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Abstract of Thesis 

“Hepatitis C Virus Derived Small RNA, vmr11, Inhibits Nuclear PTEN Accumulation 
In Primary Human Hepatocytes” 

 
Hepatitis C Virus (HCV) has become an epidemic in the past decade. There are more 

than 300 million people worldwide that are chronically infected with this virus. Its 

prevalence has surpassed that of HBV, and will prove to be greater burden to the 

health care system in coming decades. Earlier research has shown that chronic HCV 

infection is closely associated liver fibrosis, cirrhosis and hepatocellular carcinoma. 

However, molecular mechanisms leading to these conditions following HCV 

infection are still unclear. Here we present evidence that a novel HCV-derived small 

non-coding RNA, vmr11, which is expressed in HCV genotype 1a infected human 

primary hepatocytes, down regulates nuclear accumulation of PTEN protein leading 

to genomic instability. The nuclear insufficiency of PTEN in HCV infected cells 

results in the induction of gamma-H2Ax, a marker for DNA double-strand breaks 

(DSB). Overall, the results suggest a novel mechanism of HCV-infection mediated 

hepatocarcinogenesis that is initiated by depletion of nuclear PTEN protein and 

genomic instability. 
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Chapter 1: Introduction and Hypothesis 

 

 

Introduction 

           HCV is an enveloped positive-stranded RNA virus belonging to the Flaviviridae 

family; its 9.6kb RNA genome is uncapped and lacks a 3’ poly-A sequence. The viral 

RNA genome is flanked by 5’ and 3’ structured RNA domains, and is efficiently 

translated in infected cells into a ~3000 amino acids polyprotein which is post-

translationally processed (utilizing both viral and host proteases) into ten viral 

structural and non-structural proteins (Moradpour et al., 2007). HCV infection is an 

established cause of chronic hepatitis, liver cirrhosis and hepatocellular carcinoma 

(HCC) (Perz et al., 2006; Williams, 2006). However, the evidence linking HCV 

infection and hepatocarcinogenesis is indirect (Parameswaran et al., 2010). 

           Virus-derived small RNAs (vsRNAs) are sub-genomic ncRNA elements derived 

from viral RNA genome, and have regulatory functions that govern specific aspects 

of virus-host interaction. A previous study (Pfeffer et al., 2005) failed to identify 

virus-derived microRNA from HCV-infected Huh7.5 cells. In a recent study 

Parameswaran et al, (Parameswaran et al., 2010) employed multiplexed high-
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throughput sequencing to characterize small virus-derived RNAs (vsRNA) from a 

number of virus and host systems, including HCV replicon (genotype 1b) and 

infectious virion (genotype 2a), propagated in Huh7.5 human hepatoma cell line. In 

spite of wide ranging ratios of positive and negative strand HCV genomic length 

RNAs in these systems, the authors (Parameswaran et al., 2010) noted near-

equivalent abundance of vsRNAs from sense (positive strand) and antisense 

(negative strand) HCV genomic RNA. The vsRNAs are likely derived from cleavage of 

double-stranded replicative intermediate present in equimolar ratios of both 

positive and negative sense genomic RNAs. We studied infectious HCV genotype 1a 

replication in human primary hepatocyte cultures, and noted consistently higher 

proportions of negative sense genomic RNA as compared to the positive sense 

genomic RNA (Banaudha et al., 2010). We reasoned that the conserved hairpin loop 

structures within the negative sense genomic RNA of HCV should be accessible to 

small RNA processing nucleases, and predicted viral small RNAs (vsRNA) sequences, 

among which vmr11 was highly expressed in HCV genotype 1a infected human 

hepatocytes. 

           PTEN, a dual specificity phosphatase for lipids and proteins, is frequently 

mutated in hepatocellular carcinoma (HCC) and other cancer. PTEN protein is the 

central negative regulator of the Phosphatidylinositol-3-kinase (PI3K) signal 

cascade for cell growth and proliferation (Baker, 2007; Eng, 2003). PTEN is a 

haploinsufficient tumor suppressor gene; monoallelic mutation of PTEN without the 

loss or mutation of the second allele is prevalent in breast and prostate cancer 

(Carracedo et al., 2011; Leslie and Foti, 2011; Planchon et al., 2008). Nuclear PTEN 
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protein interacts with centromere core protein, CENP-C and stabilizes chromosome 

structure during mitosis; depletion of nuclear PTEN has been shown to destabilize 

centromere complex leading to genomic instability (Shen et al., 2007). In this study 

we explored the mechanism of depletion of nuclear localized PTEN in HCV infected 

cells, and consequent impairment of DNA double-strand break (DSB) repair, a 

hallmark of genomic instability and tumor susceptibility (Hanahan and Weinberg, 

2000). We present evidence that HCV-derived small RNA (vmr11) inhibits nuclear 

PTEN protein in HCV1a infected hepatocytes, resulting in the induction of γ-H2Ax, 

an indicator of DSB and tumorigenic susceptibility in virus infected cells. 

 

Hypothesis 

          Non-protein coding RNAs (ncRNAs), principally the ~22 nt long microRNAs 

(miRNAs), have emerged as prominent regulators of gene expression, at both post-

transcriptional and transcriptional levels. The aim of this thesis was to test the 

hypothesis that HCV-derived small non-coding RNAs (vmr11) down-regulate tumor 

suppressor gene to initiate HCV infection mediated oncogenesis in human 

hepatocytes. Evidence is presented to support the argument that vmr11 inhibits 

nuclear PTEN protein in HCV1a infected human hepatocytes, consistent with its role 

in initiating genomic instability and tumor susceptibility in virus-infected human 

hepatocytes. 
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Chaper 2: Materials and Methods 

 

 

          Post-attachment Primary Hepatocytes (PPH): A sustained primary human 

hepatocytes culture was first established in our lab in 2010 (detailed culture 

procedure can be found in (Banaudha et al., 2010)Banaudha et.al 2010). Briefly, a 

co-culture of Hepatic Stellate cell line (CFSC-8B) was used as a ‘feeder layer’, which 

provides the extracellular matrix for efficient attachment and sustained growth of 

human primary hepatocytes suspension. The co-culture was maintained in a serum-

free Hepatocyte-Defined Medium (HDM) for 30 days, during which the stellate cells 

(that require serum) are largely depleted, and the primary human hepatocytes form 

“spheroids” that can be enriched (with 0.05% trypsin treatment and differential 

centrifugation), and propagated (independent of stellate cells) as primary 

hepatocyte cultures in HDM medium supplemented with 1% FBS. The spherical cell 

masses formed at this stage are collected (using 0.05% Trypsin) and reseeded at 5 X 

104 cells per well in six-well plate in HDM, as monolayer cells defined as ‘Post-

attachment Primary Hepatocytes’ (PPH) used in this study (Banaudha et al. 2010). 
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The culture medium (HDM) is replenished every 48 hours, and PPH cells were 

reseeded every 10 days for the experimental analyses described here.  

          Mouse Embryo Fibroblast cell lines (PTEN lox/lox, PTEN del/del): These LoxP 

flanked MEF cell lines were gifts from Dr. Hong Wu’s lab at UCLA. Both PTEN lox/lox 

and PTEN del/del MEF cells were maintained in DMEM supplemented with 10% 

Fetal Bovine Serum, 1% Glutamine and antibiotics (100U/mL 

penicillin/streptomycin). Medium was changed every 48 hours and cells were 

reseeded every 7 days. 

          Bioinformatics prediction of HCV small non-coding RNAs: The 9646 bp 

negative sense HCV genome was divided, starting every 20 bp, into fixed size 

segments of length L=70, 80, 90 or 100, generating a total of 1910 small segments. 

RNAfold (Hofacker, 2003) program was employed to test each short sequence to 

determine stable hairpin structures that can form viral small RNA precursors.  After 

selecting candidates whose secondary structure have free energy in the lowest 5%, 

a total of 65 different hairpins were retained for further analysis. The candidates 

were further analyzed for conserved secondary structure by comparing 30 HCV type 

1 complete genome sequences downloaded from GenBank. Eventually, the “arm” 

and “seed” position within the hairpin were determined by seeking conserved 

sequences of 7mers or 8mers that could be extended to mature 22-bp vsRNAs.  
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Figure 1: Schematic representation of the rationale, and screening of virus derived 

small RNA (vsRNAs) in HCV1a infected primary human hepatocytes. 

 

          Transfection of PPH using H77 run-off transcript: pCV-H77c, initially 

constructed by Yanagi et.al, 1996 from H77 strain of HCV 1a genotype, is a large 
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plasmid with a size about 14kb. 5 ug of the plasmid was digested with XbaI 

(20,000U/mL New England Biolabs) to linearize the plasmid for run-off trancription. 

After 3 hours of reaction in 370C, 0.5 ul of the reaction mix was analyzed on a 0.8% 

agarose gel to ensure complete linearization of the plasmid for run-off transcription 

of full length HCV genomic RNA. The reaction mix was purified by phenol-

chloroform and Ethanol precipitation. 500 ug of the linearized plasmid was 

transcribed using T7 Ribomax Express Large Scale RNA production system 

(Promega) following manufacturer’s instructions. The run-off transcript is then 

aliquoted and stored in -800C until use. One day before transfection, 5 X 105 PPH 

cells were seeded into a 60mm culture dish (Falcon). On the day of transfection, 5 ug 

of the H77 transcript was transfected into the PPH cells using Fugene 6 (Promega) 

by standard procedure described by the manufacture. The efficiency of virus 

replication was monitored either by quantitation of genomic equivalents (GE) of 

HCV RNA in mature virus particles (released in the culture medium), or by immune 

blotting to detect viral antigens, such as NS5A, in the transfected cell lysates. 

          RT-PCR or Real time Quantitative PCR of vsRNAs in infected PPH cells: 1 X 

105 PPH cells were transfected using H77 run off transcripts as described. Total RNA 

was extracted using Trizol LS Reagent (Invitrogen) according to the manufacture’s 

procedures. 1ug of total RNA was reverse transcribed using QuantiMir RT Kit Small 

RNA Quantification System (System Biosciences) according to manufacturer’s 

instructions. The cDNA of the small RNAs was diluted (100 fold) and was amplified 

using PCR Supermix (Invitrogen) or iTaq SYBR Green Supermix with Rox (Bio-Rad) 
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on GeneAmp PCR System 9700 or on ABI 7300 Real Time PCR system with the 

recommended program setting.  

          Protein extraction, Subcellular protein fractionation and Immunoblotting: 

Cultured cells were washed with PBS twice and trypsinized for 2 min at 370C. After 

cells were detached, trypsin was neutralized by adding HDM medium and cells were 

pelleted by centrifugation at 1500rpm for 5min. After washing with PBS twice, the 

pelleted cells were either lysed with RIPA buffer supplemented with 1 X protease 

inhibitor cocktail (Roche) or with NE-PER nuclear and cytoplasmic extraction 

reagents (Thermo Pierce) for subcellular protein extractions following the 

manufacturer’s protocol. The extracted protein samples were stored in -800C until 

use. The protein concentration was determined prior to immune-blotting using BCA 

Protein Assay Kit (Thermo Pierce) according to manufacturer’s protocol. Normally, 

10ug of the protein was analyzed on 10% precast Mini-PROTEIN gel (BIO-RAD). The 

gel was transferred to PVDF membrane, blocked with 5% non-fat milk and probed 

with antibodies against PTEN (ab#79156 1:1000), GAPDH (ab8245, 1:5000), Lamin-

B1 (ab#16048, 1:500), HCV core (ab50288, 1:1000) or γ-H2AX (ab11174, 1:1000). 

HRP conjugated anti-rabbit, anti-mouse, anti-goat antibodies were purchased from 

Abcam. SuperSignal West Dura Chemiluminescent Substrate was used and the signal 

was visualized under BIO-RAD ChemiDocTM XRS+ System. The images were 

analyzed using Image LabTM Software developed by BIO-RAD. 

          Luciferase Assay: 1x105 PPH cells were transfected with 0.5 ug of luciferase 

reporter plasmid pGL3-Control-PTEN-3'UTR-Wt (O'Donnell et al. 2005) using 

Lipofectamine 2000. After 48 hours, the cells were washed once with 1xPBS and 
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lysed using Cell Culture Lysis Reagent (Promega) for 30min under room 

temperature. The cell lysate was collected and 30 ul of the supernatant was mixed 

with 50 ul of reconstituted Luciferase assay substrate (Promega) and tested 

immediately using Luminometer (Lumat LB 9507, Berthold Technologies)  

          Immunocytochemistry of infected and uninfected cells: 5 X 104 of HCV1a 

infected or uninfected PPH cells or the MEF cells were seeded into six-well plates 

with sterilized cover glasses one day before staining. The seeded cells were allowed 

to attach and grow for 24 hours, after which they were washed with PBS and fixed 

with 4% Paraformaldehyde. After fixation, the cells were washed and permeabilized 

with ice-cold methanol in -200C. All cells were then blocked with 1% BSA and 

stained with primary antibody against PTEN (ab32199, 1:100) and NS5A (ab20342, 

1:100). FITC and Texas Red conjugated secondary antibodies were purchased from 

Abcam. The cover glasses with the cells were mounted to microscope slices with 

FluoromountTM Aqueous Mounting Solution (Sigma-Aldrich). The stained cells were 

visualized using Nikon Eclipse E400TM Fluorescent Microscope. The fluorescent 

images were analyzed using NIS-ElementsTM program developed by Nikon. 

           Virus released in the culture medium of the infected cells transfected 

with or without vmr11 antagomir: 1 X 106 PPH cells were transfected using 2 ug 

of H77 genomic RNA. After 24 hours, equal numbers (5 X 104) of the infected cells 

were reseeded into six-well plates. Using RNAiMAX (Invitrogen) as the carrier, we 

transfected the cells with 5 nM or 25 nM of vmr11 antagomir oligonucleotides. We 

defined the time of transfection as “0” hour and the culture medium was collected at 

24 hours, 72 hours and 120 hours post-transfecion. All culture medium was stored 
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in -800C until use. QIAamp Viral RNA Mini Kit (QIAGEN) was used to extract RNAs 

from 140 ul of the culture medium of HCV–infected (and uninfected control) cells. 

The cDNA of the extracted RNA was synthesized using QuantiTect Rev. 

Transcription Kit (QIAGEN) and was analyzed using Real time PCR with primers 

that targets 5’ end of HCV genomic RNA (sense strand). The primer sequences are 

H77-QRT-Forward (TGTGGAGCTGAGATCACTGG) and H77-QRT-Reverse 

(CCGCCTTATCTCCACGTATT). 

          Statistical analysis: All Quantitative Real time PCR and densitometry data and 

was analyzed using Microsoft Excel 2010.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

11 

 

 

 

 

 

 

Chaper 3: Results 

 

 

Sequence analysis of HCV negative genome reveals the possibility of vsRNAs 

          We reasoned that the conserved, structured domains of negative sense HCV 

genomic RNAs, which are not translated and not likely to be associated with 

ribosomes and translation factors, might be more accessible to nucleases engaged in 

small RNA processing, and could give rise to viral small RNAs that function as 

regulators of host gene expression. To derive possible small viral RNA sequences 

from HCV genomic RNAs, we filtered the genomic sequences on the basis of 

following criteria: (i) the precursor is a 70-100 bp long viral sequence that forms a 

stable hairpin; (ii) the hairpin is conserved in multiple strains of the virus, possibly 

by compensatory mutations that preserve the base-pairings, in order to retain their 

functional role; and (iii) the mature vsRNA and in particular the “seed” sequence are 

conserved in multiple strains, to retain the vsRNA’s ability to bind to its mRNA 

targets. We downloaded from GeneBank 30 complete HCV type 1 genomic 

sequences and used method mentioned in the Chapter 2 to derive 32 candidate 
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vsRNAs, of which thirteen were prioritized for further study (Table 1), based on the 

degree of sequence and secondary structure conservation. 

 

Table 1: Thirteen candidate small non-coding RNA sequences were derived from 

the HCV 1a negative sense genomic RNA for further analysis. Their sequence and 

location (indicated on the positive strand HCV genomic RNA) is shown. (S: Overall 

sequence conservation; R: Hairpin conservation; RSS: Combined Structure and seed 

sequence conservation). 

 

 

 

 

 

 

 

 

  

 

Vmr11 expression was validated by RT-PCR in transfected cell culture system 

          Next we validated expression of predicted viral small RNA sequences in HCV 

infected cells by RT-PCR. Results show robust expression of vmr11 six days post-

infection with HCV genotype 1a (Figure 2). By contrast, the expression levels of 

other (predicted) vsRNAs in the same RNA samples were undetectable (Figure 2). It 

ID Class position

vmr45 S 9414 - 9435

vmr46 S 9543 – 9567

vmr43 S 9009 – 9030

vmr41 S 8199 – 8220

vmr39 R 5971 – 5992

vmr20 R, RSS 4358 – 4379

vmr11 R, RSS 8331 – 8352

vmr19 R, RSS 2703 – 2724

vmr61 R 8664 – 8685

vmr57 RSS 5412 – 5433

vmr44 RSS 9129 – 9150

vmr49 RSS 2094 – 2115

vmr48 RSS 0996 – 1017GGGGGGGGCGGAGTACCTGGTC

vsRNAs sequence

GTTCATCATCATATCCCATGCC

GGAGCTGGCCATAGAAGGGGGT

GTACACAATACTCGAGTTAGGG

CTTGCCGTAGGTGGAGTACGTG

TCGAGGTTGCGACCGCTCGGAA

TGACCCGTCGCTGAGATCCGGA

CGCCCAAATCTCCAGGCATTGA

GACACTCATACTAACGCCATGGCTA

AGACAGGAGCCATCCCGCCCAC

CGCCCAGTTCCCCACCATGGAG

GGCCAGCCCACAAGGTCTTGGT

ACATGCATGTCATGATGTATTT
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is likely that the abundance of predicted virus-derived small RNAs may vary at 

different time points after virus infection. We noted that the expression level of 

miR-122 in the same samples remained unchanged in HCV 1a infected as compared 

to uninfected human primary hepatocytes. In subsequent studies we focused on the 

functional significance of vmr11 expression in HCV infected human primary 

hepatocytes and its contribution to initiation of hepatocarcinogenesis. 

 

 

 

 

Figure 2: The HCV derived viral small RNAs were analyzed using RT-PCR. Only 7 

viral small RNAs (vmr19, vmr61, vmr57, vmr44, vmr49, vmr20 and vmr11) are 

shown here.  

 

The abundance of vmr11 in HCV 1a transfected human primary hepatocytes 

(PPH) cells varies with time post transfection. 

          The expression levels of microRNAs, as well as protein coding and non-coding 

RNAs, are expected to vary with the cell’s life cycle. In particular, the controlled 

variation of the intracellular levels of miRNAs is likely to have significant impact in 

the regulation of gene expression at different stages of viral stress. Aberrant 

expression of microRNA is associated with the initiation and progression of most if 

not all, human cancer (Calin and Croce, 2006). Our analysis showed robust and 

infection time-dependent expression of HCV-derived vmr11 in human hepatocytes. 
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We performed a temporal analysis of vmr11 expression in HCV1a infected cells. 

Hepatocyte cultures (1 X 105 PPH cells) were transfected with 1ug of H77 (HCV1a) 

genomic RNA, and the cells were collected at 3 days, 6 days and 12 days post 

infection. Total RNA was purified using Trizol (Invitrogen) and reverse transcribed 

into cDNA. Real Time PCR was performed to quantitatively assessing the relative 

abundance of vmr11 at different times after virus infection (Figure 3). Results 

showed that vmr11 was most abundant at early stage (6 days) post-infection and 

would decrease with continued infection for more than one week. As controls, we 

examined the expression of host cell miRNA, miR-141, which shares similar 

expression pattern as vmr11. It was reported earlier, that miR-141 is induced in 

HCV1a infected human primary hepatocytes, and efficient virus replication relies on 

miRNA-141-dependent post transcriptional silencing of DLC-1 tumor suppressor 

protein during HCV infection (Banaudha et al., 2011). 
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Figure 3: QRT-PCR analysis of vmr11 and miR-141 in PPH cells with increasing times 

post-infection. 1x105 PPH cells were transfected with 1ug of HCV1a genomic RNA 

and harvested on day 3, 6 and 12 post-infection. The levels of vmr11 and miR-141 

were monitored by qRT-PCR. (Data shown was normalized to micorRNA-16 as 
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internal control; the expression of miR16 is not expected to change with virus 

infection). 

 

PTEN entry into the nucleus is impaired in HCV1a infected cells. 

          Using TargetScanHuman 6.1, a web based miRNA targets predication program, 

we identified few genes that have single or multiple possible target sites on their 5’ 

or 3’ UTRs. Among them, Phosphatase Tensin Homolog Ten (PTEN) has a putative 

target site on its 3’UTR (Figure 4A). PTEN expression is affected in most human 

cancer. Deletion or mutation of PTEN is observed only in a minority of sporadic 

primary cancers, suggesting that other, novel mechanisms of PTEN inactivation 

might initiate tumorigenesis. To validate recognition of the PTEN-3’UTR 

complementary sequences by vmr11, we tested vmr11-targeted inhibition of 

Luciferase reporter that contains PTEN 3’-UTR (Figure 4B) using miScript miRNA 

“mimic” oligonucleotide (QIAGEN), which is synthetic double-stranded 2’-O-Me 

modified RNA that mimics the mature vmr11 following transfection into the host 

cells. As controls, we included miR-26a which has been reported to have three 

target sites within PTEN- 3’UTR (Huse et al. 2008?). As is shown (Figure 4B), 

inhibition of Luciferase PTEN-3’UTR reporter by transfection of increasing 

concentrations of vmr11 (mimic oligonucleotides) is at least as efficient as the 

targeting of PTEN 3’-UTR by miRNA-26a.  
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Figure 4: vmr11 binding site on PTEN-χȭ542Ƞ (A) TargetScanHuman 6.1 revealed a 

possible vmr11 binding site. The sequence of the target region is highlighted in the 

box. (B) 1x105 PPH cells were either transfected only with pGL3-Control-PTEN-

3'UTR-Wt or co-transfected the reporter plasmid and increased amount of vmr11 

mimic or increased amount of miR-26a. Luciferase activity was normalized to that of 

reporter transfected cell=1. (N-3) 
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           Despite the robust repression of vmr11 on the Luciferase reporter, we did not 

observe significant change in overall PTEN protein levels in the HCV1a infected PPH 

cells as compared with the uninfected controls (Figure 5A). This is mostly due to 

the relatively lower amount of vmr11 compared to the artificially introduced vmr11 

mimic. 

           Apart from the well-known role of cytoplasmic PTEN as negative regulator of 

PI3K/AKT pathway, the nuclear PTEN has emerged as significant factor in 

promoting chromosome stability, DNA repair and cell cycle arrest. Therefore, we 

next explored whether the effect of virus-derived vmr11 may lead to 

disproportionate effect on intracellular distribution of vmr11 target (PTEN protein) 

in HCV infected cells. To examine whether the nuclear/ cytoplasmic distribution of 

PTEN protein is altered in the HCV 1a infected cells, we fractionated the uninfected 

and HCV1a infected cells into their cytoplasmic and nuclear fractions. 
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Figure 5: (A) PTEN Protein levels in HCV1a infected cell: Human hepatocyte cultures 

(1x105 PPH cells) were transfected with 1ug H77 viral genomic RNA, and the cells 

were collected 5 days later. Total protein was extracted using RIPA buffer 

(Millipore); 20 ug each of protein (in each lane) was analyzed on 10% precast 

MiniProtein Gel (Bio-rad); The numbers beneath the figure indicate the relative 

(densitometric) values of PTEN. The data was normalized to PTEN protein level in 

uninfected cells. (B) 1x105 PPH cells were transfected with increasing amounts (0.5, 

1.0, 2.0 ug) of input H77 genomic RNA, and the cells were collected 5 days post-

infection. Cells were fractioned into nuclear and cytoplasmic proteins and 10 ug of 

protein each lane was analyzed by Western blotting. (C) QRT-PCR analysis of vmr11 

RNA levels in PPH cells transfected with increasing amount of input viral genomic 

RNA, similar to Fig 4B is shown (Data was normalized to miR-16=1). 

          Immunoblotting of uninfected and HCV1a infected cell proteins showed 

minimal change in the cytoplasmic PTEN protein levels of HCV1a infected (5 days 

post-infection) cells as compared to the HCV1a infected cells. By contrast, the 

nuclear localized PTEN protein was markedly reduced in HCV1a infected cells as 

compared with the uninfected controls (Figure 5B). The observed differences in 

PTEN protein levels of uninfected and HCV1a infected cells may in part be due to the 

fact that nuclear protein represents less than 5% of total cell protein; an inhibition 

of PTEN protein expression is likely to be more noticeable in the nuclear fraction. 

Alternately, it is likely the nuclear import of PTEN protein is specifically targeted by 

vmr11 in HCV1a infected cells. 
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          We next determined whether the changes in PTEN protein following virus 

infection correlated with the expression of vmr11. RNA from the same cells (as the 

ones used for protein analysis) was analyzed for vmr11 expression levels. The 

results (Figure 5C) showed increased expression of vmr11 in human hepatocytes 

transfected with increasing amounts of input HCV genomic RNA (as in Figure 5C). 

We confirmed HCV infection of the human hepatocytes by immunofluorescent 

staining for viral antigen NS5A, as well as for the expression of PTEN. Results 

showed marked reduction in nuclear PTEN but undetectable change in cytoplasmic 

PTEN in HCV1a infected cells as compared with the uninfected cells. (Figure 6) 
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22 

 

Figure 6: Immunofluorescent Staining of uninfected (left four panels) and infected 

(right four panels) with antibodies against PTEN and NS5A. 

 

vmr11 is necessary for nuclear PTEN suppression and the release of infectious 

viral particles from HCV1a infected cells. 

          Since the decline of nuclear PTEN correlated with high vmr11 expression 

levels, we asked whether vmr11 is necessary to regulate nuclear PTEN 

accumulation and in some way promote virus infection. To answer the question, we 

used miScript miRNA inhibitor (QIAGEN) which is chemically synthesized anti-

sense oligonucleotide that antagonizes vmr11 in infected cells. To ensure equal 

number of HCV infected cells, primary hepatocytes (1x106 cells) were first 

transfected with HCV1a genomic transcript. The cells were collected 24 hours after 

transfection and equal number (5x104 HCV1a infected cells) were seeded into each 

6-well plates. After 24 hours, the HCV1a infected cultures were transfected with 

increasing amounts (5nM and 25nM) of anti-vmr11 oligonucleotides or left 

untreated; cells were harvested on 5th day post transfection. In parallel, culture 

medium from each experiment was collected every 24 hours following the 

introduction of anti-vmr11 oligonucleotides to monitor the effect on released virus 

particles. Immunoblotting for PTEN expression (Figure 7A) showed that HCV 1a 

infection largely suppressed nuclear PTEN level, whereas the transfection of vmr11 

antagomir partially rescued nuclear PTEN. We speculate that higher dose of vmr11 

antagomir may significantly, if not completely, restore nuclear PTEN; alternatively 

high dosage of small RNA transfection may be toxic to PPH cells. As controls, 
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scramble small RNA antagomir did not show similar nuclear PTEN recovery in the 

HCV infected cells even with higher concentration (Data not shown). Using Real-

Time PCR, we also examined the released virus particle in the cell culture medium 

collected from the vmr11 antagomir treated and untreated HCV infected cells. The 

result showed that suppressing vmr11 function with the antagomir oligonucleotide 

restrained virus release from the HCV1a infected cells (Figure 7B). Our data 

suggested that vmr11 is a contributing factor responsible for the nuclear PTEN 

decline and is a vital component in HCV 1a propagation.  
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Figure 7: Depletion of nuclear PTEN is related to the release of mature virus particles 

in HCV1a infected cells; (A) Immunoblotting of cytoplasmic and nuclear protein 

fractions from uninfected, HCV1a-infected and vmr11 antagomir treated PPH cells. 

The numbers beneath the figure indicate the relative (densitometric) values of 

nuclear PTEN (All value was normalized to nuclear PTEN signal of uninfected cells = 

100. N=2). (B) QRT-PCR of the HCV RNA levels from virus particles recovered from 
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the culture medium of HCv1a infected cells. (The data was normalized to that of 

untreated cells (0 nM) at 24 hours, N=2).  

 

vmr11 alone is  sufficient to cause nuclear PTEN down regulation. 

          The results described thus far suggest that HCV-derived vmr11 sequence is 

necessary for the down-regulation of nuclear PTEN protein. To support the 

argument that vmr11 sequence may be sufficient to initiate the changes in nuclear 

localized PTEN protein, we transfected the cells with 5nM or 25nM of vmr11 

“mimic” oligonucleotides, or same amount of negative control mimic. No change in 

cytoplasmic PTEN levels was observed 24 hours post transfection of vmr11 “mimic” 

oligonucleotides, a result analogous to that of HCV-infected cells. However, we 

observed 20~40 percent decline in nuclear PTEN protein levels in (uninfected) cells 

where the intracellular vmr11 “mimic” oligonucleotide were artificially induced by 

transfection with increasing amount of vmr11 mimic oligonucleotides (Figure 8). 

The results are consistent with the argument that vmr11 sequence is sufficient to 

initiate nuclear PTEN depletion in uninfected human primary hepatocytes.  
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Figure 8: vmr11 sequence is sufficient to initiate nuclear PTEN depletion: 

Immunoblotting of cytoplasmic and nuclear PTEN proteins from uninfected human 

hepatocytes either untreated, or transfected with increasing concentrations of 

vmr11 “mimic” oligonucleotides. The numbers beneath the figure indicate the 

relative (densitometric) values of nuclear PTEN protein. (All values were 

normalized to nuclear PTEN signal of untreated, control cells=100. The results 

shown represent three individual experiments). 

 

Insufficiency of nuclear localized PTEN in HCV 1a infected cells correlates with 

increased gH2AX. 

          Among the reported functions of nuclear PTEN is its role in binding to CENP-C 

complex and stabilize the centromere structure; the disruption of PTEN has been 

shown to destabilize the centromere complex leading to chromosomal aberrations 

that can be attributed to impaired DNA double strand brakes (DSB) (Shen et al., 

2007). We asked whether the nuclear insufficiency of PTEN induced by HCV-derived 

vmr11 in virus infected cells could manifest in defects in the repair of double strand 

DNA breaks (DSBs), a hallmark of genomic instability and tumorigenesis. We 

assessed the level of DSBs in HCV infected cells utilizing antibodies to 

phosphorylated form of histone H2AX (γ-H2AX), a commonly used marker for DSBs 

(Foster and Downs, 2005; Thiriet and Hayes, 2005). In immunoblotts of HCV1a 

infected primary human hepatocytes we observed increased level of γ-H2AX as 

compared to uninfected hepatocytes (Figure 9). Interestingly, analogous to the 

effects of vmr11 “mimic” oligonucleotides on inhibition of nuclear PTEN protein in 
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uninfected cells, transfection of vmr11 mimic oligonucleotides in uninfected cells 

also induced γ-H2AX (Figure 9). The results suggest that vmr11 directed DSBs and 

genomic instability in HCV infected cells represent the initiation of tumor 

susceptibility following HCV infection. 

 

Figure 9: Induction of ɾ(φ!8 in HCV1a infected or vmr11 transfected uninfected 

hepatocytes: Immunoblotting of uninfected human hepatocytes, transfected with (50 

nM) vmr11 mimic oligonucleotides or HCV1a infected cells shows increased levels 

of γH2AX. The numbers beneath the figure indicate relative (densitometric) values 

of nuclear PTEN (All values were normalized to nuclear PTEN signal of uninfected 

cells = 1. Results shown represent three independent experiment experiments). 
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Chapter 4: Discussion 

          In this thesis, I describe results of experiments that overall, relate to a novel, 

epigenetic regulation of PTEN tumor suppressor, and in particular, its subcellular 

distribution in HCV infected human primary hepatocytes. As a result of vmr11-

targeted inhibition of nuclear PTEN, HCV-infected cells are susceptible to neoplastic 

transformation as a direct consequence of an oncogenic virus infection. Principle 

observations presented in this thesis are: (i) the prediction and biochemical 

validation of the expression of vmr-11, a small non-coding RNA (derived from HCV 

genomic RNA) in virus infected cells; (ii) target validation of vmr-11 suggesting the 

post-transcriptional silencing of PTEN tumor suppressor in HCV infected cells; and 

(iii) vmr-11 dependent depletion of nuclear PTEN in HCV infected cells that relates 

to impaired DSB and genomic instability of human hepatocytes. Overall, the results 

suggest a more direct role of a human oncogenic virus infection-associated 

hepatocarcinogenesis, which in future studies should lend itself to molecular 

analysis of the gene network that initiate human liver cancer.  

           Small RNA-based mechanisms, such as RNA interference (RNAi), have been 

known to play important roles in regulating the course of virus infection and viral 

pathogenesis in plants and animals (Ding and Voinnet, 2007; Grassmann and Jeang, 
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2008; Umbach and Cullen, 2009). Analysis of the target validated, virus-derived 

small RNAs is of particular interest since they can serve as unique markers for 

progressive stages of viral pathogenesis. Examples of such virus-derived microRNAs 

were discovered in human cytomegalovirus, Epstein Barr virus, Kaposi Sarcoma-

associated virus, peach latent mosaic viroid (Grey et al., 2007; Pfeffer et al., 2005) as 

well as in HIV-1 (Klase et al., 2007), although so far there is no report of target 

validated, HCV derived small RNAs. We reasoned, that the negative sense genomic 

RNA of HCV, which is quite abundant in productively infected human primary 

hepatocytes (Banaudha et al. 2010), plus the fact that the negative strand viral 

genomic RNA is not translated, and will likely be accessible to small RNA processing 

nucleases of the host cell to yield viral small non-coding (vmrs). In this study we 

validated the expression of vmr11 in HCV1a infected human hepatocytes in 

infection time-dependent fashion. We speculate that the lack of induction of other 

predicted viral small RNAs may be due to the induction of vmrs at different times 

after viral infection; in agreement with the predicted viral small RNAs from a 

number of HCV and host cell system recently reported (Parameswaran et al. 2010), 

based on high throughput massively parallel RNA sequencing analysis.  

           PTEN tumor suppressor is one of the most studied genes in many types of 

human cancer, such as breast cancer and colon cancer. PTEN was also found to be 

down-regulated in many cases of viral hepatitis induced fibrosis (LS Hao et al. 2009) 

and hepatocellular carcinoma. S Clement et al. 2011 described such down regulation 

in HCV 3a core protein transduced Huh-7 cells. The study also indicated no change 
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in PTEN abundance in Huh-7 cells transduced with HCV 1b core, suggesting 

genotype specific regulation of the tumor suppressor. 

          Studies on the functions of nuclear localized PTEN protein as compared to the 

cytoplasmic PTEN has revealed unique role of this tumor suppressor in cell growth 

and genomic stability (reviews in Tamaguney and Stokoe, 2007; Planchon et al. 

2008). In general, the lipid phosphatase activity of PTEN predominates its 

cytoplasmic function, which includes regulation of AKT phosphorylation; whereas 

nuclear PTEN principally shows protein phosphatase activity, which results in 

decreased MAPK phosphorylation and cyclin D1 levels. Thus one would expect an 

increased pAKT and increased levels of cyclin D1 in PTEN deficient virus infected 

cells, a hypothesis consistent with the results presented here.  

           An important development in recent studies in nuclear PTEN function (Shen et 

al., 2007) has been its role in chromosome stability, cell cycle arrest and DNA repair. 

Thus one would expect that even partial depletion of nuclear PTEN protein, as we 

observed in HCV infected human hepatocytes, would profoundly affect DSB and 

genomic instability, two hallmarks of oncogenic susceptibility.  

          A major focus of recent studies has been the regulation of nuclear translocation 

of PTEN protein.  PTEN does not contain conventional nuclear import (nuclear 

localization, NLS), or the nuclear export (or NES) motifs (Chung and Eng, 2005; 

Planchon et al., 2008). A number of mechanisms have been proposed that could 

regulate nuclear import of PTEN protein, including monoubiquitynation of K289 

residue (Trotman et al., 2007). It is important to note that no mutation has been 

observed among all the cases of nuclear PTEN ‘mis-localization’ examined thus far 
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(reviewed in (Planchon et al., 2008); leaving open the possibility that nuclear 

localization of PTEN, which is essential for genomic stability, may be regulated by 

non-genetic mechanism. In recent studies (Karreth et al., 2011; Poliseno et al., 2010; 

Tay et al., 2011), Pandolfi and colleagues have proposed a novel hypothesis for the 

regulation of PTEN expression, which is based on the competition of microRNA 

binding sites within PTEN 3’-UTR by endogenous transcripts that share miRNA 

response elements (MRE) with the target, PTEN 3’-UTR. Thus the epigenetic 

silencing of PTEN expression in the lymphoma cells appears to be due to the 

expression of PTEN pseudogene containing the MRE with the functional PTEN 

mRNA 3’-UTR (Poliseno et al., 2010). We observed that the PTEN pseudogene 

transcripts are quite abundant in prostate and breast cancer cell lines (N.B. Wu, A. 

Kumar lab, unpublished observation), the PTEN pseudogene transcripts in human 

primary hepatocytes are undetectable. These results suggest that competition for 

the binding of miRNA-PTEN 3’-UTR target sequence by endogenous (PTEN 

pseudogene) transcripts are unlikely to be significant contributing factors in PTEN 

deficiency in HCV infected cells.  Rather, the experiments we described here suggest 

a novel, epigenetic mechanism of nuclear PTEN depletion in HCV infected human 

primary hepatocytes. Although the precise mechanism of inhibition of nuclear 

import of PTEN protein, and PTEN nuclear insufficiency in HCV infected human 

hepatocytes remains to be elucidated, it is clear that viral genomic RNA derived 

vmr11 directly or indirectly contributes to the block in nuclear PTEN import. 

Further studies on the mechanism of viral small non-coding RNA (ncRNA) mediated 

regulation intracellular localization of PTEN will be significant in designing ncRNA-
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directed therapy to ameliorate HCV infection induced genomic instability and 

hepatocarcinogenesis.    

          Even though we demonstrate possible oncogenic outcome of vmr11, it is still 

unclear to us what the biochemical processes are that suppress nuclear PTEN 

import specifically. Several other investigators have shed light on this topic. Among 

them, Charis Eng’s group at Case Western Reserve University had discovered the 

nuclear localization of PTEN in MCF-7 breast cancer cells was mediated by binding 

to Major Vault Protein (MVP) of Vault-RNP complex and interruption of such 

binding by MVP siRNA could disrupt PTEN nuclear trans-localization. Later, the 

same group provided evidence suggesting that Calcium and Magnesium 

antagonistically act on PTEN nuclear import by subtly regulating PTEN-MVP 

interaction. Meanwhile, N. Benali-Furet et al. 2005 and M. Chami et al. 2006 

concluded that HCV core transduced Huh-7 cells showed ER stress and Calcium 

leakage. Those finding, collectively, may explain the disruption of nuclear PTEN 

level in HCV infected cells and suggested possible involvement of vmr11 in Calcium 

signaling or cellular stress. Figure 10 showed the possible model of such regulation. 
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Figure 10: Calcium regulation model of PTEN nuclear shuffling. 
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Chapter 5: Conclusion 

          Hepatitis C virus (HCV) infection is the leading cause of chronic liver disease, 

cirrhosis and hepatocellular carcinoma (HCC). However, a direct link of HCV 

infection and tumor susceptibility is still lacking. We present evidence that virus-

derived small RNA (vmr11) regulates nuclear accumulation of tumor suppressor 

PTEN (Phosphatase and TENsin homolog) in HCV infected human primary 

hepatocytes. Vmr11 has a recognition site on PTEN-3’UTR and its expression in HCV 

infected hepatocytes correlated with depletion of nuclear PTEN protein. HCV 

infected hepatocytes with marked decline in nuclear PTEN protein levels exhibit 

higher level of double-strand DNA breaks. We propose that down-regulation of 

nuclear PTEN by HCV-derived vmr11 initiates genomic instability and tumor 

susceptibility in virus infected human primary hepatocytes. Overall, our results 

reinforce a direct impact of HCV infection with onset of tumorigenesis in HCV 

infected human hepatocytes. 
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