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ABSTRACT 

 

 

Ferguson, Daniel 

DEFINING THE ROLE OF LIPID DROPLET SCAFFOLDING PROTEINS IN 
HEPATIC STEATOSIS INDUCED BY HEPATITIS C VIRUS CORE PROTEIN 

 

 

Dissertation under the direction of  

J. Mark Brown, Ph.D., Assistant Staff of Cellular and Molecular Medicine 

 

 Hepatitis C Virus (HCV) is an enveloped RNA virus responsible for 170 

million cases of viral hepatitis worldwide. Over 50% of chronically infected HCV 

patients develop hepatic steatosis, which often progresses to end stage liver 

disease such as cirrhosis and hepatocellular carcinoma. Previous studies show 

steatosis can be induced by expression of HCV core protein (Core) alone. 

Additionally, Core must associate with cytoplasmic lipid droplets (LD) for 

steatosis development as well as for viral replication. The LD is a dynamic 

organelle maintaining lipid storage within cells. Since the LD is an important 

component of liver lipid maintenance, and also serves as a platform for HCV 

particle assembly, we are examining how Core associates with the liver LD to 

induce hepatic steatosis. Liver lipid droplets contain two main structural scaffold 

proteins, TIP47 and ADRP. Earlier studies show that Core expression increases 

TIP47 expression during steatosis development in cultured cells, in addition to 
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changing LD morphology and localization. Since TIP47 is an important LD 

scaffolding protein and Core must associate with the LD to induce steatosis, we 

hypothesize that Core associates with TIP47 to induce hepatic steatosis. To test 

our hypothesis in vivo, we created transgenic mice with increasing amounts of 

Core expression, in the presence or absence of TIP47 knockdown driven by 

antisense oligonucleotide (ASO) treatment. TIP47 knockdown completely 

prevented HCV core-induced steatosis in transgenic mice. Additionally, mice 

placed on a moderate fat diet to enhance steatosis progression, and given TIP47 

ASO, also had reduced liver triglycerides compared to animals with Control ASO. 

Collectively, our studies demonstrate that the lipid droplet scaffold protein TIP47 

is essential for HCV core-induced hepatic steatosis. Our studies provide new 

molecular insights into the pathogenesis of HCV, and more broadly provide clues 

into virus-host interactions that promote liver disease. 
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CHAPTER I 

INTRODUCTION 

Burden of Hepatitis C Virus 

The hepatitis C virus (HCV) is a significant burden around the globe, with 

current estimates indicating infections in over 185 million individuals (1).  Up to 

80% of HCV infections persist chronically often leading to enhanced liver 

pathogenesis, particularly fatty liver disease (steatosis).  Hepatic steatosis is one 

of the hallmarks of HCV infection occurring in 50-70% of chronically infected 

patients (2). HCV induced steatosis results in poorer treatment outcome, with an 

inverse correlation between steatosis and response to antiviral treatment (3).  

Steatosis also correlates with increased risk for steatohepatitis, fibrosis, cirrhosis, 

and hepatocellular carcinoma (HCC) (4). HCV is a leading cause for end stage 

liver disease, and a primary reason for liver transplantation in developed 

countries (5). Despite breakthroughs in prevention and development of more 

efficacious treatments, the death rate due to HCV-related liver disease is 

predicted to rise over the next 20 years (6). The United States alone spends up 

to eight billion dollars on HCV, a number that is expected to increase in the near 

future (6). Due to the substantial impact of HCV on patients and healthcare it is 

critical to unravel the mechanisms involved in HCV-mediated pathogenesis.   

 

Treatment of HCV 

One complicating factor hampering effective treatment regimens in HCV-

infected patients is the amount of diversity within strains.  Currently, HCV is 
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classified into 7 genotypes and 67 subtypes, based on phylogenetic and 

sequence analyses of viral genomes (7).  Most HCV infections are of genotype 1, 

with second most common being genotype 3, which is indicated in about 30% of 

infections (8).  Additionally, HCV mutation rates are very high and there is an 

estimated production of almost 1012 variants per day (9).  Furthermore, adverse 

side effects to antiviral treatment are common and bring on many adverse 

reactions such as flu-like symptoms, depression, and hemolysis (10). Treatment 

regimens lasting up to 48 weeks often leads to decreased patient adherence.  

This aids survival of drug-resistant strains of HCV and it is necessary that there is 

continuous research for novel therapies.  

Treatment of HCV is very complex and many factors are considered when 

choosing a therapy regimen for an infected patient such as:  HCV genotype, prior 

treatment experience, comorbidities, drug-drug interactions, patient genetics, and 

stage of liver disease (11, 12). The main goal of therapy is to achieve a sustained 

virological response (SVR), which is defined as the absence of HCV RNA, by 

sensitive PCR assay, in the serum 24 weeks after discontinuation of treatment 

(13).  Until 2011, the standard treatment for HCV infected patients was 24-48 

weeks of pegylated interferon alpha (pIFNα) and ribavirin, which only sustained a 

SVR in 45% of patients infected with the most common strains in genotype 1 

(11). Exogenous pIFNα is believed to work by binding and activating cellular 

receptors resulting in a signaling cascade, similar to that of endogenously 

produced IFNα, for induction of interferon-stimulated genes (ISGs) to establish a 

non-specific anti-viral state within the cell (10).  Ribavirin is a guanosine 
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analogue that is intracellularly phosphorylated to form a monophosphate, 

diphosphate, and triphosphate.  It is believed that the primary effect of ribavirin is 

to cause a higher frequency of viral mutagenesis, during viral RNA replication, 

which ultimately decreases the quality and fitness of virus limiting the ability of 

HCV to evade immune responses and enhancing the effectiveness of pIFNα 

(10).  Although pIFNα and ribavirin have been the standard for almost two 

decades they have limited effectiveness, particularly in patients infected with 

HCV genotype 1b, most commonly found in chronic infections (14).  However, in 

2011, a new class of drugs called direct acting antivirals (DAA) were introduced 

which directly targeted HCV proteins. Telaprevir and boceprevir were the first two 

DAA drugs approved, which targeted the HCV protease NS3/4A to prevent 

proteolytic processing of a portion of the viral polypeptide, discussed below (15).  

Combinations of the protease inhibitors with pIFNα and ribavirin did enhance 

SVR, particularly in patients infected with genotype 1, but added further side 

effects (12).  Additionally, both telaprevir and boceprevir have a low barrier to 

resistance, leading to rapid selection of drug-resistant variants, particularly when 

used alone or in patients who had poor response to pIFNα (16-18).  Despite the 

addition of innovative DAAs against HCV NS3/4A, treatment regimens were still 

genotype specific, highly susceptible to drug resistance, and poorly tolerated. 

Since the introduction of DAAs in 2011 there have been more advances in 

HCV treatment development. Importantly, another DAA approved in 2013, 

Sofosbuvir, is a nucleoside/nucleotide analog that inhibits the HCV polymerase 

NS5B by targeting the active site and acting as RNA chain terminators (19).  
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Sofosbuvir has been shown to have relatively high SVR among multiple 

genotypes with a moderate barrier to resistance (9).  Furthermore, inhibitors to 

NS5A, a key regulator between RNA replication and particle assembly, have 

shown good results with the recent approval of ledipasvir and daclatasvir, 

although these have a low barrier to resistance and are susceptible to drug-

resistance (18).  Although these treatments show promising results they come at 

a high price.  Harvoni, a newly approved combination of sofosbuvir and 

daclatasvir, costs in excess of $90,000 for a single treatment regimen (20).  

Drugs targeting host components have also been developed, specifically 

inhibitors of Cyclophilin A (alisporivir) and miR-122 antagonists (miravirsen), 

although these are still undergoing clinical trials (9).  Cyclophilin A is a peptidyl-

prolyl cis-trans isomerase, which binds the RNA polymerase NS5B and is 

thought to catalyze conformational changes required for HCV replication (21, 22).  

The microRNA miR-122 also serves as a critical factor for HCV RNA replication 

by binding to the HCV viral RNA 5’-untranslated region (UTR) and by promoting 

translation mediated by an internal ribosome entry site (IRES) in vitro (23, 24).  

Additionally, miR-122 stabilizes HCV RNA protecting it from degradation and 

possibly prevents induction of innate immune responses (25-27). 

Importantly, despite the tremendous progress made in development of 

treatments for HCV, there is still a need for more efficacious therapies due to 

HCV diversity and the large population size infected with HCV.  Currently, 

estimates indicate HCV infection in almost 3% of the world’s population, however 

there are many individuals with quiescent infections remaining to be diagnosed.  
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The problem is well stated by Scheel and Rice who point out that even if current 

therapies were to achieve a success rate of 95% in all infected patients, there 

would still be more than 10 million individuals requiring treatment (9). The 

statement points to the need for innovative cures incorporated to include HCV 

infections of all genotypes, in a variety of disease states, and circumvent the 

appearance of drug-resistant strains. Until all patients infected with HCV are 

cured, we need to continually invest in the discovery and development of 

therapies to eliminate the tremendous global healthcare burden inflicted by HCV. 

 

The HCV genome and life cycle 

HCV is a blood-borne pathogen, contained within the RNA viral family 

Flaviviridae, composed of a single-stranded RNA (ssRNA) genome surrounded 

by an enveloped protein capsid (28).  Although the genome of HCV was cloned 

in 1989 (28), little was known about the viral life cycle due to the lack of cell 

culture models supporting the full life cycle, which has liver tropism and restricted 

to humans and chimpanzees.  It was not until 2005 when a HCV cell culture 

model (HCVcc) supporting the complete infectious cycle of HCV was established 

enabling discovery of mechanisms surrounding HCV entry, replication, and 

assembly (29, 30).  Interestingly, many components of the HCV life cycle depend 

on host liver lipid metabolism (31).  The mature infectious HCV particle 

resembles very low-density lipoproteins (VLDL), and exists as a lipoviroparticle 

(LVP) incorporated with triglycerides (TG), cholesterol esters (CE), apolipoprotein 

B (apoB), apolipoprotein E (apoE), and apolipoprotein C (apoC) (32-35). 



	   6	  

Circulating LVPs can be precipitated with antibodies against apoB and apoE 

(32), but while both apoB and apoE are components of VLDL, apoB seems to be 

dispensable for HCV infectivity (36). The density of circulating LVPs is very 

heterogeneous ranging from 1.05 g/dL to 1.25 g/dL, and infectivity is inversely 

correlated to particle density (35). 

The life cycle of HCV (reviewed in (37, 38)) commences as the mature 

LVP enters host cells via receptor-mediated endocytosis (Fig. 1). Attachment of 

LVPs involves receptors and components involved in lipoprotein metabolism 

such as: low density lipoprotein receptor (LDLr) (39), scavenger receptor BI (SR-

BI) (40), cluster of differentiation 81 (CD81) (41), and glycosaminoglycans 

(GAGs) (31). Recent evidence shows the importance of LVP composition for 

HCV entry as seen by decreased infectivity when host apoE expression is 

removed preventing LVP binding to LDLr (42).  After the LVP attaches to cellular 

receptors it is taken up by receptor-mediated endocytosis (42). Other entry 

factors believed to play a role include the tight junction-associated proteins 

claudin 1 (43) and occludin (44).  Additionally, it was shown that occludin and 

CD81 are entry factors that participate in determining the tissue-specific tropism 

in humans (44). Lastly, Niemann-Pick C1-like 1 (NPC1L1) has also been 

identified to be an important factor in a HCV entry step, however the exact 

mechanism is still unclear (45).  Collectively, multiple factors are involved in HCV 

entry and interestingly these factors are associated with host liver lipid 

metabolism. 
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Upon entry the HCV envelope is thought to fuse with the endosome 

allowing for release of the ssRNA genome into the cytoplasm. The HCV ssRNA 

genome is comprised of approximately 9600 nucleotides containing an open 

reading frame (ORF), which is flanked by 5’- and 3’-UTR (46).  The 5’-UTR of 

HCV is highly structured containing an IRES that mediates binding of host cell 

ribosomes for translation of the viral polypeptide (47).  Once translated the 

immature viral polypeptide is composed of about 3,000 amino acids, and is 

targeted to the endoplasmic reticulum (ER) membrane by a signal sequence 

contained within the HCV core protein (Core) (48).  Host and viral proteases 

cleave the polypeptide into 10 distinct structural and non-structural proteins (49).  

Structural proteins, located at the N-terminus of the viral polypeptide, are 

components of HCV virions and include Core along with envelope proteins E1 

and E2. The structural proteins, along with viroporin p7, are processed by the 

host protease signal peptidase at the ER membrane (49). Non-structural proteins 

are involved in processing of the C-terminal portion of the viral polypeptide, 

replication of viral RNA, viral particle production, and are comprised of:  an 

autoprotease NS2, a serine protease and RNA helicase NS3, along with its 

cofactor NS4A, regulatory proteins NS4B and NS5A, and the RNA-dependent 

RNA polymerase NS5B (49).   

Following processing of the viral polypeptide, non-structural proteins form 

a replication complex on the cytosolic face of the ER membrane (50). HCV 

replication complexes are located in particular areas known as membranous 

webs, which are convoluted portions of the ER produced by extensive 
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rearrangements of the membrane by NS4B (50).  Replication of HCV RNA is 

mediated by NS5B, which synthesizes new RNA via a negative-strand 

intermediate (51). Newly synthesized viral RNA is trafficked, by HCV non-

structural protein NS5A, to Core for the primary stage of particle assembly (52).  

Importantly, Core associates with host cytoplasmic lipid droplets (LD), which 

serve as a platform for HCV particle assembly (53). In order for Core to associate 

with LDs it must undergo a second proteolytic processing event, which produces 

a mature form of Core (54).  The mature form of Core contains two domains: a N-

terminal RNA-binding domain (DI), and a C-terminal LD-binding domain (DII) (54, 

55).  As discussed below, the association of Core with LDs is vital for HCV 

particle assembly since disruption of Core from the LD greatly diminishes 

production of viral particles (56, 57).  

Nucleocapsid formation takes place when multiple dimers of Core 

associate with the LD surface and form a protein coat around newly synthesized 

HCV RNA (58).  Next, the nucleocapsid buds into the ER and is enclosed by an 

envelope consisting of a host cell derived lipid bilayer containing heterodimers of 

E1/E2, which are inserted into the luminal face of the ER membrane (56). 

Although the precise mechanisms surrounding lipidation and maturation of HCV 

particles are currently unknown, several lines of evidence indicate that LVP 

particles form in a manner similar to VLDL formation.  

 Assembly and secretion of hepatic VLDL is a complex process that 

controls TG secretion from the liver and involves many lipid and protein factors. 

VLDL are large lipoproteins containing a core of TG and CE surrounded by a 
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phospholipid (PL) monolayer containing free cholesterol (FC) and apolipoproteins 

(59).  Abundance of lipid substrate, particularly TG, is thought to be a driver of 

VLDL assembly as evidenced by the positive correlation between liver lipid 

content and VLDL TG overproduction (60, 61).  VLDL assembly consists of two 

distinct steps: first, co-translational lipidation of apoB by microsomal triglyceride 

transfer protein (MTP) in the ER forms small pre-VLDL particles; second, pre-

VLDL particles acquire bulk lipids and form into mature TG-enriched VLDL that 

are secreted (62).  Each particle of VLDL contains one apoB molecule, which 

undergoes co-translational lipidation by MTP (63, 64).  MTP mediates the co-

translational addition of TG and PL on to nascent pre-VLDL and also facilitates 

the incorporation of bulk lipids, forming mature VLDL for secretion (64-66).  MTP 

activity is required for VLDL assembly and inactivation of MTP blocks VLDL 

secretion (67-69). Additionally, apoE expression is also important for VLDL 

secretion and overexpression has been shown to increase the rate of VLDL 

secretion (70).  Importantly, various components of the VLDL assembly pathway 

have been shown to be critical for HCV particle assembly. MTP is required for 

HCV particle assembly since MTP inhibitors can block HCV particle secretion 

(71, 72).  Additionally, knockdown of apoB or apoE expression is sufficient to 

reduce secretion and maturation of HCV particles (33, 71, 72).  While not fully 

understood, lipidation of the enveloped HCV particle into a lipoviroparticle, 

containing a large amount of lipids and apolipoproteins, is believed to be similar 

to VLDL secretion. 

 



	   10	  

Chronic HCV infections and hepatic steatosis 

The HCV life cycle is closely associated with liver lipid metabolism and 

chronic infections are one of the major causes of liver disease in the world (73).   

More than half of chronically infected HCV patients develop hepatic steatosis, a 

pathological accumulation of liver lipids characterized by increases in the size 

and number of lipid droplets. Steatosis is a hallmark of HCV infection associated 

with increased risk for steatohepatitis, liver cirrhosis, and HCC, and inversely 

correlated with response to antiviral treatment (4).  Although steatosis induced by 

HCV is well established the exact mechanism is still not completely understood.  

Research to unravel the mechanisms of HCV induced liver pathology are 

necessary but difficult since most of our understanding of the full HCV life cycle 

comes from modified cell culture models that do not fully represent normal liver 

lipid metabolism. Interestingly, expression of Core alone is sufficient to induce 

hepatic steatosis (74, 75), and uncovering the exact mechanism of Core-induced 

steatosis has strong potential clinical implications. 

Hepatic steatosis can be defined as the accumulation of liver triglycerides 

(TG) accounting for more than 5% of liver wet weight (76).  While hepatic 

steatosis is a common feature of chronically infected HCV patients it often occurs 

in many adults and children worldwide due to numerous causes and is classified 

as fatty liver disease (FLD).  Typically FLD is characterized by steatosis, a 

generally asymptomatic compensatory mechanism to excess lipid storage (77). 

TG can accumulate due to excess uptake of lipids by the liver due to increased 

dietary consumption or increased lipolysis from adipose tissue stores.  
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Additionally lipids can accrue due to excess de novo lipogenesis or impaired fatty 

acid oxidation.  Lastly, steatosis can also result from impaired secretion of TG via 

VLDL from the liver. 

FLD encompasses a broad spectrum of disorders and is typically 

classified as to whether the disease is due to the overconsumption of alcohol, 

alcoholic fatty liver disease (AFLD), or in persons who do not consume enough 

alcohol to harm the liver, non-alcoholic fatty liver disease (NAFLD) (78). AFLD is 

generally associated with the consumption of alcohol in excess of 20g/day, while 

NAFLD can result from a variety of risk factors including gender, age, ethnicity, 

metabolic syndrome, obesity, diabetes mellitus, and cardiovascular disease (79).  

Notably, hepatic steatosis is considered a prerequisite, and possibly a marker, for 

enhanced liver disease progression, which exists as a spectrum (80-82).  While 

FLD can result from numerous causes it usually progresses to worsening liver 

pathogenesis in a similar manner, advancing from simple steatosis to 

steatohepatitis, which can further develop into fibrosis, cirrhosis, and HCC.  The 

progression of FLD is well recognized but the underlying mechanisms that 

promote each successive step are uncertain and under intense investigation.  In 

1998, Day and Camp proposed a “two-hit hypothesis” to explain the progression 

of simple steatosis to steatohepatitis (83) which suggests that the accumulation 

of liver lipids alters cellular and molecular functions and sensitizes the liver to 

additional insults.  Hepatic steatosis is considered a “first hit”, and after an 

additional insult or a “second hit”, the balance is tipped and an inflammatory 

response is invoked.  FLD is usually advanced by hepatocyte injury which can be 
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caused by various factors including systemic inflammation, oxidative stress, ER 

stress, and mitochondrial dysfunction (79). The “second hit” leads to 

steatohepatitis characterized by increasing amounts of lipid storage, hepatocyte 

damage, inflammation, and fibrosis (84). Further injury can result in cirrhosis 

where hepatocytes are replaced by scar tissue.  Cirrhosis of the liver is an end 

stage liver disease, which can progress further to HCC, a disease with poor 

outcomes and limited therapeutic options (85). 

 

HCV Core and Hepatic Steatosis 

Although steatosis induced by HCV is well established the exact 

mechanism is still not completely understood.  Importantly expression of Core 

alone is sufficient to induce hepatic steatosis. Core is an important HCV 

structural protein that associates with host cytoplasmic lipid droplets (LD), a 

primary site for viral particle assembly. Although the association between Core 

and LDs is essential for HCV particle production, the exact mechanism of the 

Core-LD association is not understood, as discussed in detail below.  Based on 

the importance of host liver lipid metabolism in the HCV life cycle, gaining a 

mechanistic insight into interactions between the virus and lipids can provide 

alternative contributions to complement antiviral treatment. 

Core has been shown to localize to LDs in multiple cell types, and cells 

expressing Core have increased LD accumulation (86, 87).  Moriya and 

colleagues first showed that Core expression alone induces hepatic steatosis in 

vivo using a transgenic mouse model expressing Core under control of a 
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hepatitis B virus regulatory region (75).  Approximately 50% of Core transgenic 

mice had steatosis, observed by H&E staining, at age 6 to 9 months, with no 

differences in body weight, liver weight, or liver lipids between transgenic mice 

and wild-type littermates, maintained on a chow diet (75). Furthermore, studies in 

chronic HCV patients show a relationship between detectable Core protein and 

steatosis (88), and the degree of steatosis is a predictor of poor response to IFN 

therapy (89).   

Hepatic steatosis is a pathological accumulation of liver lipids resulting 

from an imbalance between the accumulation of lipids and their removal.  The 

liver has several mechanisms to control lipid levels by regulation of multiple 

pathways including:  lipid synthesis; TG hydrolysis and fatty acid (FA) oxidation; 

and secretion of lipids via VLDL. Evidence has been given to show Core 

expression can alter multiple pathways to cause steatosis.  While there is a clear 

relationship between Core expression and hepatic steatosis, the underlying 

mechanism is still unclear. 

 It is well established that Core expression results in the increase in genes 

related to lipid synthesis.  Stable expression of Core in Huh7 cells shows 

increases in the rate of fatty acid synthesis, measured by incorporation of 

radiolabeled acetate into fatty acids in addition to an increase in the activity and 

mRNA expression of fatty acid synthase (FAS) and acetyl CoA carboxylase 

(ACC) (90). Sterol response element binding protein 1 (SREBP-1) is a master 

transcriptional regulator of many genes involved in lipid synthesis and there are 

two isoforms: SREBP-1a, a potent activator of all SREBP-responsive genes 
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involved in TG and cholesterol synthesis; and SREBP-1c, which preferentially 

activates genes required for fatty acid synthesis (91).  Cells expressing Core 

have increased activity SREBP-1 (92), and FAS transcription is also increased in 

a manner dependent on SREBP-1 (93).  Additionally, microarray data from a 

mouse model with conditional expression of Core, via a promoter suppressible by 

tetracycline, shows the SREBP lipid synthesis pathway to be up regulated (94).  

Many in vitro studies show multiple possible pathways for enhanced SREBP-1 

activity.  Stable expression of Core induces TG accumulation mediated by liver X 

receptor alpha (LXRα) activity, leading to increases in the associated genes 

SREBP1c, peroxisome proliferator-activated receptor gamma  (PPARγ), and 

FAS (95).  Furthermore, Core-mediated upregulation of lipogenic genes involves 

multiple pathways in vitro, including a dependence on PI3K-Akt signaling (95, 96) 

and decreases in abundance and activity of SIRT1 and AMPKα2 (97). 

 In addition to increasing lipogenesis, evidence also supports Core 

expression decreases the oxidation of fatty acids. Peroxisome proliferator-

activated receptor alpha (PPARα) is a nuclear receptor, expressed highly in lipid 

catabolic tissues such as the liver, which targets genes associated with many 

aspects of lipid catabolism including carnitine palmitoyltransferase I (CPT-1), a 

major rate-limiting enzyme for fatty acid oxidation (98).  Core expression, in 

HepG2 cells and C57BL/6 mice infected with a Core recombinant adenovirus, 

results in decreased PPARα expression, along with down-regulation of genes 

associated with fatty acid oxidation including CPT-1 (99).  Additionally, PPARα 

and CPT-1 mRNA are down regulated in liver tissue of HCV infected patients 
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(100).  Interestingly, studies using PPARα-homozygous, -heterozygous, and -null 

mice show that steatosis only develops in Core transgenic mice that are PPARα-

homozygous (Ppara+/+:HCVcpTg) (101).  Activation of PPARα is seen as 

essential for Core-induced liver pathogenesis in Ppara+/+:HCVcpTg mice, 

primarily due to increased uptake of fatty acids and decreased fatty acid 

oxidation due to breakdown of the mitochondrial outer membrane (101). 

Intriguingly, the mature form of Core protein can localize to the outer membrane 

of the mitochondria and it is possible this localization could disrupt lipid transfer 

at the mitochondria (102). 

  Impairment of VLDL secretion can also contribute to steatosis and one of 

the earlier studies examining mechanisms of Core-induced steatosis found, using 

a Triton-based method, that Core transgenic mice have impaired TG secretion 

into plasma (103).  Further investigations show Core transgenic mice have a 

decrease in MTP activity but no reduction in MTP mRNA (103).  Additionally, 

data from HCV-infected patients show decreases in MTP activity (104) and MTP 

mRNA levels are inversely correlated to the degree of steatosis in HCV patients, 

regardless of HCV genotype (105) giving evidence to support the contribution of 

impaired VLDL secretion to HCV-induced hepatic steatosis. 

While evidence supports multiple mechanisms of Core-induced steatosis, 

it is important to consider that TGs accumulate in LDs during steatosis and Core 

localizes to LDs during the HCV life cycle. In 2011, Ott and colleagues performed 

a seminal study showing Core expression reduces the rate of TG hydrolysis, in 

NIH/3T3 fibroblasts and Huh7 cells, as seen in a pulse-chase experiment using 
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radiolabeled oleic acid chased with triacsin c, an inhibitor of acyl-coenzyme A 

synthetase (ACS) that prevents the re-esterification of fatty acids hydrolyzed from 

TG (74).  Additionally, the ability of Core to reduce TG hydrolysis was dependent 

on Core binding to LDs since a Core mutant, unable to bind LDs, has similar TG 

hydrolysis rates compared to control cells (74).  Furthermore, Core expression in 

Huh7 cells shows no differences in rate of TG synthesis, measured by 

incorporation of radiolabeled oleic acid into TG (74). Later, LDs isolated from 

mice with adenoviral-induced expression of Core show Core expression impairs 

TG hydrolysis, decreases the release of free fatty acids, and has no significant 

effect on TG lipogenesis (106). Overall, these results indicate that Core localized 

to LDs induces steatosis by reducing lipolysis and reducing TG turnover. 

The localization of Core with LDs, is critical for HCV particle assembly, 

and an important component for the development of steatosis (54, 74).  Steatosis 

is characterized by increases in the size and number of lipid droplets and can 

occur when the liver is unable to balance lipid storage and lipid clearance to 

maintain liver lipid homeostasis.  Importantly, the association between Core and 

LDs is essential for assembly of infectious viral particles since HCV strains with 

Core mutants unable to bind LDs have severely decreased particle production 

(56, 57). These data highlight an essential mechanism of the HCV life cycle but 

the interactions occurring between Core and the LD still remain unclear.  

Understanding how Core interacts with liver LDs should allow for identification 

host components critical for the HCV life cycle and reveal innovative therapeutic 

targets. 
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Cytoplasmic Lipid Droplets 

 The identification of LDs was seen as early as the nineteenth century, 

although LDs were highly disregarded and thought to be inert lipid bodies with 

little functional relevance (107).  However, in 1991 Londos and coworkers 

identified perilipin, a protein specifically located at the periphery of LDs in 

adipocytes (108) and subject to hormone-induced phosphorylation (109).  

Following the discovery of perilipin, LDs have become the center of intense 

research and are found to be dynamic organelles with multiple functions (110).   

Nearly all cells contain or have the ability to form LDs (111), which primarily store 

neutral lipids for various functions including generation of energy, membrane 

synthesis, and signaling. LDs also play a role in various disease states including 

metabolic disease, immunity, cancer, and host-pathogen interactions (112-114).  

Primarily it is thought that LDs arise from the ER, since many enzymes 

mediating neutral lipid synthesis are located on the ER (111, 115), however the 

precise mechanism is unclear and limited to hypothetical models (107).  LDs are 

composed of a neutral lipid core made up of TG and sterol esters surrounded by 

a phospholipid monolayer (116). The composition of lipids within the neutral lipid 

core can vary according to cell type and nutrient status.  Steroidogenic cells 

primarily store CE, the formation of which is catalyzed by acyl-coenzyme 

A:cholesterol acyltransferase (ACAT) (117). Adipocyte LDs predominantly store 

TG, where diacylglycerol acyltransferase (DGAT) catalyzes the terminal step in 

TG synthesis (118). TG formation and incorporation into LDs offers a unique and 
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efficient way to store energy by esterification of three fatty acids on to a glycerol 

backbone.  Furthermore, cytotoxicity of accumulating fatty acids is likely diverted 

by incorporation and storage of excess fatty acids in the form of TG (119).  TGs 

are synthesized by multiple enzymes in successive steps catalyzed by glycerol-

3-phosphate O-acyltransferase (GPAT), 1-acylgylcerol-3-phosphate O-

transferase (AGPAT), phosphatidic acid phosphatase (PAP), and DGAT (118). 

Interestingly, during lipid excess enzymes involved in TG synthesis relocalize to 

from the ER to LDs including ACSL, GPAT, AGPAT, PAP, and DGAT (120).  

Additionally, long-chain acyl-coenzyme A synthetase (ACSL), an enzyme that 

catalyzes the formation of activated fatty acids for use by lipid synthesizing 

enzymes, is found on LDs (121). Growth of LDs is coordinated so that the 

surface is proportional to the volume (122). Importantly, CTP:phosphocholine 

cytidylyltransferase (CCT), an enzyme catalyzing the rate-limiting step in 

phosphatidylcholine (PC) synthesis (123), localizes to and is activated on 

growing LDs leading to increased generation of PC to coat growing LDs and 

enabling expansion (124).  When cellular demands require energy, fatty acids 

can be released from TG stored within LDs by lipases such as adipose 

triglyceride lipase (ATGL), which hydrolyzes fatty acids from TG (125).  The 

balance between lipid storage and lipid removal from LDs is highly regulated, as 

discussed below, and involves many proteins.   

Since the discovery of perilipin much research has gone into studying LDs 

and LD proteins.  As previously mentioned, perilipin was the initial LD protein 

identified, expressed in adipocytes and steroidogenic cells, and has major impact 
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on regulation of hydrolysis of neutral lipids (108, 109, 126).  Further 

investigations led to the discovery of a functionally conserved family of proteins 

that share sequence similarity and bind LDs, termed PAT due to the first three 

members identified:  perilipin, adipose differentiation-related protein (ADRP), and 

tail-interacting protein at 47kDa (TIP47) (127).  ADRP was discovered as one of 

the earliest markers for adipocyte differentiation (128), and later found to be 

ubiquitously expressed, associated with LDs, and replaced by perilipin in 

adipocytes early in adipocyte differentiation (129).  TIP47 was originally identified 

as a mannose 6-phosphate (M6PR) receptor binding protein that facilitates 

trafficking of M6PR from endosomes to the trans-Golgi network (130).  Later 

TIP47 was examined, due to its similarities to ADRP, and found to be associated 

with LDs (127). Two additional LD proteins, containing a PAT1 domain, were 

classified within the PAT family:  one originally found to localize to nascent LDs in 

adipocytes known as S3-12 (131), and a protein initially found to localize to LDs 

in heart tissue known as myocardial LD protein (MLDP) (132).  Although the PAT 

family is evolutionarily conserved with sequence similarity they have differences 

in size, tissue distribution, affinity for LDs, stability when not bound to LDs, and 

transcriptional regulation (133). Collectively, the PAT family proteins are critical 

regulators of LD metabolism and are important scaffolding proteins that serve as 

gatekeepers to the LD.  

Investigation into mechanisms surrounding LD metabolism greatly 

contributed to our current knowledge on LDs, however the majority of studies 

center on the role of perilipin in the regulation of lipolysis in adipocytes.  
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Complete lipolysis of LD TGs, to a glycerol and three fatty acids, involves three 

steps including at least three enzymes:  hydrolysis of a TG to a diglyceride (DG) 

by ATGL; hormone sensitive lipase (HSL) mediates hydrolysis of DG to a 

monoglyceride (MG); and lastly monoacylglycerol lipase (MAGL), which 

hydrolyzes MG into a fatty acid and glycerol (134).  ATGL and HSL are 

responsible for over 90% of TG hydrolysis in adipose tissue (135).  Furthermore, 

comparative gene identification 58 (CGI-58) has been identified as a coactivator 

for ATGL-mediated TG hydrolysis, and interacts with PAT proteins (136, 137).  

Previous evidence shows that perilipin acts as a gatekeeper by forming a barrier 

on LDs and blocking access of lipases to preventing lipolysis (138, 139).  

Additionally, perilipin can serve as a scaffolding protein upon phosphorylation by 

protein kinase A (PKA).  Upon beta-adrenergic stimulation, PKA is activated 

leading to phosphorylation of perilipin and HSL and perilipin phosphorylation 

results in a conformational shift allowing for translocation of HSL to the LD (140, 

141).  Additionally, CGI-58 is released from phosphorylated perilipin and able to 

interact with ATGL for enhanced lipolysis (141, 142).  While perilipin is the 

predominant PAT protein in adipose tissue, ADRP and TIP47 are ubiquitously 

expressed and are the major LD scaffolding proteins in non-adipose tissue (133).  

Overexpression of ADRP increases LD formation and lipid storage (143), which 

could possibly be explained by a decrease in TG hydrolase activity and reduced 

localization of ATGL on LDs (144).  Additionally, TIP47 is able to functionally 

compensate for ADRP in the presence of ADRP knockout or knockdown (145, 

146).  Cells with knockdown of one or more of the PAT proteins have substantial 
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changes in LD size and number (146).  Additionally, cells lacking PAT proteins 

have significantly larger LDs with increased ATGL at the LD, correlating to higher 

TG hydrolysis rates and associating with insulin resistance (146).  These studies 

show the importance of PAT proteins for regulating LD size, number, and 

intracellular lipid homeostasis by protecting LDs from lipolytic enzymes. 

Importantly, the PAT family proteins are a functionally important group of LD 

scaffolding proteins that play a critical role in regulating increased lipid flux into 

and out of LDs. 

 Importantly, access to lipids within the LD core is highly controlled by the 

PAT family of proteins but a variety of proteins have also been found to associate 

with LDs.  Proteins associated with LDs are involved in numerous functions such 

as lipid metabolism, membrane trafficking, autophagy, chaperone proteins, and 

signaling (147). TG incorporation into LDs for storage, catalyzed by DGAT as 

mentioned above, is an important function of LDs and contributes to LD growth.  

Interestingly, DGAT2 is the only isoform that localizes to LDs and incorporation of 

TG into LDs occurs at different rates in different cell types, suggesting an 

unequal access to biosynthetic machinery (148).  Additionally, other LD proteins 

can affect lipolysis by activating or inhibiting lipase function.  As mentioned 

earlier, CGI-58 is a LD protein that activates and increases ATGL-mediated 

hydrolysis.  In contrast, the protein encoded by G0/G1 switch gene 2 (G0S2) is a 

LD protein that interacts with and inhibits ATGL-mediated TG hydrolysis (149). 

Other LD proteins functioning in lipid metabolism include the cell death-inducing 

DFF45-like effector (CIDE) proteins.  CIDE proteins consist of CIDEA, CIDEB, 
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and CIDEC, and are localized on LDs playing important roles in many metabolic 

process including LD formation and lipid storage (150).  The small GTPase Arf1, 

involved in ER to Golgi transport, has also been shown to localize to LDs in a 

GTP-dependent manner (151).  Arf1 is important for the disassociation of ADRP 

from LD (152). Also, Arf1 is involved in LD localization and activation of 

phospholipase D1, which catalyzes the hydrolysis of PC to produce phosphatidic 

acid, a bioactive lipid (153).  Additionally, 18 members of the Rab family of 

proteins, which participate in membrane trafficking, are found to localize to LDs 

(147, 151).  Rab18 has been found to localize on LDs and results in closer 

apposition of LDs to the ER and decreased amounts of ADRP on the LD (154).  

Additionally, it was shown that Rab18 expression on the LD increases with 

lipolysis in adipocytes (155).  Overall, there are many proteins that bind to LDs 

making up a distinct LD proteome dependent on LD size and number, which is 

dynamic and dependent on various factors.  

While many proteins have been shown to localize on to LDs, the precise 

details into protein targeting to LDs are not completely understood.   Mechanisms 

believed to be involved in LD targeting include:  direct interaction with the LD 

monolayer surface via amphipathic helices, embedding of regions or domains of 

hydrophobic sequences, lipid anchors, or by protein-protein interaction with 

another LD-bound protein (111).  Importantly, although many proteins are able to 

bind LDs, there is limited capacity for protein binding on the LD surface.  How the 

LD composition is altered in relation to the supply and demand of lipids has 

remained unclear for a long time.  However, a landmark study by the Farese and 
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Walther group shows that protein crowding is a large determining factor of LD 

protein composition, which is largely determined by competition for relatively 

limited sites on the LD surface (156). Furthermore, the group shows that when 

LDs are at steady state, LD proteins with high binding affinity can alter the LD 

protein composition and suggest PAT proteins might serve as regulators of LD 

protein crowding (156). Although many proteins are able to bind LDs, the 

composition of LD proteins is highly regulated under changing conditions and is 

the center of intense research. 

 

HCV Core Protein and Host Lipid Droplets 

The localization of Core to LDs serves an important role for the HCV life 

cycle and has even been used as a tool to study LD biology (157, 158).  In order 

for Core to associate with LDs it must undergo two sequential processing events 

at the ER membrane (159). First, cleavage by signal peptidase releases an 

immature form of Core from the viral polypeptide (48).  Next, processing by 

signal peptide peptidase removes the signal peptide from Core, producing a 

mature 21 kDa protein, which is necessary for Core localization with LDs (54).  

Once Core is fully processed, it is able to associate with LDs via a C-terminal LD-

binding domain (DII).  Importantly, the DII domain is made up of two amphipathic 

α-helices, separated by a hydrophobic loop, resulting in a high affinity of Core for 

LDs (55).  The ability of the DII domain of Core to bind LDs is essential for the 

HCV life cycle since mutations in DII, preventing LD localization, significantly 

impair HCV particle production (56, 57).  Additionally, DGAT1 has been identified 
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as being essential for Core localization to LDs, and knockdown of DGAT1 

severely impairs HCV particle production (160).  The aforementioned studies 

emphasize that Core association with the LD is essential for HCV to persist, 

however the mechanisms underlying how Core interacts with LDs is still unclear.   

Host liver LDs are dynamic organelles that store lipids and are important 

components in the HCV life cycle. In hepatocytes, the two main LD scaffolding 

proteins TIP47 and ADRP serve similar roles but have distinct characteristics 

such as transcriptional regulation, affinity for LDs, and stability when not bound to 

LDs (133). Both ADRP and TIP47 have been shown to be important for 

regulation of LD size and access of lipolytic enzymes such as ATGL to the LD 

surface (146). Expression levels of ADRP and/or TIP47 on the LD surface can 

vary in response to changing cellular metabolic needs and both have been 

implicated to play roles in hepatic steatosis (144, 161-163).  Interestingly, Core 

has been shown to alter the typical expression pattern of these LD scaffolding 

proteins. 

Earlier evidence in hepatoma cell lines show Core expression alters the 

composition of PAT proteins, resulting in increased TIP47 expression, and 

decreased ADRP, in LD fractions (164).  The previously mentioned observation 

is peculiar in that ADRP expression is typically increased in diet induced 

steatosis (165), and is associated with enhanced steatosis formation (166).  

Interestingly, another group found that loading of Core on to LDs associated with 

the displacement of ADRP from LDs, and a redistribution of cellular LDs from the 

cell periphery to the perinuclear regions during HCV infection (167, 168). The 
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redistribution and clustering of LDs at the perinuclear region could be due to 

increased LD synthesis due to Core expression (169).  Importantly, ADRP is a 

constitutive LD protein and is targeted for proteosomal degradation by covalent 

modification with ubiquitin if not bound to LDs (170). In contrast, TIP47 is an 

exchangeable LD scaffolding protein and is able to compensate for the loss of 

ADRP in ADRP-null mouse embryonic fibroblasts (145).  The observation that 

Core expression alters expression of important LD scaffolding proteins and 

changes the LD proteome could be a factor in Core-induced steatosis although 

there is no current evidence of a primary role for LD scaffolding proteins in Core-

induced steatosis.  

Additionally, the LD scaffolding protein TIP47 has been shown to play a 

significant role in the life cycle of HCV.  Using yeast two-hybrid screening, TIP47 

was found to bind HCV protein NS5A and is important for HCV replication (171).  

Another group also found an interaction between TIP47 and NS5A, and show 

TIP47 overexpression slightly enhances HCV replication while silencing of TIP47 

significantly decreases infectious viral particle production (172). TIP47 is also an 

essential component of HCV particle release via an interaction with Rab9 (173).  

Collectively, these studies show that TIP47 is an important host LD protein, 

which is increased by Core expression, and plays a vital role HCV particle 

assembly and release. 
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Interaction of Host Lipid Droplets and Other Pathogens 

In addition to the vital function in HCV, LDs also serve critical roles for 

many other pathogens.  GB virus B (GBV-B) is closely related to HCV and 

associates with acute hepatitis in experimentally infected tamarins (174).  GBV-B 

also localizes to LDs via a core protein sharing similar homology to the LD 

binding domain of HCV Core (175).  Dengue virus (DNV) is a major human 

pathogen and is also a member of the Flaviviridae family.  The capsid of DNV 

has also been shown to associate with LDs, likely through an interaction with 

TIP47 (176), and the LD association is required for efficient viral replication (177).  

Furthermore, rotaviruses colocalize with the LD scaffolding protein ADRP and 

inhibition of LD formation has a negative effect on viral replication (178).  The 

outer capsid protein of orthoreoviruses also localizes to LDs in addition to 

inducing apoptosis, and the ability to bind LDs seems to be important for 

induction of apoptosis (179). 

 In addition to binding LDs, other pathogens have been shown to induce 

the accumulation of LDs.  Hepatitis B virus X protein results in LD accumulation 

by increasing LXR and upregulation of lipogenic genes mediated by increased 

PPARγ, SREBP-1c and FAS (180, 181).  The human adenovirus 36, which is 

associated with obesity, also leads to LD accumulation by increasing lipogenesis 

and decreasing fatty acid oxidation (182, 183).  Multiple microbial pathogens 

have been linked to LD accumulation, particularly in immune cells such as 

macrophages (184).  Macrophages that accumulate LDs are also known as foam 

cells, due to their foamy morphology.  Foam cells can accumulate in granulomas 
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during infections with mycobacteria, particularly due to Mycobacterium 

tuberculosis (185).  Interestingly, it has been shown that M. tuberculosis leads to 

incorporation of host fatty acids into TG via M. tuberculosis triacylglycerol 

synthase 1, possibly using LDs as a source of nutrients (186).  Furthermore, M. 

leprae stimulates LD accumulation in infected macrophages and Schwann cells, 

and cholesterol accumulation is vital for leprosy infections (187-189).  Foam cell 

formation can also be seen in macrophages infected with Chlamydia 

pneumoniae, which has even been linked to increased risk for atherosclerosis 

(190, 191).  Infection with Chlamydia trachomatis in epithelial cells can lead to LD 

proliferation, and blockage of LD formation by triacsin C can impair replication 

(192).  Interestingly, the chlamydial protein Lda3 may participate in acquiring LDs 

by promoting the removal and redistribution of ADRP (193).  Lastly, 

Trypanosoma cruzi, the protozoan intracellular pathogen that causes Chagas 

disease, also leads to LD accumulation in macrophages (194) and has been 

shown to recruit LDs to Trypanosoma-containing vacuoles (195).   

In addition to the important role LDs play in the life cycle of pathogens, 

LDs are also important for host immune responses.  LDs have been linked to 

eicosanoid synthesis as LDs stimulated by unsaturated fatty acids 

compartmentalize cytoplasmic phospholipase A2 (cPLA2) and facilitate release 

of arachidonic acid and production of prostaglandin E2 (PGE2) (196), which is a 

major factor in responses to stress (197).  Additionally, LDs may also play a role 

in antigen cross presentation as indicated by the importance of an immune-

related GTPase, Irgm3, which binds to ADRP on LDs and is required for efficient 
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antigen cross presentation in dendritic cells since inactivation of either Irgm3 or 

ADRP leads to impaired cross-presentation of phagocytized antigens (198).  

Viperin is an interferon-stimulated gene that localizes to LDs (199), and has been 

shown to inhibit viruses such as influenza, HCV, dengue virus, and human 

immunodeficiency virus (200). Given the recently mentioned importance of LDs 

for multiple pathways involving pathogens and host immune response, gaining a 

better insight of LD biology may lead to breakthroughs in multiple areas of 

healthcare. 

  



	   29	  

 

Purpose 

Previous studies have shown that Core’s association with the LD is an 

indispensable part of HCV replication and persistence making it an attractive 

target for discovery of new targets to inhibit HCV infections.  Although the Core-

LD association is a critical part of the HCV life cycle, it is still unclear as to how 

the viral protein interacts with the LD resulting in a pathological accumulation of 

lipids in the liver.  In order to understand mechanisms involved in HCV-mediated 

pathogenesis we have focused our studies on Core-induced hepatic steatosis in 

transgenic mice, since steatosis is a common disease process found in HCV 

infected patients.  Core serves as a critical component in the viral life cycle of 

HCV and by defining how Core interacts with the LD we should be able to identify 

new targets to disrupt Core’s association with the LD and impair HCV infection.  

Since Core expression has been shown to increase expression of the LD 

scaffolding protein TIP47 we hypothesized that TIP47 is an important component 

for HCV core protein to induce steatosis and that knockdown in expression of 

TIP47 would result in diminished fatty liver.  To test our hypothesis we have 

generated a Core transgenic mouse model, utilizing the pLiv11 vector for 

exclusive expression of Core in hepatocytes, along with anti-sense 

oligonucleotides (ASO) to knockdown expression of TIP47. 
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Figure 1. 

The hepatitis C virus life cycle.  1) Entry of infectious hepatitis C virus (HCV) 

particles into host hepatocytes is achieved by receptor-mediated endocytosis.  2) 

The HCV particle, contained within an endosome, fuses to the endosome 

membrane and releases its single-stranded RNA genome into the cytoplasm. 3) 

Translation of the HCV polypeptide is performed by host cell ribosomes followed 

by processing of the viral proteins by host and viral proteases. 4) Non-structural 

HCV proteins form a RNA-dependent RNA replication complex on the 

cytoplasmic face of the endoplasmic reticulum (ER) membrane where new HCV 

RNA is synthesized. 5) Viral particle assembly begins when the HCV genome is 

trafficked to the site of assembly and is encapsulated by the HCV core protein, 

associated with the cytoplasmic lipid droplet (LD), forming a nucleocapsid.  Viral 

proteins E1 and E2 located on the ER membrane envelop the nucleocapsid. 

Next, the enveloped particle blebs into the ER lumen where it associates with 

apolipoproteins C and E, in addition to lipids, forming an infectious viral particle 

(also known as a lipoviroparticle [LVP]).  6) Lastly, the fully formed LVP is 

released via exocytosis. 7) The infectious LVP is mature and available to infect a 

new host cell.  
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Figure 1. 
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Abstract  

Hepatitis C Virus (HCV) is an enveloped RNA virus responsible for 170 million 

cases of viral hepatitis worldwide. Over 50% of chronically infected HCV patients 

develop hepatic steatosis, and steatosis can be induced by expression of HCV 

core protein (core) alone. Additionally, core must associate with cytoplasmic lipid 

droplets (LD) for steatosis development and viral particle assembly. Given the LD 

is an important component of hepatic lipid storage, and serves as a platform for 

HCV particle assembly; this dynamic subcellular organelle is a gatekeeper in the 

pathogenesis of viral hepatitis. Here we hypothesized that core requires the host 

LD scaffold protein TIP47 to induce hepatic steatosis. To test our hypothesis in 

vivo, we have studied core-induced hepatic steatosis in the absence or presence 

of antisense oligonucleotide (ASO)-mediated knockdown of TIP47. TIP47 

knockdown blunted HCV core-induced steatosis in transgenic mice fed either a 

chow or moderate fat diet. Collectively, our studies demonstrate that the lipid 

droplet scaffold protein TIP47 is essential for HCV core-induced hepatic 

steatosis, and provide new insights into the pathogenesis of HCV. 

 

 

Keywords:  Hepatitis, Steatosis, Triglyceride, Lipid Droplet, Virus,   
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Introduction 

The hepatitis C virus (HCV) affects 3% of the world’s population and is a 

leading cause of end stage liver failure, presenting a considerable global 

healthcare burden (1). Liver tissue is the primary target for HCV infections, where 

the virus elegantly co-opts with hepatic lipid metabolic processes to promote viral 

assembly (2, 3). Steatosis is a hallmark of HCV infection, occurring in 50-70% of 

chronically infected individuals (4). Importantly, there is an inverse correlation 

between steatosis and response to antiviral treatment as well as increased risk 

for steatohepatitis, liver cirrhosis, and hepatocellular carcinoma (4). Hepatic 

steatosis is characterized by a pathological accumulation of liver lipids resulting 

in increases in the size and number of lipid droplets. Although it is well 

appreciated that HCV infection promotes hepatic steatosis, the exact mechanism 

is incompletely understood. The HCV core protein (core) is a viral structural 

protein that serves to form a capsid around the viral RNA genome and has been 

shown to induce steatosis in various models (5, 6).  Core is the first viral protein 

translated and undergoes two proteolytic processing events at the endoplasmic 

reticulum (ER) membrane (7).  Once core undergoes the second cleavage by 

signal peptide peptidase, it is able to associate with host cytoplasmic lipid 

droplets (LD) via a C-terminal binding domain composed of two amphipathic 

helices separated by a hydrophobic loop (8, 9). The processing events, allowing 

core to associate with LDs, have been shown to be essential for steatosis 

formation (10).  Once core is associated with the LD, newly synthesized viral 

RNA is trafficked, by HCV non-structural protein NS5A, to core where core forms 
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a protein capsule (nucleocapsid) around the HCV genome (11).  Importantly, 

nucleocapsid formation by core occurs at the LD, which serves as the primary 

site of HCV viral particle assembly.  The importance of the core-LD interaction is 

highlighted by independent studies demonstrating that LDs are required for HCV 

virus production, and that removal of core from the LD inhibits virus production 

(12, 13).  There is now unequivocal evidence that the ability of core to interact 

with host LDs is critical for both viral particle assembly as well as associated 

hepatic steatosis (10, 12, 13). 

Host liver LDs, which are essential for HCV particle production, are 

dynamic organelles storing neutral lipids within a hydrophobic core.  The neutral 

lipid core, composed mainly of triglycerides and cholesterol esters, is surrounded 

by a phospholipid monolayer that is decorated by a unique proteome (14).  LDs 

expand and contract based on cellular metabolic demand.  When fatty acids are 

in excess, they can be stored by incorporation into triglycerides (TG) by enzymes 

such as diacylglycerol acyl transferase (DGAT), which catalyze the terminal step 

in TG synthesis (15).  When the cellular energy state is diminished, lipolytic 

enzymes can hydrolyze TGs from within the LD to release free fatty acids for 

beta-oxidation. One of the primary lipolytic enzymes for TG hydrolysis is adipose 

triglyceride lipase (ATGL), along with its cofactor comparative gene identification 

58 (CGI-58), which cooperate to release fatty acids from the hydrophobic TG-rich 

core within the LD (16-18).  Importantly, enzymes such as the ATGL-CGI-58 

complex must gain access to the neutral lipid core of the LD in order to release 

fatty acids. Notably, certain LD proteins, specifically the PAT family proteins, act 
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as scaffolding proteins and help regulate LD size by serving as gatekeepers that 

regulate access to the neutral lipid core (19).  

In liver, the two main lipid droplet associated scaffolding proteins are tail-

interacting protein at 47kDa (TIP47) and adipocyte differentiation related protein 

(ADRP) (19, 20). TIP47 is a highly exchangeable protein involved in multiple 

processes including lipid storage, lipid mobilization, and LD biogenesis (21, 22).  

ADRP is a non-exchangeable protein that is degraded if displaced from the LD 

(23).  Expression levels of ADRP and/or TIP47 on the LD surface can vary in 

response to changing cellular metabolic needs to alter TG storage levels in the 

cell (24-27) by regulating access of enzymes involved in lipid synthesis or 

lipolysis.  Previous studies have shown that expression of core alters the normal 

composition of LD scaffolding proteins. Core expression in hepatoma cells 

resulted in increased TIP47 expression and decreased ADRP expression (28).  

Furthermore, core expression has been shown to cause a redistribution of LDs 

from the cell periphery to the perinuclear region, which is associated with the 

displacement of ADRP from redistributed LDs (29). The observation that core 

expression alters expression of important LD scaffolding proteins and changes 

the LD proteome could be involved in core-induced steatosis, which is the topic 

of the current study. 

Previous studies have shown that core’s association with the LD is an 

indispensable part of HCV replication and persistence making it an attractive 

target for discovery of new targets to inhibit HCV infections (12, 13, 30).  

Although the core-LD association is a critical part of the HCV life cycle, it is still 
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unclear as to how the viral protein interacts with the LD resulting in a pathological 

accumulation of lipids in the liver.  In order to understand mechanisms involved in 

HCV-mediated pathogenesis we have focused our studies on core-induced 

hepatic steatosis in vivo, given that hepatoma cell models have dramatically 

altered lipid metabolic processes when compared to primary hepatocytes.  Core 

serves as a critical component in the viral life cycle of HCV and by defining how 

core interacts with the LD we should be able to identify innovative targets to 

disrupt core’s association with the LD and impair HCV infections.  Given core 

expression has been shown to increase expression of the LD scaffolding protein 

TIP47 (28), we hypothesized that TIP47 is an important component for HCV core 

protein to induce steatosis.  To test our hypothesis we have generated a 

hepatocyte-specific HCV core transgenic mouse model, and studied core-

induced steatosis with normal or diminished levels of TIP47. 

 

Materials and Methods 

 

Generation of HCV core transgenic mice   

The full-length coding sequence of HCV core (genotype 1b) was 

sublconed from the pCAGC191 vector (31) into the MluI- and ClaI-digested 

pLiv11 vector (32). The pLiv11 vector contains the human apolipoprotein E 

promoter along with a 3’-hepatic control region, which selectively drives 

transgene expression in hepatocytes (32, 33). The pLiv11-HCVcore transgenic 

cassette was separated from the vector backbone by digestion with restriction 
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enzymes NotI (5’) and SpeI (3’).  This linearized vector was then microinjected 

into fertilized embryos of B6D2 F1J mice. PCR was used to confirm presence of 

the HCV core gene, apoE promoter, and hepatic control region (data not shown) 

in founder mice.  Genotyping was performed by PCR analysis on genomic DNA 

isolated from ear snips as previously described (34), and the PCR genotyping 

strategy is available upon request. From this effort, we established three 

independent founder strains with low (HCVcoreTg29), medium (HCVcoreTg15), or 

high (HCVcoreTg3) core protein expression.  

 

Animal studies 

At the age of 8 weeks, subgroups of mice were fed ad libitum with either 

chow or a moderate fat diet (MFD) containing 20% of energy as lard and added 

cholesterol, 0.1% (wt/wt), for a total of 4 or 8 weeks. Mice treated with ASO, 

received 25 mg/kg of either TIP47 ASO or Control (non-targeting) ASO via 

intraperitoneal injection twice a week (total dose of 50 mg/kg per week) for 8 

weeks. Second-generation ASOs were synthesized by ISIS Pharmaceuticals 

(Carlsbad, CA) and formulated in PBS (35). TIP47 ASO, ISIS 409003 (5=-

CACAGTGTTGTCTAGGGCCT-3=), is a 20-mer phosphorothioate 

oligonucleotide complementary to the mRNA for mouse TIP47, and has 2=-O-

methoxyethyl-modified ribonucleosides (2=-MOE) at the 3=- and 5=-ends with 

2=-deoxynucleosides in between. A control oligonucleotide, ISIS 141923 (5= 

CCTTCCCTGAAGGTTCCTCC-3=), contains similar chemical modifications, with 

no complementarity to known genes, including lipid droplet proteins (26). All mice 
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used in the studies were housed in a pathogen-free barrier facility at Wake 

Forest University School of Medicine or the Cleveland Clinic with the approval of 

the American Association for Accreditation of Laboratory Animal Care. The 

Institutional Animal Care and Use Committee from Wake Forest University or the 

Cleveland Clinic approved all protocols before execution of the studies. 

 

Immunoblotting and real-time PCR 

 Immunoblotting was conducted as previously described (36). Monoclonal 

antibodies for protein disulfide isomerase (PDI), glyceraldehyde-3-phsophate 

dehydrogenase (GAPDH), cytochrome c oxidase IV (COXIV), and β-actin (Actin) 

were obtained from Cell Signaling Technologies.  The monoclonal HCV core 

antigen antibody (C7-50) was obtained from Thermo Scientific. Tissue RNA 

extraction and quantitative PCR was conducted as previously described (36, 37). 

Cyclophilin A was used for an invariant control and expression levels were 

calculated based on the ΔΔCT method. qPCR was conducted using the Applied 

Biosystems 7500 Real-Time PCR System. All qPCR primers are available upon 

request. 

 

Liver histology 

Portions of livers were fixed in 10% buffered formalin and processed for 

hematoxylin and eosin (H&E) staining by the Clinical Pathology Lab in the 

Department of Pathology at Wake Forest University School of Medicine. 
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Hepatic lipid quantification 

  Liver lipid extracts were made and triglyceride, total cholesterol, free 

cholesterol, and cholesterol ester were measured using detergent solubilized 

enzymatic assays as previously described (34, 36, 38). 

 

Liver lipid droplet isolation 

 Hepatic lipid droplets were isolated by sucrose gradient centrifugation 

essentially as described in (39).  Approximately 100 mg of tissue was minced 

with a razor blade on a cold surface. Minced tissue was transferred to a Potter-

Elvehjem homogenizer, and then 200 µl of 60% sucrose was added to the tissue 

sample and incubated on ice for 10 min. Next, 800 µl of lysis buffer was added 

and mixed then incubated on ice for 10 min.  Samples were homogenized with 

five strokes of Teflon® pestle and transferred to a 2 ml centrifuge tube.  600 uL of 

lysis buffer was carefully layered on top of homogenate and centrifuged for 2 h at 

20,000 g at 4°C.  The tube was then frozen at -80° C freezer then cut at the 1000 

uL mark. The bottom piece of the centrifuge tube contained the non-lipid droplet 

fraction, which was allowed to thaw before being transferred to a new tube. The 

lipid droplet fraction was collected by cutting an ~4-6 mm piece from the top of 

the ice cylinder and placed in a new 2 mL tube.  To increased purity of lipid 

droplet fraction, this process was repeated once more.  Briefly, 200 uL of 60% 

sucrose was added to the lipid droplet fraction.  Next, 800 uL of lysis buffer was 

added and mixed followed by carefully layering with 600 uL of lysis buffer then 

centrifuged for 2 h at 20,000 g at 4°C.  After freezing at -80°C the tube was cut 
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and the lipid droplet fraction was collected by cutting an ~4-6 mm piece from the 

top of the ice cylinder and placed in a new tube. 

 

Statistical analyses 

All graphs were plotted by GraphPad Prism 6.0e (40). Data are expressed 

as the mean ± S.E.M., and were analyzed using either a one-way or two-way 

analysis of variance (ANOVA) followed by Student’s t-test for post hoc analysis 

using JMP version 10.0.2d1 software (SAS Institute, Cary, NC) as previously 

described (41, 42). 

 

Results 

 

Expression of HCV core protein in liver induces a dose-dependent increase 

in liver lipid accumulation  

 In order to study hepatic steatosis induced by HCV core protein (core) in 

vivo, we generated multiple lines of mice with hepatocyte-specific transgenic 

expression of core.  To ensure hepatocyte specific expression of core, we 

inserted the full-length core protein sequence, of genotype 1b, into the pLiv11 

vector (21) (Fig. 1A).  After backcrossing founder mice to C57BL/6 background 

we analyzed liver lysates for core expression (Fig. 1B) in founders that were 

positive for the core sequence indicated by genotyping PCR (data not shown).  

We identified three distinct HCV core transgenic lines with increased expression 

of core, indicated by western blot:  HCVcoreTg29 (low core expression); 
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HCVcoreTg15 (moderate core expression); and HCVcoreTg3 (high core 

expression).  To examine the effect of core expression on liver lipid accumulation 

we performed H&E staining on fixed liver sections (Fig. 1C).  Interestingly, we 

observed a dose-dependent increase in liver lipid droplet accumulation with 

increasing levels of HCV core protein (Fig. 1C). 

 

HCVcoreTg15 mice exhibit hepatic steatosis, which is exacerbated after 

feeding a moderate fat diet.   

 Initial studies were performed to determine the optimal dietary background 

to study HCV core-induced hepatic steatosis.  In order to differentiate between 

core-induced steatosis and diet-induced steatosis we elected to feed mice a 

moderate fat diet (MFD) consisting of 20% kcal from lard and 0.1% cholesterol 

(w/w) (Fig. 2).  There was no significant difference in body weight between wild-

type littermates (WT) and HCVcoreTg15 on chow or diet, but both groups had 35-

45% increased body weight after 4 weeks of MFD (Fig. 2A).  Additionally, MFD 

feeding did not alter liver size, measured by liver to body weight ratio, however 

HCVcoreTg15 mice consistently displayed a larger liver by 50% (Fig. 2B).  

Western blot analysis showed HCVcoreTg15 mice had increased TIP47 

expression, at week 0, which was increased in both groups after MFD, and we 

did observe an unexpected increase in core expression after feeding MFD (Fig. 

2B).  In addition, we found that HCVcoreTg15 mice had a significant increase in 

liver triglycerides at week 0, and after 4 weeks of MFD (Fig. 2C).  Interestingly, 

levels of hepatic cholesterol were significantly increased in WT mice after feeding 



	   66	  

MFD, and were double the mass of total cholesterol in HCVcoreTg15 on MFD (Fig. 

2C). The increase in cholesterol was due to increased cholesterol storage as 

seen by a 2-fold increase in cholesterol ester levels in WT mice on MFD 

compared to HCVcoreTg15 (Fig. 2C).  Both groups had a similar decline in free 

cholesterol, after feeding MFD, but HCVcoreTg15 mice had significantly less 

compared to WT (Fig. 2C). H&E staining of liver sections confirmed the increase 

in liver triglyceride storage in HCVcoreTg15 mice compared to WT, which was 

exacerbated by MFD feeding (Fig. 2D).  

 

ASO-mediated knockdown of TIP47 expression decreases steatosis in 

HCVcoreTg3 mice on chow diet.   

Next, to test the importance of TIP47 expression in HCV core-induced 

hepatic steatosis, we used anti-sense oligonucleotides (ASO) to knockdown 

expression of TIP47. Using female HCVcoreTg3 mice (high core expression) we 

performed an eight week study where mice were maintained on a chow diet and 

injected biweekly with either a non-targeting Control ASO or an ASO directed 

against TIP47.  As expected, HCVcoreTg3 mice had higher levels of TIP47 mRNA 

in the liver (~2.1 fold increased) compared to WT (Fig. 3A). However, both WT 

and HCVcoreTg3 receiving TIP47 ASO had significantly reduced TIP47 mRNA 

which was ~5-10% of that in respective Control ASO treatment groups (Fig. 3A).  

Western blotting confirmed knockdown of TIP47 protein expression in both WT 

and HCVcoreTg3 receiving TIP47 ASO (Fig. 3B). There was no significant 

difference between body weight of WT and HCVcoreTg3 on either ASO treatment 
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regimen. However, HCVcoreTg3 mice exhibited a higher liver/BW ratio being 

almost 2-fold more that of WT mice (Fig 3c), which was not altered by TIP47 

knockdown (Fig. 3C). Next, to assess the effect of TIP47 knockdown on liver 

morphology, we performed H&E staining on fixed liver sections and observed 

increased steatosis in HCVcoreTg3 mice compared to WT mice, in the Control 

ASO group (Fig. 3D).  Remarkably, HCVcoreTg3 mice receiving TIP47 ASO had 

diminished steatosis and lipid accumulation that was comparable to WT mice 

(Fig. 3D).  To confirm the decrease in steatosis seen in H&E staining, we 

analyzed hepatic lipids biochemically  (Fig. 3E).  Indeed, HCVcoreTg3 mice with 

TIP47 knockdown had 38% reduction in liver triglycerides, and triglyceride mass 

was statistically similar to that of WT mice.  It is interesting to point out that TIP47 

ASO caused a slight but significant 15% increase in liver total cholesterol in WT 

animals, which was due to an increase in cholesterol ester storage indicated by 

the significant 67% increase in cholesterol ester levels (Fig. 3E).  Collectively, 

knockdown of TIP47 prevented HCV core-induced steatosis in this study. 

 

ASO-mediated knockdown of TIP47 expression decreases steatosis in 

HCVcoreTg15 mice on a moderate fat diet.   

In order to confirm our results using a diet more relevant to the human 

situation, we performed a similar study in a separate line of HCV core transgenic 

mice using HCVcoreTg15  (moderate core expression) fed a MFD.  Our previous 

studies showed the MFD exacerbated the steatosis phenotype in HCVcoreTg15 

(Fig. 2).  Similarly to our previous findings (Fig. 3), we saw TIP47 ASO reduced 
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expression of liver TIP47 mRNA to ~6-8% of control ASO groups (Fig. 4A), which 

translated to decreased liver TIP47 protein expression (Fig. 4B).  WT mice 

receiving Control ASO did have a significant increase in body weight, being 11% 

higher than HCVcoreTg15, which was reduced once given TIP47 ASO (Fig. 4C). 

Conversely, HCVcoreTg15 mice had no change in body weight between ASO 

groups (Fig. 4C). HCVcoreTg15 mice exhibited hepatomegaly (~60% larger than 

WT in the Control ASO group), and both genotypes had a 28% increase in liver 

size when treated with TIP47 ASO (Fig. 4C). Next, assessing liver morphology by 

H&E staining, we saw much larger storage vacuoles in HCVcoreTg15 mice in the 

Control ASO group. However, this was greatly reduced with TIP47 knockdown 

(Fig. 4D) and both WT and HCVcoreTg15 mice exhibited less lipid storage overall.  

The appearance of decreased lipid storage H&E staining was confirmed 

biochemically, where HCVcoreTg15 mice had ~2.5-fold increased liver 

triglycerides compared to WT, which was reduced by 40% with TIP47 ASO 

treatment (Fig. 4E). Unexpectedly, TIP47 knockdown in WT mice caused a 2.8-

fold increase in liver total cholesterol, while there was only a slight 4% increase in 

HCVcoreTg15 mice (Fig. 4E, top right). Although there was a significant increase in 

liver free cholesterol (Fig. 4E), the cholesterol ester mass was increased 3.3-fold 

in WT mice receiving TIP47 ASO (Fig. 4E).  WT animals did have a 60% 

reduction in liver triglycerides with TIP47 ASO treatment, but with the ~3.5-fold 

increase in cholesterol esters, both WT and HCVcoreTg15 had a similar 40% 

reduction in total neutral liver lipids.  Overall, knockdown of TIP47 in a second 
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model of core-induced steatosis was sufficient to blunt HCV core-driven hepatic 

steatosis. 

 

TIP47 knockdown reorganizes the lipid droplet proteome. 

Given that both TIP47 and HCV core interface with LDs, we examined the 

LD proteome in core transgenic mice with normal or reduced TIP47 levels. To do 

this we performed LD isolation from livers of HCVcoreTg15 mice fed a MFD. As 

expected, we saw an enrichment of LD proteins, TIP47 and core, compared to 

the non-LD fraction and whole liver (Fig. 5A).  Furthermore, TIP47 ASO 

treatment resulted in substantial knockdown of TIP47 in whole liver homogenate 

and non-LD fractions (Fig. 5A). In contrast, TIP47 ASO treatment reduced liver 

LD-associated TIP47 much better in wild type animals compared to HCVcoreTg15 

mice (Fig. 5A).  Additionally, there was relatively no change in core expression 

on the LD in either Control or TIP47 ASO groups. To examine the changes in LD 

proteins more closely, we performed western blot on the LD fraction of individual 

animals (Fig. 5B).  Consistently, TIP47 protein expression is dramatically 

decreased in the LD of WT animals with TIP47 ASO treatment, while only 

modestly decreased in HCVcoreTg15 mice (Fig. 5B).  Interestingly, HCVcoreTg15 

mice have decreased LD-associated CGI-58 compared to WT animals in the 

Control ASO group (Fig. 5B). Also, TIP47 ASO treatment in wild type mice 

dramatically reduced LD-associated CGI-58 (Fig. 5B). In contrast, TIP47 

knockdown partially restored LD-associated CGI-58 in HCVcoreTg15 mice. These 
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results suggest that HCV core and TIP47 synergize to organize hepatic LD 

proteins. 

 

Discussion 

Here we demonstrate that transgenic expression of HCV core results in 

increased protein levels of TIP47. Furthermore, HCV core-induced hepatic 

steatosis is diminished by ASO-mediated knockdown of TIP47 in vivo. This result 

was confirmed in two distinct HCV core transgenic lines and under different 

dietary conditions.  Additionally, we provide evidence that core expression 

causes a reduction in LD-associated CGI-58, and this reorganization of CGI-58 

can be partially rescued by TIP47 knockdown. These studies reinforce the 

significant role the LD proteome plays in HCV-mediated pathogenesis, and 

identifies the host LD protein TIP47 as a factor driving HCV core-induced 

pathology.  

It is well known that core expression alone is sufficient to induce hepatic 

steatosis (5), a common feature of chronically infected HCV patients. Uncovering 

the exact mechanism of core-induced steatosis has broad clinical implications, 

but is still not completely understood. Multiple mechanisms by which core 

induces steatosis have been proposed such as:  increased lipid synthesis (43); 

decreased lipolysis (10); decreased fatty acid oxidation (44); and decreased 

secretion of lipids via very low density lipoproteins (45). Although core expression 

can alter many lipid metabolic pathways one important aspect to consider is that 

core must associate with LDs in order to stimulate the LD accumulation and 
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steatosis (9, 10).  Previous work by the Ott group showed core’s association with 

cytosolic LDs blocked the turnover of TG resulting in steatosis (10). In a later 

study examining lipid storage and release from LDs in murine liver and cell 

culture, the group conclusively showed that core expression primarily resulted in 

decreased TG hydrolysis and this required the lipolytic enzyme ATGL (46). 

Paradoxically, in vitro studies revealed that although core inhibits lipolysis at LDs, 

core expression was associated with increased abundance of the TG hydrolase 

complex ATGL-CGI-58 on the LD (34). Based on this evidence, the authors 

concluded that core altered properties of the LD, resulting in enhanced and 

prolonged interaction between ATGL and CGI-58, thereby preventing access of 

the complex to TG within the LD (46).  In contrast to these cell-based findings, 

we have found that transgenic expression of HCV core in vivo results in 

diminished LD-associated CGI-58 (Fig. 5B). Although these contrasting results 

are in direct opposition, a number of factors could explain this. First, Camus and 

colleagues were studying the ability of ATGL and CGI-58 to interact with LDs in 

non-hepatic cell lines (Cos-7 and NIH/3T3). Although these cell lines maintain 

certain aspects on LD properties, the LD-associated proteomes in Cos-7 and 

NIH/3T3 cells versus hepatocytes is quite different (14, 28, 47). Another plausible 

explanation for the discordance of our findings to that of Camus and colleagues 

is there are simply differences in LD proteomes in the liver in vivo versus cells 

cultured using defined serum conditions. 

Alternatively, since the Ott group found that core enhances the association 

of the ATGL-CGI-58 complex with LDs but still inhibits lipolysis, it is possible that 



	   72	  

there may be a mechanism of decreased steatosis that is independent of ATGL-

mediated TG hydrolysis. Although CGI-58 is a cofactor for ATGL, the primary 

lipase for TG hydrolysis, and greatly enhances ATGL-mediated TG hydrolysis 

(17, 18), increased CGI-58 could result in decreased steatosis by mechanisms 

independent of ATGL (48). Earlier studies have shown that CGI-58 is important 

for regulating liver lipid storage and lipid signaling evidenced by ASO-mediated 

knockdown of CGI-58 causing hepatic steatosis while enhancing insulin signaling 

(49). Further studies show CGI-58 is important for generation of signaling lipids 

that help maintain the balance between inflammation and insulin action (50). 

Additionally, mice with liver-specific deletion of CGI-58 develop fatty liver and 

show signs of enhanced liver disease such as steatohepatitis and fibrosis (51) 

whereas mice with liver-specific inactivation of ATGL are limited to steatosis only 

(52). Based on this knowledge, it is highly likely that increased CGI-58 on LDs 

coated with core could lead to decreased steatosis via a mechanism that does 

not rely on ATGL at all.  Alternative to ATGL-independent effects of CGI-58 on 

TG storage, it is possible that core expression causes an imbalance in 

localization of scaffolding proteins on the LD, which prevents access of lipolytic 

enzymes to the LD core. Previous evidence in cell models show that core 

expression alters the expression of LD scaffolding proteins (28, 29) and our 

results confirm, in vivo, that liver TIP47 expression is increased in addition to 

increased TIP47 on the LD (Fig. 2-5). Knocking down expression of TIP47 in 

HCVcoreTg mice possibly restores the balance of LD scaffolding proteins, 
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allowing for access of lipolytic enzymes such as ATGL or CGI-58 to the neutral 

lipid core.  

While further studies are needed to determine if there is a proper balance 

or ratio of LD scaffolding proteins required for TG hydrolysis, we do know that 

core expression on the LD causes a reorganization of LD proteins and 

additionally seems to have a stabilization effect on the LD proteome. WT mice 

treated with TIP47 ASO had an overall trend for decreased abundance of 

multiple LD-associated proteins (data not shown), which is expected since LD 

size was reduced. Interestingly, TIP47 ASO treatment only slightly decreased 

TIP47 on LDs of HCVcoreTg15 mice, while more dramatically reducing non-lipid 

droplet associated TIP47 (Fig. 5A). Additionally, levels of core and CGI-58 were 

increased despite the decrease in LD size associated with reduced steatosis. 

The ability of core to remain on the LD is likely due to the high affinity of core’s 

LD binding domain which, due to its hydrophobicity, has been suggested to be 

able to displace ADRP from LDs (29). This falls in line with a recent study from 

the Farese and Walther group who demonstrated that LD protein composition is 

dictated by molecular crowding (39). Their seminal study showed that LD 

proteins compete for limited binding sites on the LD surface, and during lipolysis, 

the LD binding affinity plays a large role in determining localization (53). 

Additionally, this work suggests there is a competition between LD proteins, 

when the LD surface is at a steady state, where increasing levels of proteins with 

high affinities can change the composition of LD proteins and PAT proteins could 

possibly serve a regulatory function related to crowding (53). Accordingly, it 
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seems reasonable to postulate that core outcompetes other LD proteins for the 

limited space on the LD due to the high affinity of core for the LD. As core 

expression on the LD increases it causes a change in the LD protein 

composition, which we observed as expression of the PAT family member TIP47 

increased. These changes likely alter the normal LD protein composition and 

prevent lipolytic enzymes from accessing lipids within the LD, resulting in lipid 

accumulation and steatosis formation.   

Overall, by taking advantage of ASO technology, we demonstrate the 

importance of the LD scaffolding protein TIP47 in a mouse model of HCV core-

induced hepatic steatosis. Our studies further clarify mechanisms underlying the 

association of core with host LDs, and show core induces a change in LD 

proteins in addition to stabilizing the LD proteome, in vivo. The stabilization of the 

LD proteome may play a major part in the importance of the core-LD association 

for HCV particle assembly by forming a stable assembly platform. Due to the 

importance of LD binding affinity for determination of protein localization on LDs, 

it seems reasonable why the core sequence is so highly conserved across 

multiple HCV genotypes (54, 55). Additionally, while core has not been shown to 

directly interact with TIP47, previous in vitro studies have shown that TIP47 is 

critical for trafficking of NS5A to LDs (56). Furthermore, it has been determined 

that the functionally similar capsid of dengue virus binds to LDs via TIP47 (57). 

Since TIP47 knockdown diminished HCV core-driven hepatic steatosis, coupled 

with the importance of the lipid droplet for assembly of HCV viral particles, it is 

tempting to speculate that knocking down TIP47 may hold therapeutic benefit for 
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other viruses that co-opt similar LD-associated viral particle assembly. 

Collectively, this works demonstrates that targeting host LD-associated proteins 

may be an effective means to prevent HCV-induced pathology. Although 

effective anti-HCV therapies are currently available (58), this work provides 

additional broader implications for other pathogens that use the LD for enhanced 

persistence (59). 
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Figure 1.  

Expression of HCV core protein in liver induces a dose-dependent increase in 

liver lipid accumulation. A: Full-length sequence of HCV core protein (genotype 

1b) was cloned into pLiv11 vector to drive hepatocyte-specific expression. B: 

Western blot analysis of liver homogenate of non-transgenic litter mate (WT) and 

each transgenic line (HCVcoreTg29 = low core expression, HCVcoreTg15 = 

moderate core expression, HCVcoreTg3 = high core expression) from 2-3 week 

old female mice. C: Liver sections of each line were stained with H&E for 

morphological analysis (100X Magnification). 
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Figure 2.  

HCV core-induced hepatic steatosis is exacerbated by feeding a moderate fat 

diet. At 8 weeks of age, male WT or HCVcoreTg15 mice (moderate core 

expression) were placed on a moderate fat diet (20% kcal lard, 0.1% cholesterol) 

for a period of 4 weeks (Week 4), and compared to mice maintained on a 

standard rodent chow diet (Week 0). A: Body weight and liver size (expressed as 

a ratio to body weight) of mice at necropsy. B: Western blot analysis of liver 

homogenates from mice at indicated time point. C: Biochemical determination of 

hepatic lipid levels. D: Representative pictures of H&E-stained liver sections 

(100X Magnification). Data shown represent mean ± SEM from three to five mice 

per group.  * Indicates significantly different than wild type mice within each diet 

group (p<0.05). 
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Figure 3.   

ASO-mediated knockdown of TIP47 expression decreases steatosis in 

HCVcoreTg3 mice on chow diet. At 8 weeks of age, female WT and HCVcoreTg3 

mice (high core expression) were treated with either Control or TIP47 ASO for 8 

weeks while maintained on a chow diet. A: Relative levels of liver TIP47 mRNA 

was quantified by real-time PCR, normalized to levels of Cyclophilin A, and 

expressed relative to levels in WT mice given Control ASO. B: TIP47 protein 

expression determined by Western blot analysis of whole liver homogenates. C: 

Body weight and liver size (expressed as a ratio to body weight) of mice at 

necropsy. D: Representative pictures of H&E staining performed on fixed liver 

sections (100X Magnification). E: Biochemical determination of hepatic lipid 

levels. Data shown represent mean ± SEM from four to six mice per group, and 

values not sharing a common superscript differ significantly (p<0.05).  
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Figure 4.   

ASO-mediated knockdown of TIP47 expression decreases steatosis in 

HCVcoreTg15 mice on a moderate fat diet. At 8 weeks of age, male WT and 

HCVcoreTg15 mice (moderate core expression) were started on a moderate fat 

diet (20% kcal lard, 0.1% cholesterol) and treated with either Control or TIP47 

ASO for 8 weeks. A: Relative levels of liver TIP47 mRNA was quantified by real-

time PCR, normalized to levels of Cyclophilin A, and expressed relative to levels 

in WT mice given Control ASO. B: TIP47 protein expression determined by 

Western blot analysis of whole liver homogenates. C: Body weight and liver size 

(expressed as a ratio to body weight) of mice at necropsy. D: Representative 

pictures of H&E-stained liver sections (100X Magnification). E: Biochemical 

determination of hepatic lipid levels. Data shown represent mean ± SEM from 

four to eight mice per group and values not sharing a common superscript differ 

significantly (p<0.05). 
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Figure 5.  Knockdown of TIP47 restores HCV core-induced displacement of the 

lipolytic factor CGI-58 on cytosolic lipid droplets. A: Following fractionation of 

mouse liver tissue from mice in Fig. 4 (n=3 per group), western blot analysis was 

performed on whole liver homogenate, lipid droplet, or non-lipid droplet fractions. 

B: Hepatic lipid droplets were isolated from individual mice, and Western blot 

analysis was performed to characterize lipid droplet-associated proteins. 
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CHAPTER III 

DISCUSSION 

Summary 

 The impact of HCV is significant, affecting almost 3% of the world’s 

population and results in substantial healthcare costs, exceeding over eight 

billion dollars in the United States alone (1, 2).  Despite remarkable progress in 

the treatment of HCV, there is still a need for more efficacious therapies due to 

the large population size affected and the genotypic diversity of HCV. It is 

necessary for the development of innovative treatments that can be incorporated 

to include HCV infections of all genotypes, in a variety of disease states, and 

circumvent the appearance of drug-resistant strains.  Until all patients infected 

with HCV can be cured we will need to continue to invest in the discovery and 

development of therapies to eliminate the tremendous global healthcare burden 

inflicted by HCV. 

 Infections with HCV are restricted to humans and chimpanzees with 

distinct tropism for the liver.  Furthermore, the life cycle of HCV is tightly 

associated with host liver lipid metabolism and chronic infections are one of the 

major causes of liver disease in the world (3).  Hepatic steatosis, which is 

generally considered a prerequisite for enhanced liver disease progression (4-6), 

is a hallmark of HCV occurring in 50-70% of chronically infected patients (7).  

Steatosis can be characterized by an increase in the size and number of LDs, 

and expression of the Core alone is sufficient to induce LD accumulation and 

steatosis (8, 9).  Moreover, the association between Core and LDs is an 
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indispensable part of HCV particle assembly and persistence (10, 11), making it 

an attractive target for therapeutic intervention to inhibit HCV infections. Although 

the Core-LD association is essential for HCV particle assembly and HCV-

mediated liver pathogenesis, it is still unclear as to how the viral protein interacts 

with the LD and associated LD proteins.   

 Notably, certain LD proteins, specifically the PAT family proteins, act as 

scaffolding proteins and help regulate LD size by serving as gatekeepers that 

regulate access to the neutral lipid core (12).  The primary liver LD scaffolding 

proteins are TIP47 and ADRP (12, 13). Uniquely, Core expression results in an 

increase in TIP47 expression, and displacement of ADRP from LDs (14, 15).  

Importantly, changes in PAT protein expression can have tremendous effects on 

LD morphology and cells that lack PAT proteins have increased expression of 

the lipolytic enzyme, ATGL, at the LD surface in association with a significant 

increase in TG hydrolysis rates (13).  Interestingly, Core expression and 

localization at the LD has been shown to reduce LD turnover by inhibiting TG 

hydrolysis (16).  Further studies in mice with adenovirus-induced Core 

expression confirm that Core inhibits lipolysis at LDs, in vivo (17).  On the 

contrary, in vitro analyses indicate that Core expression promotes increased 

localization of ATGL, in complex with its coactivator CGI-58, at the LD (17).  

Despite the convincing evidence that Core expression decreases TG hydrolysis 

at the LD, the effect and importance of Core-induced changes to the LD 

proteome are still unclear.  
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 Although the Core-LD association is a critical part of the HCV life cycle 

and liver pathogenesis, it is still uncertain as to how the viral protein interacts with 

liver LDs.  To gain a better understanding of mechanisms involved in HCV-

mediated pathogenesis we have focused our studies on Core-induced hepatic 

steatosis in transgenic mice, since steatosis is a common disease process found 

in HCV infected patients.  Based on the importance of LD scaffolding proteins in 

regulation of LD size and previous observations that show Core expression 

increases TIP47 we hypothesized that TIP47 is an important component for Core 

to induce steatosis.  Moreover, we hypothesized that knockdown in expression of 

TIP47 would result in diminished fatty liver in vivo.  To test our hypothesis we 

generated a hepatocyte-specific HCV core transgenic mouse model, and 

examined Core-induced steatosis with normal or diminished levels of TIP47.  

Based on our studies we show that transgenic expression of HCV core protein 

results in increased liver expression of TIP47 mRNA and protein. Furthermore, 

we demonstrate the importance of TIP47 in Core-induced steatosis in vivo, after 

ASO-mediated knockdown of TIP47 diminished steatosis due to Core 

expression. We confirmed our findings using two distinct lines of HCV core 

transgenic mice under different dietary conditions.  Importantly, these are the first 

studies to show the importance of LD scaffolding proteins in a mouse model of 

Core-induced hepatic steatosis. 

 Due to the profound effect in reduction of Core-induced steatosis 

produced by knockdown of the LD protein TIP47, we further examined changes 

in LD proteins involved in Core-induced steatosis.  Importantly, we provide 
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evidence that Core expression causes a reduction in LD-associated CGI-58, in 

vivo.  Furthermore, the reorganization and reduction of CGI-58 at the LD can be 

partially rescued by TIP47 knockdown in mice with transgenic Core expression.  

Importantly, these studies reinforce the significant role the LD proteome plays in 

HCV-mediated pathogenesis, and identifies the host LD protein TIP47 as a factor 

driving HCV core-induced pathology. 

 

Strengths and Limitations of Studies 

 Collectively, we demonstrate the importance of the LD scaffolding protein 

TIP47 in a mouse model of Core-induced hepatic steatosis. Importantly, we 

observe a significant reduction in steatosis in two distinct lines of mice with 

transgenic Core expression using different dietary conditions. The use of two 

individual lines of Core transgenic mice further adds to the reliability of our results 

and limits extraneous findings due to random insertion of the transgene (18). 

Interestingly, each line has a different amount of Core expression and we are 

able to show that an increase in Core expression produces a dose-dependent 

increase in liver lipid accumulation.  Early studies carried out to phenotype Core 

transgenic mice gave evidence of gender differences within transgenic lines and 

males appeared to have enhanced steatosis compared to females.  While we 

would have preferred to carry out our TIP47 ASO studies using male mice in our 

line with high Core expression, we were forced to perform the studies in females.  

This is due to the fact that male mice with high Core expression often do not 

survive long enough to be weaned and it is difficult to obtain sufficient numbers to 
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perform a study.  Regardless, we observed similar results irrespective of sex and 

clearly demonstrate that knockdown of TIP47 diminishes Core-induced hepatic 

steatosis. 

 Overall, our studies further clarify mechanisms underlying the association 

of Core with host LDs, and show Core induces a change in LD proteins in 

addition to stabilizing the LD proteome, in vivo.  LD isolation studies from Core 

transgenic mice show Core expression has a profound and stabilizing effect on 

the LD proteome. Isolation of LDs is preferably performed on fresh tissue, 

however due to constraints of resources we were unable to use fresh liver for our 

isolation studies. Instead we used liver immediately frozen in liquid nitrogen and 

stored at -80°C.  While frozen tissue is not preferred, our method had little 

contamination and our results were reproducible. Ideally, for future studies 

involving LD proteomics, we will perform LD isolations on freshly harvested liver 

tissue. 

 To illustrate the importance of TIP47 in Core-induced hepatic steatosis we 

took advantage of ASO technology.  ASO-mediated knockdown of TIP47 is very 

effective in reducing TIP47 expression in the liver.  Unfortunately, ASOs have off-

target effects and knockdown gene expression in adipose, kidney, and 

macrophages.  Although the off-target effects are worth considering, particularly 

in adipose where TIP47 knockdown could have effects on plasma lipids, we did 

not see any significant changes in plasma lipids in WT mice that received TIP47 

ASO compared to Control (data not shown). Additionally, ASO-mediated 

knockdown does not abolish expression completely; therefore our studies are 
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unable to show that TIP47 is a requirement for Core-induced steatosis.  

However, liver TIP47 mRNA is reduced up to 95%.  Furthermore, ASO-mediated 

knockdown demonstrates that TIP47 can be targeted for therapeutic intervention 

against Core-induced steatosis and our studies provide evidence that TIP47 is a 

druggable target in treating HCV-induced pathogenesis.   

 

Future Directions 

 Importantly, we show that Core expression and localization at the LD 

elicits a reorganization of LD proteins and stabilizes the LD proteome, however 

we are limited to looking at only a small subset of LD proteins.  Ideally, future 

studies can employ the use of LD proteomics to uncover global changes in the 

LD proteome due to Core expression.  It would be particularly interesting to 

perform proteomic studies on LD isolations from Core transgenic mice treated 

with TIP47 ASO.  Proteomic analyses will allow for observation in changes in all 

LD proteins associated with lipid metabolism, in addition to identification of other 

LD proteins that may change due to Core expression.  Of particular interest 

would be identification of changes in LD proteins associated with immune 

function such as previously discovered cPLA2, which regulates production of 

PGE2 (19), or the IFN-stimulated gene Viperin that can disrupt HCV replication 

(20).  In addition to experiments looking at LD protein changes due to transgenic 

Core expression, it would interesting to look at changes that occur during the 

course of HCV infection to observe how Core expression alters the LD proteome 

throughout the HCV life cycle.  Previous studies on the kinetics of Core trafficking 
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in virus-producing cells show Core travels along microtubules to LDs forming 

polarized caps, and Core accumulation on LDs causes the displacement of 

ADRP (15, 21).  However, it is not known how Core accumulation on LDs 

changes other LD proteins during viral infection.  Identification of global changes 

in the LD proteome, as Core accumulates, would show how Core expression 

changes other LD proteins involved in lipid metabolism, lipid signaling, or 

trafficking and alters normal cellular events at the LD.  Due to our observations 

showing TIP47 facilitates Core-induced pathogenesis, it would be advantageous 

to examine how knockdown of TIP47 disrupts the overall effect of Core 

expression on LD proteins and how these changes affect HCV particle assembly. 

 Collectively, our studies reveal that TIP47 facilitates Core-induced 

steatosis in vivo.  To carry out our studies we used mice with transgenic 

expression of the Core sequence from HCV genotype 1b, the most prevalent 

genotype in chronic HCV infections (22).  While Core is highly conserved among 

genotypes there are minor differences in sequences that allow for diverse 

pathologies (23).  Of particular interest is Core from HCV genotype 3a, which has 

a higher affinity for LDs and has enhanced steatosis compared to Core 1b, 

primarily due to an amino acid substitution where Core 3a has phenylalanine at 

position 164 in the Core LD-binding domain rather than tyrosine, as seen in Core 

1b (24, 25).  We give strong evidence to support that TIP47 facilitates steatosis 

induced by expression of Core 1b, in vivo, however similar studies with Core 3a 

would provide added validation to our findings.  Furthermore, it would be 
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interesting to observe if Core 3a has a stronger effect on stabilization of the LD 

proteome due to its enhanced affinity for LDs.   

 One of the key findings from our studies is that host LD scaffolding protein 

TIP47 facilitates pathogenesis of Core, a viral protein that must associate with 

LDs for HCV viral particle assembly.  These studies demonstrate that targeting a 

host LD scaffolding protein may be used to intervene against a pathogen.  Given 

the importance of LDs for multiple pathogens, discussed in Chapter I, it is likely 

that LD scaffolding proteins could be identified as therapeutic targets for other 

diseases.  Of particular interest is DNV, another member of the Flaviviridae 

family that results in an estimated 500,000 hospitalizations each year (26).  

Similar to Core, the DNV capsid protein forms a nucleocapsid around the viral 

genome and binds LDs through an interaction with TIP47 (27, 28).  It is very 

tempting to speculate that ASO-mediated knockdown of TIP47 will disrupt the 

association of the DNV capsid with LDs and it will be advantageous to test if 

TIP47 knockdown can disrupt DNV viral particle assembly. Additionally, further 

studies examining the role of TIP47 in other flaviviruses seems advantageous 

due to structural similarities within members of the Flaviviridae family (29).    

 Lastly, our studies show the effectiveness of ASOs against Core-induced 

pathogenesis.  While ASOs effectively knockdown target gene expression in the 

liver, they are also taken up by adipose, kidney, and macrophages.  

Macrophages are important mediators of innate immunity and can also acquire a 

pathological accumulation of LDs. Excessive accumulation of LDs in 

macrophages is often seen in atherosclerosis where macrophages store 
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excessive amounts of CE and referred to as foam cells due to their foamy 

appearance (30).  An unexpected finding in our studies is that WT mice, 

receiving TIP47 ASO, have a 3-fold increase in CE, revealing that TIP47 plays a 

role in liver cholesterol storage.  Additionally, a previous study finds that TIP47 

expression is significantly reduced in foam cell macrophages compared to 

normal macrophages (31).  Collectively, these studies highlight the important role 

of LD scaffolding protein expression and the type of lipids stored and it is worth 

investigating the role of LD scaffolding proteins in macrophages during 

atherosclerosis.  Additionally, LD accumulation in macrophages is also a 

phenotype resulting from infections by pathogens such as M. tuberculosis, M. 

leprae, Chlamydia pneumoniae, and Trypanosoma cruzi (32).  Examining the 

role and importance of LD proteins in the aforementioned pathogens could be 

accomplished by ASO-mediated knockdown of target genes.  Furthermore, 

identification of essential target genes essential for these pathogens could lead 

to the use of ASOs as innovative treatment options against the pathogen-related 

diseases. 

  

Future Implications for TIP47 as a Therapeutic Target  

 Based on our findings, we demonstrate that the LD protein TIP47 

facilitates Core-induced hepatic steatosis in vivo.  TIP47 is a member of the PAT 

family proteins, which are functionally important LD scaffolding proteins 

regulating the flux of lipids in LDs (12).  Likewise, TIP47 is important for 

regulation of LD size and access of lipolytic enzymes at the LD surface in 
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hepatocytes (13) and may participate in LD biogenesis (33).  Interestingly, 

expression of Core has been shown to increase TIP47 expression in hepatoma 

cells (14), a finding that we confirmed in vivo.  Furthermore, recent studies 

illustrate that TIP47 plays an essential role in the HCV lifecycle using HCVcc 

models (34, 35).  These studies reveal that TIP47 regulates HCV replication by 

physically interacting with NS5A, and TIP47 silencing significantly decreases 

production of viral particles (35).  NS5A is the HCV non-structural protein that 

facilitates the trafficking of newly synthesized viral RNA from the replication site 

to the LD for particle assembly (36).  Importantly, NS5A colocalizes with Core on 

the LD (37), which is essential for HCV particle assembly (38).  Furthermore, 

TIP47 is also essential for HCV particle release through an interaction with Rab9 

(39).  Collectively, these studies demonstrate that the LD protein TIP47 is an 

essential component of HCV particle assembly and HCV-mediated pathogenesis.   

 Given the evidence supporting a role for TIP47 in Core-induced steatosis 

in vivo, and the importance of TIP47 for HCV particle assembly in vitro, it seems 

TIP47 is an ideal candidate for therapeutic intervention to disrupt HCV infection. 

Our studies take advantage of ASO technology to mediate knockdown of TIP47 

in Core transgenic mice and highlight that TIP47 is a druggable target effective 

against HCV-mediated pathogenesis.  Unfortunately, while Core transgenic mice 

do imitate a significant pathological phenotype found in a majority of chronically 

infected HCV patients, our model does not support the full HCV life cycle and it is 

currently unclear as to whether ASO-mediated knockdown of TIP47 will disrupt 

and/or impair HCV infections in vivo.  Furthermore, small animal studies are 



	   104	  

difficult because HCV only infects humans and chimpanzees, although human 

liver-chimeric immunodeficient mice and genetically humanized mice have been 

generated (40). Human liver-chimeric mice do support variable levels of robust 

HCV infection, however they are generated by xenotransplantation of human 

hepatocytes into immunodeficient mice and present with difficult technical 

challenges for maintenance (40, 41). Alternatively, Dorner and colleagues 

developed genetically humanized mice capable of supporting the full HCV life 

cycle by transgenic stable expression of four HCV entry factors (human SR-BI, 

CD81, claudin I and occludin) in a Stat1-/- background (42).  The genetically 

humanized mice support the full HCV life cycle in murine liver and this seems like 

an ideal candidate to test the efficacy of TIP47 ASO against HCV replication in 

vivo.  If successful, due to targeting of a host protein necessary for HCV particle 

assembly, this intervention could offer an innovative treatment option for chronic 

HCV infection that is viable against all strains of HCV and is not affected by drug-

resistant mutations.  

  

Conclusion 

HCV is a significant healthcare burden that affects a significant portion of 

the world’s population and is a primary cause of enhanced liver disease.  The life 

cycle of HCV is closely linked to liver lipid metabolism and LDs are the primary 

site of HCV particle assembly. Although the association between Core and LDs 

is essential for the HCV life cycle, it is still unclear as to how the viral protein 

interacts with the LD resulting in a pathological accumulation of lipids in the liver.  
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Based on our studies we successfully show the importance of the LD scaffolding 

protein TIP47 in a mouse model of HCV core-induced hepatic steatosis and 

further clarify mechanisms underlying the association of Core with host LDs. 

Furthermore, this works demonstrates that targeting host LD proteins may be an 

effective means to prevent HCV-induced pathology.  Overall, we gain a further 

understanding of how Core interacts with LDs and provide additional implications 

for therapeutic targets against HCV. 
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