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ABSTRACT 

Technical	limitations	in	simultaneous	microscopic	visualization	of	RNA,	DNA,	

and	proteins	of	HIV	have	 curtailed	progress	 in	 this	 field.	To	address	 this	need	we	

have	 developed	 a	 microscopy	 approach,	 multiplex	 immunofluorescent	 cell-based	

detection	of	DNA,	RNA	and	Protein	(MICDDRP),	which	is	based	on	branched	DNA	in	

situ	 hybridization	 technology.	 MICDDRP	 enables	 simultaneous	 single-cell	

visualization	of	HIV	spliced	and	unspliced	RNA,	cytoplasmic	and	nuclear	DNA,	and	

Gag.	We	 use	MICDDRP	 to	 visualize	 incoming	 capsid	 cores	 containing	RNA	 and/or	

nascent	 DNA	 and	 follow	 reverse	 transcription	 kinetics.	 We	 have	 also	 reported	

transcriptional	"bursts"	of	nascent	RNA	from	integrated	proviral	DNA.		

The	 major	 barrier	 towards	 a	 cure	 is	 the	 ability	 of	 the	 virus	 to	 remain	

dormant	 in	 long-lived	 cells	 known	 as	 the	 latent	 HIV	 reservoirs;	 however,	 the	

mechanisms	 that	 regulate	 latency	 are	 poorly	 understood.	 HIV-1	 integration	 is	

directed	to	regions	of	the	genome	by	the	chromatin	binding	protein	lens	epithelium-

derived	growth	 factor	 (LEDGF/p75,	 referred	 to	here	as	LEDGF).	 In	 the	absence	of	

LEDGF,	HIV-1	 infection	 is	markedly	 less	efficient.	We	report	 for	 the	 first	 time	 that	

knocking	out	LEDGF	results	 in	upregulation	of	antisense	HIV-1	RNA	 transcription.	

Antisense	HIV-1	transcripts	are	abundant	 in	a	higher	proportion	of	cells	when	the	
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Integrase-LEDGF	 interaction	 is	 lost,	 whether	 by	 knocking	 out	 LEDGF	 or	 by	

pharmacological	inhibition.	We	also	demonstrate	that	intriguingly,	antisense	RNA	is	

rapidly	 lost	 from	 infected	 cells.	 Using	 a	 dual	 reporter	 virus	 to	 investigate	 the	

association	 between	 HIV-1	 antisense	 RNA	 and	 latency,	 we	 have	 determined	 that	

antisense	RNA	has	low	expression	in	“latently”	infected	cells.	

Hepatitis	 B	 virus	 infection	 is	 a	major	 health	 problem,	 there	 are	more	 than	

350	 million	 people	 living	 with	 chronic	 HBV.	 Immune	 system	 can	 clear	 infection	

during	 the	 acute	 phase	 in	 immune-competent	 patients.	 A	 better	 understanding	 of	

the	immune	response	against	HBV	infection	may	lead	to	new	insights	a	find	a	cure.	

RNA	 helicases	 contribute	 to	 the	 immune	 response	 and	 some	 also	 have	 antiviral	

effects.	MOV10	is	a	helicase	RNA	protein	that	has	detrimental	effect	in	HIV	infection	

and	 HCV	 replication	 under	MOV10	 depletion	 or	 overexpression.	 Considering	 that	

HBV	replication	rely	on	reverse	transcription	to	form	DNA	from	pre-genomic	RNA,	

we	 study	 the	 effect	 of	 MOV10	 in	 HBV	 replication.	 Our	 data	 suggest	 that	 while	

MOV10	 overexpression	 leads	 to	 HBV	 reduction,	 suppression	 of	 MOV10	 enhances	

HBV	replication.	
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CHAPTER 1 –INTRODUCTION  

1.1 HUMAN IMMUNODEFICIENCY VIRUS (HIV-1) 

Human immunodeficiency virus-1 (HIV -1) has been well-studied since its 

discovery in 1983 and first reported cases in 1981 (1,2). HIV-1 infection is a major 

worldwide health problem according to the World Health Organization. More than 70 

million people have been infected with the HIV virus and about 35 million people have 

died of HIV. In 2016 about 36 million people were living with HIV and 18 million of 

these people receive antiretroviral therapy (Fig. 1.1.1). However, an additional 2 million 

people are newly infected and still there is not vaccine available (3, 4).  

 

Figure 1.1.1 Prevalence	 of	HIV	 in	 2016	 from	World	Health	Organization.	 This figure is copied from  
WHO website with permission (260647	Permission	authorization	for	WHO	copyrighted	material).	
	

1.1.1  HIV types and subtypes 

HIV is classified in two main types: HIV-1 and HIV-2. HIV-1 constitute 95% of 
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reported cases around the world, while HIV-2 is reported mainly in West Africa and it is 

less infectious and progresses more slowly than HIV-1 (5, 6, 7). HIV-1 strains are 

classified into four groups: M (main), N (non-M, non-O), O (outlier), and P. M group 

consist of nine subtypes: A, B, C, D; F, G, H, J and K, additionally circulating 

recombinant forms (CRFs) and unique recombinant forms (URFs) (8, 9). Highly error-

prone RT function and the fast replication of its cycle contribute to the distinctive genetic 

diversity of HIV. About the distribution of subtypes, subtype B predominates in America, 

Western Europe and Australia, while subtype C is the most prevalent and is responsible 

for the majority of the global HIV epidemic (Fig. 1.1.2) (8,10-12). 

 

Figure 1.1.2. Global distribution of HIV-1 subtypes and recombinants. In the main figure, pie charts 
representing the distribution of HIV-1 subtypes and recombinants from 2004 to 2007 in each region are 
superimposed on the regions. The relative surface areas of the pie charts correspond to the relative numbers 
of people living with HIV in the regions. The colors representing the different HIV-1 subtypes and 
recombinants are indicated in the legend on the left-hand side of the figure. The HIV-1 subtype 
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distributions found around the world and within Central African countries are shown in the insets of the 
main figure, as indicated. This figure is copied from (12) with permission (Licence number 
4363100148175) 

 
 

1.1.2 Etiology and virus structure 

Acquired immune deficiency syndrome (AIDS) is defined by WHO as the most 

advanced stages of HIV infection (1). HIV-1 belongs to the Retroviridae family (13), 

subgroup lentiviruses (Table 1.1). It is an enveloped, single-stranded positive-sense RNA 

virus with an approximate diameter of 120 nm that contains two identical copies of 

genomic RNA. The nucleocapsid (NC) is bound to HIV RNA to protect it from 

degradation. HIV RNA is enclosed by a capsid (CA), and surrounded by a matrix (MA). 

MA associates with host lipid membrane containing viral envelope glycoproteins gp120 

and gp41 (Fig 1.1.3). The HIV particle also carries three viral enzymes: reverse 

transcriptase (RT), integrase (IN), and protease (PR), that participate in replication and 

virion maturation (14).  

 

 

 

 

 

 

 
 
Figure 1.1.3. Schematic	representation	of	 the	HIV-1	mature	virion,	Shown	are	the	viral	proteins	
envelope	(Env,	which	 is	made	up	by	gp120	subunits	and	gp41	subunits),	and	 the	Gag	polypeptide-	
derived	proteins	matrix	(MA),	capsid	(CA)	and	nucleocapsid	(NC).	This figure is copied from (14) with 
permission (Licence number 4363110087255) 
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Table 1.1 Retrovirus Taxonomy 

Subfamily  Genus  Species  

Orthoretrovirinae  

Alpharetrovirus  Avian leukosis virus (ALV) 
Rous sarcoma virus (RSV)  

Betaretrovirus  
Jaagsiekte sheep retrovirus (JSRV) 
Mouse mammary tumor virus (MMTV) 
Mason-Pfizer monkey virus (M-PMV)  

Deltaretrovirus  Primate T-lymphotropic virus 1, 2, 3 (PTLV-1, 2, 3) 
Bovine leukemia virus (BLV)  

Epsilonretrovirus  
Walleye dermal sarcoma virus (WDSV), 
Walleye epidermal hyperplasia virus 1, 2 (WEHV-1, 2)  

  

Gammaretrovirus  

Feline leukemia virus (FeLV) 
Gibbon ape leukemia virus (GALV) 
Murine leukemia virus (MuLV) 
Reticuloendotheliosis virus (REV)  

Lentivirus  

Bovine immunodeficiency virus (BIV) 
Caprine arthritis encephalitis virus (CAEV) 
Equine infectious anemia virus (EIAV) 
Feline immunodeficiency virus (FIV) 
Human immunodeficiency virus 1, 2 (HIV-1, 2) 
Simian immunodeficiency virus (SIV)  
  

Spumaretrovirinae  Spumavirus  

Bovine foamy virus (BFV)  
Equine foamy virus (EFV)  
Feline foamy virus (FeFV)  
Simian foamy virus (SFV)  

 

The HIV-1 genome contains three open reading frames (orfs), gag, pol and env 

that encode for nine viral proteins Gag, Pol, Env, Tat, Rev, Nef, Vif, Vpr, and Vpu (Vpx 

in the case of HIV-2) (15). gag gene encodes the viral core protein precursor 55 kDa Gag 

(group specific antigen) that comprises major structural proteins: MA, CA, NC and p6, 

pol gene encodes the enzymes PR, RT, RNAse H and IN and env gene encodes the viral 

surface glycoprotein gp160, the precursor of the viral envelope proteins gp41 and gp120. 
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HIV genome also encodes accessory proteins that enhance and control virus replication: 

Nef, Rev, Tat, Vif, Vpr,  and Vpu (Fig. 1.1.4)  (15, 16). 

 

 

Figure 1.1.4. HIV-1 genome. A schematic representation of the HIV-1 gene products encoded by the HIV-
1 genome sequence. Courtesy:  National Institute of Allergy and Infectious Diseases. 

 

1.1.3 Life Cycle 

HIV-1 mainly infects CD4+ T lymphocytes. It also replicates in myeloid cells, 

such us monocytes, macrophages and dendritic cells (DC), in various tissues (17). HIV 

replication cycle includes: attachment and fusion, reverse transcription, integration, 

replication, assembly, and maturation (Fig. 1.1.5). 

1.1.3.1 Attachment and fusion. HIV-1 uses CD4 receptor and CCR5 and CXCR4 co-

receptors on the target cell to bind to the surface. HIV-1 attaches to CD4 of the host cell 

through interaction of its gp120 surface protein. A conformational change in gp41 leads 

to membrane fusion and release of the viral core into the host cell cytoplasm (18, 19).  

1.1.3.2 Reverse transcription. HIV capsid then may undergo uncoating or partially 

disassembly in the target cell (14). RT synthesizes double-stranded (ds) viral DNA from 

single-stranded viral RNA. (19, 20). RT has two enzymatic activities: DNA polymerase 

activity which synthesizes DNA by using either RNA or DNA as templates; and RNase H 

activity that degrades RNA from DNA-RNA intermediates, also enables appropriate 
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generation of the RNA primers, termed as polypurine tracts (PPTs), which are necessary 

for the initiation of DNA synthesis. The PPT just upstream of the viral U3 region 

functions as the primer for plus-strand DNA synthesis. Upon the first 18 nucleotides of 

the tRNA3Lys are copied during the plus-strand DNA synthesis, the tRNA3Lys primer is 

removed by RNase H. Subsequently, the plus-strand DNA is transfered to the 3’ end of 

minus-strand DNA and proceed for its synthesis. The plus-and minus-strand DNAs 

continue to extend, resulting in the formation of complete double-stranded viral DNA 

(23, 24). 

1.1.3.3 Integration. Viral DNA is included in the pre-integration complex (PIC) for 

transport through the nucleopore and form viral nucleoprotein complex (NPC) that is 

transported to the nucleus. IN catalyzes integration of the dsDNA in interaction with host 

proteins into the host chromosome and the DNA is repaired to form provirus. (21). The 

integration process in more detail: first, 3’ end processing, two nucleotides are removed 

from the blunt 3’ end of both strands of linear viral DNA by IN, followed by DNA strand 

transfer into the nucleus, IN mediates the cleavage of the cellular target DNA, allowing 

the processed 3’ end of the viral DNA to bind to the cleaved target DNA via the covalent 

attachment. Finally the gap is filled by cellular enzyme-mediated repair machinery, 

resulting in the completion of the integration process (25-27). 

1.1.3.4 Transcription. The provirus functions as template for viral RNA synthesis via 

RNA polymerase II (pol II). Viral transcripts are expressed from the promoter located in 

the 5' long terminal repeat (LTR), which is generated during reverse trnascription, 

facilitated by host transcription machinery and enhanced by HIV-1 Tat. A set of spliced 

RNAs is formed first and then transported from the nucleus to the cytoplasm. Unspliced 
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or partially spliced transcripts are transported later facilitated by Rev (19, 22). The HIV 

LTR (630 bp) at both 5’ and 3’ ends of the proviral DNA are divided into three regions: 

unique 3’ sequence (U3), repeated sequence (R) and unique 5’ sequence U5 (28). The U3 

region contains three regulatory domains: the core promoter region, the core enhancer 

region and the modulatory region (29). The core promoter has a TATA box, three SP1 

binding elements, and an active initiator sequence (30). The core enhancer region 

comprises of two NF-κB binding motifs and an activator protein 1 (AP1) elements. The 

modulatory region contains the binding site for the upstream stimulatory factor (USF). 

Tat is essential for the transactivation of LTR-driven genes expression. Tat primarily 

promotes the elongation of HIV transcription, allowing the generation of the full-length 

transcripts (31).  

1.1.3.5 Translation. Viral mRNAs are translated in the cytoplasm, and the Gag and 

Gag-Pol polyproteins become localized to the cell membrane. HIV Gag recruits viral 

genomic RNA and then traffics to the plasma membrane for assembly. The env mRNA is 

translated at the endoplasmic reticulum (ER).  

1.1.3.6 Assembly. Virus particle is assembled from the Gag, and Gag-Pol polyproteins, 

Vif, Vpr, Nef, and the gRNA, and an immature virion begins to bud from the cell surface. 

The Gag polyprotein precursor Pr55Gag, consisting of MA, CA, NC and p6 domains, is 

synthesized from unspliced viral mRNA. The GagPol polyprotein precursor 

Pr160GagPol, which contains MA, CA, NC, PR, RT and IN, is generated through a 

programmed ribosomal frameshifting event (32-34).  

1.1.3.7 Release. Budding of new immature virus coated with SU gp120 and TM gp41 

depends of the host cellular ESCRT machinery to exit the host cell (35). 



 8 

1.1.3.8 Maturation. Following HIV release from the plasma membrane, the immature 

viral particle undergoes maturation by viral PR, which cleaves Gag and Gag-Pol 

polyproteins into individual components. Processed proteins will reassemble to form the 

conical core. The mature virion is capable to infect a target cell (34, 36). 

 

 

 

Figure 1.1.5. HIV-1 life cycle. Courtesy:  National Institute of Allergy and Infectious Diseases. 

 

1.1.4 Transmission 
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HIV-1 can be transmitted by sexual contact with mucosal surfaces and body fluids 

(rectum, vagina, urethra, mouth, eyes), by direct blood contact or percutaneous 

inoculation (sharing injection drugs, injuries from contaminated sharps), blood 

transfusions from infected donors and by maternal-infant exposure (37). 

1.1.5 Treatment 

The goal of antiretroviral therapy (ART) is to target, eliminate or limit the activity 

of viral proteins to abrogate HIV infection. The most used strategy targets the viral 

reverse transcriptase (RT), the key enzyme for productive HIV infection. In 1987, 

Zidovudine (AZT), an RT inhibitor, became the first antiretroviral drug approved by 

Food and Drug Administration (FDA) and nowadays more than 25 drugs have been 

approved. These drugs are generally divided into 6 classes that target and inhibit HIV 

replication at different steps of the life cycle: co-receptor antagonists, fusion inhibitors, 

nucleoside-analog reverse transcriptase inhibitors (NRTIs), non–nucleoside reverse 

transcriptase inhibitors (NNRTIs), integrase inhibitors, and protease inhibitors (PIs) (38, 

39). 

1.1.6 Latency  

A succesful antiretroviral therapy (ART) allows to control the viral load under 

undetectable levels in infected patients, however HIV can persist in patients under ART 

due of long-lived resting memory T-cells that sustain the latent viral reservoir  (40-44). 

These resting memory CD4+ T cells harbouring an integrated, replication competent HIV 

genome (45), if these cells remain quiescent, the provirus stays transcriptionally silent 

(45). Latency has been shown in vivo in central and transitional memory T-cells (42)	and 

naive T-cells and can also be established in monocyte-macrophages, microglia, 
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hepatopoietic stem cells (HPCs)	and astrocytes (44-48). Mechanisms for viral latency and 

reactivation remain elusive, additionally epigenetic reprogramming and modulated 

expressions of host factors are involved in viral latency that extends the complexity for 

further investigation. 

1.1.7 HIV-1 nucleic acids and protein detection at single cell level 

The HIV-1 life cycle, ART effectiveness and drug molecular mechanism of action 

have been traditionally studied using molecular or structural biology, biochemical and 

genetic tools. The more recent improvements on fluorescence in situ hybridization 

(FISH) along with viral protein detection and advancements in microscopic techniques 

offer options for visualizing virus at single cell level (148, 203, 204).  FISH strategy 

allows visualization of vRNA or vDNA until we recently reported the ability to label both 

nucleic acids of the HIV- replication cycle (203). The challenge of single-cell nucleic 

acid visualization techniques in HIV is to label transcription from individual integration 

sites. One of the first approaches to label HIV-1 provirus, called single-cell imaging of 

HIV-1 provirus (SCIP), introduces a restriction enzyme cut site into the vDNA, allowing 

proviruses to be detected with an exogenous endonuclease (121). A modified dNTPs, 5-

ethynyl-2- deoxyuridine (EdU), label reverse transcribed nascent vDNA by EdU 

incorporation follow by chemical click fluorescent azides, but this method is mainly 

apply to non-dividing cells (118). The modified FISH combine a sensitive branch-chain 

DNA (bDNA) plus immunostaining to visualize events in early HIV-1 infection in fixed 

cells. Importantly, the combination of fluorescence nucleic acid detection and protein 

labeling will provide new insights to understand HIV-1 infection. 

1.1.8 HIV-1 antisense RNA 
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The existence of an HIV-1 antisense RNA (asRNA) and a protein translated from 

an antisense transcript was suggested 30 years ago (168) and later identified as 2242 bp 

transcript (169). However, the role of the antisense RNA and the Antisense Protein (ASP) 

in HIV-1 infection is not well understood. Recent findings suggest ASP is involved in 

HIV-1 replication and latency (181). In contrast a well-studied retroviral asRNAs, the 

HTLV-1 bZIP factor (HBZ) RNA, expressed from the antisense strand of the HTLV-1 

provirus, has been reported to be involved in the regulation of sense transcription and 

leukemogenesis by HTLV-1. Further investigation of HIV-1 asRNA is urgent to 

understand its role into the pathogenic mechanisms of HIV-1 and latency.  
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1.2 HEPATITIS B VIRUS (HBV) 

Worldwide more than 240 million people are chronically infected with hepatitis B 

virus (HBV), and every year 600,000 people die as consequences of HBV chronic 

infection which promote hepatocellular failure by cirrhosis and hepatocellular carcinoma 

(HCC) (49-51).  HBV is a small, partially double-stranded enveloped DNA virus of the 

Hepadnaviridae family and has highly specific tropism for liver cells (49,52). HBV 

enters host hepatocytes by an initial attachment to cells surface proteoglycans; follow by 

interaction with specific receptor. Upon entry HBV encounters host cell defense and 

enhances a response that is mediated by type I Interferon (IFN) and IFN-stimulated genes 

(ISG) (188), this response is able to clear infection over 90% of cases during the acute 

phase. During last years DExD/H-box helicases shown to contribute to antiviral response 

by sensing viral nucleic acids or by facilitating downstream signaling events. Among 

those helicases we found MOV10 an RNA helicase that has a potent and broad 

antiretroviral activity, but its effect in HBV infection was only partially described.  

 

1.2.1	 Virus	Structure	

 The HBV virion contains a 3.2 Kb double-stranded DNA genome (termed relaxed 

circular DNA, rcDNA) and a viral reverse transcriptase (RT) enclosed in a capsid 

assembly made of 240 identical copies of capsid protein, surrounded by a lipid bilayer 

envelope that contains 3 viral surface glycoproteins, large (L), middle (M) and small (S) 

surface protein (53) (Fig.1.2.1). 
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Figure 1.2.1. Schematic	representation	of	HBV	and	virus	structure.	This figure was 
modified from (52)  

 
 

The HBV genome encodes seven proteins: HBx, core, polymerase, L-, M-, and S-

HBsAg, and precore/HBeAg. Of these proteins, HBx is a non-structural regulatory 

protein, HBeAg is not incorporated into virions and is independently secreted from the 

cells, the polymerase is responsible for genome replication, and the core and HBsAg 

proteins form the structural aspects of the virion (50) (Fig. 1). 

1.2.2	 Life	cycle	

A schematic of the life cycle is shown in Figure 1.2.1 (51). Entry is mediated by 

envelope L protein of the HBV virion that interacts with sodium taurocholate 

cotransporting polypeptide (NTCP), a transmembrane domain protein located on the 

surface of hepatocytes, to initiate receptor-mediated entry by endocytosis follow by 

fusion (54). The released core particle traffics to the cell nucleus through microtubules 

and interaction with importin β (55, 56). Then, core particle disassembles in the nuclear 
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pore and releases the viral rcDNA into the nucleus. rcDNA is converted to covalently 

closed circular DNA (cccDNA) by a combination of RT activity and cellular host factors. 

cccDNA serves as the template for transcription of RNAs that are translated to the 

structural and non-structural proteins (core, S, M, L, RT, X, and E). Pre-genomic RNA 

(pgRNA) codes for core and RT and is packaged into the core particle. Then, RT 

converts pgRNA to rcDNA, and the particle can traffic to the nucleus to amplify the 

cccDNA pool or assemble through the endoplasmic reticulum, acquiring an envelope 

with S, M, and L, and exit the cell. 

1.2.2.1					Entry	

L- and S-proteins are crucial for viral entry of HBV (57). L-proteins contain S, 

preS1 and preS2 domains, M-proteins have S and preS1 domains, while S-proteins have 

S domain only (58). Early studies demonstrated that the preS1 domain of the L protein is 

required for viral infectivity (59-62). Yan et al. identified human sodium taurocholate 

cotransporting polypeptide (NTCP) as a receptor for HBV (54). They characterized the 

interaction between NTCP and an inhibitory preS1-derived lipopeptide and proved the 

role of NTCP for the susceptibility to HBV/HDV infection. Ectopic expression of human 

NTCP in non permissive HepG2 and HuH-7 hepatoma cells made these cells susceptible 

to HBV infection. NTCP is encoded by SLC10A1 gene and it is localized at the sinusoidal 

membrane of hepatocytes (63-65). NTCP expression is regulated by various effectors 

such us bile acids, cytokines, and hormones (66). HepG2-hNTCP cells are now being 

used as cell culture system for drug screening, host factors and HBV life cycle studies. 
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Figure 1.2.2. Schematic	 representation	 of	 HBV	 life	 cycle.	 This figure is copied from (53) with 
permission (Licence number 4363120355612) 

 
 Endocytosis and membrane fusion.  

Endocytosis is the process of internalization induced after the plasma membrane 

folds inward. Cells use endocytosis to internalize cargo molecules from the cell surface. 

Some viruses have the capacity to penetrate into the cytosol directly through the plasma 

membrane, but most depend on endocytic uptake. HBV entry into liver cells probably 

depends on endocytic processes involving different host cellular proteins and factors. 

Caveolin and clathrin have been described to participate in HBV entry into HepaRG cells 

and Hus-E/2 immortalized primary human hepatocytes (PHH) (67-70). Most enveloped 

viruses that use endocytosis rely on pH-dependent processes in order to trigger fusion of 

the vesicular and viral membrane. However, ammonium chloride and chloroquine, which 
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raises the endosomal pH, did not interfere with HBV infection (71). Bafilomycin A1, 

which neutralizes the luminal pH of the endosomes and interferes with formation and 

maturation of endosomal carrier vesicles from early endosomes, inhibited HBV infection 

(72). Rab5 and Rab7, early and late endosome markers, are required for HBV infection of 

HepaRG cells (73). These evidences support the hypothesis that HBV is transported from 

early to late endosomes.  

1.2.2.2					Trafficking	

After nucleocapsid is released from endosome by an unknown mechanism, it is 

thought to use the microtubule network for transit to the nucleus via interaction with 

motor proteins. The precise location and timing of nucleocapsid release from endosomes 

remain unknown. To study the translocation of HBV nucleocapsids, Rabe et al. 

introduced those into non-susceptible, but replication competent HuH-7 cells using a 

microinjection method (74) or a lipid-based delivery system (75). Viral DNA was 

detected in the nuclei at 1h post-lipofection. Treatment of cells with actin-depolymerizing 

drugs (cytochalasin D or latrunculin B) did not significantly impair the transportation of 

nucleocapsids. However, treatment with nocodozale, a microtubule-depolymerizing drug, 

impaired nuclocapsid translocation (76). Microtubules connect the cell periphery to the 

interior of the cell. The less dynamic minus ends converge at the microtubule-organizing 

center near the nucleus. While some transport is mediated by polymerization and 

depolymerization of microtubules, movement of macromolecules is mainly accomplished 

via motor proteins, including kinesin, which transports material toward the periphery 

(anterograde), and dynein, which transports material towards the nucleus (retrograde) 

(77, 78).  



 17 

1.2.2.3					cccDNA		

 cccDNA formation from rcDNA starts after core particle is disassembled at 

nuclear pore complex. cccDNA synthesis include removal of the covalently linked RT 

from (-) strand DNA, removal of the RNA primer from (+) strand DNA, completion of 

(+) strand DNA synthesis, and ligation of the ends of both DNA strands to form the 

covalently closed product. Tyrosyl-DNA phosphodiesterase 2 (TDP2) has been suggested 

as the factor responsible for removal of RT from the viral DNA (79). DNA polymerase κ 

(polκ) has been suggested as a factor involved in completion of DNA synthesis to form 

cccDNA (80). cccDNA becomes a “minichromosome” (81, 82) due its interaction with 

histones, it is very stable and it can be 2 to 50 copies in the nucleus of infected cells. 

1.2.2.4					Transcription	and	translation	

 cccDNA serves as the template for transcription of 5 main unspliced RNAs that 

are translated into the 7 viral proteins: Core, S, M, L, RT, X, and E. The transcripts are 

unspliced, polyadenylated, and possess a 5′ cap structure. Pre-genomic RNA (pgRNA) 

encodes for Core and RT and is packaged into the core particle (83). 

1.2.2.5					Assemble	and	release	

After translation RT recognizes and binds pgRNA, then core protein binds and 

assembles around pgRNA for packaging. After formation of the core particle, P initiates 

reverse transcription of the RNA genome leading to the synthesis of minus-strand DNA 

and digestion of pgRNA by the ribonuclease H (RNaseH) domain of P. Minus-strand 

DNA then serves as a template for the synthesis of plus–strand DNA, resulting in the 

formation of a relaxed circular, partially dsDNA genome (84). Mature capsids are either 

enveloped and secreted from the cell or transported to the nucleus, amplifying the pool of 
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cccDNA. Secretion of virus particles is mediated by interactions of the capsid with the 

large hepatitis B surface antigen (L-HBsAg) at the endoplasmic reticulum (ER). 

Independent of infectious virus particles (Dane particles), noninfectious subviral particles 

(SVPs) containing small, medium, and large forms of HBsAg are also released from the 

infected cell (84). 

1.2.3	 Treatment	and	prevention	

Current HBV therapy approved by the FDA targets the RT enzyme. Nucleos(t)ide 

reverse transcriptase inhibitors (NRTIs) are analogs of natural nucleos(t)ides that are 

incorporated into viral DNA and act as “chain terminators” by preventing further DNA 

synthesis. NRTIs are used in both HIV and HBV treatments, and 2 drugs, lamivudine and 

tenofovir, can be used to treat both viruses. There are 5 approved NRTIs for HBV 

treatment: lamivudine, adefovir, telbivudine, tenofovir, and entecavir (85-87). An 

effective vaccine is available, that confers protection over 90-95% of immunized people, 

however it has no effect on infected patients. 

1.2.4	 Immune	response	and	role	of	host	factors	

HBV causes an acute and chronic stage of infection, 90% of acute cases will 

recover due immune response (88). Innate immune response promotes the expression of 

proinflammatory cytokines and type-I interferons (IFNs), which affect IFN-stimulated 

genes (ISGs) that counteract virus replication and spread (89). Studies focused on HIV 

have helped scientists to discover another group of proteins that are also part of the innate 

immune response: restriction factors (RFs), which are cellular proteins that can restrict or 

block viral replication in a cell-specific way, and which normally respond to IFN 

stimulation (90). 
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RFs are determinants of viral susceptibility restrictions. They can target viruses in 

different parts of their cycles and can restrict and overcome viral infection, but viruses 

have also developed strategies to overcome RFs. If immune response is capable to 

abrogate HBV infection in more than 90% of immune-competent patients during acute 

phase of infection, further investigation on host factors involve in HBV infection may 

lead to new insights to cure chronic infection since the antiretroviral therapy is not 

capable to clear infection. Since new HBV DNA synthesis in infected cells rely on 

reverse transcription from pre-genomic RNA, the RNA helicases may play an important  

role for vRNA detection and possible targeting. To date the identified RFs that affects 

HBV are: APOBEC3, AID, MX, MOV10, DDx3, SAMHD1 and Tetherin. 

1.2.4.1							APOBEC 

The apolipoprotein B mRNA-editing enzyme catalytic polypeptide (APOBEC) 

family of cytidine deaminases consists of 11 members: APOBEC-1 (Apo1), APOBEC-2 

(Apo2), activation-induced cytidine deaminase (AID), APOBEC-3A, -3B, -3C, -3DE, -

3F, -3G, -3H (Apo3A–H), and APOBEC-4 (Apo4). All APOBEC proteins have one or 

two copies of zinc-coordinating deaminase domain, known as Z domain with a motif 

HxEx23–28PCxxC, which catalyzes cytidine deamination that converts cytosines to 

uracils. APOBEC members are able to edit ssDNA and/or RNA sequences, and, more 

specifically, are C→U editing enzymes. The N-terminal domain of APOBEC-like 

proteins is the catalytic domain, while the C-terminal domain is a pseudo-catalytic 

domain (91). The APOBEC3 subgroup includes A3A, A3B, A3C, A3DE, A3F, A3G, and 

A3H. These genes are tandemly arrayed on human chromosome 22. A3A, A3C, and A3H 

have one copy of Z domain, whereas A3B, A3DE, A3F, and A3G have two. The role of 
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APOBEC3 proteins extends to HBV, HIV, HTLV, HCV, HPV, HSV-1, and EBV. 

APOBEC3 inhibits these viruses through a series of editing-dependent and independent 

mechanisms. APOBEC3G for example produces G—A or C—T mutations on the viral 

plus strand DNA, the cytidine is deaminated to uracil on the minus strand DNA. Uracil 

containing DNA is attacked by uracil DNA glycosylase (UNG) that removes the uracil 

generating an abasic site and DNA becomes a target for endonucleases that lead to DNA 

degradation. These hypermutations were thought to be the only method of viral 

inhibition, however other options are under investigation (92-94).  

1.2.4.2							AID 

Activation-induced cytidine deaminase (AID) is a member of APOBEC family 

and is essential to the somatic hypermutation (SHM) and class-switch recombination 

(CSR) of immunoglobulin (Ig) genes (95, 96). In the DNA deamination model, AID 

converts cytidine bases in DNA into uridine. The uridine is recognized by the DNA 

repair system, which produces DNA strand breakages and point mutations. AID can 

deaminate the nucleocapsid RNA of HBV and its up-regulation is mediated by IL-1β and 

TNFα in vitro (95, 96).  

1.2.4.3							MX 

 (MX) proteins belong to a superfamily of proteins, the large guanosine 

triphosphatases (GTPases), which includes the dynamins that are known to be involved in 

intracellular vesicle trafficking and organelle homeostasis. MX GTPases are induced by 

interferon and share structural and functional properties with dynamin, such as self-

assembly and association with intracellular membranes (97, 98). A unique property of 

some MX GTPases is their antiviral activity against a wide range of RNA viruses, such as 
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influenza viruses (97). MX proteins consist of three domains, namely an N-terminal 

GTPase domain that binds and hydrolyses GTP, a middle domain mediating self-

assembly known as “central interactive domain” (CID), and a carboxy-terminal GTPase 

effector domain with leucine zipper motifs (LZ) (99). Murine myxovirus resistance 

protein 1 (MX1) is located in the nucleus and was the first cellular ISG with potent 

antiviral activity to be identified by Horisberger et al. in the 1980s, in studies of influenza 

viruses in murine models. In humans, the ortholog MxA is a GTPase of the dynamin 

superfamily, the expression of which is potently induced by type I and type III IFNs and 

HBV is a MxA-sensitive virus (24).  

1.2.4.4							MOV10 

Moloney Leukemia Virus 10 (MOV10) is a GTP-binding protein originally 

discovered as MOV10 mouse strain, which derived from pre-implantation embryos 

infected with Moloney murine leukemia virus (MLV). MOV10 has been classified as a 

RNA helicase and may have up to seven helicase motifs (I, Ia, II, III, IV, V, and VI), 

which are classified into three super families (SF-1, SF-2, SF-3) and two small families 

(F-4, F-5). Motif I has a GxxxxGKT/S consensus and binds to phosphates; and motif II 

has a DExx consensus and binds to magnesium (100, 101). Mov10 and APOBEC3G 

(A3G) localize to cytoplasmic granules called processing bodies (P bodies), incorporate 

into human immunodeficiency virus type 1 (HIV-1) virions, and inhibit viral replication. 

Others have reported that overexpression of the P-body-associated protein MOV10 can 

inhibit other retroviruses, including simian immunodeficiency virus (SIV), murine 

leukemia virus (MLV), and equine infectious anemia virus (EIAV) (101, 102). MOV10 
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may inhibit HBV replication in MOV10 overexpressed cells at dosis dependend manner, 

while reducttion of its expression may lead to virus inhibition (103). 

1.2.4.5							SAMHD1 

Sterile alpha motif and HD ((histidine-aspartic) domain–containing protein 1 

(SAMHD1) contains 626 amino acids and has 2 domains, SAM domain with residues 

from 45 to 110 amino acids, and HD domain with residues from 164 to 319 amino acids. 

SAM domains are known to perform a number of functions such protein–protein and 

protein–nucleic acid interactions in organisms from yeast to humans, docking sites for 

kinases, signal transduction and regulation of transcription. HD domain containing-

proteins are characterized by a doublet of histidine and aspartic acid catalytic residues, 

and have been shown to possess putative nuclease, dGTP triphosphatase activities (104, 

105). The human SAMHD1 protein has dNTP triphosphatase activity, specifically dGTP-

stimulated dNTP triphosphohydrolase activity, and nuclease activity against single-

stranded DNA and RNA, which is associated with its HD domain. SAMHD1 restricts 

HBV infection (106).  

1.2.4.6							Tetherin 

Tetherin (BST-2 or CD317) was originally identified as a specific cell surface 

marker of terminally differentiated B-cells. Tetherin also known as bone marrow stromal 

antigen 2 is a lipid raft associated protein in humans and it is encoded by the BST2 gene 

(107-109). Tetherin is an interferon (IFN)-inducible type II membrane protein, consisting 

of a short amino-terminal cytoplasmic tail (CT) followed by an α-helical transmembrane 

(TM) domain, a coiled-coil extracellular (EC) domain, and a carboxy-terminal 

glycophosphatidylinositol (GPI) component that acts as a second membrane anchor 
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(110). Three cysteine residues located at the EC domain form intermolecular disulfide 

bonds, resulting in homodimerization of the protein. At the cell surface, tetherin is 

located in cholesterol-rich lipid microdomains, also termed lipid rafts, through the GPI 

anchor. The TM domain resides outside the lipid rafts, placing the CT in a 

suitableposition to indirectly interact with the actin cytoskeleton. Tetherin is 

physiologically endocytosed from lipid rafts in a clathrin-dependent manner through 

interaction with α-adaptin of the AP-2 complex. Tetherin affects HBV infection (106). 

1.2.4.7						DDX3 

DDX3 belongs to the DEAD (D-E-A-D: Asp-Glu-Ala-Asp)-box RNA helicase 

family, which is an ATPase-dependent RNA helicase. DDX3 has two homologs 

designated DDX3X (DBX) and DDX3Y (DBY), which were located on X and Y 

chromosomes, respectively (112). DDX3X is ubiquitously expressed in most tissues and 

it is involved in various RNA metabolism, including transcription, translation, RNA 

splicing, RNA transport, and RNA degradation (113, 114). DDX3 specifically binds to 

the HBV Pol and is incorporated into nucleocapsid together with HBV Pol (115) also 

suppresses transcription from HBV promoter (116). 

 The innate immune system plays a central role to avoid HBV infection. Deciphering 

the regulation of IFN-induced and no-IFN induced anti-viral restriction factors, their 

potential to cooperate and achieve virus inhibition could instruct innovative antiviral 

strategies, better vaccine design or immunomodulation against viruses. 
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CHAPTER 2 – MULTIPLE SINGLE-CELL VISUALIZATION OF 

NUCLEIC ACIDS AND PROTEIN DURING HIV INFECTION  

As found in: Puray-Chavez MN*, Tedbury PR*, Huber AD, Ukah OB, Yapo V, Liu D, Ji J, Wolf JJ, 

Engelman AN, Sarafianos SG. Multiplex single-cell visualization of nucleic acids and protein during HIV 

infection. Nat Commun. 2017 Dec 1;8(1):1882.  

2.1 INTRODUCTION 

Despite progress in nucleic acid visualization techniques, visualization of HIV 

transcription from individual integration sites has proven elusive. Moreover, there is a 

need for an integrated approach to simultaneously monitor changes in spliced and 

unspliced viral RNA (vRNA), viral DNA (vDNA), and proteins at a single-cell level 

during the various steps of the HIV replication cycle. Various approaches have been 

reported over the past few years for the combined imaging of HIV nucleic acids and 

proteins. One of the first approaches to allow visualization of integrated HIV-1 

proviruses exploited the recruitment of specific histones to sites of DNA damage in 

combination with a reporter virus containing a rare restriction site (117). This single-cell 

imaging of HIV-1 provirus (SCIP) approach provided sensitive labeling of integrated 

provirus, but not unintegrated vDNA, in apparent contrast to later techniques. Others 

exploited 5-ethynyl-2- deoxyuridine (EdU), which can be incorporated into nascent DNA 

and then labeled with fluorescent azides by click chemistry (118, 119). This approach can 

be used with native virus, rather than a reporter virus, and has been successfully 

employed in non-dividing cells. The use of EdU is challenging in dividing cells, however, 

as EdU is incorporated into the genome of the infected cell, generating high background. 
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For nucleic acid labeling in dividing cells, several groups have applied variations of 

fluorescence in situ hybridization (FISH): either immuno-DNA FISH (120) or branched 

DNA (bDNA)-FISH (121). These FISH approaches allowed investigators to examine the 

vDNA localization at various points during infection and to identify the number and 

position of viral integration sites in the host genome. Each method has strengths and 

shortcomings, such as being limited to either RNA or DNA labeling or requiring 

treatment of the infected cell during reverse transcription to label the viral genome.  

Here we describe Multiplex Immunofluorescent Cell-based Detection of DNA, 

RNA, and Protein (MICDDRP), a bDNA-FISH method with the ability to label the native 

nucleic acids of the HIV-1 replication cycle, and show how it can be used to track various 

intermediates of HIV replication, focusing on the kinetics with which various species 

appear following infection. We follow the appearance of vDNA, nuclear import of 

vDNA, vRNA transcription from integrated vDNA, splicing of vRNA, and nuclear export 

of vRNA. The ability to visualize these nucleic acid intermediates in the context of viral 

or host proteins will advance efforts to elucidate mechanisms of antiviral inhibition by 

small molecules or host restriction factors, enhance our understanding of latency 

reactivation, and further efforts for novel drug development.  

2.2 MATERIALS AND METHODS 

Cell culture  

TZM-bl (NIH AIDS Reagent Program catalog #8129) are HeLa-derived human 

epithelial cells that stably express the HIV-1 receptor (CD4) and co-receptors (CXCR4 

and CCR5) (122-126). TZM-bl cells additionally express β-galactosidase and firefly 
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luciferase enzymes under the control of the HIV-1 promoter. TZM-bl cells were cultured 

in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented with 10% heat-

inactivated fetal bovine serum (FBS) and 2 mM L-glutamine (Gibco) in a humidified 

incubator at 37 °C with 5% CO2. HEK 293-FT cells are derived from human embryonic 

kidney cells transformed with the SV40 large T antigen (ThermoFisher Scientific; catalog 

#R70007). These cells were cultured in the same medium and conditions as described for 

TZM-bl.  

Jurkat cells (NIH AIDS Reagent Program catalog #177) are a human, CD4 and 

CXCR4 positive, T lymphocyte cell line (127). Jurkat cells were cultured in Roswell Park 

Memorial Institute 1640 medium (RPMI; Gibco) supplemented with 10% heat-

inactivated FBS and 2 mM L-glutamine in a humidified incubator at 37 °C with 5% CO2. 

THP-1ATCC cells (NIH AIDS Reagent Program catalog #9942) are a monocytic cell line 

that expresses CD4, CXCR4, and (following activation) CCR5. They were cultured as 

described for Jurkats. Lymphocytes were purified from peripheral blood mononuclear 

cells (PBMC; STEMCELL Technologies catalog #70025) as previously described (128, 

129). Briefly, MDMs were isolated by adherence to the culture vessel, and non-adherent 

cells were removed and stimulated with 60 U/mL interleukin-2 (IL-2) (PeproTech) and 4 

µg/mL phytohemagglutinin (PrepoTech) for 3 to 4 days prior to infection.  

Primary lymphocytes were cultured in RPMI supplemented with 10% heat 

inactivated FBS and 60 U/mL IL-2 in a humidified incubator at 37 °C with 5% CO2. 

For time course experiments and clinical isolate infection, primary CD4+ T cells were 

isolated from PBMCs using EasySepTM Human CD4+ T Cell Enrichment Kit 
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(STEMCELL Technologies), following the manufacturer’s instructions. T cells were 

cultured and stimulated in RPMI supplemented with 10% heat-inactivated FBS, 2 mM L-

glutamine, 60 U/mL IL-2, and 25 µL/mL ImmunoCultTM Human CD3/CD28/CD2 T 

Cell Activator for 8 days prior to infection. Cells were maintained in a humidified 

incubator at 37 °C with 5% CO2, and with fresh media added every 2-3 days.  

Antibodies and compounds  

Capsid antibody, mouse monoclonal anti-p24 (NIH AIDS reagent Program mab-

24-2 catalog #6457) (130, 131), was used at a 1:2000 dilution followed by goat anti-

mouse secondary antibodies at a 1:2000 dilution, conjugated to either Alexa Fluor 647 

(Invitrogen catalog #A-21235) or Alexa Fluor 568 (Invitrogen catalog #11004). RNase H 

inhibitor naphthyridinone {4-[(4′-aminomethyl-1,1′-biphenyl)methyl]-1-hydroxy-1,8- 

naphthyridin-2-one (NAPHRHI)} is derived from 1-hydroxy-1,8-naphthyridin-2(1H)-

one. It was prepared as described by Williams et al. (132). Briefly, the benzyl ester-

protected scaffold was saponified and decarboxylated, and the resulting phenol was 

converted to triflate. NAPHRHI was formed by Negishi coupling with a benzylzinc 

reagent obtained by treating 4-bromobenzyl bromide with diethyl zinc, followed by 

Suzuki coupling of the bromide with 4-(N-Boc- aminomethyl)phenylboronic acid and by 

deprotection with HBr (132) (U.S. patent application 20100056516). Raltegravir (133) 

(ISENTRESS/MK-0518) was obtained from the AIDS Reagent Program.  

Nucleic acid probes  

All probes were purchased from Advanced Cell Diagnostics. To detect HIV-1 

vRNA, two anti- sense probes were used; the first probe targets the Gag coding region of 
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HIV-1 (HIV vRNA anti- sense probe-1, PS-1 [probe channel C1 or C2]) (134), and the 

second probe targets non-Gag-Pol regions coding envelope and accessory proteins (HIV 

vRNA anti-sense probe-3, PS-3, [probe channel C3]). For HIV-1 vDNA detection, a 

sense probe targeting the Gag-Pol coding region was used to avoid binding to the vRNA 

(HIV vDNA sense probe-2, PS-2, [probe channel ID C1]). Supplementary Table 1 

contains a complete list of the probe sets used in this study.  

HIV-1 infection  

Infectious HIV-1 particles were prepared by transfection of 3 x 106 293FT cells 

(ThermoFisher Scientific) with 10 µg NL4-3 proviral plasmid (135) in a 10 cm dish, 

using 30 µL Fugene 6 (Promega) in 500 µL Opti-MEM (Gibco). Media were changed 16 

h post-transfection. Supernatant was harvested 48 h after transfection, cleared by 

centrifugation for 5 min at 700 x g followed by filtration through a 0.45 µM 

polyvinylidene fluoride filter, and stored in aliquots at −80 °C. Virus particles were 

titrated in TZM-bl cells using 5-fold serial dilutions in the presence of 20 µg/mL DEAE-

Dextran. After 48 h, cells were fixed, and the number of blue forming units (bfu) was 

determined. This titer was used to determine multiplicity of infection (MOI) for future 

experiments, where MOI of 1 is 1 bfu per cell. It should be noted that differences in 

experimental conditions (e.g., reduced incubation time or infection of different cell types) 

may alter the observed MOI of the experiments, relative determined in titration. In these 

cases, the apparent MOI for the experiment was quoted rather than the MOI expected 

under the titration conditions. Semi-synchronous infections of TZM-bl cells were 

performed using 2 x 104 cells plated on 12 mm collagen-coated coverslips (GG-12-
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Collagen; Neuvitro) (136). Cells and virus were pre-chilled separately at 4 °C for 10 min, 

then virus was added to cells and incubated at 4 °C for 20 to 30 min in the presence of 20 

µg/mL DEAE-Dextran before being placed at 37 °C in a CO2 incubator. Virus-containing 

media were removed after 2 h, and cells were washed twice with Dulbecco’s phosphate 

buffered saline (DPBS; Sigma). Fresh media were added, and the cells were cultured at 

37 °C. To harvest, cells were washed twice with DPBS, fixed with 4% paraformaldehyde 

in DPBS for 30 min at room temperature, and then washed three times with DPBS.  

To infect Jurkat and THP-1 cells, 5 x 105 pre-chilled cells were mixed with pre-

chilled virus then seeded into 12-well plates with RPMI and 8 µg/mL polybrene. Plates 

were centrifuged at 1200 x g for 40 min at 4°C to promote virus attachment then placed 

at 37 °C. Media were removed after 2 h, and cells were washed twice by resuspension in 

DPBS followed by centrifugation at 300 x g for 5 min. To harvest, cells were washed 

once with DPBS then seeded onto poly-L lysine-coated coverslips (coated overnight with 

0.01% w/v poly-L lysine in water [Sigma] at 4 °C then washed three times with DPBS 

before use) and allowed to attach for 40 min at room temperature. Cells were fixed with 

4% paraformaldehyde in DPBS for 30 min at room temperature then washed twice with 

DPBS. Infections of primary cells were performed as described for Jurkat and THP-1 

cells.  

For the time course of infection in primary CD4+ T cells, HIV-1 NL4-3 was used, 

concentrated with Lentivirus precipitation solution (Alstem), following the 

manufacturer’s instructions. For the infection of primary CD4+ T cells, the HIV-1Ba-L 

isolate was used (137, 138) as provided by the AIDS Reagent program. For both 
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experiments, 3-5 x 105 pre-chilled CD4+ T cells (activated 8 days earlier) were mixed 

with pre-chilled virus then seeded into 12-well plates with RPMI and 8 µg/mL polybrene. 

Plates were centrifuged at 1200 x g for 1h at 16-20 °C then placed at 37 °C in a CO2 

incubator. Media were removed after 4 h, and cells were washed twice by resuspension in 

DPBS followed by centrifugation at 300 x g for 5 min. To harvest, cells were washed 

once with DPBS then seeded in 20-30 µL suspensions onto poly-L-lysine-coated 

coverslips (coated overnight with 0.01% w/v poly-L-lysine [Sigma] in water at 4 °C then 

washed three times with DPBS before use and not allowed to dry throughout). The 

suspension was distributed with a tip and allowed to attach for 10 min at 37 °C. Cells 

were fixed with 4% paraformaldehyde in DPBS for 30 min at room temperature then 

washed twice with DPBS.  

In situ vRNA detection  

HIV-1 vRNA in cells was probed using RNAscope reagents (Advanced Cell 

Diagnostics). The manufacturer’s protocol was used with some modifications (139). 

Following fixation, cells were dehydrated by removal of DPBS and sequential 

replacement with 50%, 70%, then 100% ethanol. Samples were incubated for 5 min at 

room temperature in each solution. Ethanol solutions were prepared as volume-to-volume 

ratios in ultrapure water (Synergy; Millipore). The 100% ethanol was replaced with fresh 

100% ethanol and incubated at room temperature for a final 10 min. At this point, 

coverslips could be stored in 100% ethanol at -20 °C. To rehydrate cells, the sequence 

was reversed, and the cells were incubated for 2 min at room temperature in each 

solution. The cells were not allowed to dry in air at any time during the process. Finally, 
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50% ethanol was replaced with PBS, and the cells were hydrated at room temperature for 

10 min. Cells were then washed with 0.1% Tween in PBS for 10 min and twice more in 

PBS for 1 min. Prior to hybridization, coverslips were immobilized on glass slides; a 

small drop of nail polish was placed on a glass slide, and the coverslip edge was placed 

on the nail polish drop. Using an ImmEdge hydrophobic barrier pen (Vector 

Laboratories), a circle was drawn around the coverslip, and PBS was added to prevent 

sample dehydration. The manufacturer’s protease solution (Pretreat 3) was diluted in PBS 

as appropriate prior to the experiment (a 1:2 dilution was used when staining incoming 

virions, and a 1:15 dilution was used when staining for transcription and translation) and 

incubated in a humidified HybEZ oven (Advanced Cell Diagnostics) at 40 °C for 15 min. 

Protease solution was discarded, and the slides were washed twice by immersion in PBS 

at room temperature for 1 min. Specific pre-designed antisense probes (Supplementary 

Table 1) that recognized the HIV-1 vRNA were added to the coverslip as specified by the 

manufacturer (Advanced Cell Diagnostics): C1 probes were added directly, and C3 

probes (PS-3 and PS-5) were diluted 1:50 in probe dilution buffer or in C1 probe. Probes 

were allowed to hybridize with the samples in a humidified HybEZ oven at 40 °C for 2 h. 

The probes were then discarded, and the coverslips were washed twice using the 

proprietary wash buffer. All wash steps were performed on a rocking platform at room 

temperature for 2 min using the proprietary wash buffer. The probes were visualized by 

hybridizing with preamplifiers, amplifiers, and finally, fluorescent label. Pre-amplifier 1 

(Amp 1-FL) was hybridized to its cognate probe in a humidified HybEZ oven at 40 °C 

for 30 min. Samples were washed twice then hybridized with Amp 2-FL in a humidified 

HybEZ oven at 40 °C for 15 min to suppress background staining. After a two more 



 32 

washes, amplifier (Amp 3-FL) was hybridized to Amp 1-FL in a humidified HybEZ oven 

at 40 °C for 30 min. Samples were washed twice, then fluorescent label Amp 4-FL was 

hybridized to Amp 3-FL in a humidified HybEZ oven at 40 °C for 15 min, then washed 

twice more. For HIV-1 experiments, the labeled probe set Amp 4B-FL was used, labeling 

the C1 probes with Atto 550 and the C3 probe (PS-3) with Atto 647. For subsequent 

protein staining, the RNA-labeled samples were washed with PBS, and immunostaining 

was performed as described below. Otherwise, the final step was to counter- stain nuclei 

with the manufacturer-supplied 4’,6’-diamino-2-phenylindole (DAPI; Advanced Cell 

Diagnostics) for 30 seconds at room temperature then remove the DAPI and immediately 

mount the coverslips on slides using Prolong Gold Antifade (Invitrogen).  

In situ vDNA detection  

For vDNA detection, following protease treatment, samples were washed three 

times with ultrapure water for 2 min, treated with 5 mg/mL RNase A (Qiagen) in PBS for 

30 min at 37 °C, washed three times for 2 min with ultrapure water, and heated at 50 °C 

for 30 min with hybridization buffer (1.7 M ethylene carbonate, 100 µg/mL dextran 

sulfate [average MW >500 kDa], 600 mM NaCl, 0.1% Tween-20, and 10 mM sodium 

citrate, pH 6.2) to denature the double-stranded DNA (140). For labeling of vDNA in 

PBMCs, denaturation was performed at 67 °C for 10 min (141). The hybridization buffer 

was then removed, and the probe (in the manufacturer-supplied buffer) was diluted 1:1 

with hybridization buffer then allowed to hybridize with the samples in a humidified 

HybEZ oven at 40 °C for 2 h. Washes and hybridization of pre-amplifiers and amplifiers 

to the probes were performed as described for vRNA.  
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Simultaneous in situ vRNA and vDNA detection  

For co-staining of vRNA and vDNA, samples were first treated as described for 

vRNA staining up to the point of vRNA probe hybridization for 2 h at 40 °C. Following 

vRNA probe hybridization, samples were washed twice in the manufacturer’s wash 

buffer then incubated with vDNA probes for 2 h at 40 °C in hybridization buffer, but 

without heating to avoid loss of the vRNA signal. The hybridization of pre-amplifiers and 

amplifiers to the probes was performed as described for vRNA. Addition of the vRNA 

probe prior to denaturation of the DNA prevented hybridization of the probe to the 

coding strand of the vDNA.  

Immunostaining  

Staining for protein was performed after staining for nucleic acids. Coverslips 

were blocked with 1% bovine serum albumen (BSA) and 10% FBS in PBS containing 

0.1% Tween-20 (PBST) at room temperature for 1 h. Capsid protein (CA), or the capsid 

domain of Gag protein, was then probed with anti-p24 diluted 1:2000 in PBST 

supplemented with 1% BSA and incubated at room temperature for 1 h. Samples were 

washed twice in PBST at room temperature for 10 min with rocking. Fluorescently 

labeled secondary antibodies were used at 1:2000 and incubated at room temperature for 

1 h; then the samples were washed once with PBST at room temperature for 10 min with 

rocking. Nuclei were either stained using the DAPI provided in the RNAscope kit or 

using 0.5 µg/mL Hoescht-33258 in PBS at room temperature for 10 min. Coverslips were 

washed twice in PBST at room temperature for 10 min with rocking and washed once 

with PBS for 1 min. Finally, coverslips were mounted on slides using Prolong Gold 
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Antifade then sealed with nail polish. 

Imaging and imaging quantification  

Unless otherwise stated, images were taken with a Leica TCS SP8 inverted 

confocal microscope equipped with a 63x/1.4 oil-immersion objective and a tunable 

supercontinuum white light laser. The excitation / emission bandpass wavelengths used to 

detect DAPI, Alexa 488, ATTO 550, Alexa 568, and Alexa 647 were set to 405/420-480, 

488/505-550, 550/560-610, 568/580-630, and 647/655-705 nm, respectively. Confocal 

data sets were deconvolved using Huygens Professional software (Version 16.10, SVI). 

Some images were captured using a Zeiss LSM 880 Airyscan confocal microscope. 

When images were captured with the LSM 880, a Plan- Apochromat 63x/1.4 oil objective 

was used in the Airyscan super-resolution mode. Following full 3D capture with a Z-step 

size of 0.16 microns, raw images were subjected to the standardized Airyscan processing 

routine (which includes photon reassignment and linear parametric 3D deconvolution). 

Movies were produced based on volume-rendered Z-stacks of confocal images using 

LAS X (Leica Microsystems) or ZEN (Zeiss) imaging software and edited using Fiji 

(142, 143). For time course experiments, fields of view were selected randomly based on 

the DAPI signal. Images were taken of the DAPI, vRNA, and vDNA staining (10 images 

per sample using the 63x objective). The numbers of nuclei and vRNA or vDNA foci 

were quantified using Gen5 software (BioTek), and the number of foci for each image 

was divided by the number of nuclei in the image to determine the average number of 

foci per cell. To determine the number of nuclear vDNA foci, a mask was applied to the 

image based on the DAPI stain; vDNA foci that fell within the DAPI mask were counted 

as nuclear vDNA foci.  
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2.3 RESULTS 

Specific visualization of HIV-1 RNA and DNA  

FISH techniques have been established for detection of nucleic acids in cells but 

lack the sensitivity required for some applications and are often incompatible with 

immunofluorescent labeling. More recently, bDNA-FISH techniques (144) have been 

developed to enhance the sensitivity and specificity of RNA detection (e.g., PrimeFlow 

(145), ViewRNA (Affymetrix), and RNAscope (139) and permit co-staining by 

immunofluorescence. bDNA-FISH approaches have also been adapted for imaging of 

HIV-1 nucleic acids (121, 146). Based on the RNAscope method (121), bDNA-FISH 

protocols that enable visualization of HIV-1 vRNA and vDNA were developed and 

optimized. Protocols described in Methods were used with probes that target the gag 

region of HIV-1 RNA, enabling confocal microscopy-based detection of unspliced 

genomic vRNA in the cytoplasm of cells shortly after infection with HIV-1 (Fig. 2.1a, 

top panel and Supplementary Movie 2.1). For specific detection of vDNA and not vRNA, 

probes that target the gag-pol region of negative-strand vDNA were used (to avoid 

labeling of the positive-strand RNA), and conditions were established to optimize 

denaturation of dsDNA and hybridization of probes (Fig. 2.1a, lower panels). Labeling of 

vRNA and vDNA was highly specific, with no fluorescence detected in uninfected cells 

(Fig. 2.1a, leftmost panels). This approach permitted specific detection of vRNA or 

vDNA, as shown by susceptibility or resistance of the fluorescent signal to treatment with 

RNase A or DNase I (Fig. 2.1a). In addition, a protocol for simultaneous observation of 

both HIV vRNA and vDNA was developed. This protocol enabled monitoring of vDNA 

without very significant reduction of the vRNA signal. Using this method, colocalization 
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of incoming viral genomic vRNA with nascent vDNA was demonstrated at 4 hours post-

infection (hpi) (Fig. 2.1b). Hence, this protocol allows single-cell imaging of vRNA and 

vDNA individually and multiplexed, with sufficient sensitivity to discern what we 

interpret to be individual virions. Such highly sensitive staining of viral nucleic acid 

during entry may be used to track the progress of infection.  
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Figure 2. 1. Visualizing HIV nucleic acids. a vRNA (top panel): TZM-bl cells were infected with HIV-1 
at a MOI of 1; at 5 hpi cells were fixed and stained. Prior to RNA labeling, cells were treated with buffer 
alone, RNase A, or DNase I. Probe set 1 (PS-1) was used for vRNA (green); nuclei are DAPI stained and 
shown in blue throughout the figure. vDNA (bottom panel): Prior to DNA labeling, cells were treated with 
RNase A or RNase H followed by DNase I. PS-3 was used for vDNA (red). b Simultaneous detection of 
vRNA and vDNA of incoming virus in the cytoplasm. TZM-bl cells were infected with HIV-1 at a MOI of 
1; at 4 hpi cells were fixed and stained for vRNA (PS-2; green), vDNA (PS-3; red), and nuclei (blue). 
Enlarged image shows co-localization between vRNA and vDNA. Scale bars represent 10 µm for a and b.  
This figure is copied from (203) with permission under a Creative Commons Attribution 4.0 International 
License   
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Time course of reverse transcription and nuclear entry 

The protocols for detection of vRNA and vDNA were subsequently used to study 

the kinetics of HIV infection in a representative cell line (TZM-bl cells). Semi-

synchronized cells were infected (136), fixed, then processed at 2 h intervals for vRNA 

visualization (Fig. 2.2). Cells were infected at a relatively low multiplicity of infection 

(approximately 0.2) to prevent saturation of relevant cellular interactions, and foci of 

vRNA were quantified from multiple randomized images per time point for more than 

300 cells per time point. Under these conditions, automated quantitation produced an 

estimate of 12 vRNA foci per cell following infection, and 0.26 foci per cell in the 

absence of infection; the vRNA signal subsequently decreased to an average of 1-2 

vRNA foci per cell by 10 hpi (Fig. 2.2), presumably due to RNase H activity during 

reverse transcription. In fact, addition of an RNase H inhibitor (132) counteracted the loss 

of vRNA signal, visualized at 12 hpi (Fig. 2.3). These data suggest that reverse 

transcription is completed by ~10 hpi, which is consistent with previous estimates based 

on other experimental techniques that follow uncoating and reverse transcription kinetics 

(147, 148). Although not part of these analyses, the signal may be expected to increase 

again at later time points as cells begin transcribing vRNA. At this time, it is no longer 

possible to track incoming genomes; the density of synthesized vRNA may also present 

problems for the enumeration of individual foci. At these later time points, measurement 

of the fluorescence intensity may more accurately represent the extent of vRNA 

production. The appearance and localization of vDNA was additionally monitored as 

reverse transcription progressed during HIV-1 infection; HIV-1 vDNA was detected 

mainly in the cytoplasm of TZM-bl cells, and to a lesser degree in nuclei, at 2 hpi (Fig. 
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2.4). Both signals increased over time. Total cellular vDNA reached a peak of 1.3 foci 

per cell, and nuclear vDNA reached a peak of 0.27 foci per cell (compared to 0.04 and 

0.011 foci per cell in uninfected cells), at 12 hpi, presumably as reverse transcription and 

nuclear import were completed. The number of vDNA foci was then observed to drop 

between 12 and 24 h, likely reflecting the degradation of unintegrated vDNA; this effect 

was more pronounced in the cytoplasm of the cell, presumably because the nuclear foci 

include integrated proviral vDNA, which is stably maintained. Nuclear localization was 

determined when foci overlapped the nucleus (DAPI stained) in x and y dimensions. To 

verify that the vDNA signal at 2 hpi truly represented newly synthesized reverse 

transcription products, virions were attached to cells at 4 oC then stained for vRNA, 

vDNA, and CA (Fig. 2.5). It would be expected that only CA and vRNA should be 

present in HIV-1 particles prior to fusion with a target cell. If a signal was detected for 

vDNA, that would suggest reverse transcription occurred prior to infection or, more 

likely, that a significant portion of the vDNA signal is a false positive. Consistent with 

the accepted model of HIV-1 replication, signals were observed only for the vRNA probe 

and CA antibody, not for vDNA, confirming that no vDNA is present prior to infection 

and that the vDNA probe is specific. In principle, the probes should label both integrated 

and unintegrated vDNA. To assess labeling in the absence of integration, TZM-bl cells 

were infected in the presence of 1 µM integrase inhibitor raltegravir (RAL)14 (Fig. 2.6). 

Consistent with its specific inhibition of integration, RAL had no apparent effect on the 

number of cytoplasmic and nuclear vDNA foci, but nascent vRNA transcription was 

almost entirely suppressed by the inhibitor. These findings confirm the labeling of 

integrated and unintegrated vDNA and suggest transcription of vRNA coding Gag-Pol is 



 40 

greatly enhanced by integration into the host genome, as previously reported (149).  

 
 
Figure 2.2. Time course of vRNA detection. a TZM-bl cells were infected with HIV-1 at a MOI of 0.2. 
Cells were then fixed and stained at the indicated times. Cells were stained for vRNA (PS-1; green) and 
nuclei (blue). At 12 hpi, ~15% of infected cells exhibited a transcription burst (12 h, i) whereas most cells 
did not yet produce nascent vRNA (12 h, ii). Scale bars represent 10 µm. b Foci of vRNA were counted in 
300–340 cells per time point using Gen5 software. The average number vRNA foci per cell was calculated 
and shown in the graph with standard deviation indicated (n = 2 independent experiments). This figure is 
copied from (203) with permission under a Creative Commons Attribution 4.0 International License 
 
 

 
 
Figure 2.3. Degradation of vRNA during reverse transcription. TZM-bl cells were treated with DMSO 
(control) or NAPHRHI (RNase H inhibitor) at 5 µM for 1 h then infected with HIV-1 at a MOI of 0.4; at 12 
hpi, cells were fixed and stained for HIV-1 vRNA (PS-2; green), vDNA (PS-3; red), and nuclei (blue). 
Scale bars represent 10 µm. This figure is copied from (203) with permission under a Creative Commons 
Attribution 4.0 International License 
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Figure 2.4. Time course of vDNA detection. a TZM-bl cells were infected with HIV-1 at an MOI of ~0.2; 
at indicated times, cells were fixed and stained for vDNA (PS-3; red) and nuclei (blue). Scale bars represent 
10 µm. b Foci of vDNA were counted in 300–340 cells per time point, using Gen5 software. The average 
number of vDNA foci per cell was calculated and shown in the graph with standard deviation indicated 
(n = 3 independent experiments, except for 24 h time point, where n = 2). This figure is copied from (203) 
with permission under a Creative Commons Attribution 4.0 International License 
 

 
Figure 2.5. Staining for vRNA and vDNA in particles at the plasma membrane. TZM-bl cells were 
spinoculated with HIV-1 particles at a MOI of 2 for 2 h at 4 °C, to prevent membrane fusion. The samples 
were then fixed immediately and stained for vRNA (PS-1; green), vDNA (PS-3; red), and CA (white). 
Scale bar represents 10 µm.. This figure is copied from (203) with permission under a Creative Commons 
Attribution 4.0 International License 
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Figure 2.6. Inhibition of HIV-1 integration. a TZM-bl cells were infected with HIV-1 at a MOI of ~0.3 
in the presence of 0.5% DMSO or 1 µM raltegravir (RAL)/0.5% DMSO. Cells were fixed at the indicated 
times and stained for vRNA (PS-2; green), vDNA (PS-3; red, indicated by white arrows), Gag (gray), and 
nuclei (blue). Scale bars represent 10 µm. b Foci of vDNA were quantified for 10 fields of view for each 
condition using Gen5 software. Average results are plotted in the graph with standard deviation indicated 
(n = 2 or 3 independent experiments). This figure is copied from (203) with permission under a Creative 
Commons Attribution 4.0 International License 
 
 
Transcription from integrated vDNA  

Study of HIV transcription from individual proviruses has been hindered by the 

lack of an efficient method for simultaneous detection of both vRNA and vDNA in 

individual cells. By employing this protocol, it is now possible to observe HIV-1 vDNA, 

which is often associated with sites of vRNA transcription (Fig. 2.7a). Intense 

accumulation of nascent unspliced vRNA transcripts was observed in ~15% of infected 

TZM-bl cells shortly after completion of reverse transcription, at 12 hpi, and strictly 

within the nucleus (Fig. 2.7b and Movie 2.2); at later time points, vRNA distribution 

matured, with the vRNA transcripts present predominantly in the cytoplasm (Fig. 2.2). 

This phenotype is consistent with reports on transcription of host as well as HIV-1 RNAs 

occurring in bursts and accumulation of HIV-1 RNA in the nucleus prior to bursts of 

vRNA export to the cytoplasm (150-152).  

RNA splicing and nuclear export  

Export of unspliced HIV vRNA is dependent on Rev, a protein coded by a 

multispliced vRNA (153). It should therefore be possible to detect spliced vRNA in the 

cytoplasm before the newly- synthesized Rev exports the unspliced vRNA (154). 

Conditions were established for simultaneous detection of unspliced and multispliced 

vRNA in individual cells. Probe set 1 (PS-1) (Table 2.1) targets the gag region of the 
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HIV genome and is thus specific for unspliced vRNA. PS-3 targets a region common to 

spliced and unspliced RNA and thus detects both; the probes bind distinct regions of the 

vRNA, and there is incomplete overlap in staining, potentially owing to the length of the 

molecule or the efficiency of hybridization. Comparison of the fluorescent signals at 

various times post-infection illustrates that multispliced vRNA was present in the 

cytoplasm hours prior to unspliced vRNA (Fig. 2.7c and 2.7d). At later times, presumably 

following Rev expression, the majority of vRNA, regardless of splicing, localized to the 

cytoplasm (Fig. 2.7c and 2.7d). These timelines were consistent with the time-course of 

infection, which used a probe for unspliced vRNA; at 12 hpi the vRNA was exclusively 

nuclear, but by 16 hpi, vRNA was predominantly cytoplasmic (Fig. 2.2).  
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Figure 2.7. Transcription and splicing of vRNA. a Nascent vRNA transcribed from nuclear vDNA in 
primary cells. The viral transcription site is indicated with a white arrow and appears in yellow because of 
newly formed vRNA (PS-2; green) and vDNA (PS-3; red) co-localization. Separate red and green channels 
are shown to the right. PBMCs were infected at a MOI of 0.2; at 48 hpi they were fixed and stained. b HIV-
1 transcriptional burst phenotype. TZM-bl cells were infected at a MOI of 0.2; at 12 hpi they were fixed 
and stained for unspliced vRNA (PS-1; green) and nuclei (blue). c Multiplex detection of total and 
unspliced vRNA informs temporal differences in localization. TZM-bl cells were infected with HIV-1 at a 
MOI of 0.5. At the indicated times, cells were fixed and stained with PS-4 for total vRNA (spliced and 
unspliced; PS-4; red), unspliced vRNA (PS-1; green), and nuclei (outline). d Spliced and unspliced vRNA 
were quantified for the whole field of view and within the nuclei. 200–300 cells per time point were 
analyzed using Gen5 software to measure the total fluorescence signal (the sum of the pixel intensities) per 
cell either in the complete field of view (whole cell) or within a nuclear mask (nuclear). Scale bars 
represent 10 µm in a, b, and c. This figure is copied from (203) with permission under a Creative Commons 
Attribution 4.0 International License 
 

 

Table 2.1. Probes sets 
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Multiplex imaging of nucleic acid and protein  

Incompatibility with optimal conditions for immunofluorescence staining is a 

major shortcoming of conventional FISH methods. In contrast, bDNA-FISH is readily 

compatible with immunofluorescence (119, 139), permitting the visualization of vRNA 

and viral proteins in virions during cell entry (Fig. 2.8a) and release (Fig. 2.8b). We 

combined the protocol for vDNA and vRNA labeling with immunofluorescence to 

simultaneously label vDNA, vRNA, and viral proteins. We defined this technique as 

Multiplex Immunofluorescent Cell-based Detection of DNA, RNA, and Protein 

(MICDDRP). MICDDRP allowed co-visualization of transcription from integrated 

proviruses and translation of viral protein, in this case Gag or CA, at the single-cell level 

(Fig. 2.8c and Movie 2.3). Importantly, this development may enable investigation of 

selective transcription in cells with multiple nuclear vDNA sites and of the factors that 

affect viral transcription (Fig. 2.8d and Movie 2.4).  



 46 

 

 

 

 

 

 

 

 

 



 47 

Figure 2.8. Multiplex visualization of HIV-1 nucleic acids and protein. a Examples of colocalized 
vRNA and capsid (CA). TZM-bl cells were infected with HIV-1 at a MOI of 0.2; at 2 hpi cells were fixed 
and stained for unspliced vRNA (PS-1; green), CA (red), and nuclei (blue). Enlarged images indicate co-
localization between genomic vRNA of incoming virus and CA. b Apparent formation of nascent virions. 
TZM-bl cells were infected with HIV-1 at a MOI of 0.2; at 24 hpi cells were fixed and stained for vRNA 
(PS-1; green), Gag (red), and nuclei (blue). Arrows indicate putative virions. c Multiplex visualization of 
transcribed vRNA (PS-2; green) from vDNA (PS-3; red, indicated by white arrows) and of translated Gag 
(gray). TZM-bl cells were infected with HIV-1 at a MOI of 2; at 30 hpi cells were fixed and stained. d 
Discordant expression from nuclear vDNA sites. Jurkat cells were infected with HIV-1 at a MOI of 2; at 
24 hpi cells were fixed and stained for vRNA (PS-2; green), vDNA (PS-3; red, indicated with white 
arrows), Gag (gray), and nuclei (blue). For all, images were captured with an LSM 880 confocal 
microscope, and scale bars represent 10 µm. This figure is copied from (203) with permission under a 
Creative Commons Attribution 4.0 International License. 
 

Imaging with primary cells and virus isolates  

To verify the potential utility of this method when handling primary tissue 

samples, a variety of physiologically relevant human cell types were stained following 

infection with NL4-3-FL (Fig. 2.9) or the primary HIV-1 isolate BaL (Fig. 2.10). These 

cell types included HEK 293T, Jurkat (T lymphocyte cell line), primary peripheral blood 

mononuclear cells (PBMCs), and monocyte-derived macrophages (MDMs), 

demonstrating high flexibility for the study of transcription and translation from 

integrated proviruses in diverse relevant cell types. A time course comparable to that 

described in Figures 2 and 3 was also performed using CD4+ T-cells infected with NL4-

3, simultaneously stained for vRNA and vDNA (Fig. 2.11a and 2.11b). Similar to the 

observations with TZM-bl cells, the levels of vRNA were found to be relatively high at 

early time points, between 4 and 7 foci per cell at 4 hpi, compared to 0.01 foci per cell in 

uninfected cells. The number of vRNA foci then dropped as reverse transcription 

proceeded. vDNA increased over time in measurements of both the whole cell and the 

nucleus, peaking at 1.3 and 0.6 foci per cell, respectively following infection and 0.075 

and 0.05 foci per cell in the cell and nucleus, respectively, in the absence of infection. 

These data demonstrate that the signal to noise ratio is higher for vRNA staining than 
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vDNA (in this low MOI experiment, approximately 500 to 1 and 10 to 1, respectively) 

and that vDNA non-specific staining is mainly observed in the nucleus. Treatment of a 

separate set of samples with RNase A slightly reduced staining in infected and uninfected 

cells but did not significantly change the vDNA signal (Fig. 2.11c). Finally, the peak 

signals for number of vRNA, vDNA, and nuclear vDNA foci were compared, as well as 

transcriptionally active cells (Fig. 2.11d). The signal reduces at each step of the transition 

from vRNA to actively transcribing cell, as no process is 100% efficient. In this case, we 

observed a number of vRNA foci per cell that was orders of magnitude greater than the 

MOI; approximately 5 vRNA foci per cell, yielding a MOI of only 0.05. Even at this low 

MOI, the signal from infection was far higher than the non-specific staining. The 

conversion rate of cytoplasmic vRNA to an actively infected cell will almost certainly 

vary depending on cell type used and potentially between HIV isolates.  
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Figure 2.9. Multiplex vRNA and vDNA labeling in diverse cell lines. a HEK293T cells were infected 
with VSV-G-pseudotyped HIV-1 at a MOI of ~2; at 15 hpi cells were fixed and stained for vRNA (PS-2; 
green), vDNA (PS-3; red), and nuclei (blue). b Monocyte derived macrophages were infected with HIV-1 
at a MOI of ~2; at 48 hpi cells were fixed and stained for vRNA (PS-2; green), vDNA (PS-3; red), Gag 
(gray), and nuclei (blue). c Jurkat cells were infected with HIV-1 at a MOI of 2; at 24 hpi cells were fixed 
and stained as in a. d Primary lymphocytes were infected with HIV-1 at a MOI of 0.2; at 24 hpi cells were 
fixed and stained as in a. Scale bars represent 10 µm in all. This figure is copied from (203) with 
permission under a Creative Commons Attribution 4.0 International License 

 
Figure 2.10. vRNA and Capsid/Gag labeling of HIV-1 clinical isolate. a TZM-bl cells were infected 
with HIV-1Ba-L clinical isolate at a MOI of ~1; at 4 hpi and 24 hpi cells were fixed and stained for vRNA 
(PS-1; green), CA/Gag (red), and nuclei (blue). b Primary CD4+ T cells were infected with HIV-1Ba-L 
clinical isolate at a MOI of ~0.02; at 72 hpi cells were fixed and stained for vRNA (PS-1; green), Gag (red), 
and nuclei (blue). Scale bars represent 10 µm in all. This figure is copied from (203) with permission under 
a Creative Commons Attribution 4.0 International License 
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Figure 2.11. Tracking the early stages of infection of Primary CD4+ T cells. Primary CD4+ T cells 
were isolated from PBMCs, activated, and infected with HIV-1 NL4–3 at a MOI of 0.05. Cells were then 
fixed and stained at the indicated times. a Cells were stained for vRNA (PS-4; green), vDNA (PS-3; red) 
and nuclei (blue). Foci of vRNA and vDNA were counted in 1500–3500 cells per time point (4–24 h) or 
500–1000 cells (no virus control and 72 h). Foci were counted in the complete field of view (whole cell) or 
within a nuclear mask (nuclear). Scale bars represent 10 µm. b Number of vRNA and vDNA foci per cell 
of two independent experiments were calculated. Number of total vDNA foci or vDNA foci within nuclei 
(nuclear) are also shown. c Staining of vDNA was repeated with RNase A treatment. d Peak values for foci 
of vRNA, vDNA, nuclear vDNA, and transcriptionally active cells were calculated,to determine the 
efficiency of each stage in the infection process.  This figure is copied from (203) with permission under a 
Creative Commons Attribution 4.0 International License. 
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2.4 DISCUSSION  

Here we introduce MICDDRP, a microscopy method based on bDNA-FISH (139) 

that can be used to visualize nucleic acid intermediates during HIV replication. This 

method has been applied to label the viral molecules at various stages of the replication 

cycle, including the incoming genomic vRNA at early time points and the various 

transcribed vRNAs at late time points. Probe sequences have been selected for specific 

labeling of either the unspliced vRNA that codes for Gag and GagPol and is packaged 

into particles as the genomic vRNA, or that is transcribed from integrated vDNA and 

exported in a Rev-dependent manner, or for labeling of total vRNA (spliced and 

unspliced). Similarly, various vDNA species may be labeled, including the nascent 

cytoplasmic vDNA (resulting from reverse transcription of the genomic vRNA), 

integrated proviral vDNA (following integration into the host chromosomes), and non-

integrated vDNA (including circular and linear species). Labeling the various species of 

vRNA and vDNA by this approach is highly sensitive, specific, and compatible with 

protein immunofluorescence and can be used to study a wide variety of processes, 

including reverse transcription of vRNA to vDNA, RNaseH activity to degrade vRNA, 

nuclear import of vDNA, transcription of vRNA from integrated proviral vDNA, splicing 

of vRNA, export of vRNA from the nucleus, and translation of viral proteins. This 

approach could also be used for specific questions that were not addressed, such as 

tracking the completion of reverse transcription. Our current vDNA probe labels the first 

strand of synthesized vDNA, showing that reverse-transcription begins in the cytoplasm, 

consistent with current models of the HIV-1 replication cycle. Labeling of the vDNA 

requires denaturation of the double-stranded vDNA. If a denaturing protocol were 
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combined with RNase A treatment (to prevent labeling of the positive-stranded vRNA), it 

should be possible to stain the second (positive) strand of the vDNA and visualize the site 

where reverse transcription is completed. The high sensitivity achieved by bDNA-FISH 

also lends itself well to diagnostic applications; the high signal to noise ratio results in no 

“infected” cells being scored in the uninfected controls in our experiments.  

The RNAscope technology has been applied to identify infected cells in tissue 

samples, with a sensitivity and specificity comparable to the “gold-standard” method of 

radiolabeled ISH (146). The investigators were also able to adapt the technique to label 

vDNA and vRNA simultaneously in simian immunodeficiency virus (SIV) infected 

tissues, allowing identification of actively and latently infected cells. Beyond 

identification of latently infected cells, bDNA-FISH has also been combined with 

immunofluorescent staining to permit highly sensitive identification of reactivated HIV 

transcription and translation in reactivated, patient-derived samples (155). Our ongoing 

studies focus on exploring possible factors that influence the onset of transcription from 

integrated vDNA. There is particular interest in the characterization of defective 

proviruses, that is, viruses that are integrated but cannot be transcribed or can be 

transcribed but not translated. Latent proviruses accumulate during antiviral therapy; 

some retain the variable capacity to be reactivated, while others may contribute to 

pathogenesis despite being incapable of producing infectious virus (156, 157). The 

scarcity of latently infected cells renders the problem of latency particularly challenging, 

and even with the ability to label integrated vDNA, in the absence of transcription, it 

would require considerable effort to identify and isolate the infected cells. Nevertheless, 

MICDDRP will be a useful tool, alongside many others, for addressing this major barrier 
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to an HIV cure. In conclusion, we have developed a method for direct visualization of 

HIV vRNA, vDNA, and protein in the same cell. MICDDRP can be employed to follow 

early infection events, including the entry of HIV cores in the cytoplasm, the loss of 

vRNA and appearance of vDNA during reverse transcription, and vDNA trafficking to 

the nucleus. MICDDRP also allows for differentiation and quantitation of spliced and 

unspliced RNA. The addition of protein staining allows the expression of viral genes to 

be addressed as well as the transcription of RNA from integrated provirus. Similar work 

has been performed using the EdU labelling method (119; however, that approach 

requires labeling of the virus during reverse transcription. The bDNA-FISH used in 

MICDDRP and similar methods can be applied to patient-derived samples. This method 

should be a valuable tool for studies of HIV transcription, latency, co- infection, drug 

mechanisms of action, and host-cell interactions. Furthermore, MICDDRP should be 

applicable to a wide range of viruses and other nucleic acid-protein interactions. 
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CHAPTER 3 – LEDGF AND ANTISENSE VIRAL RNA DURING HIV 

INFECTION 

This work will constitute most of the material that will be submitted for publication after 

further developments outlined at the end of the chapter. Anticipated co-authors include: 

Puray-Chavez MN, Tedbury PR, Ukah OB, Yapo V, Achuthan V, Poeschla EM, 

Kvaratskhelia M, Engelman AN, Sarafianos SG. Loss of LEDGF/p75 targeted integration 

enhances transcription of HIV-1 antisense RNA. Manuscript in preparation. 

3.1 INTRODUCTION 

HIV-1/AIDS is a major health problem with over 36 million people infected 

worldwide and an estimated 1.8 million new cases in 2016, i.e. about 5,000 new 

infections per day. 20.9 million people living with HIV are accessing antiretroviral 

therapy (ART) globally (158). Current antiretroviral therapy can control viral load and 

infection; however, these drugs do not provide a cure for HIV/AIDS. The major barrier to 

a cure is the ability of the virus to remain dormant in long-lived cells known as the latent 

HIV reservoirs; however, the mechanisms regulating latency are poorly understood. 

Therefore, new strategies, including new ARTs, are under investigation. Targeting virus 

integration constitutes one strategy to reduce the HIV reservoir (159). HIV-1 integration 

is directed to regions of the genome by the chromatin binding protein lens epithelium-

derived growth factor (LEDGF/p75, referred to here as LEDGF). In the absence of 

LEDGF, HIV-1 infection is markedly less efficient. Here, we report for the first time that 

knocking out LEDGF results in upregulation of antisense HIV-1 RNA transcription after 

infection. The mechanism and implications of this finding are currently unknown; 
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although it has been reported that ablating the HIV-1 integrase-LEDGF (IN-LEDGF) 

interaction leads to increased HIV-1 latency, and also LEDGF depletion hampers HIV-1 

reactivation (160-162). A relevant and highly useful tool for studing the function of 

LEDGF is the availability of integration inhibitors known as allosteric integration 

inhibitors (ALLINIs or LEDGINs), that block the interaction of HIV integrase and 

LEDGF, by binding at a pocket at the interface of two integrase molecules where the 

integrase-binding domain (IBD) of LEDGF also binds.  

In recent years, antisense transcripts have been shown to suppress the expression 

of their sense gene through various mechanisms (163). The most studied retroviral 

antisense transcript is the human T cell leukemia virus 1 (HTLV-1) basic leucine zipper 

factor (HBZ), known since 1989 (164, 165) and characterized in 2002 and 2007 (166, 

167). Hbz RNAs have regulatory roles promoting cell proliferation and inhibiting 

apoptosis, which is supported mostly by their nuclear localization. The HBZ proteins are 

also nuclear, promote persistent HTLV-1 latent infection and T cell proliferation, and 

inhibit apoptosis and autophagy. The existence of an antisense gene in the HIV-1 genome 

was first proposed in 1988 (168). Subsequent studies showed the HIV-1 antisense gene 

might give rise to several transcripts of different lengths (169, 170). A number of studies 

have assessed the ratio of sense vs. antisense transcription from the HIV-1 proviral 

genome (171-181), suggesting that antisense transcripts are 100–2,500 times and 1,000 

times (170, 174) less abundant than sense transcripts in lymphoid and myeloid cells 

infected in vitro respectively (170, 174). However, studies in peripheral blood 

mononuclear cells of early-stage asymptomatic patients assessed antisense transcription 

showed that it represents as low as 1.3% and as high as 94% (mean 33%) of total HIV-1 
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proviral transcription (169). An HIV-1 transcript encoding the antisense protein (ASP) 

might play a role in viral replication (170, 175).  

Here we show the antisense HIV-1 transcripts are abundant in a higher proportion 

of cells when the IN-LEDGF interaction is lost, whether by knocking out LEDGF or by 

pharmacological inhibition (treatment with ALLINIs). We also demonstrated that 

intriguingly, antisense RNA is rapidly lost from infected cells in a time course analysis 

post infection. Using a dual reporter virus to investigate the association between HIV-1 

antisense RNA and latency, we determined antisense RNA has low expression in latently 

infected cells. 

 

  



 57 

3.2 MATERIALS AND METHODS 

Cell culture  

HEK 293-FT cells are derived from human embryonic kidney cells. HEK 293-FT 

cells were transformed with the SV40 large T antigen (ThermoFisher Scientific; catalog 

#R70007). HEK 293T LEDGF knockout, CPSF6 knockout, and double knockout 

(LEDGF/CPSF6 -/-) cells were provided by Dr. Eric Poeschla from University of 

Colorado. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco), 

supplemented with 10% fetal bovine serum (FBS) and 2 mM L-glutamine (Gibco) in a 

humidified incubator at 37 °C with 5% CO2.  

Jurkat cells (NIH AIDS Reagent Program catalog #177) are a human CD4 and 

CXCR4 positive T lymphocyte cell line (127).  Jurkat LEDGF knockout and Jurkat 

LEDGF/p75 Integration Binding Domain (IBD) knockout cells were provided by Dr. Eric 

Poeschla. Cells were cultured in Roswell Park Memorial Institute 1640 medium (RPMI; 

Gibco) supplemented with 10% heat-inactivated FBS and 2 mM L-glutamine in a 

humidified incubator at 37 °C with 5% CO2.  

Primary CD4+ T cells were isolated from PBMCs using EasySepTM Human 

CD4+ T Cell Enrichment Kit (STEMCELL Technologies) following the manufacturer’s 

instructions. T cells were cultured and stimulated in RPMI supplemented with 10% heat-

inactivated FBS, 2 mM L-glutamine, 60 U/mL IL-2, and 25 µL/mL ImmunoCultTM 

Human CD3/CD28/CD2 T Cell Activator for 6-8 days prior to infection. Cells were 

maintained a humidified incubator at 37 °C with 5% CO2, and every 2-3 days fresh 

media was added.  
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Nucleic acid probes  

All probes were purchased from Advanced Cell Diagnostics. To detect HIV-1 

vRNA, an anti-sense probe targeting non-Gag-Pol regions coding envelope and accessory 

proteins (HIV vRNA anti-sense probe-1, PS-1, [probe channel C3]) were used (134). For 

antisense HIV-1 vRNA detection, two sense probes were used; the first probe targets the 

Gag-Pol coding region (HIV sense probe-2, PS-2, [probe channel ID C1]), and the second 

probe targets non-Gag-Pol regions coding envelope and accessory proteins (HIV sense 

probe-3, PS-3, [probe channel C3]). To avoid binding to the vDNA, no denaturation 

treatment was included. For simultaneous detection of HIV-1 vRNA and antisense HIV-1 

vRNA, the probe PS-1 was directly diluted into PS-2 probe at a ratio of 1:50. The mixture 

was added to coverslips as recommended by the manufacturer. Supplementary Table 1 

contains a complete list of the probe sets used in this study.  

HIV-1 infection  

Infectious HIV-1 particles were prepared by transfection of 3 x 106 293FT cells 

(ThermoFisher Scientific) with 10 µg NL4-3 proviral plasmid (135) in a 10 cm dish, 

using 30 µL Fugene 6 (Promega) in 500 µL Opti-MEM (Gibco). Media were changed 16 

h post-transfection. Supernatant was harvested 48 h after transfection, cleared by 

centrifugation for 5 min at 700 x g followed by filtration through a 0.22 µM 

polyvinylidene fluoride (PVDF) filter, and stored at −80 °C. Virus particles were 

expanded in MT-2 cells for 3-4 days. Supernatant was harvested and cleared by 

centrifugation for 5 min at 700 x g followed by filtration through a 0.22 µM PVDF filter, 

concentrated with Lentivirus precipitation solution (Alstem) following the manufacturer’s 
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instructions, and stored in aliquots at −80 °C. Semi-synchronous infections of Jurkat cells 

or CD4+ T cells (activated 8 days earlier) were performed using 1 – 3 x 106 cells plated 

on a 6 well plate format with RPMI and 8 µg/mL polybrene. Plates were centrifuged at 

1200 x g for 40 min at 20 °C then placed at 37 °C. Media were removed after 4 h, and 

cells were washed once by resuspension in Dulbecco’s phosphate buffered saline (DPBS) 

followed by centrifugation at 300 x g for 10 min. At specific times, samples were washed 

and prepared for images or quantification by Fluorescence-activated cell sorting (FACS).  

For imaging analysis, to harvest, cells were washed once with DPBS in a ratio of 

1:10 volume (cell suspension: DPBS) and spun down at 300 x g for 10 min. Pellets were 

re-suspended in 20 µL	of DPBS per coverslip, then seeded in 20-30 µL DPBS, then placed 

onto poly-L-lysine-coated coverslips (coated overnight with 0.01% w/v poly-L lysine in 

water [Sigma] at 4 °C then washed three times with DPBS before use) (12 mm collagen-

coated coverslips (GG-12-Collagen; Neuvitro)) (136). For a 1 x 106 sample, the sample 

was divided on to 3 coverslips with approximately 3 x 105 cells per coverslip. Re-

suspended cells were dispersed on the coverslip to cover 12mm diameter. It is 

recommended to prepare a few coverslips at a time, 2 to 3, and allow cells to attach for 10 

min at 37 °C. Cells were fixed with 4% paraformaldehyde in DPBS for 30 min at room 

temperature then washed twice with DPBS (203). For FACS analysis, cells were 

collected and washed once with 10 mL DPBS in 15 mL tube before proceeding with 

RNA staining.  

In situ vRNA and antisense vRNA detection  



 60 

HIV-1 vRNA in cells was probed using RNAscope reagents (Advanced Cell 

Diagnostics). The manufacturer’s protocol was used with some modifications (139). 

Following fixation, cells were dehydrated by removal of DPBS and sequential 

replacement with 50%, 70%, then 100% ethanol, and the samples were incubated for 5 

min at room temperature in each solution. Ethanol solutions were prepared as volume-to-

volume ratios in ultrapure water (Synergy; Millipore). The 100% ethanol was replaced 

with fresh 100% ethanol and incubated at room temperature for a final 10 min. At this 

point, coverslips could be stored in 100% ethanol at -20 °C. To rehydrate cells, the 

sequence was reversed, and the cells were incubated for 2 min at room temperature in 

each solution; the cells were not allowed to dry in air at any time during the process. 

Finally, 50% ethanol was replaced with PBS, and the cells were hydrated at room 

temperature for 10 min. Cells were then washed with 0.1% Tween in PBS for 10 min and 

twice more in PBS for 1 min. Prior to hybridization, coverslips were immobilized on 

glass slides; a small drop of nail polish was placed on a glass slide, and the coverslip edge 

was placed on the nail polish drop. Using an ImmEdge hydrophobic barrier pen (Vector 

Laboratories), a circle was drawn around the coverslip and PBS was added to prevent 

sample dehydration. The manufacturer’s protease solution (Pretreat 3) was diluted in PBS 

as appropriate prior to the experiment, a 1:2 dilution, and incubated in a humidified 

HybEZ oven (Advanced Cell Diagnostics) at 40 °C for 15 min. Protease solution was 

discarded, and the slides were washed twice by immersion in PBS at room temperature 

for 1 min. Specific pre-designed antisense and sense probes (Supplementary Table 1) 

were added as specified by the manufacturer (Advanced Cell Diagnostics): C3 probes 

(PS-1) were diluted 1:50 in C1 probe (PS-2). Probes were allowed to hybridize with the 
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samples in a humidified HybEZ oven at 40 °C for 2 h. The probes were then discarded 

and the coverslips washed twice using the proprietary wash buffer. All wash steps were 

performed on a rocking platform at room temperature for 2 min using the proprietary 

wash buffer. The probes were visualized by hybridizing with preamplifiers, amplifiers, 

and finally, fluorescent labels. Pre-amplifier 1 (Amp 1-FL) was hybridized to its cognate 

probe in a humidified HybEZ oven at 40 °C for 30 min. Samples were washed twice then 

hybridized with Amp 2-FL in a humidified HybEZ oven at 40 °C for 15 min to suppress 

background staining. After two more washes, amplifier (Amp 3-FL) was hybridized to 

Amp 1-FL in a humidified HybEZ oven at 40 °C for 30 min. Samples were washed 

twice, then fluorescent label Amp 4-FL was hybridized to Amp 3-FL in a humidified 

HybEZ oven at 40 °C for 15 min, then washed twice more. For HIV-1 experiments, the 

labeled probe set Amp 4C-FL was used, labeling the C1 probes with Atto 550 and the C3 

probe (PS-3) with Alexa 488. For subsequent protein staining, the RNA-labeled samples 

were washed with PBS and immunostaining was performed as described below. 

Otherwise, the final step was to counterstain nuclei with the manufacturer-supplied 4’,6’-

diamino-2-phenylindole (DAPI, Advanced Cell Diagnostics) for 30 seconds at room 

temperature then remove the DAPI and immediately mount the coverslips on slides using 

Prolong Gold Antifade (Invitrogen).  

Immunostaining  

Staining for protein was performed after staining for nucleic acids. Coverslips 

were blocked with 1% (W/V) bovine serum albumen (BSA) and 10% FBS in PBS 

containing 0.1% Tween-20 (PBST) at room temperature for 1 h. Capsid protein (CA), or 

the capsid domain of Gag protein, was then probed with anti-p24 diluted 1:2000 in PBST 
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supplemented with 1% BSA and incubated at room temperature for 1 h. Samples were 

washed twice in PBST at room temperature for 10 min with rocking. Fluorescently 

labeled secondary antibodies were used at 1:2000 and incubated at room temperature for 

1 h, then the samples were washed once with in PBST with at room temperature for 10 

min with rocking. Nuclei were stained either using the DAPI provided in the RNAscope 

kit or with 0.5 µg/mL Hoescht-33258 in PBS at room temperature for 10 min. Coverslips 

were washed twice in PBST at room temperature for 10 min with rocking and washed 

once with PBS for 1 min. Finally, coverslips were mounted on slides using Prolong Gold 

Antifade then sealed with nail polish. 

FACS vRNA and antisense vRNA detection  

For FACS quantification of HIV-1 vRNA and antisense HIV-1 vRNA in Jurkat 

and CD4+ T cells, cells were probed using RNAflow reagents (Advanced Cell 

Diagnostics). The manufacturer’s protocol was used with some modifications (134, 139). 

Following the wash step, cells were collected by centrifugation at room temperature (20-

25°C) for 10 min at 300 x g. Then, cells were re-suspended in the manufacturer’s 

solution, 10 ml of 1x CellPrep (diluted 1:50 of 50x CellPrep), with consecutive 

centrifugation as described. Cells were fixed using 1 ml of 1x Fix/Perm buffer, and the 

suspension was transferred to a 1.7 ml microcentrifuge tube and incubated for 30 min in a 

37 °C incubator on a rocker. Cells were collected by centrifugation for 2 min at 1200 x g 

and re-suspended in 1 ml of 1x CellWash followed by centrifugation as described. Cells 

were resuspended in PBS. For staining, PBS was removed and cells were incubated with 

100 µl of the appropriate 1x Target Probe for 3 h at 40 °C. Cells were washed twice with 

1x HybWash and centrifuged for 2 min at 1200 g. Then, RNAflow Amp1 was added and 
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cells were incubated for 40 min at 40 °C. Cells were washed three times. Follow by 

RNAflow Amp3 and incubated for 30 min at 40 °C. Cells were washed twice. Then, 

RNAflow Amp4 was added, samples were incubated for 25 min at 40 °C, then samples 

were washed again twice. Finally, cells were resuspended in PBS. 

Imaging and imaging quantification  

Unless otherwise stated, images were taken with a Leica TCS SP8 inverted confocal 

microscope equipped with a 63x/1.4 NA and 100x/1.4 NA oil-immersion objectives and a 

tunable supercontinuum white light laser. The excitation / emission bandpass 

wavelengths used to detect DAPI, Alexa 488, ATTO 550, Alexa 568, and Alexa 647 

were set to 405/420-480, 488/505-550, 550/560-610, 568/580-630, and 647/655-705 nm, 

respectively. Confocal data sets were deconvolved using the Huygens Professional 

software (Version 16.10, SVI).  
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3.3 RESULTS 

Visualization of antisense HIV-1 RNA at single cell level 

Previous studies have described antisense transcripts formed during virus 

infection; viruses capable of forming these antisense transcripts include HTLV-1 and 

HIV-1, among others. HTLV transcripts have been intensively studied, while the HIV-1 

antisense transcripts are still under investigation. Both HIV-1 antisense transcripts and 

perturbation of the interaction between HIV-1 IN and the host protein LEDGF have been 

reported to be involved in latency (160-162). To study further the role of LEDGF in HIV 

infection, and the potential relationship between it and HIV-1 antisense RNA, we 

followed the detection of nucleic acids using sense probes and antisense probes (Table 

2.1) by in situ hybridization at a single cell level. Protocols described in Methods were 

used with sense probes that targeted the Gag-Pol region of HIV-1 and antisense probes to 

target the non-Gag-Pol region of HIV-1, enabling confocal microscopy.  

In LEDGF knockout (LKO) HEK 293T infected cells, the sense probe captured a 

“disturbed” staining (Fig. 3.1a) at 16 hpi. This staining was not evident in the wild type 

cell or in the knockout of CPSF6, but remained clearly detectable in the double knockout 

LEDGF/CPSF6. To characterize the nature of the nucleic acid, we further evaluated the 

susceptibility or resistance of the signal to treatment with RNase (Fig. 3.1b). The signal 

was abrogated in the presence of RNase A treatment in HEK 293T LKO cells. We 

attempted to reproduce this finding using integrase targeting inhibitors that disrupts the 

IN-LEDGF interaction, LEGINs or ALLINIs (Fig. 3.2). Interestingly, we found same 

accumulation of antisense nucleic acid in cells treated with 10 µM BI-D (ALLINI) and 

the signal was sensitive to RNase A treatment while the control Dimethyl sulfoxide 
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(DMSO) treated cells contain mostly sense vRNA that is also abrogated by RNase A 

treatment (Fig. 3.1c). To limit the detection of vDNA, we avoided the use of a 

denaturation step; this preserved the double-stranded DNA, rendering it inaccessible for 

probe annealing. To demonstrate the observation in physiological relevant cells, we 

infected CD4+ T cells and demonstrated that the nucleic acid detected is RNA (Figure 

3.3). 
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Figure 3.1. RNA HIV-1 detection in HEK 293T cells. a Sense and antisense probes were used to detect 
antisense HIV-1 RNA and HIV-1 RNA, respectively. b HEK 293T WT, knockout LEDGF, knockout 
CPSF6, and double knockout cells were infected with VSV G pseudotype HIV-1NL4-3. At 16 hpi, cells were 
fixed and stained with antisense and sense probes for vRNA (PS-1; green), antisense RNA (PS-2; red), and 
nuclei (blue). Scale bars represent 10 µm. b HEK 293T knockout LEDGF were infected with HIV-VSV. 
At 16 hpi, cells were stained with antisense and sense probes to detect for vRNA (PS-1; green), antisense 
RNA (PS-2; red) and nuclei (blue) (right panel). In parallel, cells were treated with RNase A (left panel). c 
HEK 293T were treated with DMSO (top panel) or ALLINI compound, 10 µM BI-D (bottom panel) and 
infected with HIV-VSV. At 16 hpi, cells were fixed and stained with antisense and sense probes for vRNA 
(PS-1; green), antisense RNA (PS-2; red), and nuclei (blue). Scale bars represent 10 µm.	 

	
 
Figure 3.2. Allosteric Integrase Inhibitors (ALLINIs) used in this study. BI-D, BI-224436, and KF116 
drugs were used at final concentrations of 10 µM, 10 µM, and 50 µM respectively, dissolved in 0.5% 
DMSO.  
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Figure 3.3. Detection of antisense RNA HIV-1 in Primary Cells. a CD4+ T cells were treated with 
DMSO (top panel) and 10 µM BI-D (bottom panel) and infected with HIVNL4-3. At 24 hpi, cells were fixed 
and stained. Prior to RNA labeling, cells were treated with buffer alone, RNase A, or DNase I. Antisense 
and sense probes were used to detect vRNA (PS-1; green), vRNA (PS-2; red), and nuclei (blue). Scale bars 
represent 5 µm.	
	
 

 
Figure 3.4. Knockout Jurkat cells. Adapted by Dr. Philip Tedbury from Hare & Cherepanov, Viruses 
(2009) 
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The role of LEDGF in mediating sense versus antisense HIV transcription 

To quantify the relationship between the number of cells containing antisense 

transcripts and LEDGF, we first looked at disruption by genetic modification of the 

integrase-LEDGF interaction (IN-LEDGF/p75) in lymphocytic Jurkat cells. The genetic 

modifications include a complete deletion of gene PSIP1 that encode LEDGF/p75 or 

specific deletion of integrase binding domain (IBD) in Jurkat cells (Fig. 3.4).  Jurkat WT, 

Jurkat knockout LEDGF and Jurkat knockout IBD cell lines were infected with HIVNL4-3 

and the viral transcripts were labeled by bDNA FISH. After labeling, we detected three 

phenotypes of RNA expression microscopically: +veRNA (left image), +veRNA/-

veRNA (middle image) and –ve RNA (right image). (Fig. 3.5a). As expected LEDGF and 

IBD knockout cells were less infected compared with wild type cells (Fig. 3.5b) To 

quantify the numbers of infected cells, and the proportions exhibiting each of the three 

phenotypes, we employed FACS. Our data confirm that fewer LEDGF or IBD knockout 

cells were infected relative to wild type (Fig. 3.5c), and indicate that antisense RNA 

producing cells are observed at a higher frequency when the IN-LEDGF interaction is 

disrupted (Fig. 3.5d).  

The IN-LEDGF interaction was also disrupted pharmacologically by the use of 

small molecule inhibitors known as LEGINs or ALLINIs, which include BI-D, BI-

224436 and KF116 (Fig. 3.2). ALLINI treatment of Jurkat and CD4+ T cells also reduced 

infection relative to untreated cells (Fig. 3.6 a, b, c and d) and the detection of antisense 

RNA was almost 3 fold higher than wild type (Fig. 3.6 e, f). Taking all data together, the 

inhibition of IN-LEDGF/p75 interaction increases the proportion of cells demonstrating 

antisense RNA production.  
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We monitored the stability of antisense HIV RNA in a time course setting, at 24, 

48 and 72 hpi (Fig. 3.7a). At 48 hpi, the percentage of antisense RNA containing cells 

had decreased by 40% and at 72 hpi by 80%, relative to the levels found at 24 hpi (Fig. 

3.7b). 
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Figure 3.5. Disruption of IN-LEDGF/p75 interaction enhances HIV-1 antisense RNA. Lymphocyte 
cell lines, Jurkat WT, Jurkat knockout LEDGF, and Jurkat IBD -/- cells were infected with HIVNL4-3. At 24 
hpi, cells were fixed and stained. a After staining with antisense and sense probes to detect for vRNA (PS-
1; green), antisense RNA (PS-2; red), and nuclei (blue), three features of RNA expression were found: 
+veRNA (left), +veRNA/-veRNA (middle), and –veRNA (right). b Confocal images of infected cells, 63x. 
c Infected cells were counted by FACS (% +RNA) and d. the distribution of –veRNA, -veRNA/+veRNA, 
and +veRNA was determined (n = 3 independent experiments). Scale bars represent 10 µm. 
 

+veRNA 
(sense 

transcript) 

+veRNA 
-veRNA  

 

-veRNA 
(antisense 
transcript)  

a 

Jurkat cells 
24 hpi 

+veRNA     -veRNA      Nuclei 

WT LEDGF KO IBD -/- 

b 

a 

c d 



 72 

 

	 

 
Figure 3.6. Pharmacological disruption of IN-LEDGF/p75 interaction enhances HIV-1 antisense 
RNA. a Jurkat cells were treated with DMSO (left image) or ALLINIs compound, 10 uM BI-D (middle 
image), or 10 uM BI-224436 compound (right image) and infected with HIVNL4-3. At 24 hpi, cells were 
fixed and stained to detect for vRNA (PS-1; green), antisense RNA (PS-2; red), and nuclei (blue). b CD4+ 
T cells were treated with DMSO (left image) or  with 10 uM BI-D (right image) and infected with HIVNL4-

3. At 24 hpi, cells were fixed and stained to detect for vRNA (PS-1; green), antisense RNA (PS-2; red), and 
nuclei (blue). Scale bars represent 10 µm. c Jurkat infected cells were fixed, stained, and counted by FACS 
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(% +RNA) (top chart), and the distribution of –veRNA, -veRNA/+veRNA, and +veRNA was determined 
(bottom chart) (n = 3 independent experiments). d CD4+ T infected cells were counted by FACS (% 
+RNA) (top chart), and the distribution of –veRNA, -veRNA/+veRNA, and +veRNA was determined 
(bottom chart) (n = 3 independent experiments).  
 
 
 

 

 
 

 

 
 
Figure 3.7. Rapid decrease of antisense RNA from infected cells. Time course experiment in 
lymphocyte cell lines. Jurkat WT, Jurkat knockout LEDGF, and Jurkat IBD -/- cells were infected with 
HIVNL4-3. At 24 hpi, cells were fixed and stained for vRNA (PS-1; green) and antisense RNA (PS-2; far 
red). a Percentage of +RNA cells were counted by FACS (n = 1 experiment).  b The distribution of –
veRNA, -veRNA/+veRNA, and +veRNA was determined  (n = 1 experiment).  
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correlation with sense and antisense RNA transcription. Antisense RNA is limited in 

latently infected cells (Fig. 3.8b), while infected cells expressed similar percentage of 

antisense RNA (Fig.3.8c) as previously observed  (Fig. 3.5d. and 3.7b) 

 

 
 

 

 

Figure 3.8. Antisense RNA is not found in latently infected cells. a Experiment design in lymphocyte 
cell lines. Jurkat WT, Jurkat knockout LEDGF and Jurkat IBD -/- cells were infected with HIVNL4-3-VSV 
dual reporter virus that expressed eGFP and Crimson under SFFV and HIV promoters, respectively. At 24 
hpi and 48 hpi, cells were sorted in two groups [single positive: eGFP+(SFFV+) and dual positive: 
eGFP+/Crimson+(SFFV+/Crimson+)], washed, fixed, and stained. b After staining of single positive cells 
(GFP+) with sense probe (PS-2; ATTO 550), antisense RNA in cells was quantified by FACS at 24 hpi 
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(left chart) and 48 hpi (right chart). c Dual positive sorted cells were detected with sense probe (PS-2; 
ATTO 550) and FACS quantified for antisense RNA expressing cells at 24 hpi (left chart) and 48 hpi (right 
chart).  (n = 1 experiment).  
 

Imaging features of antisense HIV transcripts  

Most of the cells expressing antisense transcripts also contained sense transcripts. 

All analyzed images indicated antisense transcripts have a restricted location in the 

nuclear compartment (Fig. 3.9), which agreed with a previous report.   

 

 
 
Figure 3.9 Antisense RNA HIV-1 in primary cells. CD4+ T cells were treated with 10 uM BI-D and 
infected with HIVNL4-3. At 24 hpi, cells were fixed and stained to detect for vRNA (PS-1; green), antisense 
RNA (PS-2; red), and Lamin B (magenta). Scale bars represent 5 µm.  
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3.4 DISCUSSION AND FUTURE DIRECTIONS 

Some retroviruses encode an antisense gene on the negative strand of their 

genome that is expressed from an antisense promoter within the 3′LTR in the opposite 

direction to the transcripts originating in the 5′LTR (169, 170). Here we investigated the 

expression of the antisense RNA from the HIV-1 genome, its relation with LEDGF 

knockout cells, and its potential relationship with latency. We adapted in situ 

hybridization to label HIV negative RNA also referred to as antisense transcripts, in 

single cell level by microscopy and FACS. These transcripts were found in the Jurkat 

lymphocyte, and CD4+ T cells infected with HIV. As described above, we found 

antisense transcripts in these cells that were previously described (171-181), but we 

reported for a first time higher expression of antisense RNA in Jurkat LKO, Jurkat IBD -

/- and CD4+ T BI-D treated cells compared with Jurkat WT and DMSO control cells. Our 

findings indicate that HIV antisense RNA is not stable and decreased significantly after 

24 hpi. Unexpectedly, using a dual reporter HIV virus, we detected low expression of 

these transcripts in latent cells, but this experiment was performed within 24 to 48 hpi.  

In summary, loss of the interaction between integrase and LEDGF during HIV-1 

integration leads to a higher proportion of HIV-1 antisense RNA containing cells. HIV-1 

sense and antisense RNA can be produced from the same provirus and antisense RNA 

production is short-lived.  

To elucidate the role of HIV-1 antisense RNA during infection and its relationship 

with IN-LEDGF disruption we will first characterize antisense RNA by sequencing using 

next-generation sequencing and determine the transcription start site (TSS) and where in 

the genome is more expressed or abundant. Second, we will rescue lost LEDGF function 
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in LKO cells by using LEDGF chimeric proteins. Third, determined if the enhanced 

antisense RNA lead to higher antisense protein expression. Fourth, we will determine if 

the expression of antisense RNA expressing cells may predict or associate with latency. 

We may addressed some of these major questions: How persistent is expression of 

antisense RNA?, Are these functional consequences to its expression?, Can those effects 

be observed by expressing antisense in trans from another copy?, Which segment(s) of 

antisense RNA is responsible for these effects?.  
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CHAPTER 4. ANTIVIRAL ACTIVITY OF MOV10 ON HEPATITIS B 

VIRUS INFECTION 

This work will constitute most of the material that will be submitted for publication after 

further developments outlined at the end of the chapter. Anticipated co-authors include:  

Puray-Chavez MN, Huber AD, Liu D, Ndongwe TP, Casey M, Sarafianos SG. 

Mechanism of action of an RNA binding protein MOV10 on HBV replication. 

Manuscript in preparation. 

4.1 INTRODUCTION 

Hepatitis B virus (HBV) is a partially double-stranded DNA virus that causes 

acute and chronic infection of the liver. Worldwide, an estimated 350 million people are 

chronically infected with HBV, and 0.5 to 1 million people die every year from HBV 

(49-51). Upon entry, HBV encounters cell defense, known as innate immunity. This 

response is mediated by type I Interferon (IFN) and IFN-stimulated genes (ISG) (88-90, 

188). During last years DExD/H-box helicases shown to contribute to antiviral response 

by sensing viral nucleic acids or by facilitating downstream signalling events (205). An 

example of a helicase involve in immune response is the well-characterized RIG-like 

helicases (RLHs) that are part of pattern recognition receptors (PRRs) and part of DExH 

family of RNA helicases. Other helicases (DDX3, DDX60, DDX41, DDX1, DHX9 and 

DHX36) may constitute additional receptors for viral nucleic acids, and to induce IFN 

induction via TIR adaptor or MAVS-dependent signaling (205). In the last few years the 

RNA helicase MOV10 (Moloney leukemia virus 10, homolog (mouse)) has been shown 

to inhibit various viruses (188) among them MOV10 affect HIV-1 replication through 
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different mechanisms  (189-192). However, since MOV10 is induced by IFN, its role in 

other RNA viruses besides HIV has been vague and in some cases contradictory (188). 

For example, MOV10 demonstrated antiviral activity against hepatitis C virus (HCV) in 

an ISG expression library screen (188, 193). In contrast, MOV10 interacts with hepatitis 

delta virus antigen and enhances viral RNA replication (188, 194).  

MOV10 is an RNA helicase that belongs to the DExD superfamily and Up-

frameshift protein-1 (Upf1)-like group of helicases  (182), was first identified as a novel 

Argonaute-associated protein and was shown to be involved in RNA interference (RNAi) 

(183, 184). MOV10 is expressed from an ISG, it is known to bind a broad variety of 

mRNA (185) and predominantly binds to 3' UTRs upstream of regions predicted to form 

local secondary structures (186), also has ATP- dependent 5′–3′ RNA helicase activity, 

and, through its helicase activity, participates in mRNA degradation and translation 

inhibition (187).  

MOV10 has complicated functions and features (195). MOV10 is a component of 

mRNA processing bodies (P-bodies) and RNA interference signaling complexes (RISC), 

also MOV10 interacts with canonical P-body and RISC proteins including apolipoprotein 

B mRNA editing enzyme, catalytic subunit 3G (APOBEC3G), Argonaute 1 (AGO1), and 

Argonaute 2 (AGO2) (196-199). Inhibition of HIV-1 by MOV10 has been well 

characterized. MOV10 and APOBEC3G (A3G) localize to P bodies, incorporate into 

human immunodeficiency virus type 1 (HIV-1) virions, and inhibit viral replication. 

Others have reported that overexpression of the P-body-associated protein MOV10 can 

inhibit other retroviruses, including simian immunodeficiency virus (SIV), murine 

leukemia virus (MLV), and equine infectious anemia virus (EIAV) (101, 102). However, 
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the specific effects of MOV10 in the life cycle of HBV are partially described (103) and 

HBV depends on reverse transcription from pre-genomic RNA to synthesize its first 

strand DNA, this feature allow us to propose that MOV10 may have an effect on HBV 

replication. Here we investigate the effect of MOV10 on HBV infection and determine 

which steps of the virus life cycle are affected by changes in expression of MOV10. 

MOV10 overexpression decreased HBV infection while MOV10 down-regulation 

enhanced HBV infection. Confocal imaging shows endogenous MOV10 co-localizes 

with HBV core protein and HBV RNA.  Shortly after we collected these data, 2015, a 

brief communication paper presented contradictory results (103).  

4.2 MATERIALS AND METHODS 

Cell lines 

HepG2 cell line was purchased from American Type Culture Collection (ATCC). 

These cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM, 

Invitrogen) supplemented with 10% fetal bovine serum (FBS). HepAD38  (200) cells 

were maintained in DMEM supplemented with 10% FBS, 0.3 µg/ml tetracycline, and 400 

µg/ml G418, as previously described (200). Cells were incubated at 37 °C with 5% CO2.  

Plasmids 

The HBV genome-containing plasmid pCMV-HBV-LE-II (pHBV) was a gift 

from Dr. John E. Tavis (Saint Louis University) (201). Plasmids expressing YFP-MOV10 

and FLAG-MOV10 were a gift from Dr. Pathak (National Institute of Health) (202). 

Knockdown of endogenous MOV10   
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The levels of endogenous MOV10 protein were down regulated using siRNA 

technology. Sequences were designed to target MOV10 RNA (5’ - 

CGGCAAGACUGUCACGUUA –3’, 5’- GGUCAGAUAUCAGCAAACA -3’, 5’- 

GCCAUGAGGCACAUUGUUA -3’, and 5’- CAAUUAAGCAGGUGGUGAA -3’) and 

ordered from Dharmacon General Electric (GE) Healthcare. The transfector used was 

Lipofectamine RNAiMax, and the Lipofectamine	 to	 siRNA	 ratio	 was	 1:3.	 Levels of 

endogenous MOV10 were obtained in HepG2 and HepAD38 transfected cells by 

Western Blot.  

Overexpression of MOV10  

Plasmids expressing YFP-MOV10 and FLAG-MOV10 (202) driven by CMV 

promoter were transfected at specified concentrations in 60-70% confluent HepG2 and 

HepAD38 cells using Fugene 6 reagent (Promega) according to the manufacturer’s 

instructions. 12-well plates were used with 1 ml medium per well. 

Quantitative polymerase chain reaction (qPCR) analysis of HBV DNA 

Total cellular DNA was extracted using the QIAamp DNA Blood Mini Kit 

(Qiagen). Forward and reverse primers for total HBV DNA quantification were 5'- 

CCTGGTTATCGCTGGATGTGT-3' and 5'-GGACAAACGGGCAACATACCTT-3', 

respectively (29). DNA in a 10 µl reaction volume was subjected to amplification by 

denaturation at 95°C for 10 min followed by 40 cycles of denaturation at 95°C for 15 s, 

annealing/extension at 60°C for 1 min, using PerfeCTa SYBR Green FastMix (Quanta 

Biosciences). Amplification was carried out in an ABI 7500 machine (Applied 

Biosystems) A standard curve was generated with dilutions of HBV plasmid pCMV-

HBV-LE-II (a gift from Dr. John Tavis, Saint Louis University) (201). 
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RNA levels by quantitative RT-PCR 

To determine HBV RNA levels, infected and control cells were treated with TRI 

reagent (Sigma-Aldrich) and total RNA was purified following the manufacturer’s 

instructions. Primers (Forward: 5′-GAGTGTGGATTCGCACTCC-3′) and (Reverse: 5′-

GAGGCGAGGGAGTTCTTCT-3′) were used for HBV 3.5 kb transcripts; (Forward: 5′-

TCACCAGCACCATGCAAC-3′) and (Reverse: 5′-AAGCCACCCAAGGCACAG-3′) 

were for total HBV-specific transcripts, as previously described (54), while primers 

specific for GAPDH amplification were 5’- CGCTCTCTGCTCCTCCTGTTC-3’ 

(forward) and 5’- CGCCCAATACGACCAAATCCG -3’ (reverse). Amplification was 

conducted by reverse transcription at 48°C for 30 min and denaturation at 95°C for 10 

min, followed by 40 cycles of denaturation at 95°C for 15 s and annealing/extension at 

60°C for 1 min using the Power SYBR Green RNA One-Step kit (Applied Biosystems) 

with 20 ng RNA in 10 µl reactions with the ABI 7500 machine (Applied Biosystems).To 

determine relative RNA levels, HBV or GAPDH cycle threshold (CT) was first 

normalize to GAPDH CT using: ΔCT = CTHBV - CTGAPDH and then (2(-ΔΔCT)) was 

calculated using ΔΔCT = ΔCTHBV - ΔCTcontrol. 

Western blotting 

Cells were lysed in 1 x RIPA buffer (150 mM NaCl, 50 mM Tris/HCl (pH 7.5), 1 

mM EGTA, 1 mM EDTA, 0.1% SDS, and 1% Triton X-100) containing a Protease 

Inhibitor Cocktail (Sigma-Aldrich, P8340). The protein concentration was quantified 

using Bradford assay (Bio-Rad). 20 to 40 µg of protein were electrophoresed on an SDS–

polyacrylamide gel and transferred to a polyvinylidene difluoride Immobilon-P 

membrane (Millipore). Membranes were blocked with 5% skim milk in PBS for 1 h then 



 83 

probed with anti-HBV core (Austral Biologicals HBP-023-9, 1:500 dilution, overnight at 

4 °C), GAPDH at 1:5,000 for 1 h at room temperature (Santa Cruz, Cat #sc-365062), or 

MOV10 at 1:2000 overnight at 4°C (Abcam, Cat #ab80613), diluted in 0.1% PBST and 

1% BSA, followed by a horseradish peroxidase (HRP)-conjugated secondary antibody 

from Sigma at 1:5,000 dilution for 1 h at room temperature (anti-mouse Cat #A5278, 

anti-rabbit Cat #A0545). Bound antibodies were visualized by adding Luminata Forte 

Western HRP substrate (Millipore) to the membrane and imaged on LAS-3000 Imaging 

System from Fuji. Quantification was performed using Multi Gauge analysis software. 

Immunofluorescence 

Cells grown on collagen-coated coverslips were fixed at room temperature (RT) 

for 20 min in 4% formaldehyde, permeabilized with 0.1% Triton X-100 in PBS for 10 

min, and blocked with 10% goat serum and 1% bovine serum albumin (BSA) in PBS for 

1 h. Rabbit anti-HBV core (Dako B0586, 1:1,000 dilution) or rabbit anti-HBV core 

(Austral Biologicals HBP-023-9, 1:500 dilution) was bound overnight at 4 °C in PBS + 

0.1% BSA. Rabbit anti-MOV10 at 1:1,000 was bound for 90 min at room temperature 

(Abcam Cat #ab80613). Samples were washed three times for 10 min each with PBS + 

0.1% Tween-20 (PBS-T) then incubated at RT for 1 h with goat anti-rabbit or goat anti-

mouse Alexa Fluor 488-, 568-, or 647-conjugated secondary antibodies (Thermo 

Scientific, 1:2,000 dilution) in PBS supplemented with 0.1% BSA and stained for nuclei 

using Hoechst 33342 (Thermo Scientific). Samples were washed 3x with PBS-T for 10 

min each, and coverslips were mounted on microscope slides using ProLong Gold 

Antifade Mountant (Thermo Scientific). 
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Nucleic acid probes 

All probes were purchased from Advanced Cell Diagnostics to detect HBV pre-

genomic RNA (pgRNA), probe V-HBV-GTD-O1-C2 Cat. #465531-C2 or Total RNA, 

probe V-HBV-GTD Cat. #441351 

In situ vRNA detection 

HBV viral RNA (vRNA) in cells was probed using RNAscope reagents 

(Advanced Cell Diagnostics). The manufacturer’s protocol was used with some 

modifications as described (203). Following fixation, cells were washed with DPBS, then 

0.1% Tween in PBS for 10 min, and twice more in PBS for 1 min. Prior to hybridization, 

coverslips were immobilized on glass slides; a small drop of nail polish was placed on a 

glass slide and the coverslip edge was placed on the nail polish drop. Using an ImmEdge 

hydrophobic barrier pen (Vector Laboratories), a circle was drawn around the coverslip 

and PBS was added to prevent sample dehydration. The manufacturer’s protease solution 

(Pretreat 3) was diluted in PBS as appropriate prior to the experiment, a 1:50 dilution or 

not included, and incubated in a humidified HybEZ oven (Advanced Cell Diagnostics) at 

40 °C for 15 min. Protease solution was discarded and the slides were washed twice by 

immersion in PBS at room temperature for 1 min. Specific pre-designed anti-sense probes 

(Supplementary Table 1) that recognize the HBV RNA were added to the coverslip as 

specified by the manufacturer (Advanced Cell Diagnostics): C1 probes were added 

directly. Probes were allowed to hybridize with the samples in a humidified HybEZ oven 

at 40 °C for 2 h. The probes were then discarded and the coverslips were washed twice 

using the proprietary wash buffer. All wash steps were performed on a rocking platform 
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at room temperature for 2 min using the proprietary wash buffer. The probes were 

visualized by hybridizing with preamplifiers, amplifiers, and finally, fluorescent label. 

Pre-amplifier 1 (Amp 1-FL) was hybridized to its cognate probe in a humidified HybEZ 

oven at 40 °C for 30 min. Samples were washed twice then hybridized with Amp 2-FL in 

a humidified HybEZ oven at 40 °C for 15 min to suppress background staining. After two 

more washes, amplifier (Amp 3-FL) was hybridized to Amp 1-FL in a humidified HybEZ 

oven at 40 °C for 30 min. Samples were washed twice, then fluorescent label Amp 4-FL 

was hybridized to Amp 3-FL in a humidified HybEZ oven at 40 °C for 15 min, then 

samples were washed twice more. For subsequent protein staining, the RNA-labeled 

samples were washed with PBS and immunostaining was performed as described below. 

Otherwise, the final step was to counter-stain nuclei with the manufacturer-supplied 4′,6′-

diamino-2-phenylindole (DAPI, Advanced Cell Diagnostics) for 30 s at room temperature 

then remove the DAPI, wash twice with PBS and immediately mount the coverslips on 

slides using Prolong Gold Antifade (Invitrogen). 

Immunostaining 

Staining for protein was performed after staining for nucleic acids. Coverslips 

were blocked with 1% bovine serum albumen (BSA) and 10% FBS in PBS containing 

0.1% Tween-20 (PBST) at room temperature for 1 h. Endogenous MOV10 was probed 

with Rabbit anti-MOV10 at 1:1,000 (Abcam, Cat #ab80613) in PBST supplemented with 

1% BSA and incubated at room temperature for 90 min. Samples were washed twice in 

PBST at room temperature for 10 min with rocking. Fluorescently labeled secondary 

antibodies were used at 1:2,000 and incubated at room temperature for 1 h. Then the 

samples washed once with in PBST at room temperature for 10 min with rocking. Nuclei 



 86 

were stained either using the DAPI provided in the RNAscope kit or with 0.5 µg/mL 

Hoescht-33258 in PBS at room temperature for 10 min. Coverslips were washed twice in 

PBST at room temperature for 10 min with rocking and washed once with PBS for 1 min. 

Finally, coverslips were mounted on slides using Prolong Gold Antifade then sealed with 

nail polish. 

Imaging and imaging quantification 

Images were taken with a Leica TCS SP8 inverted confocal microscope equipped 

with a 63/1.4 oil-immersion objective, and a tunable supercontinuum white light laser. 

The excitation/emission bandpass wavelengths used to detect DAPI, Alexa 488, ATTO 

550, Alexa 568, and Alexa 647 were set to 405/420–480, 488/505–550, 550/560–610, 

568/580–630, and 647/655–705 nm, respectively. Confocal data sets were deconvolved 

using the Huygens Professional software (Version 16.10, SVI).  
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4.3 RESULTS 

MOV10 knockdown increases HBV infection  

To explore whether knockdown of endogenous MOV10 affects HBV infection, 

MOV10 was down-regulated by siRNA in HepAD38 and HepG2 cell lines. MOV10 

depletion by 50 nM siRNA enhanced HBV infection by increment of HBcore protein, 

pgRNA and total DNA in HepAD38 cells. siRNA transfection was performed one day 

before tetracycline removal in HepAD38 cells that were subsequently harvested at 48 h 

(Fig. 4.1).  Using a lower dose of siRNA (25 nM) also enhanced HBcore, pgRNA and 

total DNA but with less fold induction at 48 and 72 h post tetracycline removal (Fig. 4.2). 

HBcore, pgRNA and total DNA levels also increased when tetracycline was removed 

with simultaneous transfection using 25 nM siRNA (Fig. 4.3). To demonstrate that our 

findings were not restricted to HepAD38 cells, we transfected HepG2 cells with 20 nM 

siRNA followed by HBV plasmid transfection 24 h later. Cells were harvested 48 h post 

transfection. We found that down-regulation of MOV10 in HepG2 cells also increased 

the efficiency of HBV replication by induction of HBcore, pgRNA and total DNA (Fig. 

4.4). We further evaluated the effect on HBV rcDNA in HepAD38 cells that were 

transfected with 50 nM siRNA. One day following transfection, tetracycline was 

removed and cells were harvested at 3 and 6 days, using Southern Blot. We found that 

rcDNA was 2 fold higher than control (Fig. 4.5). 
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Figure 4.1. MOV10 knockdown leads to increment of HBV RNA, DNA and core protein. HepAD38 
cells were transfected with 50nM siRNA 24 h before tetracycline removal; at 48 h post tetracycline 
removal (hpt), cells were harvested and analyzed. a Effect of MOV10 knockdown in HBcore protein. Cell 
lysates were loaded and detected by Western Blot using anti-MOV10 antibody, anti-HBVcore antibody, 
and anti GAPDH antibody as a reference gene expression control. b Graph of HBVcore fold induction from 
a which was 5 times higher than the control. c Effect of MOV10 knockdown in HBV pgRNA. Extracted 
HBV RNA was detected by real time RT-qPCR, and fold of induction was measured. d. Effect of MOV10 
knockdown in HBV total DNA. Total DNA was quantified by qPCR SYBR Green using a standard curve, 
and fold of induction in MOV10 knockdown cell was determined. (n = 2 independent experiments) 
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Figure 4.2. By half of dose MOV10 knockdown still enhanced HBV RNA, DNA and core protein. 
HepAD38 cells were transfected with 25nM siRNA 24 h before tetracycline removal; at 48 hpt and 72 hpt, 
cells were harvested and analyzed. a Effect of MOV10 knockdown in HBcore protein by Western Blot 
using anti-MOV10 antibody, anti-HBVcore antibody, and anti GAPDH antibody as a reference gene 
expression control. b Graph of HBVcore fold induction from a which was around 3.2 times higher than the 
control. c Effect of MOV10 knockdown in HBV pgRNA. Extracted HBV RNA was detected by real time 
RT-qPCR, and fold of induction was measured. d Effect of MOV10 knockdown in HBV total DNA. Total 
DNA was quantified by qPCR SYBR Green using a standard curve, and fold induction in MOV10 
knockdown cell was determined. (n = 2 independent experiments) 
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Figure 4.3. Time course of MOV10 knockdown leads to increment of HBV RNA, DNA and core 
protein. HepAD38 cells were transfected with 25nM siRNA with immediate tetracycline removal; at 24, 
48, 72, and 96 h post transfection (hpt), cells were harvested and analyzed. a Effect of MOV10 knockdown 
in HBcore protein by Western Blot using anti-MOV10 antibody, anti-HBVcore antibody, and anti GAPDH 
antibody as a reference gene expression control. b Graph of HBVcore fold induction from a which was 2, 
1.9, and 1.5 times higher that controls at 48, 72, and 96 hpt. c Effect of MOV10 knockdown in HBV 
pgRNA. Extracted HBV RNA was detected by real time RT-qPCR, and fold of induction was measured. d 
Effect of MOV10 knockdown in HBV total DNA. Total DNA was quantified by qPCR SYBR Green using 
a standard curve, and fold of induction in MOV10 knockdown cells was determined. (n = 1 experiment) 
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Figure 4.4. MOV10 knockdown leads to increment of HBV RNA, DNA and core protein. HepG2 cells 
were transfected with 20nM siRNA 24 h before 0.4 ng/uL pHBV transfection; at 48 h post transfection 
(hpt), cells were harvested and analyzed. a Effect of MOV10 knockdown in HBcore protein. Cell lysates 
were loaded and detected by Western Blot using anti-MOV10 antibody, anti-HBcore antibody, and anti 
GAPDH antibody as a reference gene expression control. b Graph of HBcore fold induction from a which 
was 5 times higher than control. c Effect of MOV10 knockdown in HBV pgRNA. Extracted HBV RNA 
was detected by real time RT-qPCR, and fold of induction was measured. d Effect of MOV10 knockdown 
in HBV total DNA. Total DNA was quantified by qPCR SYBR Green using a standard curve, and fold of 
induction in MOV10 knockdown cell was determined. (n = 2 independent experiments)  
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Figure 4.5. MOV10 knockdown leads to increase of HBV rcDNA. HepAD38 cells were transfected with 
50nM siRNA 24 hours before tetracycline removal; at 3 and 6 days post tetracycline removal (hpt), cells 
were harvested and analyzed. a Effect of MOV10 knockdown in rcDNA. Cell lysates were loaded and 
detected by Southern Blot using specific probes for HBV. b Graph of HBV rcDNA fold induction showing 
almost 2 fold increase over control. (n = 1 experiment) 
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MOV10 overexpression impaired HBV infection  

To determine if up-regulation of MOV10 affects HBV replication, we 

overexpressed MOV10 using Flag-MOV10 and YFP-MOV10 plasmids in HepAD38 

cells. Enhancement of MOV10 by Flag-MOV10 transfection diminished HBV infection 

by reducing HBcore, pgRNA and total HBV DNA levels. Flag-MOV10 transfection was 

performed one day before tetracycline removal and cells were harvested at 48 h (Fig. 

4.6). Overexpression of MOV10 YFP-MOV10 transfection moderately reduced HBcore, 

pgRNA and total DNA levels. YFP-MOV10 transfection was performed the same day as 

tetracycline removal and cells were harvested at 48 h (Fig. 4.7). MOV10 is an ISG that is 

upregulated by interferon and HBV induces interferon during infection, so as expected, 

endogenous MOV10 expression was elevated during HBV infection in a time course 

experiment. Western blot detected increased of endogenous MOV10 from day 1 through 

day 6 post tetracycline removal in HepAD38 cells (Fig. 4.8). 

  



 94 

 

 

 

 
 
Figure 4.6. MOV10 overexpression leads to reduction of HBV RNA, DNA, and core protein. 
HepAD38 cells were transfected with 0.75 ng/µL Flag-pMOV10 24 h before tetracycline removal; at 48 h 
post tetracycline removal or 72 h post transfection, cells were harvested and analyzed. a Effect of MOV10 
overexpression in HBcore protein. Cell lysates were loaded and detected by Western Blot using anti-
MOV10 antibody, anti-HBcore antibody, and anti GAPDH antibody as a reference gene expression control. 
b This graph shows a HBcore 60% reduction as compared to the control. c Effect of MOV10 
overexpression in HBV pgRNA. Extracted HBV RNA was detected by real time RT-qPCR, and fold of 
reduction was measured. d Effect of MOV10 overexpression in HBV total DNA. Total DNA was 
quantified by qPCR SYBR Green using a standard curve, and fold of reduction in MOV10 overexpression 
cells was determined.  
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Figure 4.7. MOV10 overexpression leads to reduction of HBV RNA, DNA, and core protein. 
HepAD38 cells were transfected with 0.8 ng/µL YFP-pMOV10 with immediate tetracycline removal; at 48 
h post tetracycline removal, cells were harvest and analyzed. a Effect of MOV10 overexpression in HBcore 
protein. Cell lysates were loaded and detected by Western Blot using anti-MOV10 antibody, anti-HBcore 
antibody, and anti GAPDH antibody as a reference gene expression control. b This graph shows a HBcore 
moderate reduction compared with the control. c Effect of MOV10 overexpression in HBV pgRNA. 
Extracted HBV RNA was detected by real time RT-qPCR, and fold of reduction was measured. d Effect of 
MOV10 overexpression in HBV total DNA. Total DNA was quantified by qPCR SYBR Green using a 
standard curve, and fold of reduction in MOV10 overexpression cells was determined. (n = 2 independent 
experiments) 
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Figure 4.8 Endogenous MOV10 is upregulated during HBV infection. Tetracycline was removed from 
HepAD38, and samples were harvested at day 1, 2, 3, 4, 5, and 6 post tetracycline removal. Cell lysates 
were analyzed by Western Blot using anti-MOV10 antibody, anti-HBcore antibody, and anti-GAPDH 
antibody as a reference gene expression control. MOV10 expression increased over time. (n = 1 
experiment) 
 
 
Endogenous MOV10 co-localizes with HBV core and HBV RNA  

Endogenous MOV10 is localized in the cytoplasm and p-bodies and in HBV 

infected cells, HBV core protein is found in the nucleus and cytoplasm. We detected co-

localization of endogenous MOV10 and HBV core in transfected cells by 

immunocytochemistry; additionally levels of MOV10 expression were higher in infected 

cells (Fig. 4.9a). We also determined co-localization of HBV RNA with endogenous 

MOV10 in HepAD38 cells after induction of expression (Fig. 4.10b) using in-situ 

hybridization. 
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Figure 4.9. Endogenous MOV10 colocalizes with HBV core protein and RNA. a HepG2 cells were 
transfected with pHBV. At 48 hpt, cells were washed, fixed, and stained by immunocytochemistry using 
anti-MOV10 antibody (red) and anti-HBcore antibody (green) Nuclei were stained blue. b Tetracycline was 
removed from the media of HepAD38 cells, and 7 days later, cells were washed, fixed, and stained by in 
situ hybridization and immunocytochemistry using HBV RNA probe (green) and anti-MOV10 antibody 
(red). Nuclei were stained blue. All are confocal images. All scale bars represent 10 µm. 
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4.4 DISCUSSION AND FUTURE DIRECTIONS 

In this study, we investigated the effect of the MOV10 host restriction factor on 

HBV replication. We explored whether down-regulation of MOV10 may enhance HBV 

infection and if overexpression of MOV10 would restrict HBV infection. We found that 

MOV10 overexpression decreases HBV by inhibiting the production of core protein, viral 

RNA, and viral DNA; while MOV10 down-regulation enhances core protein, viral RNA 

and viral DNA. However, our findings are not in full agreement with Ma et. al. (103) 

who published in 2015 that over-expression of MOV10 caused at low dose an increment 

of released HBsAg and HBeAg and HBV mRNA level in transfected cells and resulted in 

a decrease at a high dose, but released HBV DNA was not affected. Additionally, the 

knockdown of endogenous MOV10 expression through siRNA treatment could suppress 

levels of HBsAg, HBeAg and HBV mRNA, but had no effect on HBV DNA.   To further 

support our findings we are working on an infectious model using HepG2 NTCP cells 

and viruses released from HepAD38. A colleague in the lab has recapitulated our findings 

using the infectious system. 

To understand the mechanism by which MOV10 may abrogate HBV infection, 

we will focus on the possible interaction of pgRNA and MOV10, since this protein is a 

helicase and has been reported to associate with HIV-1 RNA and cellular RNAs (34). We 

found that HBV core protein and HBV RNA co-localize with endogenous MOV10, but 

we do not have evidence yet of a specific and direct interaction.  

In summary, our data suggest that while MOV10 overexpression leads to HBV 

reduction, suppression of MOV10 enhances HBV replication. To elucidate the 

mechanism how MOV10 affect HBV replication we will first rescue the lost MOV10 
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function in CRISPR knockout cells by using MOV10 chimeric proteins. We will 

determine if MOV10 interacts with HBV RNA or HBcore protein by using RNA 

immunoprecipitation (RIP) and proximity ligationassay (PLA) respectively.  
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