows: 

(1) 1 day before transfection, seed HepG2.2.15 cells/Huh7 cells into 6-well plate. 

(2) At the day for transfection, dilute 1.5 μl of 20 μM siRNA into 250 μl Opti-MEM. 

(3) Dilute 5 μl Lipo2000 into 250 μl Opti-MEM, incubate them at room temperature for 

5 min. 

(4) Add 250 μl Opti-MEM (diluted with Lipo2000) into 250 μl Opti-MEM (diluted with 

siRNA), incubate at room temperature for 20 min. 

(5) Discard the old medium from 6-well plate, and wash with PBS once.  

(6) Add 1 ml Opti-MEM® I (1×) Reduced Serum Medium into each well, and then add 

500 μl Lipo2000-siRNA complex (from step 5) drop by drop. 

(7) 4-6 hours later, change new medium with 2 ml 1640/DMEM medium with 2%FBS, 

then put the cells at 37 ºC in a humidified atmosphere. 

 

3.2.3 RNA extraction 

Total cellular RNA was extracted by using Trizol reagent (Invitrogen, Switzerland), 

followed by digestion with the DNase Set (Roche, Switzerland). The protocol of RNA 

extraction in detail is as follows: 

(1) Collect the cells from 12-well plate with 500 µl Trizol reagent by pipetting the cells 

up and down several times. 

(2) Incubate the homogenized sample for 5 min at room temperature to permit 

complete dissociation of the nucleoprotein complex. 

(3) Add 100 µl chloroform, and shake tubes vigorously by hand for 15 s.  

(4) Incubate at room temperature for 2-3 min. Centrifuge at 12,000 g at 4 °C for 15 

min. 

(5) Transfer the aqueous phase (about 250 µl) to a new 1.5 ml EP tube and add 250 

µl isopropanol.  

(6) Incubate at room temperature for 10 min. Centrifuge at 12,000 g at 4 °C for 10 min. 

(7) Remove the supernatant from the tubes, and wash the RNA pellet with 100 µl 75% 

ethanol. 

(8) Vortex the samples briefly, and centrifuge at 12,000 g at 4 °C for 5 min. 

(9) Discard the supernatant, and air dry the RNA pellet for 5-10 min. 

(10) Finally, elute the RNA into 50 µl RNase free water. Measure the concentration 

of RNA by NanoDrop microvolume spectrophotometers. 

(11) The concentration of all samples is then diluted into 100 ng/µl by adding 
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RNase free water, and then store in -80 °C or for real-time RT-PCR. 

 

3.2.4 Real-time RT-PCR 

Quantitative real-time RT-PCR 

The levels of relative mRNA expression in cells were determined by real-time RT-PCR 

analysis using commercial QuantiTect Primer Assays (Qiagen, Germany). HBV RNA 

levels in cells were also measured using real-time RT-PCR (Qiagen) with the primer 

pair: 5’-CCGTCTGTGCCTTCTCATCT-3’ (forward) and 5’-TAATCTCCTCCCCCAAC 

TCC-3’ (reverse). Finally, the ratio of mRNA levels was normalized to internal control 

beta-actin.  

The protocol of real-time RT-PCR for RNA is as follows: 

Quantification of the HBV RNA was performed by using QuantiFast SYBR Green 

RT-PCR kit (Qiagen).  

 

Reaction mixture as follows: 

Component  Volume (20 μl)  

2× SYBR Green RT-PCR Master Mix  10 μl 

10× primers  2 μl 

QuantiFast RT mix  0.2 μl 

Template RNA  1 μl 

RNase-free water  6.8 μl 

 

cycler conditions: 

1) 50 °C, 10 min for reverse transcription 

2) 95 °C, 5 min for initial activation of hotstar Taq DNA polymerase 

3) 95 °C, 10 s for denaturation 

4) 60 °C, 30 s for annealing and extension step 

40 cycles for DNA (step 3 to 4) 

 

3.2.5 Analysis of HBV gene expression 

Quantification of the levels of HBsAg and HBeAg in the supernatants 

The levels of HBsAg and HBeAg in the culture medium were determined using the 

Architect System and the HBsAg and HBeAg CMIA kits (Abbott Laboratories, 

Germany) according to the manufacturer’s instructions.  
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Quantification of HBV DNA levels 

HBV progeny DNA was extracted from culture medium using the DNA Blood Mini Kit 

(Qiagen) and quantified by real-time polymerase chain reaction (PCR) (Invitrogen). 

HBV DNA was extracted from intracellular core particles in hepatoma cell lines and 

detected by real-time PCR or Southern blotting analysis (mention below). 

The protocol of quantitative real-time PCR for quantification of total HBV DNA levels is 

as follows: 

Purification of HBV DNA from culture medium: 

(1) Pipette 20 μl QIAGEN Protease into the bottom of a new 1.5 ml EP tube. 

(2) Add 200 μl culture medium to the EP tube. 

(3) Add 200 μl Buffer AL to the sample. Mix by pulse-vortexing for 15 s. 

(4) Incubate at 56 °C for 10 min. 

(5) Add 200 μl ethanol (96–100%) to the sample, and mix again by pulse-vortexing for 

15 s.  

(6) Carefully apply the mixture from step 5 to the QIAamp spin column without wetting 

the rim, close the cap, and centrifuge at 6,000 g for 1 min. Place the QIAamp spin 

column in a clean 2 ml collection tube, and discard the tube containing the filtrate. 

(7) Carefully open the QIAamp spin column and add 500 μl Buffer AW1 without 

wetting the rim. Close the cap and centrifuge at 6,000 g for 1 min. Place the 

QIAamp spin column in a clean 2 ml collection tube, and discard the collection 

tube containing the filtrate. 

(8) Carefully open the QIAamp spin column and add 500 μl Buffer AW2 without 

wetting the rim. Close the cap and centrifuge at full speed for 3 min.  

(9) Place the QIAamp spin column in a new 2 ml collection tube and discard the 

collection tube with the filtrate. Centrifuge at full speed for 1 min. 

(10) Place the QIAamp spin column in a clean 1.5 ml EP tube, and discard the 

collection tube containing the filtrate. Carefully open the QIAamp spin column and 

add 50 μl ddH2O. Incubate at RT for 1 min, and then centrifuge at 6,000 g for 1 

min. 

(11) Store the samples at -20 °C or using as template for real-time PCR for 

detecting HBV progeny DNA directly. 

 

 

 



 

36 
 

Reaction mixture for real-time PCR: 

Component Volume (20 μl) 

2× UDG mix 10 μl 

Hope-forward prime 0.4 μl 

Hope-reverse prime 0.4 μl 

MgCl2 0.8 μl 

BSA 1 μl 

Template 2 μl 

Aqua 5.4 μl 

 

cycler conditions: 

(1) 95 °C, 15 s for denaturation 

(2) 60 °C, 15 s for annealing  

(3) 72 °C, 10 s for extension step 

45 cycles (step 1 to 3) 

 

3.2.6 Southern blotting analysis 

HBV replicative intermediates from intracellular core particles were extracted from 

hepatoma cell lines and detected by Southern blotting, respectively. The encapsided 

HBV DNA in nucleocapsids was also detected by Southern blotting. However, HBV 

nucleocapsid in cell lysates was analyzed in a native agarose gel and then detected 

by Western blotting analysis. 

The protocol of Southern blotting for detecting HBV replication is as follows: 

EcDNA extraction: 

(1) 3- or 4-days post-transfection wash the cells in 6-well plate with PBS 1 time. 

(2) Add 800 µl iced lysis buffer and incubate on ice for 10 min. 

(3) Collect the cell lysates into 2 ml EP tube, vortex vigorously for 15 s, and then 

incubate on ice for 10 min. 

(4) Centrifuge at 13,200 rpm for 2 min. 

(5) Transfer the supernatant to a new 2 ml EP tube, then add 8 µl of 1 M MgCl2 and 8 

µl of 10 mg/ml DNase I, mix gently, and incubate for 30 min at 37 °C. 

(6) Shortly centrifuge, then add 40 µl of 0.5 M EDTA (pH 8.0) to a final concentration 

of 25 mM, mix by vortex. 

(7) Shortly centrifuge, and add 80 µl 10% SDS, mix by vortex. 



 

37 
 

(8) Shortly centrifuge, and add 20 µl 20 mg/ml proteinase K. 

(9) Incubate at 55 °C for 2 h. 

(10) Add 900 µl Phenol/chloroform mix into the tube for extraction, vortex and 

static for 2 min, then centrifuge at 13,000 rpm at RT for 10 min.  

(11) Suck up the first layer liquid and add 0.7 V of isopropanol, 0.1 V of 3 M NaAc 

(pH5.2) and 2 µl of 10 mg/ml yeast RNA, incubate over night at -20 °C.  

(12) 13,200 rpm at 4 °C for 15 min, discard the supernatant carefully. 

(13) Wash the pellet with 1 ml 75% ethanol, up and down 2 times gently without 

disrupt the whole pellet, centrifuge at 8,000 rpm at RT for 5 min. Discard the 

supernatant carefully, then air dry for 5-10 min.  

(14) Dissolve the pellet in 15 µl TE buffer. 

(15) Add 5 µl 5× green loading buffer, scrape on tube shelf and short centrifugate.  

 

Run agarose gel: 

(1) Prepare 1% agarose gel. 

(2) Electrophoresis for 1.5 h at 50 V. 

(3) Wash with ddH2O one time, then denaturation for 30 min at RT with gentle 

agitation. 

(4) Wash with ddH2O one time, then neutralization for 30 min at RT with gentle 

agitation. 

(5) Wash the agarose gels with ddH2O one time, and then soak in 20× SSC.  

(6) Transfer the membranes (from down to up including: white fiberboard, filter paper, 

Nylon membrane, green plastic membrane and the agarose gels), cover the cover. 

13Hg for 2 h. 

(7) Fix DNA on the membranes at 150 J/cm2 2 times. 

 

Hybridization probe preparation: 

(1) Digest plasmid pSM2 (1 μg/μl) which contain HBV dimer by restriction enzyme 

EcoR I. 

Component Volume (100 μl) 

EcoR I 1 μl 

10× NEB 2 10 μl 

pSM2 10 μl 

Aqua 79 μl 
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(2) After digestion at 37 °C for 2 h, 25 μl 5× green loading buffer was added. Run 

0.8% agarose gel at 130 V for 2 h to separate two bands (3.2 kb for HBV fragment 

and 2.7 kb for vector), and cut 3.2 kb band for agarose gel extraction.  

(3) Agarose gel extraction to quantify the HBV fragment concentration and dilute into 

25 ng/μl. The HBV fragments were put in -80 °C for long-term storage or used 

directly for Southern blotting hybridization. 

 

Hybridization:  

(1) Dilute 5 µl HBV DNA probe (5 ng/µl) into 41 µl TE in 1.5 ml tube. 

(2) Mix and then denature at 95 °C for 5 min. 

(3) Then snap cool the DNA by placing on ice for 5 min after denaturation.  

(4) Prehybridize the membranes in 10 ml Rapid-Hyb buffer (Amersham) at 65 °C for 

10-20 min. 

(5) Centrifuge briefly the denatured DNA, and add into the reaction tube (GE 

Healthcare) which contains polymerase. 

(6) Add 2 µl/reaction α-32P dCTP into the reaction tube. 

(7) Incubate at 37 °C for 10 min. 

(8) Stop the reaction by adding 5 µl of 0.2 M EDTA. 

(9) Loosen the cap of column 1/4 turn, snap off the bottom closure of the microspin 

columns, and centrifuge for 1 min at 3,000 rpm. 

(10) Place the column in 1.5 ml tube with 100 µl of 10 mg/mL salmon sperm, and 

slowly apply the reaction sample to the resin.  

(11) 3,000 rpm for 2 min. 

(12) For use in hybridization, denature the labeled DNA by heating to 95 °C for 5 

min, then snap cool on ice for 5 min.  

(13) Add purified labeled DNA to the pre-hybridization solution by directly dropping 

into hybridization tube. 

(14) Hybridize at 65 °C overnight.  

(15) Wash the membranes with 50 ml wash buffer I (2× SSC + 0.1% SDS) at RT 

for 30 min 2 times. 

(16) Wash the membranes with 50 ml wash buffer II (0.2× SSC + 0.1% SDS) at 

65 °C for 30 min 2 times. 
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3.2.7 Western blotting analysis 

Western blotting analysis was performed to detect the relative protein expression. 

Briefly, after transfection or treatment, cells were washed with phosphate-buffered 

saline and lysised with 1× lysis buffer (Cell Signaling Technology, USA). Protein 

samples were resolved by sodium dodecyl sulfate-polyacrylamide (SDS) gel 

electrophoresis and then electrotransferred to nitrocellulose membranes. The 

membranes were incubated with the indicated primary antibodies overnight at 4 °C 

after being blocked with 5% milk in 1× TBST. The membranes were washed with 1× 

TBST and incubated (as appropriate) with a secondary peroxidase-affiniPure Rabbit 

anti-mouse IgG antibody (Jackson ImmunoResearch West Grove, USA) or a 

peroxidase-affiniPure goat anti-rabbit IgG antibody (Jackson ImmunoResearch). 

Immunoreactive bands were visualized using an enhanced chemiluminescence 

system (GE Healthcare, UK). 

The protocol of Western blotting in detail is as follows: 

(1) Aspirate culture media from 12-well plate, wash the cells with PBS, and aspirate 

it. 

(2) Lyses the cells by adding 100 µl of 1× red lysis buffer (Cell Signaling). Scrape off 

the cells from the plate immediately and transfer them to a new precool 1.5 ml 

centrifuge tube. 

(3) Heat the samples at 95 ºC for 10 min; then cool on ice. 

(4) Prepare four 12%-15% separate gel.  

(5) Load protein samples into SDS-PAGE gel: 3 µl protein marker/well, 10 µl 

sample/well for purpose band, and 3 µl sample/well for beta-actin detection.  

(6) Run at 90 V for 30 min firstly, and then change to 130 V for 1.5 h.   

(7) Transfer to NC membrane, 250 mA for 1 h.            

(8) Incubate the membranes in 5% milk at RT for 1 h.  

(9) Wash the membranes with 1× TBST. 

(10) Incubate the membranes in primary antibody (1:1000, by 0.25% milk in 

1×TBST) at 4 ºC overnight with gentle agitation. 

(11) Wash the membranes with 1× TBST for 10 min 3 times. 

(12) Incubate the membranes in 5 ml HRP-conjugated secondary antibody 

(1:15000, by 0.25% milk in 1× TBST) at RT with gentle agitation for 1 h.  

(13) Wash the membranes with 1× TBST for 10 min 3 times. 

(14) Put the membrane in plastic wrap and add 600 µl ECL buffer/membrane, then 
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put into black-box for exposure. 

 

3.2.8 Immunoprecipitation analysis 

1. For adherent cells, harvest with trypsin-EDTA and then centrifuge at 3000 rpm 

for 5 min. For suspension cells, harvest by centrifuge at 3000 rpm for 5 min. 

2. Wash cells by suspending the cell pellet with medium which contains FBS, 

centrifuge at 3000 rpm for 5 min. Use a pipette to carefully remove and discard the 

supernatant, leaving the cell pellet as dry as possible. 

3. Add 770 µl lysate buffer （20 mM Tirs-HCl， pH 7.4; 150 mM NaCl; 10 mM 

EDTA; 1% NP-40） to the cells. Then add 32 μl 25×cocktail to the cell. Place the 

tube on a vibrating mixer in the cold room for 30 min at 4 ºC to completely break 

the cells. Centrifuge at 12,000 rpm for15 min at 4 ºC. Collect and transfer the 

supernatant to a new tube. This is the whole cell lysate (WCL).  

4. Measure protein concentration by Bradford. 

5. Prepare input aliquots, one for IP (usually ≥500 µg)*, one for direct 

western-blotting (“input sample”, usually 20-50 µg).  

* Depending on the abundance of the protein to be Immuno-precipitated, ≥500 µg 

protein in input may be used for IP; for transfected 239T cells, usually 500 µg 

lysate is sufficient for IP the exogenously expressed protein. 

6. Mix input aliquot and antibody or IgG (usually 2-4 µg is sufficient for 1000 µg 

input lysis, monoclonal antibody is highly recommended) together in a tube. Place 

IP mixture on a rotating mixer (slow rotating), and incubate for 4 h 

(non-Phosphorylated protein) at 4 ºC.  

7. Wash protein-G agarose (20-30 µl per IP) with 1ml basic IP buffer. Repeat for 

twice. 

8. Mix IP mixture and 80 μl protein-G agarose together in a tube, and incubate 

overnight at 4 ºC.  

9. Spin the IP mixture for 12,000 rpm at 4 ºC for 1 min. Discard the supernatant. 

Wash the agarose with 1 ml basic IP buffer by inverting the tube several times to 

mix. Repeat washing at least twice, and use a gel loading tip (long tip) to 

completely remove the remaining basic IP buffer. 

10. Mix the 1% SDS and 3× Red loading buffer (2:1), then add 30µl 1× Red 

loading buffer to the protein-G agarose, incubate the tube on ice for 5 min, 

followed by 5 min at 95 ºC. Mix on the vibrating mixer for 10s. Spin the tube, collect 
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the supernatant. This is the “IP sample”. 

11. Then run the western blotting. 

 

3.2.9 Luciferase reporter gene assay 

The Dual-Glo luciferase reporter assay (Promega) was used to detect the firefly 

luciferase activity and the internal control Renilla luciferase activity. Four luciferase 

reporter plasmids pSP1 (nt 2224-2784), pSP2 (nt 2814-3123), pCP (nt 1648-1853), 

and pXP (nt 1237-1375), based on pGL3 basic were constructed with HBV promoters 

previously and used in the assay as described58.The protocol of Dual-Glo luciferase 

reporter assay is as follows: 

(1) 48 h post transfection, discard the culture medium, wash the cells with PBS once, 

and remove it. 

(2) Add 50 µl PBS for each well.  

(3) Add 50 µl Dual-Glo luciferase Reagent to each well.  

(4) Punch the cells with tip into 96-well black plate from 48-well plate. 

(5) Cap the plate and measure the firefly luminescence.  

(6) Add 50 µl Dual-Glo stop reagent to each well and wait for at least 10 min then 

measure Renilla luminescence.  

(7) Calculate the ratio of firefly to Renilla. 

 

3.2.10 Immunofluorescence staining and quantification 

Immunofluorescence staining was performed as described previously120. Briefly, 

HepG2.2.15 cells were grown on coverslips and cultured with different concentrations 

of glucose as indicated in each experiment. After 48 h, the cells were washed with 

PBS, fixed in 4% paraformaldehyde, and permeabilized with 0.1% Triton X-100. The 

cells were incubated with anti-LC3B and anti-HBsAg primary antibodies and then 

stained with Alexa Fluor 488-(Jackson ImmunoResearch, 111-545-003) conjugated 

Goat anti-Rabbit IgG (H+L) or Alexa Fluor 574-(Jackson ImmunoResearch) 

conjugated Goat anti-Horse IgG (H+L). The nuclei were stained with 

4’,6-diamidino-2-phenylindole (DAPI), and the distribution of LC3B protein was 

visualized with an LSM 710 microscope (Zeiss, Jena, Germany) with a 

Plan-Apochromat 63×/1.40 oil Iris M27 objective. Moreover, Huh7 cells were grown 

on cover slips and cotransfected with the plasmid GFP-LC3, or siRNAs. After 

transfection for 48 h, cells were fixed in 4% paraformaldehyde for 10 min, and 
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permeabilized with 0.1% Triton X-100 for 10 min. The nuclei were stained with 4’, 

6-Diamidino-2-phenylindole (DAPI), and the distribution of the GFP-tagged LC3 

protein was visualized with an LSM 710 microscope (Zeiss, Jena, Germany) with a 

Plan-Apochromat 63×/1.40 oil Iris M27 objective. In addition, Huh7 cells were grown 

on cover slips and trasfected with the plasmid GFP-mCherry-LC3, 6 h post 

transfection, cells were treated with OSMI-1 or TM for 48 h. Then, cells were fixed in 

4% paraformaldehyde for 10 min, and permeabilized with 0.1% Triton X-100 for 10 

min. The nuclei were stained with 4’, 6-Diamidino-2-phenylindole (DAPI), and the 

distribution of the GFP-mCherry-tagged LC3 protein was visualized with an LSM 710 

microscope (Zeiss, Jena, Germany) with a Plan-Apochromat 63×/1.40 oil Iris M27 

objective. Images were acquired by ZEN acquisition software (2012; Carl Zeiss) and 

analyzed by ImageJ software. The number of LC3B puncta in cells was quantified as 

described previously126. 

The protocol of immunofluorescence staining in detail is as follows: 

(1) Fix the cells with 200 µl 4% formaldehyde, incubate at RT for 10 min. 

(2) Wash the cells with 200 µl PBS for 5 min 3 times. 

(3) Incubate with 200 µl 0.1% Triton X-100 at RT for 10 min.  

(4) Wash the cells with 200 µl PBS for 5 min 3 times. 

(5) Block with 150 µl 5% FBS in PBS, at RT for 30 min. 

(6) Wash the cells with 200 µl PBS for 5 min 3 times. 

(7) Incubate with 150 µl primary-antibody (1:200) at RT for 1 h.  

(8) Wash the cells with 200 µl PBS for 5 min 3 times. 

(9) Incubate with 150 µl second-antibody (1:200) with FITC-labeled at RT for 1 h. 

(10) Incubate with 150 µl DAPI (1:1000) at RT for 10-15 min. 

(11) Wash the cells with 200 µl PBS for 5 min 3 times. 

(12) Add 1 drop fluorescent mounting medium (Dako) onto the slide. Cover with glass 

lip and seal with nail polish. 

3.2.11 Cell proliferation assay 

Cell proliferation was determined by a Cell Counting Kit-8 Assay kit (Sigma-Aldrich, 

96992) according to the manufacturer’s protocol. The protocol of CCK8 in detail is as 

follows: 

(1) Inoculate cells (about 1× 104/well in 100 μl medium) in a 96-well plate. 

Pre-incubate the plate in a humidified incubator at 37 °C and with 5% CO2. 

(2) 24 h later, treated the cell with indicated small chemical reagents for 6, 12, 24, 48, 
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and 72 h. 

(3) Add 10 μl of the CCK8 solution to each well of the plate. Note: Be careful not to 

introduce bubbles to the wells, as they interfere with the O.D. reading.  

(4) Incubate the plate for 1 h in the incubator at 37 °C and with 5% CO2.  

(5) Measure the O.D. absorbance at 450 nm using a microplate reader.  

 

3.2.12 Lactate assay 

Accumulation of lactate in the culture medium was determined using a Lactate 

Colorimetric/Fluorometric Assay Kit (BioVision Inc, K607), according to the 

manufacturer’s protocol. After centrifugation (3,500 rpm, 15 min, 4 °C), cell culture 

medium was stored at -20°C. Samples were diluted in assay buffer and mixed with 

lactate reaction mixture for 30 min. The optical density of the mixture in each well was 

measured at 577 nm on a microplate reader (Molecular Devices, Sunnyvale, CA). The 

lactate concentration was calculated from a standard curve and normalized against 

cell numbers. 

 

3.2.13 Statistical analysis 

Data are presented as mean ± SEM. Statistical analyses were performed using Graph 

Pad Prism software version 7 (La Jolla, CA, USA). Analysis of variance with two-tailed 

Student’s t test or by one-way ANOVA with a Tukey posttest was used to determine 

significant differences. Differences were considered statistically significant when 

p<0.05. All experiments were repeated independently at least three times.
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4. Results 

4.1 Low glucose concentration enhances HBV progeny secretion, replication 

and transcription in hepatocytes 

4.1.1 Low glucose concentration enhances HBV progeny secretion and 

replication in HepG2.2.15 cells 

Given glucose as one of the most important metabolic substrates in living organisms, 

we asked whether and how external glucose supply regulates HBV replication. Under 

the standard condition, HepG2.2.15 cells with stable HBV replication were grown in 

complete RPMI-1640 medium with 10 mM glucose. We first examined how the 

glucose concentration in the culture medium affected HBV replication and gene 

expression. HepG2.2.15 cells were cultured with different glucose concentrations (5, 

10, and 25 mM). HBV RIs were prepared on day 4 and subjected to Southern blotting 

analysis. The amount of HBV RIs decreased significantly with increasing glucose 

concentrations (Figure 4.1, A). The levels of encapsidated and secreted HBV DNA (in 

HBV virions) were determined using real-time PCR. Consistently, a low glucose 

concentration of 5 mM in the cell culture medium led to increased levels of both 

intracellular and secreted HBV DNA (Figure 4.1, B). The levels of intracellular and 

secreted HBsAg and HBeAg were measured by CMIA. The levels of intracellular and 

secreted HBsAg but not secreted HBeAg were substantially higher under the low 

glucose condition (Figure 4.1, C). 

 

 

Figure 4.1 Low glucose concentration enhances HBV replication and progeny secretion in 

HepG2.2.15 cells 

HepG2.2.15 cells were cultured with different glucose concentrations (5, 10, and 25 mM) and 

harvested after 72 h. (A) Encapsidated HBV replicative intermediates (RIs) were detected by Southern 

blotting. (B) The levels of intracellular and secretion HBV DNA were determined by real time PCR. (C) 
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HBsAg and HBeAg in supernatant were quantified by chemiluminescence immunoassay (CMIA). S/CO 

= signal to cutoff ration; RC = relaxed circular DNA; SS = single-stranded DNA. *p<0.05; **, ## p<0.01; 

***p<0.001; ns, not significant. 

 

4.1.2 Low glucose concentration enhances HBV transcription 

To explain the changes in HBV replication activity at different glucose concentrations, 

the effects of glucose concentrations on HBV gene expression were judged by 

determining the levels of HBV RNAs using real time RT-PCR and the HBV promoter 

activity using luciferase reporter assays. The levels of HBV RNAs were highest at the 

glucose concentration of 5 mM, compared with those at higher glucose concentrations 

(10 and 25 mM) (Figure 4.2, A). However, HBV RNAs levels changed less than 2-fold 

among the different glucose concentrations in the cell cultures. The luciferase reporter 

assays clearly showed that single HBV promoter activity dropped slightly (Figure 4.2, 

B), though the levels of some specific transcription factors, such as PGC1α, CREB, 

and ChREBP, were strongly reduced at the higher glucose concentrations (Figure 4.2, 

C). These results suggest that the glucose concentration modulates HBV transcription. 

Nevertheless, the regulation at the level of transcription was apparently not the only 

mechanism to determine the changed magnitude of HBV replication at different 

glucose concentrations. 

 

 

Figure 4.2 Low glucose concentration enhances HBV transcrition in HepG2.2.15 cells 

(A) HepG2.2.15 cells were cultured with different glucose concentrations (5, 10, and 25 mM) and 

harvested after 72 h. HBV RNA levels in HepG2.2.15 cells were analyzed by RT-PCR. (B) HepG2.2.15 

cells were co-transfected with pGL3, pSP1, pSP2, pCP, pXP and Renilla, 6 h post-transfection, 

cultured with different glucose concentrations (5, 10, and 25 mM) for 48 h. Dual-Glo luciferase report 

assay was performed to measure the firefly and Renilla luciferase activities. The results were 

calculated by fold change and normalized to the control samples. (C) HepG2.2.15 cells were cultured 

with different glucose concentrations (5, 10, and 25 mM) and harvested after 72 h. PGC1α, ChREBP 

and CREB expression were analyzed by western blotting, and beta-actin was used as a loading control. 

*p<0.05; **p<0.01; ***p<0.001; ns, not significant. 
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4.1.3 Different concentration of glucose in medium did not affect cell 

proliferation 

Low glucose concentration may cause insufficient nutrition of cells. Therefore, we 

added pyruvate as a supplement at different glucose concentrations in the culture 

medium. Nevertheless, adding pyruvate did not affect HBV replication at low glucose 

concentration (Figure 4.3, A). Next, cell proliferation was measured using a CCK8 

assay at indicated time points from 6 to 72 h after cultured in different glucose 

concentrations. These glucose concentrations did not affect cell proliferation of 

HepG2.2.15 cells at any indicated time point (Figure 4.3, B). 

 

 

Figure 4.3 Different concentration of glucose in medium did not affect cell proliferation 

(A) HepG2.2.15 cells were cultured with different concentration of glucose (5, 10, and 25 mM) 

combined with 1 mM pyruvate for 48 h. HBsAg and HBeAg secretion in supernatant were detected by 

CMIA. (B) Cell proliferation was measured by CCK8 assay at 6, 12, 24, 48, and 72 h after cultured with 

different concentration of glucose (5, 10, and 25 mM). *p<0.05; **p<0.01; ***p<0.001; ns, not 

significant. 

 

4.1.4 Low glucose concentration enhances HBV progeny secretion and 

replication in primary human hepatoma cells 

Finally, PHHs were infected with HBV and cultured at glucose concentrations of 5 and 

10 mM up to 10 days post-infection. HBV infection in PHHs was determined by 

measuring levels of HBsAg and HBeAg in the culture supernatants. At low glucose 

concentration, the HBsAg but not HBeAg levels were markedly increased in the 

culture supernatants (Figure 4.4, A), consistent with the findings in HepG2.2.15 cells. 

To assess the differentiation status of cultured PHHs during the course of infection 

and treatment, we examined the expression level of albumin by western blotting. 

There was almost no change in the expression level of albumin during the 

experiments (Figure 4.4, B), suggesting that PHHs maintained the differentiated 

status. In fact, HBsAg and HBeAg production usually increases during the time frame 

up to 12 days 127, indicating that PHHs fully support HBV replication. 
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Figure 4.4 Low glucose concentration enhances HBV progeny secretion and replication in 

primary human hepatoma cells 

PHHs were infected with HBV virions (multiplicity of infection (MOI)=30). 10 days post-infection, PHHs 

were cultured in DMEM medium with the indicated glucose concentrations (5, and 10 mM) and 

harvested after 48 h. (A) The HBsAg and HBeAg levels in the culture supernatants were determined as 

described above. (B) PHHs were infected with HBV virions (multiplicity of infection (MOI)=30). The cell 

lysates were collected at the indicated time points. The expression of albumin was detected by western 

blotting using beta-actin as a loading control. *p <0.05; **p <0.01. 

 

Collectively, the data suggest that low glucose concentration enhances HBV 

replication in hepatoma cells and PHHs. However, the changes in HBV transcription 

do not fully explain the difference on HBV replication activity at low and high glucose 

concentrations. Other cellular mechanisms may participate in the modulation of HBV 

replication. 

 

4.2 Enhanced HBV replication at low glucose concentration is dependent on 

increasing autophagic flux 

4.2.1 Low glucose concentration increases autophagic flux 

AMPK is active at low glucose concentrations and interacts with ULK1, subsequently 

phosphorylating ULK1 at amino acid residue Ser 555, thereby initiating autophagy 96. 

Furthermore, the Akt/mTOR pathway is inhibited at low glucose concentrations 128, 129. 

In addition, previous studies reported that the Akt/mTOR pathway is negatively 

associated with HBV replication 126, 130, 131. Therefore, we proposed that glucose 

modulated HBV replication through the AMPK- and Akt/mTOR/ULK1-induced 

autophagy. The levels of LC3 at the indicated glucose concentrations were measured 

using IF staining and western blotting analysis. At low glucose concentration (5 mM), 

the numbers of endogenous LC3-positive autophagic puncta as well as HBsAg 

expression (Figure 4.5, A), and the expression levels of LC3-II and p62 (Figure 4.5, B) 

were markedly higher than those at higher glucose concentrations in HepG2.2.15 

cells. In an additional experiment, HepG2.2.15 cells were cultured at three indicated 

glucose concentrations with or without CQ, an inhibitor of autolysosomal cargo 
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degradation. The 5 mM glucose further permitted LC3-II accumulation (Figure 4.5, C), 

suggesting a stronger autophagic flux at the low glucose concentration. 

 

 

Figure 4.5 Low glucose concentration incrases autophagasome formation 

(A) HepG2.2.15 cells were cultured with different glucose concentrations (5, 10, and 25 mM) and 

harvested after 48 h. The cells were fixed, and incubated with a primary rabbit anti-LC3B and horse 

anti-HBsAg antibodies, and then stained with an Alexa Fluor 488-conjugated anti-rabbit and Alexa 

Fluor 594-conjugated anti-horse secondary antibody IgG, respectively. The distribution of LC3 was 

imaged by immunofluorescence microscopy. Scale bar, 5 μm. (B) HepG2.2.15 cells were cultured with 

different glucose concentrations (5, 10, and 25 mM) and harvested after 48 h. LC3 and p62 expression 

were analyzed by western blotting, and beta-actin was used as a loading control. (C) HepG2.2.15 cells 

were cultured with different concentration of glucose (5, 10, and 25 mM) for 24 h. After that, treated the 

cells with 10 μM chloroquine (CQ) for 24 h. LC3 and p62 expression were analyzed by western blotting, 

using beta‐actin as a loading control. *p<0.05; **p<0.01; ***p<0.001; ns, not significant. 

 

4.2.2 Low glucose concentration enhances HBV replication through increasing 

autophagic flux 

To further investigate the involvement of autophagy in the modulation of HBV 

replication at different glucose concentrations, the autophagy-related gene ATG5 was 

silenced and HBV replication, intracellular HBsAg and HBeAg levels, and HBsAg and 
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HBeAg levels in the supernatants were measured. ATG5 silencing decreased the 

LC3-II levels in HepG2.2.15 cells at all three indicated glucose concentrations used 

for cell culture (Figure 4.6, A). Furthermore, HBV IRs, intracellular HBV DNA levels, 

intracellular HBsAg levels, and HBsAg levels in the supernatants were also lower at 

all used glucose concentrations (Figure 4.6, B). In summary, low glucose 

concentration increases autophagic flux which is associated with enhanced HBV 

replication. 

 

 

Figure 4.6 Low glucose concentration enhances HBV replication through incrasing autophagic 

flux 

(A) HepG2.2.15 cells were transfected with specific small interfering RNAs against ATG5 mRNA, or a 

control siRNA (siR‐C) at 40 nM, 24 h post-transfection, cultured with different glucose concentrations (5, 

10, and 25 mM) and harvested after 48 h. LC3 and p62 expression were analyzed by western blotting, 
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and beta-actin was used as a loading control. (B) HepG2.2.15 cells were transfected with specific small 

interfering RNAs against ATG5 mRNA, or a control siRNA (siR‐C) at 40 nM, 24 h post-transfection, 

cultured with different glucose concentrations (5, 10, and 25 mM) and harvested after 72 h. HBV RIs in 

cells were isolated and detected by Southern blotting. The levels of intracellular HBV DNA were 

detected by qRT-PCR. The levels of intracellular HBsAg and HBeAg, and that in supernatants were 

determined as described above. S/CO = signal to cutoff ration; RC = relaxed circular DNA; SS = 

single-stranded DNA. *p<0.05; **p<0.01; ***p<0.001; ns, not significant. 

 

4.3 Glucose changes HBV replication through regulating 

AMPK-Akt/mTOR-dependent autophagy 

4.3.1 Low glucose concentration incrases AMPK activity, but decreases 

Akt/mTOR avtivities  

Next, we examined in detail how glucose concentration modulates cellular signaling 

pathways and thereby regulates HBV replication. Previous studies established that 

autophagy is regulated by the AMPK and mTOR signaling pathways 96, 132-134. 

Therefore, we tested whether changed glucose concentrations regulated AMPK, Akt, 

and mTOR activities in host cells. HepG2.2.15 cells were cultured with the indicated 

glucose concentrations (5, 10, and 25 mM) for 48 h. The expression of total AMPK, 

Akt, mTOR, and p70S6K proteins, and its phosphorylated forms were detected using 

western blotting. While AMPK and ULK1 were significantly activated, Akt, mTOR, and 

p70S6K were inactivated at 5 mM glucose, respectively, according to the relative level 

of their phosphorylated forms (Figure 4.7). Due to long-term experiments, the total 

levels of these proteins vary with the trend of phosphorylated forms. Therefore, the 

AMPK pathway was activated, whereas the Akt/mTOR pathway was inhibited at the 

low glucose concentration.  

 

 

Figure 4.7 Low glucose concentration incrases AMPK activity, but decreases Akt/mTOR 

avtivities 

(A, B) HepG2.2.15 cells were cultured with different glucose concentrations (5, 10, and 25 mM) and 
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harvested after 48 h. Western blotting analysis was performed to detect the total or phosphorylated 

levels of the AMPK, ULK1, mTOR, AKT and p70 S6K, using beta‐actin as a loading control. 

 

In addition, PHHs were infected with HBV and cultured with indicated glucose 

concentration (5, and 10 mM) up to 10 days post-infection. HBV infection in PHHs 

was determined by measuring levels of HBsAg and HBeAg in the culture 

supernatants. Consistently with the previous results in HepG2.2.15 cells, the levels of 

phosphorylated AMPK and ULK1 as well as LC3-II in PHHs were elevated after lower 

glucose concentration were used to culture the cells (Figure 4.8). 

 

Figure 4.8 Low concentration of glucose induced AMPK-, Akt/mTOR-autophagy axis in PHHs  

PHHs infected with HBV virions (multiplicity of infection (MOI)=30), 10 days post-infection, PHHs were 

cultured with different glucose concentrations (5, and 10 mM) and harvested after 48 h. (A) LC3 and 

p62 expression were analyzed by western blotting, and beta-actin was used as a loading control. (B) 

Western blotting analysis was performed to detect the total or phosphorylated levels of the AMPK and 

ULK1, using beta‐actin as a loading control. (C) The total or phosphorylated levels of the Akt and 

mTOR were analyzed by western blotting, and beta-actin was used as a loading control. *p<0.05; 

**p<0.01; ***p<0.001; ns, not significant. 

 

4.3.2 AMPK activation plays a positive role in HBV replication 

To confirm the function of AMPK in regulation of HBV replication, the HepG2.2.15 

cells were treated with an AMPK agonist AICAR for 72 h and the HBV DNA levels in 

cells and supernatants were analyzed by Southern blotting hybridization and real-time 

PCR, respectively. The levels of intracellular HBsAg and secreted HBsAg in the 

supernatant were markedly increased after AICAR treatment (Figure 4.9, A). And the 

levels of intracellular and secreted HBV DNA were significantly higher in 
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AICAR-treated cells compared with control cells (Figure 4.9 B), indicating that AMPK 

activity positively regulates HBV replication and virion production. Western blotting 

analysis showed notably increased levels of phosphorylated AMPK and ULK1 and 

LC3-II after AICAR treatment in HepG2.2.15 cells (Figure 4.9, C). Thus, AMPK played 

a key role in promoting autophagy and thereby increasing HBV replication. 

 

 

Figure 4.9 AMPK activation plays a positive role in HBV replication in HepG2.2.15 cells 

(A-C) HepG2.2.15 cells were treated with AICAR for 72 h. (A) HBsAg and HBeAg in supernatant were 

determined as above described. (B) The levels of HBV DNA in culture supernatants and in intracellular 

were determined by qRT-PCR. (C) HBV RIS were detected by Southern blotting. (C) HepG2.2.15 cells 

were treated with AICAR for 48 h. (D) HepG2.2.15 cells were treated with AICAR for 48 h.Total and 

phosphorylated AMPK, LC3, and p62 expression were analyzed by western blotting, and beta-actin 

was used as a loading control. S/CO = signal to cutoff ration; RC = relaxed circular DNA; SS = 

single-stranded DNA. *p<0.05; **p<0.01; ***p<0.001; ns, not significant. 

 

In addition, PHHs were infected with HBV and treated with AICAR up to 10 days 

post-infection. HBV infection in PHHs was determined by measuring levels of HBsAg 

and HBeAg in the culture supernatants. After AICAR treatment, the HBsAg but not 

HBeAg levels in the culture supernatants were slightly higher (Figure 4.10, A). 
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Consistently with the previous results obtained in HepG2.2.15 cells. The levels of 

phosphorylated AMPK and ULK1, and LC3-II in PHHs were elevated after AICAR 

treatment (Figure 4.10, B). 

 

 

Figure 4.10 AMPK activation plays a positive role in HBV replication in PHHs 

PHHs were infected with HBV virions (MOI=30). 10 days post-infection, PHHs were treated with AICAR 

(0.1 mM) and harvested after 48 h. (A) The HBsAg and HBeAg levels in the culture supernatants were 

determined as described above. (B) Western blotting analysis was used to determine the levels of 

AMPK, p-AMPK, LC3, and p62 in the lysates of PHHs, using beta-actin as a loading control. *p,# <0.05; 

**p <0.01; ***p <0.001; ns, not significant. 

 

4.3.3 AMPK activation promotes HBV replication regardless the glucose 

concentration 

To further confirm whether the positive role of AMPK in regulation of HBV replication 

is depended on the glucose concentration, we cultured the HepG2.2.15 cells with 

different concentration of glucose, and then treated with AICAR (an AMPK agonist) for 

48 h. The levels of secreted HBsAg and HBeAg in the cell culture supernatants were 

measured using CMIA. And levels of intracellular and secreted HBV DNA (in HBV 

virions) were determined using real-time PCR. As depicted in Figure 4.11, the levels 

of secretion and intracellular HBV DNA were significantly increased in AICAR-treated 

cells regardless the glucose concentration, suggesting that AMPK activity positively 

regulated HBV production.  
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Figure 4.11 AMPK activation promotes HBV replication regardless the glucose concentration 

HepG2.2.15 cells were treated with AICAR under different concentration of glucose conditions for 48 h. 

HBsAg and HBeAg in supernatant were determined as above described. The levels of HBV DNA in 

culture supernatants and in intracellular were determined by real-time PCR. HBV RIS were detected by 

Southern blotting. S/CO = signal to cutoff ration; RC = relaxed circular DNA; SS = single-stranded DNA. 

*p<0.05; **p<0.01; ***p<0.001; ns, not significant. 

 

Collectively, the data suggest that AMPK positively regulated autophagy and thereby 

increased HBV replication in hepatoma cells and PHHs. 

 

4.3.4 Low glucose concentration enhances HBV replication through inactivating 

Akt/mTOR signaling pathway 

We also investigated the involvement of the Akt/mTOR pathway in HBV replication at 

different glucose concentrations. HepG2.2.15 cells were grown in the presence of Akti 

1/2 or rapamycin in cultures with the indicated glucose concentrations for 72 h. The 

intracellular HBV DNA levels, intracellular HBsAg and HBeAg levels, and HBV 

proteins levels in the supernatants were markedly higher in the presence of Akti 1/2 or 

rapamycin than in the mock control, especially if higher glucose concentrations were 

used (Figure 4.12, A). The expression levels of LC3-II and p62 in HepG2.2.15 cells 
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were higher after Akti 1/2 or rapamycin treatment (Figure 4.12, B).  

 

 

Figure 4.12 Low glucose concentration enhances HBV replication through inactivating 

Akt/mTOR signaling pathway 

(A) HepG2.2.15 cells were cultured with different glucose concentrations (5, 10, and 25 mM), 

supplement with or without inhibitor Akti 1/2 (1 μM) or rapamycin (1 μM) for 72 h. HBV RIs in cells were 

isolated and detected by Southern blotting. The levels of HBV DNA in intracellular were determined by 

qRT-PCR. The levels of HBsAg and HBeAg in intracellular and in supernatants were determined as 

described above. (B) HepG2.2.15 cells were cultured with different glucose concentrations (5, 10, and 

25 mM) supplement with or without inhibitor Akti 1/2 (1 μM) or rapamycin (1 μM) for 48 h. LC3 and p62 

expression were analyzed by western blotting, using beta‐actin as a loading control. S/CO = signal to 

cutoff ration; RC = relaxed circular DNA; SS = single-stranded DNA. *p<0.05; **p<0.01; ***p<0.001; ns, 

not significant. 
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Taken together, these findings show that low glucose concentration in the medium 

activates the AMPK pathway, but inhibits the Akt/mTOR signaling pathway to induce 

autophagy, thereby upregulating HBV replication. 

 

4.4 GLUTs inhibitor phloretin enhances HBV replication by upregulating 

AMPK-Akt/mTOR-induced autophagy 

Glucose is uptaken by GLUTs into cells. Phloretin is a well-known inhibitor of GLUTs 

and reduce the rate of glucose transport into host cells135. We assumed that phloretin 

may modulate HBV replication by mimicking the culture conditions at low glucose 

concentration. HepG2.2.15 cells were grown under the standard condition and treated 

with phloretin at 20 and 50 μM for 72 h. Phloretin treatment at 50 µM markedly 

increased the levels of intracellular and secreted HBV DNA, and HBsAg in the cell 

culture supernatants (Figure 4.13, A). Consistently, the secreted HBV DNA levels in 

the supernatants increased after 50 µM phloretin treatment (Figure 4.13, B). 

Furthermore, phloretin at 50 µM increased the levels of intracellular HBV DNA and 

HBV RIs in HepG2.2.15 cells (Figure 4.13, B and C). Real-time RT-PCR analysis 

showed that phloretin treatment also enhanced HBV RNA transcription in HepG2.2.15 

cells (Figure 4.13, D).  

 

 

Figure 4.13 GLUTs inhibitor phloretin enhances HBV replication and transcription 

HepG2.2.15 cells were treated with 20 or 50 μM phloretin and harvested after 72 h. (A) HBsAg and 

HBeAg secretion in the supernatants was determined as described above. (B) The levels of 

intracellular and secreted HBV DNA in the supernatants were detected by real-time PCR. (C) HBV RIs 

in cells were isolated and detected by Southern blotting. (D) HBV RNA levels in HepG2.2.15 cells were 
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analyzed by real‐time RT-PCR. S/CO = signal to cutoff ration; RC = relaxed circular DNA; SS = 

single-stranded DNA. *p<0.05; **p<0.01; ***p<0.001; ns, not significant. 

 

Next, we examined whether phloretin enhanced HBV replication by regulating AMPK 

and Akt/mTOR, as observed in cells cultured at the low glucose concentration. The 

cellular levels of total AMPK, Akt, and mTOR, and their phosphorylated forms, were 

determined using western blotting. Phloretin treatment elevated the levels of AMPK 

phosphorylation and reduced Akt/mTOR phosphorylation (Figure 4.14), proven that 

phloretin activated AMPK but inhibited Akt/mTOR. Furthermore, phloretin treatment 

increased the expression of p62 and LC3-II in HepG2.2.15 cells. 

 

 

Figure 4.14 Phloretin activates AMPK, and inactivates mTOR signaling in HepG2.2.15 cells 

HepG2.2.15 cells were treated with 20 or 50 μM phloretin and harvested after 48 h. Western blotting 

analysis was performed to detect the levels of total or phosphorylated AMPK, Akt, and mTOR. LC3, 

and p62 levels were analyzed by western blotting, using beta‐actin as a loading control. 

  

Similarly, the phloretin treatment led to slightly enhanced HBsAg production in PHHs. 

PHHs were infected with HBV and treated with phloretin at 20 or 50 μM up to 10 days 

post-infection. After phloretin treatment, the HBsAg but not HBeAg levels were slightly 

increased in the culture supernatants (Figure 4.15, A). Consistently, the levels of 

phosphorylated AMPK and ULK1 and LC3-II in PHHs were elevated after phloretin 

treatment, while decreased levels of phosphorylated Akt and mTOR were detected 

(Figure 4.15, B). Thus, phloretin treatment upregulates AMPK-Akt/mTOR-induced 

autophagy in hepatoma cells and PHHs. 
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Figure 4.15 Phloretin promotes HBV replication and activates AMPK, and inactivates mTOR 

signaling in PHHs 

PHHs were infected with HBV virions (MOI=30). 10 days post-infection, PHHs were treated with 

phloretin (20, and 50 μM) and harvested after 48 h. (A) The HBsAg and HBeAg levels in the culture 

supernatants were determined as described above. (B) Western blotting analysis was performed to 

detect the levels of total or phosphorylated AMPK, Akt, and mTOR, and LC3 and p62, using beta-actin 

as a loading control. *p <0.05; **p <0.01; ***p <0.001; ns, not significant. 

 

In addition, phloretin slightly enhanced glycolysis, as indicated by increased lactate 

production in the culture medium (Figure 4.16, A). Finally, the presence of pyruvate 

did not alter the effect of phloretin on the production of HBsAg and HBeAg (Figure 

4.16, B). The proliferation of HepG2.2.15 cells was measured using the CCK8 assay, 

and the results confirmed that phloretin treatment did not affect cell proliferation at any 

indicated time point (Figure 4.16, C).  
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Figure 4.16 Phloretin slightly enhanced glycolysis in HepG2.2.15 cells 

(A) HepG2.2.15 cells were treated with 20 or 50 μM phloretin and harvested after 72 h. Lactate 

production was measured by a Lactate Colorimetric/Fluorometric Assay kit, according to the 

manufacturer’s instructions. (B) HepG2.2.15 cells were treated with 20 or 50 μM phloretin in 

combination with 1 mM pyruvate and harvested after 72 h. HBsAg and HBeAg secretion in the 

supernatant were determined as described above. (C) Cell proliferation was measured by the CCK8 

assay at 6, 12, 24, 48, and 72 h after treatment with phloretin (20, and 50 μM). S/CO = signal to cutoff 

ratio; *p <0.05; **p <0.01; ***p <0.001; ns, not significant. 

 

Taken these data together, phloretin treatment enhances HBV replication, 

upregulates AMPK/mTOR-ULK1-autophagy, and increases glycolysis in hepatoma 

cells. 

 

4.5 2-DG inhibits HBV replication through upregulating Akt/mTOR signaling 

pathway 

4.5.1 2-DG inhibits HBV progeny secretion and replication 

2-DG, an analogue of glucose, is best known as an inhibitor of glycolysis and blocks 

the cellular HK enzymes 136. We addressed the question whether blocking of 

glycolysis affects HBV replication. Therefore, we treated the HepG2.2.15 cells with 

2-DG for 72 h. As shows in the Figure 4.17A, 2-DG treatment significantly decreased 

glycolysis in HepG2.2.15 cells. Interestingly, 2-DG markedly decreased the levels of 

intracellular HBV RIs, extracellular HBV DNA, and intracellular HBsAg, and secreted 

HBsAg in the supernatants in a dose-dependent manner in HepG2.2.15 cells (Figure 

4.17, B). HBV RNA levels were detected by real-time RT-PCR. We found that 2-DG 
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obviously inhibits HBV RNA transcription (Figure 4.17, C). Consistent with our 

previous results, adding pyruvate simultaneously did not change the 2-DG-mediated 

inhibition of HBsAg expression in HepG2.2.15 cells (Figure 4.17, D). These data 

suggest that treatment with 2-DG inhibits glycolysis and HBV replication and gene 

expression in HepG2.2.15 cells in a dose-dependent manner. 

 

 

Figure 4.17 2-DG decreases HBV replication and gene expression 

(A-C) HepG2.2.15 cells were treated with 2-DG (1, 5, and 10 mM) and harvested after 72 h. (A) Lactate 

production was measured by a Lactate Colorimetric/Fluorometric Assay kit, according to the 

manufacturer’s instructions. (B) HBsAg and HBeAg secretion in the supernatant were detected as 

described above. The levels of intracellular and secreted HBV DNA were measured by real-time PCR. 

HBV RIs in cells were isolated and detected by Southern blotting. (C) HBV RNA levels in HepG2.2.15 

cells were analyzed by real-time RT-PCR. (D) HepG2.2.15 cells were treated with 2-DG in combination 

with 1 mM pyruvate and harvested after 72 h. HBsAg and HBeAg secretion in the supernatants were 

determined as described above. S/CO = signal to cutoff ration; RC = relaxed circular DNA; SS = 

single-stranded DNA. *p <0.05; **p <0.01; ***p <0.001; ns, not significant. 

 

4.5.2 2-DG treatment leads to AMPK and Akt/mTOR phosphorylation 

It has been reported that 2-DG treatment results in an increase in intracellular 

AMP/ATP ratio, thereby activating AMPK. Consistently, the level of phosphorylated 
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AMPKα subunit (Thr172) increased, when hepatoma cells were treated with 2-DG (1, 

5, and 10 mM) for 48 h (Figure 4.18). However, the levels of phosphorylated Akt 

(Ser473), which is required for Akt to activate its downstream targets, was enhanced, 

as well as mTOR phosphorylation and p70 S6K expression (Figure 4.18). 2-DG also 

promoted the p62 and LC3-II expression in HepG2.2.15 cells, consistent with results 

of previous reports 137, 138.  

 

 

Figure 4.18 2-DG treatment leads to AMPK and Akt/mTOR phosphorylation 

HepG2.2.15 cells were treated with 2-DG (1, 5, and 10 mM) and harvested after 48 h. Western blotting 

analysis was performed to detect the levels of total or phosphorylated AMPK, AKT, and mTOR. LC3 

and p62 expression were also analyzed by western blotting, using beta‐actin as a loading control. 

 

Then, we asked whether the Akt/mTOR pathway participated in the regulation of HBV 

replication in the presence of 2-DG. Akt and mTOR were blocked using the inhibitors 

Akti 1/2 and rapamycin after 2-DG treatment, respectively. Both inhibitors abrogated 

the suppressive effect of 2-DG on HBV replication (Figure 4.19), suggesting an 

involvement of Akt/mTOR signaling pathway in the regulation of HBV replication in the 

presence of 2-DG. 
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Figure 4.19 2-DG inhibits HBV replication through activating Akt/mTOR signaling pathway 

HepG2.2.15 cells were cultured with 2-DG (1, 5, and 10 mM) with or without inhibitor Akti 1/2 (1 μM) or 

rapamycin (1 μM) for 72 h. (A) The levels of intracellular HBsAg and HBeAg, and that secretion in the 

supernatants were determined as described above. (B) The levels of intracellular HBV DNA were 

measured by real time RT-PCR. HBV RIs in cells were isolated and detected by Southern blotting. 

S/CO = signal to cutoff ration; RC = relaxed circular DNA; SS = single-stranded DNA. *p <0.05; **p 

<0.01; ***p <0.001; ns, not significant. 

 

4.5.3 2-DG inhibits HBV replication regardless glucose concentration 

We further examined whether the suppressive effect of 2-DG on HBV was dependent 

on the glucose concentration in the culture medium. HepG2.2.15 cells were grown in 

the medium with the indicated glucose concentrations (5, 10, and 25 mM), and then 

treated with 2-DG (1 mM). Treatment with 2-DG markedly decreased the levels of 

HBV RIs and secreted HBsAg in the supernatants in HepG2.2.15 cells regardless of 

the glucose concentrations used (Figure 4.20, A). The expression levels of total Akt, 

and its phosphorylated form significantly increased in HepG2.2.15 cells regardless of 

the glucose concentration (Figure 4.20, B). Thus, the effect of 2-DG on HBV 

replication and gene expression, as well as Akt phosphorylation was dominant over 

glucose.  
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Figure 4.20 2-DG inhibits HBV replication regardless glucose concentration 

(A, B) HepG2.2.15 cells were cultured with different glucose concentrations (5, 10, and 25 mM), then 

treated with 1 mM 2-DG, and harvested after 72 h. HBV RIs in cells were isolated and detected by 

Southern blotting. HBsAg and HBeAg secretion in the supernatants were detected as described above. 

(D) The levels of total and phosphorylated Akt, LC3, and p62 were analyzed by western blotting, using 

beta‐actin as a loading control. S/CO = signal to cutoff ration; RC = relaxed circular DNA; SS = 

single-stranded DNA. *p <0.05; **p <0.01; ***p <0.001; ns, not significant. 

 

In addition, 2-DG has a similar inhibitory effect on HBV infection in PHHs. PHHs were 

infected with HBV and treated with 2-DG (1, 5, and 10 mM) up to 10 days 

post-infection. After 2-DG treatment, the HBsAg and HBeAg levels in the culture 

supernatants were markedly decreased in a dose-dependent manner (Figure 4.21, A). 

Consistently, the levels of phosphorylated Akt, mTOR, AMPK and ULK1 in PHHs 

were increased after 2-DG treatment (Figure 4.21, B). 

 

 

Figure 4.21 2-DG decreases HBV replication and gene expression by upregulating the 
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Akt/mTOR signaling pathway in PHHs. 

PHHs were infected with HBV virions (MOI=30). 10 days post-infection, PHHs were treated with 2-DG 

(1, 5, and 10 mM) and harvested after 48 h. (A) The HBsAg and HBeAg levels in the culture 

supernatants were determined as described above. (B) Western blotting analysis was performed to 

detect the levels of total or phosphorylated AMPK, Akt, and mTOR, LC3, and p62, using beta-actin as a 

loading control. *p <0.05; **p <0.01; ***p <0.001; ns, not significant. 

 

The upregulated AMPK and Akt/mTOR phosphorylation by 2-DG may explain 

decreased HBV replication and gene expression under these culture conditions. Due 

to the complexity of the functions controlled by these pathways, other mechanisms 

may also contribute to HBV suppression and need to be considered in future study. 

 

4.6 Decreasing the levels of O-GlcNAcylation promotes HBV replication by 

suppressing autophagic degradation and inhibiting mTOR signaling 

Many intracellular proteins are O-GlcNAylated in the presence of glucose. Therefore, 

O-GlcNAcylation has been thought to function as a nutrient sensor to regulate many 

cellular processes in cells139. To test whether and how disruption of O-GlcNAcylation 

affects HBV replication, small chemical inhibitor OSMI-1 and small interfering RNAs 

were used.  

 

4.6.1 Inhibition of O-GlcNAcylation promotes HBV replication 

It is well-known that protein O-GlcNAcylation is modulated by two enzymes: the 

transfer of GlcNAc to serine or threonine residues on proteins is catalyzed by 

O-GlcNAc transferase (OGT), while its removal is catalyzed by O-GlcNAcase (OGA). 

The small chemical inhibitor molecule OSMI-1, an inhibitor of OGT, which reduces the 

level of O-GlcNAcylation, was added into the culture medium to examine its effect on 

HBV replication. Western blotting analysis demonstrated an obviously decreased 

levels of O-GlcNAcylation by OSMI-1 in HepG2.2.15 cells (Figure 4.22, A). Then, the 

effects of OSMI-1 on HBV gene expression were analyzed by measuring the levels of 

intracellular and secreted HBsAg and HBeAg, HBV DNA in the supernatants, and 

intracellular HBV replicative intermediates (RIs). The levels of secreted HBsAg and 

HBeAg in the cell culture supernatants were detected by CMIA. The levels of 

intracellular and secreted HBsAg but not HBeAg, in the supernatants obviously 

increased after OSMI-1 treatment of HepG2.2.15 cells (Figure 4.22, B). HBV 

replicative intermediates (HBV RIs) were prepared at day 4 and analyzed by Southern 
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blotting. The levels of intracellular and secreted HBV DNA were determined by 

real-time RT-PCR. Consistently, OSMI-1 led to higher levels of intracellular and 

secreted HBV DNA. The amount of HBV RIs increased significantly after OSMI-1 in 

HepG2.2.15 cells (Figure 4.22, B). Furthermore, HBV RNA levels were not affected by 

OSMI-1 treatment (Figure 4.22, C), meaning that OSMI-1 did not affect HBV transcript. 

These results suggest that inhibition of OGT activity positively regulated HBV 

production in HepG2.2.15 cells. 

 

 

Figure 4.22 Inhibition of O-GlcNAcylation promotes HBV replication in HepG2.2.15 cells 

(A) HepG2.2.15 cells were treated with 10 µM of the small inhibitor OSMI-1 for 48 h. The global 

O-GlcNAcylation expression levels were analyzed by western blotting, and beta-actin was used as a 

loading control. (B and C) HepG2.2.15 cells were treated with 10 µM OSMI-1 for 72 h. (B) Analysis of 

secreted HBsAg and HBeAg from the supernatants and those intracellularly was performed as 

described above. The levels of intracellular HBV DNA were measured by RT-PCR. The amount of HBV 

RIs was detected by Southern blotting. (C) HBV RNA levels were detected by RT-PCR. S/CO = signal 

to cutoff ration; RC = relaxed circular DNA; SS = single-stranded DNA. *p <0.05; **p <0.01; ***p <0.001; 

ns, not significant. 

 

In addition, PHHs were infected with HBV and treated with OSMI-1 up to 10 days 

post-infection. Western blotting analysis demonstrated decreased levels of 

O-GlcNAcylation by OSMI-1 in PHHs (Figure 4.23, A). HBV infection in PHHs was 

determined by measuring levels of HBsAg and HBeAg in the culture supernatants. 

After OSMI-1 treatment, HBsAg but not HBeAg levels were significantly increased 
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(Figure 4.23, B), consistently with the previous results in HepG2.2.15 cells.  

 

 

Figure 4.23 Inhibition of O-GlcNAcylation promotes HBV replication in PHHs 

PHHs were infected with HBV virions (MOI=30). 10 days post-infection, PHHs were treated with 10 μM 

OSMI-1 and harvested after 48 h. (A) Western blotting analysis was performed to detect the levels of 

global O-GlcNAcylation, using beta-actin as a loading control. (B) The levels of intracellular HBsAg and 

HBeAg and that in the culture supernatants were determined as described above. *p <0.05; **p <0.01; 

***p <0.001; ns, not significant.  

 

Collectively, these data suggest that OSMI-1 positively regulated HBV replication in 

hepatoma cells and PHHs.   

 

4.6.2 Silencing OGT promotes HBV replication in hepatoma cells 

Next, to further verify the role of OGT in HBV replication, Huh7 cells were 

cotransfected with siOGT or siR-C (negative control siRNA) and HBV expression 

plasmid pSM2 for 72 h. At first, we detected the global levels of O-GlcNAcylation after 

silencing OGT by western blotting. The results showed that silencing OGT 

significantly decreased the global levels of O-GlcNAcylation in Huh7 cells (Figure 4.24, 

A). Then, the levels of HBsAg and HBeAg in the supernatants were detected by CMIA. 

HBV RIs were prepared at 72 h post-transfection and analyzed by Southern blotting. 

Consistent with the effect of OSMI-1, the results showed that silencing of OGT 

obviously increased the levels of secreted HBsAg, but not HBeAg (Figure 4.24, B). 

Moreover, Southern blotting confirmed that silencing OGT significantly increased HBV 

replication in Huh7 cells (Figure 4.24, B). In addition, OGT silencing enhanced HBV 

replication and HBsAg expression in Huh7 cells in a dose-dependent manner (Figure 

4.24, C). However, silencing of OGA, which enhances the global levels of 
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O-GlcNAcylation (Figure 4.24, A), obviously decreased the levels of secreted HBsAg 

and HBV RIs (Figure 4.24, B).  

 

 

Figure 4.24 Silencing OGT promotes HBV replication in Huh7 cells 

(A and B) Huh7 cells were cotransfected with HBV plasmid pSM2 and siOGT, siOGA or si-control 

(siR-C) at 40 nM for 72 h. (A) Western blotting analysis was performed to detect the global levels of 

O-GlcNAcylation after silencing OGT, and beta-actin was used as a loading control. (B) The HBsAg 

and HBeAg levels in the culture supernatants were determined as described above. HBV RIs in cells 

were isolated and detected by Southern blotting. (C) Huh7 cells were transfected with different doses of 

siOGT (at 0, 10, 20, or 40 nM) or siR-C (40 nM), and harvested after 72 h. Analysis of secreted HBsAg 

and HBeAg in the culture supernatants was performed as previously described. RC = relaxed circular 

DNA; S/CO = signal to cutoff ratio; SS = single stranded DNA. *p <0.05; **p <0.01; ***p <0.001; ns, not 

significant. 

 

Then, we examined the consequences of silencing of OGT on HBV replication in 

HepG2.2.15 cells with stable HBV production. The cells were transfected with specific 

siOGT and harvested after 72 h. Western blotting results showed that OGT silencing 

significantly decreased the global levels of O-GlcNAcylation in HepG2.2.15 cells 

(Figure 4.25, A). In concordance with the results of HBsAg in Huh7 cells, the CMIA 

results showed that the levels of HBsAg in the supernatant obviously increased after 

OGT silencing in HepG2.2.15 cells (Figure 4.25, B). Furthermore, Southern blotting 

confirmed that OGT silencing significantly enhanced HBV replication (Figure 4.25, B). 

In addition, OGT silencing enhanced HBV replication and HBsAg expression in 
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HepG2.2.15 cells in a dose-dependent manner (Figure 4.25, C). On the other hand, 

silencing of OGA enhanced the global levels of O-GlcNAcylation (Figure 4.25, A), and 

obviously decreased the levels of secreted HBsAg in the supernatants, and 

intracellular HBV RIs (Figure 4.25,B and C) in HepG2.2.15 cells. 

 

 

Figure 4.25 Silencing OGT promotes HBV replication in HepG2.2.15 cells 

(A-C) HepG2.2.15 cells were transfected with siOGT or si-control (siR-C) at 40 nM for 72 h. (A) 

Western blotting analysis was performed to detect the global levels of O-GlcNAcylation after silencing 

OGT using beta-actin as a loading control. (B) HBsAg and HBeAg levels in the culture supernatants 

were determined as described above. HBV RIs in cells were isolated and detected by Southern blotting. 

(C) HepG2.2.15 cells were transfected with different doses of siOGT (at 0, 10, 20, or 40 nM) or siR-C 

(40 nM) and harvested after 72 h. Analysis of secreted HBsAg and HBeAg in the culture supernatants 

was performed as previously described. RC = relaxed circular DNA; S/CO = signal to cutoff ratio; SS = 

single stranded DNA. *p <0.05; **p <0.01; ***p <0.001; ns, not significant. 

 

Taken together, these data demonstrate that silencing of OGT increases the amount 

of secreted HBsAg in the supernatants, as well as the levels of secreted HBV DNA 

and intracellular HBV replication in hepatoma cells.  

 

4.6.3 Inhibition of OGT promotes HBV replication depending on induced 

autophagosome formation 

Accumulation of misfolded proteins and disruption of calcium storage in the ER cause 

ER stress, which initiates UPR. It has been reported that disruption of O-GlcNAc 
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signaling can induce ER stress140-142. Previously, ER stress and UPR were found to 

regulate HBV replication through inducing autophagy71. Thus, this mechanism may 

explain our findings that disruption of O-GlcNAcylation signaling by the inhibitor of 

OGT or silencing of OGT promotes HBV replication. We addressed the hypothesis 

whether disruption of O-GlcNAcylation signaling enhances cellular autophagy, 

thereby increasing HBV replication. The levels of LC3 in HepG2.2.15 cells after 

treatment with different small inhibitors involved in the disruption of O-GlcNAcylation 

were measured using IF staining and western blotting analysis. The numbers of 

endogenous LC3-positive autophagic puncta (Figure 4.26, A), and the levels of LC3-II 

and p62 (Figure 4.26, B), were markedly increased in OSMI-1 treatment cells, 

suggesting a stronger autophagosome formation after inhibition of O-GlcNAcylation 

by OSMI-1.  

 

 

Figure 4.26 Inhibition of O-GlcNAcylation by OSMI-1 increases autophagosome formation 

(A) HepG2.2.15 cells were treated with 10 μM OSMI-1, and harvested after 48 h. The cells were fixed, 

incubated with rabbit anti-LC3B and horse anti-HBsAg primary antibody, followed by staining with 

Alexa Fluor 488-conjugated anti-rabbit secondary antibody IgG and Alexa Fluor 594-conjugated 

anti-horse secondary antibody IgG. Finally, the cells were visualized by a fluorescence microscope. 

Scale bar, 5 μm. (B) HepG2.2.15 cells were treated with 10 μM OSMI-1, and harvested after 48 h. LC3 

and p62 expression were analyzed by western blotting, and beta-actin was used as a loading control. 

*p<0.05; **p<0.01; ***p<0.001; ns, not significant. 

 

To further confirm the role of autophagy in the regulation of HBV replication following 

OSMI-1 treatment, we treated the cells with OSMI-1 and autophagy inhibitors, such as 

CQ and 3-MA. Then, HBsAg and HBeAg production in the supernatants were 

measured. CQ did not block the promoting effect of OSMI-1, while 3-MA obviously 

suppressed the promoting effect of OSMI-1, because the levels of intracellular and 

secreted HBsAg were significantly inhibited after treatment with OSMI-1 and 3-MA, 

(Figure 4.27, A). Furthermore, the autophagy-associated gene ATG5 was silenced 

prior to treatment with OSMI-1. Intracellular HBV DNA levels, and HBsAg levels in the 
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culture supernatants were also decreased after silencing ATG5 (Figure 4.27, B). In 

summary, OSMI-1 increases autophagosome formation, which is associated with 

enhanced HBV replication. 

 

 

Figure 4.27 Inhibition of O-GlcNAcylation by OSMI-1 enhances HBV replication through 

increasing autophagosome formation 

(A) HepG2.2.15 cells were treated with OSMI-1, with or without autophagy inhibitors CQ or 3-MA, and 

harvested after 72 h. (B) HepG2.2.15 cells were transfected with siATG or siR-C, then treated with 10 

μM OSMI-1, and harvested after 72 h. HBsAg and HBeAg levels in the culture supernatants and those 

in the intracellular were determined as described above. Intracellular HBV DNA levels were isolated 

and detected by RT-PCR. *p<0.05; **p<0.01; ***p<0.001; ns, not significant. 

 

4.6.4 Inhibition of OGT promotes HBV replication by suppressing autophagic 

degradation 

In view of the increase in the number of LC3 puncta and the level of p62 autophagy 

cargo, inhibition of OGT appeared to increase the number of autophagosomes by 

blocking autophagy degradation. Therefore, we suspected that inhibition of OGT can 

inhibit autophagic degradation. To assess whether inhibition of OGT decreases 

autophagic degradation, HepG2.2.15 cells were treated with these inhibitors for 48 h, 

and then incubated with DQ Red BSA for 30 min. The fluorescent signal of DQ Red 

BSA resulting from autolysosomal proteolysis decreased with OSMI-1 or BADGP 

treatment, but was increased in cells treated with Earle’s balanced salt solution 

(EBSS) (Figure 4.28, A).  
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Figure 4.28 Inhibition of OGT by OSMI1 suppresses autophagic degradation 

(A) HepG2.2.15 cells were treated with 10 μM OSMI-1, and harvested after 48 h. Then, cells were 

incubated with 10 mg/ml DQ Red BSA for 30 min. The accumulating fluorescent signal of DQ Red BSA 

was analyzed by confocal microscopy. Cells treated with Earle’s balanced salt solution (EBSS) for 2 h 

were used as a positive control. (B) Huh7 cells were transfected with mCherry-GFP-LC3 plasmid. 6 h 

post transfection, cells were treated with 10 μM OSMI-1. Cells cultured with 10 μM CQ for 24 h were 

used as positive controls. The expression of mCherry and GFP was imaged by confocal microscopy. 

Scale bars, 5 μm. 

 

To strengthen the evidence that inhibition of OGT by OSMI-1 influences autophagic 

degradation, Huh7 cells were transfected with a plasmid expressing 

mCherry-GFP-LC3 and then treated with 10 μM OSMI-1 or 10 μM CQ for 48 h. CQ 

inhibits acidification of the lysosomal compartment and prevents degradation of the 

cargo in the lysosome. Like CQ treatment, OSMI-1 led to an accumulation of LC3 

puncta with strong expression of both GFP and mCherry, indicating incomplete 

autophagy and reduced cargo degradation in autophagosomes (Figure 4.28, B). 

These results consistently demonstrated that OSMI-1 treatment increases the number 

of autophagosomes by blocking autophagic degradation. 

It has been reported that there are two ways to block autophagy degradation, one is 

by changing the lysosomal proteolytic activity, and the other one is by inhibiting 

autophagosome-lysosomal fusion. Therefore, it is necessary to distinguish between 

these two ways of action. Firstly, we measured lysosomal enzyme activity by staining 

lysosomes with fluorescent dyes to determine changes in lysosomal function during 

autophagy. HepG2.2.15 cells were treated with 10 μM OSMI-1 for 48 h or EBSS for 2 

h, and then stained with 100 nM LysoTracker Red for 1 h. There was no change in the 

fluorescence intensity of LysoTracker staining in cells treated with OSMI-1 (Figure 

4.29), indicating that OSMI-1 has no effect on lysosomal enzyme activity. 
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Figure 4.29 OSMI-1 has no effect on lysosomal enzyme activity in HepG2.2.15 cells 

HepG2.2.15 cells were treated with 10 μM OSMI-1 for 24 h. The cells were stained with 100 nM 

LysoTracker Red for 1 h. Cells treated with EBSS for 2 h were used as a positive control. The 

fluorescence intensity of LysoTracker Red was analyzed by confocal microscopy. Scale bar, 5 μm. 

 

Presumably, OSMI-1 treatment may block lysosomal degradation by preventing 

autophagosome-lysosomal fusion. The colocalization of LC3 and LAMP1 (lysosomal 

associated membrane protein 1), a lysosome marker, was analyzed by confocal 

microscopy. Co-localization of LC3 and LAMP1 was markedly decreased upon 

OSMI-1 treatment in HepG2.2.15 cells (Figure 4.30, A). It has been reported that 

there is a direct interaction between HBsAg and LC3, and thus the colocalization of 

HBsAg and LAMP1 was further analyzed by confocal microscopy in HepG2.2.15 cells. 

Colocalization of HBsAg and LAMP1 was decreased upon OSMI-1 treatment (Figure 

4.30, B).  

Collectively, these findings indicate that inhibition of OGT by OSMI-1 interfered with 

autophagosome-lysosome fusion and promoted HBV replication and HBsAg 

expression. 

 

 

Figure 4.30 OSMI-1 suppresses autophagic degradation mediated by blocking the 

autophagosome-lysosomal fusion 

HepG2.2.15 cells were treated with 10 μM OSMI-1 for 48 h. CID1067700 (CID) was used as a positive 

control. The cells were fixed, and perforated for 10 min. Then, the cells were incubated with rabbit 

anti-LAMP1 and mouse anti-LC3B (A) or horse anti-HBsAg (B) antibodies for 1 h, and stained with 

Alexa Fluor 488-conjugated anti-rabbit and Alexa Fluor 594-conjugated anti-mouse (A) or Alexa Fluor 

594-conjugated anti-horse (B) secondary antibody IgG, respectively. Colocalization of LAMP1 and LC3 

or HBsAg was imaged by confocal microscopy. Scale bar, 5 μm. 
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4.6.5 Silencing OGT enhances HBV replication via increasing autophagosome 

formation in hepatoma cells 

To further determine the exact mechanism of OGT affecting HBV formation, we 

analyzed the effect of silencing OGT on the accumulation of LC3-II. We observed that 

silencing of OGT increased the number of LC3 puncta by immunofluorescence 

microscopy in Huh7 cells (Figure 4.31, A). Western blotting analysis of cellular lysates 

confirmed that silencing of OGT elevated the levels of autophagic cargo LC3-II and 

p62 by specific siOGT compared to the levels observed with siRNA control (Figure 

4.31, B) in Huh7 cells. Similar to the findings in Huh7 cells, OGT silencing elevated 

the number of LC3 puncta and the levels of autophagic cargo LC3-II and p62 (Figure 

4.32).   

 

Figure 4.31 Silencing OGT increases autophagosome formation in Huh7 cells 

(A) Huh7 cells were cotransfected with siOGT or siR-C and HBV expression plasmid pSM2, and 

harvested after 48 h. The cells were fixed, incubated with primary antibody rabbit anti-LC3B, followed 

by staining with Alexa Fluor 488-conjugated anti-rabbit secondary antibody IgG. Finally, the cells were 

imaged by a fluorescence microscope. Scale bar, 5 μm. (B) Huh7 cells were co-transfected with siOGT 

or siR-C and HBV expression plasmid pSM2, and harvested after 48 h. LC3 and p62 expression were 

analyzed by western blotting, and beta-actin was used as a loading control. *p<0.05; **p<0.01; 

***p<0.001; ns, not significant. 

 

 

Figure 4.32 Silencing OGT increases autophagosome formation in HepG2.2.15 cells 

(A) HepG2.2.15 cells were transfected with siOGT or siR-C, and harvested after 48 h. The cells were 

fixed, incubated with primary antibody rabbit anti-LC3B, followed by staining with Alexa Fluor 

488-conjugated anti-rabbit secondary antibody IgG. Finally, the cells were imaged by a fluorescen 

microscope. Scale bar, 5 μm. (B) HepG2.2.15 cells were transfected with siOGT or siR-C, and 

harvested after 48 h. LC3 and p62 expression was analyzed by western blotting, and beta-actin was 

used as a loading control. *p<0.05; **p<0.01; ***p<0.001; ns, not significant. 
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To further confirm the involvement of autophagy in the regulation of HBV replication 

after silencing, the autophagy-related gene ATG5 and OGT were co-silenced in 

HepG2.2.15 cells. After that, HBV replication, and HBsAg and HBeAg production 

were measured. ATG5 and OGT co-silencing decreased LC3-II levels compared to 

those in OGT silenced cells (Figure 4.33, A). Furthermore, HBV RIs, intracellular HBV 

DNA levels, and HBsAg levels in the culture supernatants were also decreased after 

silencing ATG5 (Figure 4.33, B). Similar to the findings in HepG2.2.15 cells, 

co-silencing ATG5 could block the promoting effect of silencing of OGT in transiently 

transfected Huh7 cells (Figure 4.34). 

 

 

Figure 4.33 Co-silencing ATG5 and OGT block the promoting effect of OGT silencing in 

HepG2.2.15 cells 

HepG2.2.15 cells were co-transfected with siATG5, siOGT or siR-C, and harvested after 72 h. (A) LC3 

and p62 expression were analyzed by western blotting, and beta-actin was used as a loading control. 

(B) HBsAg and HBeAg levels in the culture supernatants were determined as described above. HBV 

RIs in cells were isolated and detected by Southern blotting. RC = relaxed circular DNA; S/CO = signal 

to cutoff ratio; SS = single stranded DNA. *p<0.05; **p<0.01; ***p<0.001; ns, not significant. 
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Figure 4.34 Co-silencing ATG5 and OGT block the promoting effect of OGT silencing in Huh7 

cells 

Huh7 cells were co-transfected with siATG5, siOGT or siR-C, and HBV expression plasmid pSM2, and 

harvested after 72 h. (A) LC3 and p62 expression were analyzed by western blotting, and beta-actin 

was used as a loading control. (B) The HBsAg and HBeAg levels in the culture supernatants were 

determined as described above. HBV RIs in cells were isolated and detected by Southern blotting. RC 

= relaxed circular DNA; S/CO = signal to cutoff ratio; SS = single stranded DNA. *p<0.05; **p<0.01; 

***p<0.001; ns, not significant. 

 

In summary, these data demonstrate that silencing of OGT promotes HBV production 

by increasing autophagosome formation. 

 

4.6.6 Silencing OGT enhances HBV replication via decreasing autophagic 

degradation in hepatoma cells 

Given the increase in the number of LC3 puncta and the level of p62 autophagy cargo, 

OGT silencing increases the number of autophagosomes likely via inhibiting 

autophagic degradation. To identify whether OGT silencing affects autophagic 

degradation, Huh7 cells were transfected with siOGT for 48 h, and then stained with 

DQ Red BSA for 30 min. The fluorescent signal of DQ Red BSA produced by 

autolysosomal proteolysis decreased with OGT silencing, but increased in positive 

cells treated with Earle Balanced Salt Solution (EBSS) (Figure 4.35, A). To strengthen 

the evidence that OGT silencing affects autophagic degradation, Huh7 cells were 

cotransfected with a plasmid expressing mCherry-GFP-LC3 and siOGT or siR-C for 
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48 h. OGT silencing led to an accumulation of LC3 puncta with strong expression of 

both GFP and mCherry, indicating incomplete autophagy and reduced cargo 

degradation in autophagosomes (Figure 4.35, B). These results consistently 

demonstrated that OGT silencing increases the number of autophagosomes via 

inhibiting autophagic degradation. 

 

 

Figure 4.35 Silencing OGT decreases autophagic degradation in hepatoma cells 

(A) Huh7 cells were cotransfected with mCherry-GFP-LC3 plasmid and siOGT or siR-C for 48 h, 

followed by incubation with 10 mg/ml DQ Red BSA for 30 min. The accumulating fluorescent signal of 

DQ Red BSA was analyzed by confocal microscopy. Cells treated with Earle’s balanced salt solution 

(EBSS) for 2 h were used as a positive control. (B) Huh7 cells were cotransfected with 

mCherry-GFP-LC3 plasmid and siOGT or siR-C for 48 h. Cells cultured with 10 μM CQ for 24 h were 

used as positive controls. The expression of mCherry and GFP was imaged by confocal microscopy. 

Scale bars, 5 μm. 

 

4.6.7 Inhibition of OGT promotes HBV replication via inhibiting the mTOR 

signaling pathway in hepatoma cells 

To date, thousands of O-GlcNAcylated proteins with a wide range of functions have 

been identified, including kinases and phosphatases, most of which are also 

phosphoproteins143. In fact, O-GlcNAcylation and phosphorylation can modulate each 

other at the same or adjacent sites144. Previous studies have reported that the 

initiation of autophagy can be regulated by the Akt/mTOR signaling pathway98, 126. In 

the present study, we observed that OSMI-1 decreased the levels of phosphorylation 

of Akt (Ser473), which is required for Akt to activate its downstream targets, but did 

not affect the total levels of Akt (Figure 4.36, A). In addition, OSMI-1 decreased the 

expression of mTOR as well as its downstream kinase p70 S6K in HepG2.2.15 cells. 

However, OSMI-1 treatment significantly increased the phosphorylated levels of ULK1 

on Ser 555 residues, which is important for triggering autophagy. This indicated that 

OSMI-1 may trigger autophagy and autophagosome formation through inhibiting 

mTORC1 signaling. Based on these findings, we suspect that OSMI-1 inhibits the 
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level of O-GlcNAc of Akt, which is required for Akt to activate its downstream targets. 

To confirm this hypothesis, HepG2.2.15 cells were treated with OSMI-1 for 24 h. The 

results of immunoprecipitation showed that Akt and mTOR were O-GlcNAcylation, 

and OSMI-1 reduced the level of O-GlcNAc of Akt and mTOR in hepatoma cells 

(Figure 4.36, B). 

 

 

Figure 4.36 Inhibition of OGT inhibits mTOR signaling pathway by decreasing Akt/mTOR 

O-GlcNAcylation in hepatoma cells 

(A) HepG2.2.15 cells were treated with 10 μM OSMI-1 for 48 h. Western blotting analysis was 

performed to detect the levels of total or phosphorylated AKT, mTOR, and p70 S6K. Beta-actin was 

used as a loading control. (B) HepG2.2.15 cells were treated with 10 μM OSMI-1 for 24 h. 

Immunoprecipitation was used to detect the levels of O-GlcNAcylation. 

 

Based on the above findings, promoting HBV replication by OSMI-1 treatment could 

be dependent on autophagy induction by mTORC1-dependent signaling. To prove 

this hypothesis, HepG2.2.15 cells were treated with OSMI-1 with or without MHY1485 

(a mTOR activator) for 72 h. The CMIA and real time PCR results revealed that 

MHY1485 suppressed HBsAg production and intracellular HBV DNA levels in 

OSMI-1-treated cells (Figure 4.37). These data indicate that OSMI-1 promotes HBV 

production by triggering autophagy signaling, leading to autophagosome formation. 
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Figure 4.37 MHY1485 blocks the promoting HBV replication by OSMI-1 in HepG2.2.15 cells 

HepG2.2.15 cells were treated with 10 μM OSMI-1 with or without the mTOR activator MHY1485 (1 μM) 

for 72 h. The levels of intracellular HBV DNA were determined by real-time PCR. The HBsAg and 

HBeAg secretion levels in the supernatants and those in the intracellular were determined as described 

above. *p <0.05; **p <0.01; ***p <0.001; ns, not significant. 

  

In addition, promoting HBV replication by silencing OGT may also be dependent on 

triggering autophagy by mTOR1-dependent signaling. To confirm this conjecture, 

HepG2.2.15 cells were transfected with siOGT or siR-C, 6 h post transfection, 

followed by treatment with MHY1485 for 72 h. The levels of intracellular HBV DNA 

were prepared and analyzed by RT-PCR. We found that MHY1485 obviously 

suppressed intracellular HBV DNA levels in OGT silenced cells (Figure 4.38). The 

HBsAg and HBeAg in the supernatants were detected by CMIA. MHY1485 markedly 

inhibited HBsAg production in OGT silenced cells. Consistent with HepG2.2.15 cells, 

MH1485 also blocked the promoting effect on HBV replication by silencing OGT in 

Huh7 cells (Figure 4.39). In conclusion, promoting HBV replication by silencing OGT 

also relies on inducing autophagy by mTORC1-dependent signaling in HepG2.2.15 

cells with stable HBV production. 
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Figure 4.38 MHY1485 blocks the promoting HBV replication by silencing of OGT in HepG2.2.15 

cells 

HepG2.2.15 cells were transfected with siOGT or siR-C, and 6 h post-transfection, cells were treated 

with or without the mTOR activator MHY1485 (1 μM) for 72 h. The levels of intracellular HBV DNA were 

determined by real-time PCR. The HBsAg and HBeAg secretion levels in the supernatants were 

determined as described above. *p <0.05; **p <0.01; ***p <0.001; ns, not significant. 

 

 

 

 

Figure 4.39 MHY1485 blocks the promoting effect on HBV replication by silencing of OGT in 

Hhu7 cells 

Huh7 cells were transfected with siOGT or siR-C, 6 h post-transfection, treated with or without the 

mTOR activator MHY1485 (1 μM) for 72 h. Encapsidated HBV RIs were detected by Southern blotting. 

The levels of intracellular HBV DNA were determined by real-time PCR. The HBsAg and HBeAg 

secretion levels in the supernatants were determined as described above. S/CO = signal to cutoff ratio; 
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SS = single stranded DNA. *p <0.05; **p <0.01; ***p <0.001; ns, not significant. 

 

4.7 Decreasing the levels of N-glycosylation by TM promotes HBV replication by 

suppressing autophagic degradation  

4.7.1 Inhibition of N-glycosylation by TM promotes HBV replication 

N-glycosylation, N-linked glycosylation, is the attachment of an oligosaccharide, a 

carbohydrate consisting of several sugar molecules to a nitrogen atom (the amide 

nitrogen of an asparagine (Asn) residue of a protein), which is catalyzed by 

N-acetylglucosamine transferases. Hepatitis B virus has three specific glycoproteins 

(L, M and S), derived from the alternating translation of the same ORF. All three 

glycoproteins share a common N-glycosylation site in the S domain, while M has an 

additional N-glycosylation site at its amino terminus145, 146. Changes in N-glycosylation 

are associated with different diseases, including rheumatoid arthritis, type 1 diabetes, 

and cancer147-151. However, the effect of altering N-linked glycosylation on HBV 

replication remains unknown. We addressed the question whether inhibition of 

N-glycosylation affects HBV replication. Tunicamycin (TM) is a N-glycosylation 

inhibitor, which blocks the formation of protein N-glycosidic linkages by inhibiting the 

transfer of N-acetylglucosamine 1-phosphate to dolichol monophosphate. To test the 

effect of inhibition of N-glycosylation on HBV replication, HepG2.2.15 cells were 

treated with tunicamycin (0.1, and 0.2 μM) for 72 h. The levels of intracellular and 

secreted HBsAg but not HBeAg, in the supernatants obviously increased after TM 

treatment in HepG2.2.15 cells (Figure 4.40, A). Consistently, TM led to higher levels 

of intracellular HBV DNA (Figure 4.40, B). These results suggest that TM positively 

regulated HBV production in HepG2.2.15 cells. 

 

Figure 4.40 TM promotes HBV replication in HepG2.2.15 cells 

HepG2.2.15 cells were treated with TM (0.1, and 0.2 μM) for 72 h. (A) The HBsAg and HBeAg levels in 
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the culture supernatants and intracellular HBsAg and HBeAg from cell lysates were quantified by CMIA. 

(B)The levels of intracellular HBV DNA were determined by real-time PCR. *p <0.05; **p <0.01; ***p 

<0.001; ns, not significant. 

 

We examined the effects of TM on HBV production in other cell models, including 

primary human hepatoma cells infected with HBV virons (MOI=30) (Figure 4.41, A), 

and Huh7 cells transfected with HBV plasmids pSM2 (Figure 4.41, B). Consistently, 

TM significantly increased HBsAg, but not HBeAg production, in these cell models. 

 

 

Figure 4.41 TM promotes HBV replication in other cell models 

(A) PHHs were infected with HBV virions (multiplicity of infection (MOI)=30). 10 days post-infection, 

PHHs were treated with TM and harvested after 48 h. (B) Huh7 cells were transfected with pSM2 

plasmid, and 6 h post-transfection, cells were treated with TM and harvested after 48 h. The levels of 

intracellular HBsAg and HBeAg and those in the culture supernatants were determined as described 

above. *p <0.05; **p <0.01; ***p <0.001; ns, not significant. 

 

4.7.2 Inhibition of N-glycosylation by TM promotes HBV replication through 

increasing autophagosome formation 

Next, we assumed that TM may modulate HBV replication by mimicking the 

mechanism of OSMI-1. N-glycosylation may have the same effect on cellular signaling 

pathways as O-GlcNAcylation. The levels of LC3 in HepG2.2.15 cells after treated 

with TM were measured using IF staining and western blotting analysis. The numbers 

of endogenous LC3-positive autophagic puncta (Figure 4.42, A), and the levels of 

LC3-II and p62 (Figure 4.42, B), were markedly increased after TM treatment, 

suggesting a stronger autophagosome formation after inhibition of N-glycosylation by 

TM.  

To further confirm the role of autophagy in the regulation of HBV replication following 
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TM treatment, we treated the cells with TM and autophagy inhibitors, such as CQ and 

3-MA. Then, intracellular HBV replication, and the HBsAg and HBeAg production in 

the supernatants were measured. CQ did not block the promoting effect of TM, while 

3-MA obviously suppresses the promotion effect of TM, because the levels of 

intracellular and secreted HBsAg were significantly inhibited after treated with TM and 

3-MA, (Figure 4.42, C). In summary, TM increases autophagosome formation, which 

is associated with enhanced HBV replication. 

 

 

Figure 4.42 TM promotes HBV replication by increasing autophagosome formation in 

HepG2.2.15 cells 

(A) HepG2.2.15 cells were treated with TM (0.2 μM) and harvested after 48 h. The cells were fixed, and 

incubated with a primary rabbit anti-LC3B and horse anti-HBsAg antibodies, and then stained with an 

Alexa Fluor 488-conjugated anti-rabbit and Alexa Fluor 594-conjugated anti-horse secondary antibody 

IgG, respectively. The distribution of LC3 was imaged by immunofluorescence microscopy. Scale bar, 

5 μm. (B) HepG2.2.15 cells were treated with TM (0.2 μM) and harvested after 48 h. The LC3 and p62 

expression levels were analyzed by western blotting, using beta-actin as a loading control. (C) 

HepG2.2.15 cells were treated with TM (0.2 μM), with or without CQ or 3-MA, and harvested after 48 h. 

The levels of intracellular HBsAg and HBeAg and those in the culture supernatants were determined as 

described above. *p <0.05; **p <0.01; ***p <0.001; ns, not significant. 

 

4.7.3 Inhibition of N-glycosylation by TM promotes HBV replication by 

suppressing autophagic degradation 

Since CQ did not further promote viral replication, and the number of LC3 puncta and 

the level of p62 autophagy cargo increased, inhibition of N-glycosylation appeared to 

increase the number of autophagosomes by blocking autophagy degradation. 

Therefore, we suspected that TM can inhibit autophagic degradation. To assess 
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whether TM decreases autophagic degradation, HepG2.2.15 cells were treated with 

TM for 48 h, and then incubated with DQ Red BSA for 30 min. The fluorescent signal 

of DQ Red BSA resulting from autolysosomal proteolysis decreased with TM 

treatment, but increased in cells treated with Earle’s balanced salt solution (EBSS) 

(Figure 4.43, A).  

 

 

Figure 4.43 TM suppresses autophagic degradation in HepG2.2.15 cells 

(A) HepG2.2.15 cells were treated with 0.2 μM TM, and harvested after 48 h. Then, the cells were 

incubated with 10 mg/ml DQ Red BSA for 30 min. The accumulating fluorescent signal of DQ Red BSA 

was analyzed by confocal microscopy. Cells treated with Earle’s balanced salt solution (EBSS) for 2 h 

were used as a positive control. (B) Huh7 cells were transfected with mCherry-GFP-LC3 plasmid. 6 h 

post transfection, cells were treated with 0.2 μM TM. Cells cultured with 10 μM CQ for 24 h were used 

as positive controls. The expression of mCherry and GFP was imaged by confocal microscopy. Scale 

bars, 5 μm. 

 

To further investigate how TM blocks autophagic degradation, Huh7 cells were 

transfected with a plasmid expressing mCherry-GFP-LC3 and then treated with 0.2 

μM TM or 10 μM CQ for 48 h. CQ inhibits acidification of the lysosomal compartment 

and prevents degradation of the cargo in the lysosome. Like CQ treatment, TM led to 

an accumulation of LC3 puncta with strong expression of both GFP and mCherry, 

indicating incomplete autophagy and reduced cargo degradation in autophagosomes 

(Figure 4.43, B). These results consistently demonstrated that TM treatment 

increases the number of autophagosomes by blocking autophagic degradation, 

consistent with the results obtained after OSMI-1 treatment. 

Then, we tested which pathways were changed to prevent autophagy degradation, 

either to alter lysosomal proteolytic activity or to inhibit autophagosome-lysosomal 

fusion. Firstly, we measured lysosomal enzyme activity by staining lysosomes with 

fluorescent dyes to determine changes in lysosomal function during autophagy. 

HepG2.2.15 cells were treated with 0.2 μM TM for 48 h or EBSS for 2 h, and then 

stained with 100 nM LysoTracker Red for 1 h. There was no change in the 
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fluorescence intensity of LysoTracker staining in cells treated with TM (Figure 4.44), 

indicating that TM has no effect on lysosomal enzyme activity. 

 

 

Figure 4.44 TM has no effect on lysosomal enzyme activity in HepG2.2.15 cells 

HepG2.2.15 cells were treated with 5 mM TM for 24 h. The cells were stained with 100 nM LysoTracker 

Red for 1 h. Cells treated with EBSS for 2 h were used as a positive control. The fluorescence intensity 

of LysoTracker Red was analyzed by confocal microscopy. Scale bar, 5 μm. 

 

After that, we suggested that TM treatment may block lysosomal degradation by 

preventing autophagosome-lysosomal fusion. To confirm this idea, the colocalization 

of LC3 and LAMP1 (lysosomal associated membrane protein 1), a lysosome marker, 

was analyzed by confocal microscopy. Co-localization of LC3 and LAMP1 was 

markedly decreased upon TM treatment in HepG2.2.15 cells (Figure 4.45, A). 

Consistently, colocalization of HBsAg and LAMP1 was also decreased after TM 

treatment (Figure 4.45, B).  

Collectively, these findings indicate that TM interfered with autophagosome-lysosome 

fusion and promoted HBV replication and HBsAg expression. 

 

 

Figure 4.45 TM suppresses autophagic degradation mediated by blocking the 

autophagosome-lysosomal fusion 

HepG2.2.15 cells were treated with 0.2 μM TM for 48 h. CID1067700 (CID) was used as a positive 

control. The cells were fixed, and perforated for 10 min. Then, the cells were incubated with rabbit 

anti-LAMP1 and mouse anti-LC3B (A) or horse anti-HBsAg (B) antibodies for 1 h, and stained with 

Alexa Fluor 488-conjugated anti-rabbit and Alexa Fluor 594-conjugated anti-mouse (A) or Alexa Fluor 

594-conjugated anti-horse (B) secondary antibody IgG, respectively. Colocalization of LAMP1 and LC3 

or HBsAg was imaged by confocal microscopy. Scale bar, 5 μm. 
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Figure 4.46 A model of regulation of HBV replication by glucose and 2-DG  

Glucose and 2-DG are transported into the cell through GLUTs. After entry, low glucose concentration 

increases the AMPK activity to induce autophagy, thereby promoting HBV replication. In concordance, 

GLUTs inhibition by phloretin also induces HBV replication through upregulating 

AMPK-mTOR-ULK1-induced autophagy. However, 2-DG inhibits HBV replication via inhibiting 

glycolysis and upregulating the Akt/mTOR signaling pathway. 
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5. Discussion 

In the present study, we found that the different glucose concentration supply in the 

medium were able to regulate HBV replication in hepatoma cells. Low glucose 

concentration obviously activates the AMPK activity, but inactivates the Akt/mTOR 

activity, thereby inducing autophagy to promote HBV replication. When 

autophagy-related gene ATG5 was silenced, HBsAg levels in culture supernatants, 

intracellular HBV DNA levels and HBV RIs were decreased at the different glucose 

concentrations. Blocking the activity of Akt or mTOR by small chemical inhibitors 

obviously abolished the decreasing effect of the low glucose concentration on HBV 

replication. Furthermore, inhibition of GLUTs by phloretin also enhances HBV 

replication, upregulates AMPK/mTOR-ULK1-autophagy, and increases glycolysis. 

Interestingly, 2-DG inhibits HBV progeny secretion and replication through inhibiting 

glycolysis and activating Akt/mTOR signaling pathway. Based on these data, we 

conclude that the low glucose concentrations enhanced HBV replication via 

increasing the autophagosome formation. 

 

5.1 Low glucose concentration promotes HBV replication through upregulating 

AMPK-, Akt/mTOR-ULK1 induced autophagy 

Viruses depend on the supply of energy and building blocks for their replication152, 153. 

Indeed, various metabolic pathways are essential for efficient viral replication. Here, 

we found that HBV replication was significantly influenced by the glucose 

concentration in the medium and by glucose uptake via GLUTs at the step of 

transcription and via AMPK-Akt/mTOR-ULK1-induced autophagy. However, its 

analogue 2-DG suppressed HBV replication by inhibiting the glycolytic pathway and 

activating the Akt/mTOR signaling pathway despite the increased AMPK and 

autophagic activity (Figure 4.46).  

Defining the cellular metabolic processes related to viral infection may reveal new 

therapeutic targets and contribute to the development of safe and effective therapies 

against viral infections154. HBV is thought to be a “metabolovirus”155 and its 

transcription is largely dependent on hepatic metabolic controls156, 157 and cellular 

transcription factors158-160. Previous studies in HBV transgenic mice have illustrated, 

for example, that fasting decreases glucose levels but increases HBeAg synthesis in 

serum. PGC1α transcripts are induced by fasting in HBV transgenic mice161. In this 

study, the expression of transcription factors, including PGC1α, CREB, and ChREBP, 
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was found to be altered by these indicated glucose concentrations in the cell cultures 

and correlated with changes in the HBV RNAs levels. This is consistent with previous 

studies regarding to the importance of HBV transcriptional control. HBV transcriptional 

activity is regulated by HBV promoters and two additional enhancers and the 

abundance of specific hepatic transcription factors. The expression of relevant 

transcription factors is inversely determined by glucose concentrations and correlated 

to the steady state levels of HBV RNAs. However, the posttranscriptional control of 

HBV replication at the steps of assembly, release, and degradation by autophagy has 

emerged as relevant and effective mechanisms that require attention in future studies 

on the HBV life cycle. In a number of studies, the production of HBeAg has been 

considered as a marker of HBV replication. However, autophagy significantly 

promotes HBsAg and virion production but not HBeAg production, as shown in 

several early studies120, 126, 162. HBeAg production occurs in the ER-Golgi 

compartment and does not have a connection with autophagy. In this study, HBsAg 

but not HBeAg production was significantly regulated by glucose concentrations, 

again consistent with the major role of autophagy under these conditions. 

Data from other studies demonstrated that autophagy is an essential part of host 

defense against infections by pathogens such as Sindbis virus107, 108. By contrast, 

other viruses, including HBV, can induce autophagy processes to enhance their own 

replication114, 115. HBV induces early stages of autophagy pathways in hepatocytes71, 

116, 117. However, the late stages of autophagy (e.g., autophagic degradation) could 

degrade HBV virions and HBsAg but may be inhibited by HBx protein120, 121. In this 

study, we found that AMPK, a key player in energy homeostasis, induces autophagy 

under conditions of reduced nutrient supply163, 164. AMPK stimulation is reported to 

inactivate mTOR by AMPK-mediated phosphorylation of both TSC2 and Raptor. 

ULK1 can subsequently interact with and be phosphorylated by AMPK to initiate 

autophagy96, 133, 165, 166. Consistent with this notion, AMPK activation occurred at low 

glucose concentration and in the presence of the GLUT inhibitor phloretin, along with 

inhibited mTOR activity, ULK1 phosphorylation, and autophagy induction. Taken 

together, our results reveal a novel regulatory mechanism by which glucose supply 

regulates HBV replication. 

Glucose is an essential nutrient and energy source in living organisms. Maintaining 

energy homeostasis is very important in mammalian physiology. Glycolysis is 

considered as a “central” carbon metabolic pathway because it is the backbone of 
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several metabolic pathways and is pivotal for energy homeostasis4, 5, 26. Herein, HBV 

replication decreased after 2-DG treatment in HepG2.2.15 cells. This observation 

highlights the notion that HBV replication requires glycolysis in host cells. Treatment 

with 2-DG induced AMPK and Akt/mTOR activation, two processes that may regulate 

HBV replication in opposite ways. Activation of the Akt/mTOR signaling pathway 

negatively regulates HBV replication131, 167, 168 and blocks glycolysis through the 

regulation of GLUT transport169, while AMPK acts through downstream autophagic 

pathway to regulate HBV replication. Treatment with 2-DG strongly inhibited HBV 

replication, but promoted autophagy (Figure 4.17-Figure 4.21). We assume that other 

pathways in the downstream of AMPK and Akt/mTOR are also involved in regulation 

of HBV replication. Previously, we tested several mTOR-related pathways and found 

that SREBP1 was also partly activated to regulate HBV replication126. Therefore, a 

detailed analysis is needed to completely dissect the functions of different pathways 

and their relative contributions to the control of HBV replication. On the other hand, 

2-DG may markedly inhibit glycolysis that is essential for viral replication170-172. Our 

results in this study did not support the role of reduced nutrient supply in HBV 

suppression as the cellular protein synthesis was not affected by 2-DG. However, 

these questions remain to be answered in future studies. 

 

5.2 Decreasing the levels of O-GlcNAcylation promotes HBV replication by 

suppressing autophagic degradation and inhibiting mTOR signaling 

Post-translational O-GlcNAcylation of OGT plays an important role in the regulation of 

intracellular signaling by altering the activity, stability and localization of 

O-GlcNAc-modified proteins11. O-GlcNAcylation is one of the most abundant 

post-translational modifications, which is similar to the phosphorylation, in mammalian 

cells, with more than 30% of human proteins being modified with O-GlcNAc group173. 

O-GlcNAcylation is a key regulator of the temporal dynamics of various cellular 

signaling pathways. Thousands of O-GlcNAcylated proteins have been identified, 

including kinases and phosphatases143. In fact, O-GlcNAcylation and phosphorylation 

can modulate each other at the same or adjacent sites144. In the present study, we 

found that Akt and mTOR were O-GlcNAcylation. Inhibiting O-GlcNAcylation by 

OSMI-1 markedly decreased the levels of O-GlcNAcylation for Akt and mTOR, and 

also inhibited the activity of Akt and mTOR, suggesting that O-GlcNAcylation of Akt 

and mTOR and their phosphorylation modulate each other. In addition to the many 
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O-GlcNAcylated cellular proteins, OGT-modified residues have been found on 

proteins from several human viruses. This is not surprising since many viruses 

typically utilize cellular post-translational modifications like phosphorylation and 

ubiquitination to alter cellular pathways or to modify the activity of viral protein activity. 

However, little is known about the role of O-GlcNAcylation in viral infection, and the 

biological effect of this modification on viruses is unclear. Previous reports have 

shown that O-GlcNAcylation promotes replication of Herpes Simplex Virus and 

Human Cytomegalovirus174, suggesting that O-GlcNAcylation can positively regulate 

viral replication. However, in this study, we demonstrated that inhibition of OGT’s 

glycosyltransferase activity with a small molecule inhibitor OSMI-1 or silencing of OGT 

with a small interfering RNA notably increased HBV replication and autophagosome 

formation, but inhibited autophagic degradation. In addition, silencing of OGA with a 

small interfering RNA slightly decreased HBV replication. 

Previous studies have demonstrated the essential role of autophagy initiation for 

efficient HBV replication71, 126, 162. However, our results also suggest that autophagic 

degradation plays a significant role in HBV replication. In this study, we provide 

evidence that inhibition of O-GlcNAcylation plays an essential role not only in initial 

HBV replication but also in the autophagic degradation of HBV virions and HBsAg. 

Inhibition of O-GlcNAcylation blocked autophagic degradation of HBV virions and 

proteins by inhibiting mTORC1 signaling and autophagosome-lysosomal fusion, 

followed by promotion of HBV replication. Thus, inhibition of O-GlcNAcylation can 

modulate autophagy in hepatocytes in a dual way. The mechanism by which 

Akt/mTOR regulates the initiation of autophagy is very clear, but the mechanism by 

which O-GlcNAcylation inhibits autophagy degradation remains to be further 

elucidated. Previous studies have revealed that O-GlcNAcylation of SNAP-29 

reduced formation of the Stx17-SNAP-29-VAMP8 SNARE complex, blocking the 

autophagosome-lysosomal fusion175. Therefore, we hypothesized that some proteins 

that regulate autophagosome-lysosomal fusion reduce O-GlcNAc levels by inhibiting 

OGT, leading to autophagosome-lysosomal fusion blockade, thereby promoting HBV 

replication. 

Small chemical molecule that modulates protein activity are useful tools for studying 

protein function. It selectively inhibits >80% of OGT’s activity in vitro and has high cell 

permeability, allowing us to efficiently probe the function of OGT in the context of HBV 

infection. Treatment with OSMI-1 significantly increased replication of HBV in 
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HepG2.2.15 cells and PHHs. Consistently, silencing of OGT obviously increased 

replication of HBV in HepG2.2.15 and Huh7 cells. On the other hand, silencing of 

OGA slightly decreased HBV replication. These data suggest that inhibition of 

O-GlcNAcylation plays a positive role in HBV replication.  

Some studies have shown that O-GlcNAcylation is an important modification that 

regulates the viral replication cycles. O-GlcNAc modification has been found on many 

viral proteins, including HBV surface proteins176, HCMV UL32 tegument protein177, 

adenovirus fiber protein178, baculovirus tegument protein gp41179, rotavirus NS26 

protein180, and several KSHV proteins involved in DNA replication181, 182. A few studies 

have suggested that high O-GlcNAc levels have an inhibitory effect on viral replication. 

Increased O-GlcNAcylation of the cellular protein Sp1, a key transcription factor for 

HIV-1 gene expression, has been shown to inhibit transcription of the HIV-1 long 

terminal repeat (LTR) promoter183. Furthermore, increased O-GlcNAcylation by 

overexpression of OGT reduces KSHV replication182. In addition, increased 

O-GlcNAcylation of the KSHV major transcriptional activator (RTA) reduced its ability 

to transactivate viral genes181. Unlike the positive effect of O-GlcNAc modification for 

SHV and HCMV, we demonstrated that inhibition of OGT is needed for the efficient 

replication of HBV, as the OGT inhibitor OSMI-1 significantly increased HBV 

replication. The results from this study demonstrated that OGT is involved in the HBV 

replication cycle. In summary, the results described here implicate O-GlcNAcylation 

as a novel factor involved in HBV replication, and further studies are needed to define 

its precise role in the viral cycle. 

 

5.3 Decreasing the levels of N-glycosylation by TM promotes HBV replication by 

suppressing autophagic degradation 

N-glycosylation, is the attachment of an oligosaccharide, a carbohydrate consisting 

of several sugar molecules, sometimes also referred to as glycan, to a nitrogen atom 

(the amide nitrogen of an asparagine (Asn) residue of a protein). This type of linkage 

is important for both the structure and function of some eukaryotic proteins184, 185. The 

data obtained with TM suggest the importance of N-glycosylation for the HBV 

replication. Using TM to inhibit the levels of N-glycosylation could promote 

autophagosome formation and inhibit autophagosome-lysosome fusion, thereby 

increasing HBV production and replication. Previous studies showed that inhibition of 

N-glycosylation could induce ER stress, thereby trigger autophagy pathway. As 
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mentioned before, autophagy plays an essential role in HBV replication. However, our 

data also show that a large proportion of HBsAg and HBV DNA capsids and virions 

are not degraded after TM treatment. In the present study, we provide evidence that 

N-glycosylation plays a key role in the autophagic degradation of HBV virions and 

HBsAg. Previous studies have reported the important role of Rab7 and SNAP29 in 

HBV degradation by autophagy120, 162. CQ is known to prevent autophagosome 

maturation and degradation of autophagic cargo by altering the pH of lysosomes. 

However, inhibition of N-glycosylation by TM led to blockade of 

autophagosome-lysosome fusion without altering lysosomal acidification. Thus, both 

CQ and TM treatment in hepatoma cells resulted in enhanced HBV replication and 

HBsAg production by reducing lysosomal degradation. However, these treatments 

were very effective individually, and therefore, their synergistic effects, if any existed, 

were no strong. As previously reported, the mechanism may be that inhibition of 

N-glycosylation increases the formation of autophagosomes by inhibiting 

autophagosome-lysosomal fusion. It is possible that N-glycosylation of proteins 

involved in autophagosome-lysosomal fusion. However, the detailed function of 

N-glycosylation in autophagosome-lysosomal fusion remains to be studied in the 

future.
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6. Summary 

In the present study, we investigated the influence of glucose on HBV replication. We 

found that increasing glucose concentration could markedly decrease HBV replication, 

progeny secretion and antigen expression in hepatoma cells and primary hepatocytes. 

However, the indicated glucose concentrations showed a slight effect on modulating 

HBV transcription and HBV promoter activities, suggesting that they may regulate 

HBV replication through other mechanisms. Consistent with recent reports, we found 

that low glucose concentration could activate AMPK signaling pathway and inactivate 

Akt/mTOR signaling pathway in hepatoma cells. Moreover, the experimental data 

revealed that a low glucose concentration of 5 mM promoted the formation of 

autophagosomes through increasing the phosphorylation of ULK1 on Ser 555. These 

results imply that the low glucose concentration enhanced HBV replication through 

AMPK-, mTOR-ULK1 signaling induced autophagy flux. In addition, we further 

explored the effect of O-GlcNAcylation levels on HBV production. We found that HBV 

replication and HBsAg production were significantly increased by inhibition or 

silencing of OGT, with markedly increased autophagosome formation and a blockade 

of autophagic degradation. Similarly, inhibition of N-glycosylation by TM also 

promoted HBV replication and HBsAg production by blocking autophagic degradation. 

Thus, increasing autophagosome formation and blocking autophagic degradation are 

the processes leading to promotion of HBV production if the cellular glycosylation is 

disturbed.  

Taken together, our results demonstrated that the different concentrations of glucose 

and inhibition the levels of O-GlcNAcylation promote HBV replication through 

Akt/mTOR-ULK1 signaling-induced autophagy. We provide new evidence that cellular 

glycosylation is required for autophagy degradation. 
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7. Zusammenfassung 

In der vorliegenden Studie untersuchten wir den Einfluss von Glucose auf die 

HBV-Replikation. Wir fanden heraus, dass eine Erhöhung der Glucosekonzentration 

die HBV-Replikation, die Produktion der HBV Virions und die Antigenexpression in 

Hepatomzellen und primären Hepatozyten deutlich verringern kann. Diese 

verwendeten Glucose-Konzentrationen zeigten jedoch einen geringen Effekt auf die 

Modulation der HBV-Transkriptions- und HBV-Promotoraktivitäten, was darauf 

hindeutet, dass sie die HBV-Replikation durch andere Mechanismen regulieren 

können. In Übereinstimmung mit jüngsten Berichten fanden wir ferner, dass eine 

niedrige Glukose-Konzentration den AMPK-Signalweg aktiviert und den 

Akt/mTOR-Signalweg in Hepatomzellen inhibiert. Darüber hinaus zeigten die 

experimentellen Daten, dass die niedrige Glucose-Konzentration bei 5 mM die 

Bildung von Autophagosomen durch Erhöhen der Phosphorylierung von ULK1 auf 

Ser 555 förderte. Diese Ergebnisse impizieren, dass die niedrige 

Glucose-Konzentration die HBV-Replikation durch AMPK-, 

mTOR-ULK1-Signaltransduktion und Induktion der Autophagie erhöht. Darüber 

hinaus untersuchten wir den Effekt der O-Glykosylierung auf die HBV-Produktion. Wir 

fanden heraus, dass die HBV-Replikation und die HBsAg-Produktion durch die 

Hemmung der OGT signifikant erhöht wurden. Dabei  nahm die Bildung von 

Autophagosomen deutlich zu, während die autophagische Degradation blockiert 

wurde. Darüber hinaus förderte die Hemmung der N-Glykosylierung durch 

Tunicamycin sowohl die HBV-Replikation als auch die HBsAg-Produktion, indem sie 

den autophagischen Abbau blockierte. Diese Daten zeigten, dass eine Erhöhung der 

Bildung von Autophagosomen und ein Blockieren des autophagischen Abbaus die 

HBV-Produktion fördern. 

Zusammengenommen zeigten unsere Ergebnisse, dass die unterschiedliche 

Konzentrationen von Glucose und die Hemmung der O-Glykosylierung die 

HBV-Replikation durch Akt/mTOR-ULK1-signalinduzierte Autophagie verstärken. Wir 

bringen auch den Nachweis dafür, dass die zelluläre Glykosylisierung für den 

Abbauprozess der Autophagie erforderlich ist.
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α-KG α-ketoglutarate 

AcCoA acetyl-CoA 

DHAP  dihydroxyacetone-phosphate 

F1,6BP fructose-1,6-bisphosphate 

F2,6BP  fructose-2,6-bisphosphate 

F6P  fructose-6-phosphate 
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FAS  fatty acid synthesis 

G6P  glucose-6-phosphate 

LDH  lactate dehydrogenase 

PEP phosphoenolpyruvate 

PFK1 phosphofructokinase 1 

PFKFB  6-phosphofructo 2-kinase/fructose-2,6-bisphosphatase 

PK  pyruvate kinase 

PPP  pentose phosphate pathway 

TCA  tricarboxylic acid 

TPI triosephosphate isomerase 

cccDNA circular covalently closed DNA 

CHB chronic hepatitis B  

CMIA chemiluminescence immunoassay 

GFP green fluorescence protein 

DMEM Dulbecco’s Modified Eagles’s Medium 

DMSO dimethylsulfoxide 

CQ chloroquine 

AICAR 5-Aminoimidazole-4-carboxamide 1-β-D-ribofuranoside 

OSMI-1 
(αR)-α-[[(1,2-Dihydro-2-oxo-6-quinolinyl)sulfonyl]amino]-N-(2-furan

ylmethyl)-2-methoxy-N-(2-thienylmethyl)-benzeneacetamide 

BADGP Benzyl 2-acetamido-2-deoxy-α-D-galactopyranoside 

PUGNAc 
O-(2-Acetamido-2-deoxy-D-glucopyranosylidenamino) 

N-phenylcarbamate 

3-MA 3-Methyladenine 

2-DG 2-Deoxy-D-glucose 

TM Tunicamycin 

DNA deoxyribonucleic acid 

E.coli Escherichia coli 

EDTA ethylenediaminetetraaceticacid 

FBS fetal bovine serum 

g gram 

HBsAg hepatitis B surface antigen 

HBeAg hepatitis B e antigen 

HBV hepatitis B virus 
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HBV RIs hepatitis B virus replicative intermediates 

HBx hepatitis B x antigen 

HCC hepatocellular carcinoma 

HCV hepatitis C virus 

HIV human immunodeficiency virus 

IFN interferon 

IGF1R insulin-like growth factor 1 receptor 

PI3K  phosphatidylinositol 3-kinase 

mTOR  mammalian target of rapamycin 

LC3 MAP1LC3, microtubule-associated protein 1 light chain 3 beta 

p62/SQSTM1 Sequestosome-1 

LXRs liver X receptors 

m milli 

kb kilo base pair 

l liter 

MEM Dulbecco’s Modified Eagle Medium 

min minute 

PBS phosphate buffered saline 

pSP1  plasmid contains HBV pre S1 promoter region 

pSP2  plasmid contains HBV pre S2 promoter region 

pCP  plasmid contains HBV core promoter region 

pXP  plasmid contains HBV X promoter region 

PCR polymerase chain reaction 

pgRNA pregenomic RNA 

PHH primary human hepatocyte 

RT-PCR reverse transcriptase polymerase chain reaction 

siR-C control small interfering RNA 

siRNA small interfering RNA 
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