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 ABSTRACT 
 

 
Multiplexed approaches to investigate cellular mechanisms underlying HIV-1 transcriptional 

competence and viral replication 
 
 

By Raven Shah 
 
 
 
 Human immunodeficiency virus type 1 (HIV-1) remains a global public health burden 
with approximately 38 million individuals living with the disease in 2019 and 1.7 million new 
annual infections. There is currently no effective HIV-1 cure or vaccine. HIV is a retrovirus that 
inserts its genome into the target host chromatin, thus exploiting the cellular transcriptional 
machinery for replication. Investigating features of chromatin architecture at HIV sites of 
integration can provide insight into the molecular mechanisms governing HIV gene expression. 
Previous studies have demonstrated that HIV preferentially integrates into the introns of 
transcriptionally active genes, and productive HIV proviruses are associated with active 
epigenetic markers. The work presented in this thesis expands upon preliminary studies, 
undertaking an integrative approach to profile the relationship between HIV-1 transcription and 
chromatin state, map the local cellular and viral transcriptome(s) at HIV-host gene boundaries, 
and monitor viral transcriptional dynamics using multiplexed fluorescence imaging.  
 In Chapter II, we present an innovative and highly sensitive methodology that we “coin” 
Multiplexed immunofluorescent cell-based detection of DNA, RNA, and protein (MICDDRP), 
to simultaneously label viral nucleic acid(s) and protein(s) to visualize viral replication kinetics 
at single-cell resolution across a broad spectrum of viruses. Chapters III-V further demonstrate 
the power of our imaging modality, detailing  how this technology can be used to study virus-
host factor interactions (Chapter III), visualize how small molecules can impact viral 
transcription (Chapter IV), and measure virus replication kinetics with high spatiotemporal 
resolution (Chapter V). In Chapter VI, we apply a multiomics sequencing approach to profile 
chromatin and gene expression at proviral sites of integration using HIV-inducible cellular 
models. We seek to understand how lentiviral integration and activation of HIV-1 transcription 
can alter cellular chromatin structure and the local transcriptional environment. Our study 
provides the first in-depth integrative investigation of HIV-1 chromatin ultrastructure and viral 
transcription at provirus-host gene boundaries using high-resolution chromatin mapping 
techniques (ATAC-seq and Hi-C) and long-read Nanopore RNA-sequencing. Our presented 
findings may have translational implications providing insight into mechanisms influencing 
HIV-1 transcriptional competency, as well as providing a platform for applying cutting-edge 
sequencing and in-situ imaging technologies to study viral replication.  
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Topologically Associating Domains TADs 
Trans-activation response  TAR 
Transcriptional start sites TSS 
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 CHAPTER I: INTRODUCTION TO HUMAN IMMUNODEFICIENCY 
VIRUS TYPE 1 (HIV-1), HIV-1 TRANSCRIPTIONAL REGULATION, & 
NUCLEAR ORGANIZATION 
 
1-A: HIV-1 Disease Pathogenesis & Viral Replication  
 

 Since the early 1980s, human immunodeficiency virus type 1 (HIV-1)  has been a major 

global public health burden, infecting more than 75 million individuals worldwide. There is 

currently no effective cure or preventative vaccine against HIV-1 infection 1. HIV targets 

immune cells including T cells 2, 3, macrophages 4, and dendritic cells 5, establishing permanent 

infection by integrating a double-stranded complementary DNA (cDNA) copy of its RNA 

genome into the targeted cellular chromatin 6. Integrated viral DNA or the “provirus” persists for 

the lifetime of the infected cell, allowing transcriptionally active and replication-competent 

proviruses to propagate virion progeny. About 10 days following infection, HIV becomes 

detectable in the blood and then viremia grows exponentially over the next few weeks, when 

HIV antibodies become detectable 1. Untreated infection results in the targeted depletion of 

CD4+ T cells, a cell-type important for innate and adaptative immunity. When T cell levels drop 

below 200 cells/mL in the blood, infection leads to the onset of Acquired Immunodeficiency 

Syndrome (AIDS) 7-9. When infection progresses to AIDS, the body experiences immunological 

abnormalities, increasing the risk for oncological complications and opportunistic infections 10. 

HIV-associated immunodeficiency increases the risk of developing Kaposi sarcoma (KS), certain 

lymphomas, and cervical cancer 1.  

 There are currently two types of HIV: type 1 (HIV-1) and type 2 (HIV-2). HIV-1 

accounts for over 95% of the infections globally, whereas HIV-2 is endemic to West Africa 1, 10, 

11.  HIV-2 is associated with lower pathogenicity, lower levels of replication in the host, and 
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reduced transmission rates 1, 12. HIV emerged from zoonotic transmissions of simian 

immunodeficiency virus (SIV) from monkeys to great apes to humans. SIV from chimpanzees 

(CIVcpz) or gorillas (SIVgor) to humans gave rise to the four HIV-1 groups: M and N from 

SIVcpz, and O and P from SIVgor. The group M strains can be further classified into nine 

subtypes (A, B, C, D, F, G, H, J, and K), with each subtype phylogenetically equidistant from 

one another. Genetic recombination between these subtypes can generate further strains known 

as circulating recombinant forms (CRFs) 13, 14. The HIV-1 subtype B is the most dominant 

circulating strain in the Americas and accounts for around 10% of global infections. Subtype C is 

the most prevalent (~50% total global infections). Subtype A is ~25% of total infections 1, 11.  

 HIV transmission occurs through contact between infected bodily fluids and abrasions or 

ruptures in mucosal tissue. Upon exposure to the virus, HIV virions use the host receptor C-C 

chemokine receptor type 5 (CCR5) or to a significantly lesser extent, the C-X-C chemokine 

receptor type 4 (CXCR4), for entry into the host cell  15, 16. Once HIV enters the cell, the virus 

will unleash its viral core into the cytoplasm, which consists of two viral single-stranded RNA 

(ssRNA) genomes encapsidated by HIV structural proteins. HIV will make its way to the nucleus 

of the cell for integration of reverse-transcribed viral cDNA into the cellular chromatin. 

Successful integration of the HIV provirus can then subsequently lead to viral replication and 

spread. The first detection of viral RNA in the blood marks the end of the eclipse phase of HIV 

infection (See Figure I.A.1). During the first few weeks of infection, HIV begins to actively 

replicate at the site of initial infection and begins to spread to distant susceptible tissues and 

organs, with no detectable viremia or symptoms at this point. Primary or acute infection begins 

when virus is typically at the peak of viral RNA levels (~106-107 copies/mL) in the blood, and 

viremia is rampant (large populations of HIV-infected CD4+ T cells).  Acute infection may be 
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associated with a short symptomatic phase (fever, rashes, myalgias, and lymphadenopathy), 

however infected individuals may also be asymptomatic at this point in the course of HIV 

infection 1, 11. The immune response begins to mount a defense, dropping viral loads to steady-

state levels that are referred to as the viral set point. Set point directly correlates to patient 

clinical outcome. Both humoral (antibody-mediated response) and cell-mediated responses 

(CD8+ cytotoxic T cells) target infected cells. Most of the productively infected CD4+ T cells 

(actively replicating HIV) are eradicated via activation-induced cell death (AICD), cytopathic 

effects (CPE), or cytotoxic T-lymphocytes- (CTL)-mediated cell killing 11. CTLs eliminate 

infected cells by recognizing specific viral peptides presented by human leukocyte antigen 

(HLA) class I molecules on the cellular surface and then elicit effector mechanisms that cause 

cell killing 17. The decline in CD4+ T cell numbers, resulting from the host immune response, 

mark the end of the acute phase and beginning of the chronic infection phase. During this phase, 

viremia is stabilized to a set point. CD4+ T cell levels continue to gradually decrease due to the 

death of HIV-infected cells, leading to chronic immune modulation and inflammation. If left 

untreated, HIV infection advances to the onset of AIDS. Fortunately, decades of scientific 

advancements in the field of HIV virology and drug discovery have culminated in the 

development of effective combination antiretroviral therapies (cART), which involve a cocktail 

of antiretroviral drugs that manage and minimize HIV viral loads to near undetectable levels. 

Since the introduction of cART in 1996, treatment has been highly effective, suppressing HIV-1 

replication in infected individuals and allowing successful management of disease 10.  
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Figure I.A.1. Course of HIV Infection. HIV first infects target cells in mucosal tissues and then begins 
to spread through the lymphoid system during the eclipse phase of infection. The viral reservoir is 
established during this phase. During the acute phase, viral RNA levels become detectable after several 
days and then increase exponentially, reaching a set point a few weeks later. The adaptive immune 
response then elicits partial control. HIV infection leads to elimination of CD4+ T cells, culminating in 
immunodeficiency and chronic inflammation. The typical untreated HIV-infected individual progresses to 
death within 10 years, others astray from the mean, succumbing to viral infection more rapidly (higher set 
point) or display slower progression of infection (lower set point).The original copyrighted material was 
published by Deeks et al. 2015 1. Reprinted with permission from Springer Nature and Copyright 
Clearance Center. License number: 5095490407457.  
 

 

HIV-1 Replication Cycle  

 HIV-1 replication begins when the GP120 subunit of the HIV-1 Envelope (Env) 

glycoprotein recognizes and binds to a CD4 molecule on a CD4+ cell, which causes a 

rearrangement of the variable loops (V1-V3) within GP120 18-20. This conformational 

reconfiguration of the Env glycoprotein facilities binding to either the host CCR5 or CXCR4 co-

receptor, which is mediated by the V3 loop 21. Co-receptor binding occurs following exposure 

and insertion of the GP41 subunit into the host cell membrane, which triggers membrane fusion 
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via formation of a six-helix bundle that brings the viral and host membranes into close proximity 

22, 23.  

 Upon fusion and viral entry, the HIV-1 virion conical core is then unleashed into the 

cellular cytoplasm. The process of reverse transcription of the encapsulated viral genomic RNA 

likely begins in the cytoplasm 24, 25. During this process, the viral core travels along microtubule 

tracks towards the host nucleus 26. The resulting double-stranded DNA (dsDNA) forms a pre-

integration complex (PIC) with the viral enzyme, integrase (IN), and other cellular host factors 

27-29. The PIC likely within an intact or partially intact capsid (CA) core traverses the nuclear 

pore complex (NPC) 30, 31 to target the introns of chromatin-accessible and transcriptionally 

active genes for proviral integration 6, 32, 33. dsDNA can remain in a linear state that can be 

degraded 34, circularize to contain one or two long terminal repeats (LTRs) 35-37 (flanking 5’ and 

3’ regions of the HIV-1 dsDNA genome), or integrate into cellular chromatin to continue the 

replication cycle. Integration is the hallmark of retroviral infection, permanently inserting the 

viral genome into the targeted host chromatin. 

 For initiation of proviral integration, IN removes two nucleotides from the 3’-ends of the 

blunt-ended viral dsDNA (3’-end processing), creating 5’-end overhangs 6, 38-40. The cellular 

factor lens epithelium-derived growth factor (LEDFG/p75) mediates anchoring of the IN 

complex to the cellular chromatin 6, 41. This facilitates a concerted strand transfer reaction, a 

transesterification that cuts both strands of target DNA, simultaneously joining them to the 3’-

ends of the viral DNA molecule. This concerted strand transfer event targets a pair of 

phosphodiester bonds on the opposing strands of the target DNA across the major groove, 

approximately five base pairs (bp) apart in the host DNA 42. The 5’-end overhangs are removed, 
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and the single-stranded gaps between the 5’-ends of the HIV-1 DNA are repaired via the cellular 

DNA repair machinery 36, 43.  

 Following integration of replication-competent HIV-1 dsDNA, the integrated genome 

(provirus) can then undergo productive proviral transcription or establish a latent or “quiescent” 

non-replicative state 44-46. Mechanisms underlying HIV-1 transcriptional control and latency 

establishment will be further discussed in Chapter I.E. The cellular polymerase, RNA 

polymerase II (RNAPII), transcribes HIV-1 RNAs that will serve as either full-length viral 

genomic RNA or messenger RNAs (mRNA). Viral RNA (vRNA) can be packaged into the 

assembling virion or 5’ capped and poly-adenylated (polyA) viral mRNA can be translated into 

viral proteins via the cellular ribosomal machinery.  

 The viral accessory protein regulator of viral protein expression (Rev) mediates the 

nuclear export of vRNA oligomerizing at the rev response element (RRE), a higher-order RNA 

domain found in canonical HIV-1 transcripts 47-49. Rev bound to the RRE of viral transcripts 

interacts with Crm1 (Exportin 1) via a nuclear export signal (NES) within the C-terminus, 

mediating nuclear export of viral mRNA through the NPC 50. This complex is destabilized within 

the cytosol by hydrolysis of Crm1-associated GTP, freeing Rev to renter the nucleus by binding 

to Importin-b 51.  

 The exported transcripts encoding Gag, Gag/Pol, Vif, Vpr, and Nef are translated in 

cytosolic polysomes, while Env and Vpu are translated at the rough endoplasmic reticulum (ER) 

52. Gag and Gag/Pol proteins traffic to the cellular plasma membrane via intracellular vesicular 

pathways along microtubule tracks 53, 54. Gag monomers and dimers then assemble into 

detergent-resistant membrane microdomains 55, 56. The Gag proteins undergo conformational 

changes that promote Gag-Gag, Matrix (MA)-membrane, and Nucleocapsid (NC)-RNA 
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interactions 57, 58. Two unspliced Gag/Pol RNA transcripts are recognized by NC proteins at a 

packaging signal (j) located in the 5’-end of the viral genomes and packaged within the 

assembling virion 59-61.  

 The Env protein traffics to the host membrane independently of Gag 52. Upon arrival at 

the cellular membrane, Env interacts with the MA domain of Gag to promote Env incorporation 

into virions 62, 63. The accessory protein, viral protein R (Vpr), viral infectivity factor (Vif), and 

negative regulatory factor (Nef) are also packaged 52. As Gag continues to accumulate at 

assembly sites, immature virions bud from the host membrane using host ESCRT machinery. 

The ESCRT machinery plays vital roles in endosomal sorting, cellular abscission, and viral 

budding 64, 65. HIV-1 protease (PR), which has also been incorporated into the immature virion, 

proteolyzes the Gag and Gag/Pol proteins at up to ten different positions to produce fully 

processed matrix (MA), capsid (CA), NC, p6, PR, Reverse Transcriptase (RT), and IN proteins 

66, 67. After PR cleavage, the virion is rearranged to create a mature infectious virion with two 

HIV-1 ssRNA genomes encapsidated by a fullerene ring of CA protein and enveloped by a host-

derived lipid bilayer membrane 52.  

 Visual depiction of the HIV-1 life cycle is shown in Figure I.A.2. In addition, the Figure 

highlights critical host cellular factors that antagonize viral proteins, inhibiting viral replication 

(red boxes), as well as pharmacological inhibitors and their respective HIV-1 target proteins 

(green boxes).  In the work presented in this dissertation, I am most focused on the steps of HIV-

1 infection involved in retroviral integration (further discussed in Chapter I.4) and proviral 

transcriptional control (further discussed in Chapter I.5). I seek to improve our understanding of 

how HIV-1 integration site selection influences proviral transcriptional competence and the 

relationship between nuclear organization and HIV-1 transcription. In addition, I am interested in 
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understanding to what extent HIV-1 integration can alter chromatin architecture and how HIV-1 

may perturb local cellular transcriptional patterns. These studies are presented in more detail in 

Chapter VI.  

  

 

 

 
Figure I.A.2. Schematic of HIV-1 life cycle highlighting critical host restriction factors and classes 
of antiretroviral small molecules.  This figure highlights the main steps in the HIV-1 replication cycle. 
1) Binding of the HIV-1 virion to the CD4 receptor and co-receptors. 2) Fusion with the host membrane. 
3) Viral capsid (CA) encapsulating the vRNA genome may begin to uncoat in the cytoplasm. Recent 
evidence suggests uncoating may not take place until nuclear entry of the viral core 30, 31. Reverse 
transcription, however, likely initiates in the cytoplasm, synthesizing double-stranded viral cDNA from 
the HIV-1 ssRNA template.  4) Formation of the pre-integration complex (PIC), consisting of HIV-1 
integrase, viral dsDNA, and cellular factors that mediate translocation of the complex into the nucleus. 
Following nuclear entry, intact viral DNA can be integrated into the cellular chromatin, subsequently 
leading to proviral transcription and translation of new viral proteins. 5) Viral proteins traffic to the cell 
surface to assemble into immature viral particles. 6) The newly assembled virions bud off and are 
released. The viral particle undergoes maturation, as protease cleaves the structural polyprotein to form 
mature Gag proteins, resulting in the formation of infectious virions. The major families of antiretroviral 
compounds and the viral processes that they inhibit are shown in green (further discussed in Chapter 
I.4). Also depicted are critical HIV restriction factors (tripartite motif-containing 5α (TRIM5α), 
APOBEC3G, SAMHD1, and tetherin, which are shown in red. The corresponding viral antagonists of the 

(1) 
(2) 

(3) 

(4) 

(5) 

(6) 
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cellular restriction factors (Vif, Vpx, and Vpu) are shown in blue. Vpx is an accessory protein found in 
HIV-2, which plays a role in increasing the rate of reverse transcription in macrophages 68. The original 
copyrighted material was reproduced from Barré-Sinoussi et al. 2013 10. Reprinted with permission from 
Springer Nature and Copyright Clearance Center. License: 5097830461838.  
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1-B: HIV-1 Genome, Virion Organization, & Viral Proteins  
 
 HIV is grouped to the genus Lentivirus within the Retroviridae family 69 of viruses. HIV-

1 virions are about 100 nanometers (nm) in diameter with a lipid envelope embedded with 

trimeric transmembrane glycoproteins 52. The HIV-1 conical capsid (CA) core is composed of 

250 CA hexamers and 12 CA pentamers70-72. The CA core is further enveloped within the lipid 

bilayer. Viral dsDNA is approximately 9.7 kilobases (kb) in length. A diagram of an assembled 

and mature HIV-1 virion is shown in Figure I.B.1.  

 
 

 
Figure I.B.1 HIV-1 Virion. The viral genome is depicted above with an assembled and mature HIV-1 
particle with associated structural proteins. The original copyrighted material was published by Shum et 
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al. 2013 73 in Pharmaceuticals. This is an open access article distributed under the terms of the Creative 
Commons CC BY license. 
 

 The HIV-1 genome is flanked by two identical long terminal repeats (LTRs). Regulatory 

elements within the LTRs interact with cis-acting inducible transcription factors to direct 

assembly of stable  transcription complexes to drive processive proviral transcription via 

RNAPII  74. The HIV-1 genome encodes nine open reading frames (ORFs) in the positive-sense 

(+) orientation (coding strand of viral genome). Three of these ORFs encode the Gag, Pol, and 

Env polyproteins, which are proteolyzed into individual proteins. The four Gag proteins, MA, 

CA, NC, and p6, and the two Env proteins, surface or gp120 (SU) and transmembrane or gp41 

(TM), are the core structural components of the HIV-1 virion. The three Pol proteins, PR, RT, 

and IN are the essential viral enzymes that are also encased within the viral particle. The Pol 

protein is generated from the Gag-Pol polyprotein that is produced via a ribosomal frameshift 

that occurs approximately 5% of the time during translation 75. The HIV-1 genome encodes two 

regulatory proteins (Tat & Rev) and four accessory proteins. Three of these accessory proteins 

are Vif, Vpr, Nef, which are also found within the viral particle. An additional protein found in 

HIV-1 but not HIV-2 is Viral protein U (Vpu), which indirectly plays a role in virion assembly  

Rev and trans-activator protein (Tat) provide important gene regulatory functions 76, 77. A 

detailed schematic of the HIV-1 genome can be found in Figure I.B.2.  
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Figure I.B.2. Schematic of HIV-1 genome. The HIV-1 genome is about 9.7 kb in length. Each of the 
viral genes are depicted based on their relative orientation in the HIV-1 genome. Arrows indicate cleaved 
protein products, generated via polyprotein processing. Dashed lines represent RNA splicing. The number 
in parentheses is the molecular weight of each protein. The genomic elements and genes consist of LTR 
(long terminal repeats) flanking the 5’ & 3’ ends of the viral genome, Gag, MA (matrix), CA (capsid 
domain), NC (nucleocapsid), TF (trans-frame protein), Pol (polymerase), PR (protease), RT (reverse 
transcriptase), IN (integrae), Env (envelope glycoprotein), SU (surface membrane protein), TM 
(transmembrane protein), Vif, Vpr, Vpu, Nef, Rev, and Tat. This Figure is reproduced with permission 
from Nkeze et al. 2015 78. This is an open access article distributed under the terms of the Creative 
Commons CC BY license. This work was originally published in Cell Bioscience.  
 

 

 The HIV-1 genome also has an antisense (-) ORF (template strand of HIV-1 genome) 

encoding the putative “antisense protein” (ASP). The ASP gene overlaps the RRE and the Env 

glycoprotein. The ASP protein is a highly hydrophobic protein of about 190 amino acids in 

length. To date, the biological function(s) of HIV-1 ASP has not been established 79. In Chapter 

IV, we demonstrate applications of single-molecule RNA FISH to track expression of HIV-1 (-) 

RNA during viral infection. We discuss studies to characterize the composition of these HIV-1 (-

) transcripts and mechanistically define the functional role of HIV-1 (-) transcription in 

influencing viral replication and pathogenesis.  
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HIV-1 Structural Proteins: 

Matrix 

MA is the N-terminal protein of the Gag polyprotein and is important for trafficking Gag and 

Gag-Pol precursor polyproteins to the plasma membrane for virus assembly 80. In the mature 

virion particle, the 132 amino acid residue MA protein lines the inner surface of the viral 

membrane, stabilizing the formation of the assembling virion. MA consists of an N-terminal 

myristate group and basic residues located within the first 50 amino acids of the protein that 

allow efficient membrane-targeting. Trimerization of MA allows the three myristate groups to 

embed themselves into the lipid bilayer 76. MA may also play a role in facilitating incorporation 

of the glycoproteins into the assembling virion via interactions with the cytoplasmic tails of Env, 

however, this function of MA is not conclusive in the field 80, 81.  

 

Capsid 

CA is the second protein in the Gag polyprotein and forms the core of the virus particle, with 

~2000 molecules per virion 76. The C-terminal domain primarily functions in assembly and is 

important for CA dimerization and Gag oligomerization 82. CA relies on many virus-host factor 

interactions throughout the course of infection. The HIV-1 CA core consists of ~250 hexamers 

and ~12 pentamers assembled from CA monomers, encapsulating the viral genome. Once the 

viral core is present in the cytoplasm following viral entry, it traffics along the microtubule 

network to the nuclear envelope prior to nuclear translocation through the NPC 83. The interplay 

between CA and host co-factors such as inositol hexakisphosphate (IP6) 84, 85, Cyclophilin A 

(CypA) 86-88, restriction factors such as TRIM5α 89, and small molecules such as PF74 90-92 
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impact reverse transcription kinetics and transport of the PIC to the nucleus for HIV-1 

integration 93. CA is therefore a major structural protein involved in several aspects of the viral 

life cycle. Key questions remain regarding the molecular mechanisms regulating CA disassembly 

and CA-mediated nuclear transport of the HIV-1 PIC, however, cutting-edge innovations in live-

cell microscopy and cryo-electron tomography (cryo-ET) are unraveling critical insight into 

CA’s diverse role in HIV-1 replication 30, 31, 94.  

 

Nucleocapsid 

NC is the third protein within the Gag polyprotein and coats the vRNA genome within the CA 

conical core. The primary function of NC is to bind to the packaging signal within the vRNA 

genome, recruiting full-length vRNAs into the assembling viral particle. The core encapsulation  

or packaging signal within the RNA genome, Ψ, is composed of RNA hairpins located around 

the major splice donor site and translation initiation site 60, 61, 95. NC is a basic protein that binds 

ssRNA, leading to encapsidation of the vRNA and mitigating nuclease-mediated degradation 76. 

 

p6  

p6 is comprised of 51 amino acid residues of the C-terminal of Gag and is important for 

incorporating Vpr into the virion during assembly. p6 is also implicated in helping mediate 

efficient particle release from the cellular membrane by recruiting ALIX and TSG101 prior to 

viral budding mediated by the ESCRT machinery 96. 

 

Reverse Transcriptase 

HIV-1 RT is comprised of two subunits: a 560-residue p66 subunit with polymerase and RNase 

H activity and a 440-amino acid p51 subunit that helps stabilize the reverse transcription 
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complex (RTC) 97-98.  Reverse transcription initiates from the 3’ end of a tRNA3Lys primer 

annealed to the primer binding site (PBS) near the 5’ end of the genomic RNA 99. The 3’-end of 

the primer is positioned at the primer-binding site (P-site), and the next deoxyribonucleotide 

(dNTP) to be incorporated into the nascent RT product binds at the polymerase active site 

(nucleotide-binding site (N-site)) 100-102. At the polymerase active site, the a-phosphate group at 

the 5’-position of the incoming dNTP forms a phosphodiester bond with the hydroxyl group 

located at the 3’-position of the ribonucleotide terminating the 3’-end of the primer 101. tRNALys3 

packages inside viral particles during assembly 99. The kinetics of reverse transcription differ 

during the initiation and deoxynucleoside triphosphate (dNTP) elongation phases, becoming 

highly processive during elongation. Following tRNA-primed initiation, reverse transcription 

involves two DNA strand transfer reactions that are catalyzed by RT, leading to the synthesis of 

double-stranded cDNA from the ssRNA template 103, 104 101, 102. For several years, the general 

consensus in the field of retrovirology was that reverse transcription was completed in the 

cytoplasm prior to nuclear entry, as the CA core begins to disassemble 76. Recent live-cell 

imaging studies and high-resolution cryo-ET suggest that reverse transcription may actually 

complete in the nucleus within an intact or partially intact viral core 30, 31. Integrative approaches 

utilizing live-cell imaging, structural biology, and computational modeling are improving 

elucidation of the process of reverse transcription during the viral life cycle with high 

spatiotemporal resolution, answering critical questions related to RT kinetics, RTC cellular 

compartmentalization, and the physiological molecular context (intact CA vs. disassembled CA)  

of the reaction in the cell 105, 106.  
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Integrase 

Following reverse transcription of HIV-1 cDNA, IN catalyzes a series of reactions to integrate 

the viral genome in the cellular chromatin 29. IN first removes two 3’ nucleotides from each 

strand of the linear viral cDNA, leaving overhanging CAOH ends. The CA dinucleotide is 

conserved at the ends of multiple retrotransposons. In the second step of the reaction, the 

processed 3’ ends are covalently joined to the 5’ ends of the target DNA. Retroviral IN 

comprises three domains: 1) An N-terminal domain (NTD) containing the Zn2+-binding HHCC 

motif, 2) a catalytic core domain (CCD) containing the active site, and 3) a positively charged C-

terminal domain (CTD). All three IN domains have been implicated in multimerization and 

DNA-binding 42, 107. IN forms a tetrameric complex in its functionally relevant state 108. 

Lentiviral INs have a tight interaction with the ubiquitous chromatin-associated protein, lens 

epithelium-derived growth factor (LEDGF/p75). The cellular functions of LEDGF are not well 

characterized, however, LEDGF is an important cellular factor involved in retroviral integration 

42. In Chapter I.4, we further delve into host factor-IN interactions that influence HIV-1 

integration selection that affect downstream proviral transcriptional competency.  

 

Protease 

HIV virions budding from the cellular membrane release immature viral particles that are 

noninfectious. HIV-1 maturation requires cleavage of Gag and Gag-Pol polyproteins by PR. 

Cleavage triggers conformational rearrangements, leading to generation of the conical CA core 

encapsulating the viral ssRNA genomes. PR cleaves at several polyprotein sites to produce the 

final MA, CA, NC, and p6 proteins from Gag, as well as PR, RT, and IN proteins from Pol 76, 109. 
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Surface Env glycoproteins 

 HIV-1 Env (gp160) is a heavily glycosylated, type I membrane protein that trimerizes in 

the ER prior to being cleaved by cellular furin-like proteases to generate surface (SU, gp120) and 

transmembrane (TM, gp41) proteins 110. Viral entry begins with binding of the SU glycoprotein, 

located at the viral membrane surface, to specific cell surface receptors. The major receptor for 

HIV-1 is CD4, an immunoglobulin (Ig)-like protein expressed on the surface of a subset of T 

cells and primary macrophages. Critical co-receptors involved in entry include a group of 

chemokine receptors (family of seven transmembrane G protein-coupled receptors). 

CXCR4/fusion was the first co-receptor identified, which permits entry of T-cell tropic viruses. 

CCR5 is a major co-receptor for macrophage-tropic viruses 76, 111. Binding of CD4 to SU causes 

conformational changes in Env that facilitate co-receptor binding and subsequent viral fusion and 

entry. The variable V3 loop of SU is an important determinant of viral tropism 19, 20.  

 The primary function of the 345 amino acid residue viral transmembrane protein, TM, is 

to mediate fusion between the viral and cellular membranes following receptor binding. A 

hydrophobic N-terminal glycine-rich fusion peptide initiates fusion. Env is the major HIV-1 

target for neutralizing antibodies and thus an important candidate for targeted vaccine 

development 112.  

 

HIV-1 Regulatory & Accessory Proteins: 

Trans-activator protein (Tat)  

Tat is an essential HIV-1 regulatory protein that is expressed early in infection from multiply 

spliced viral mRNAs. Tat binds to the TAR RNA element, significantly increasing processive 
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transcription required for synthesis of full-length HIV-1 RNA transcripts for packaging and 

replication 113. The role of Tat in transcriptional elongation at the HIV-1 5’ LTR promoter may 

play an important role in transitioning the provirus from latency or to an activated state 114. Tat 

function appears to be similar to cellular activator proteins, except Tat acts directly on vRNA 

rather than directly on a DNA domain 115. The interactions at the Tat/TAR axis will be discussed 

in more detail in Chapter I-E-B. Proviral transcriptional activation leads to an increased number 

of accessible TAR RNA molecules. This results in an accumulation of Tat at the HIV-1 5’ LTR 

promoter, perhaps, triggering a positive feedback loop that facilitates maximal HIV-1 

transcriptional output.  

 

Rev 
 
The first HIV-1 mRNAs that are produced are mostly doubly spliced and encode for the Tat, 

Nef, and Rev proteins following proviral transcriptional activation. When other structural factors 

are needed for the assembly of infectious virions, singly spliced and unspliced transcripts are 

transported to the cytoplasm for translation and packaging into the viral particle. The viral 

regulatory factor, Rev, exports HIV-1 mRNA into the cytoplasm. Rev contains a leucine-rich 

nuclear export signal (NES) that allows it to shuttle between the nucleus and cytoplasm, 

interacting with nucleoporins at the nuclear pore 76, 116, 117. HIV-1 mRNA also consists of another 

highly structured, cis-acting domain known as the Rev response element (RRE). The RRE is 

~350 nucleotide sequence, located in the Env coding region of the viral genome, present in all 

canonically spliced and unspliced HIV-1 mRNA transcripts. The RRE serves as a scaffold for 

Rev oligomerization, which forms a complex that mediates export of HIV-1 mRNA from the 

nucleus to the cytoplasm, facilitating  translation of viral proteins. Rev may also play an 
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important role in the splicing pathways of viral transcripts. Rev can directly inhibit splicing by 

preventing entry of additional small nuclear ribonucleoproteins (snRNPs), RNA-protein 

complexes that form the spliceosome machinery 118.   

 

Vpr  

The viral accessory protein, Vpr, is 96-amino acids in length. In collaboration with the Lehner 

group at the University of Cambridge, we recently showed that Vpr plays a role in counteracting 

host suppression of transcription from unintegrated lentiviral cDNA by mediating proteasomal 

degradation of the Smc5/6 protein complex 119. We further detail this finding in Chapter III. 

Vpr has also previously been shown to interact with the cellular transcription factors, TFIIB and 

Sp1 120, 121 and interacts with the coactivator CREB binding protein (CBP). This directly up-

regulates proviral transcription 122. For a small protein, there are numerous biological functions 

attributed to Vpr other than enhancement of viral gene expression 119, 123 including manipulation 

of the DNA-damage response  124, 125, induction of G2/M cell cycle arrest 126, and facilitating 

nuclear import of the HIV-1 genome 127.  

 

Vpu 

Vpu is an accessory protein that plays a role in mediating Env trafficking to the cellular surface during 

assembly of viral particles. Newly synthesized Env glycoproteins (gp160), which are cleaved into SU 

(gp120) and TM (gp41), may be sequestered in the ER through interactions with CD4 molecules. Vpu 

promotes the degradation of these CD4 molecules, freeing Env protein. Vpu is 81-residues and an integral 

membrane protein with a hydrophobic membrane-spanning domain at the N-terminus and a C-terminal 

cytoplasmic tail 128, 129. Vpu has also been shown to stimulate virion release 76. 
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Nef 

Nef is a 206 amino acid protein with an NTD. Similar to Vpu, Nef reduces cellular levels of CD4 

via lysosome-mediated degradation, preventing sequestration of Env. Nef may therefore enhance 

Env incorporation into virions, promoting particle assembly. Nef can also downregulate 

expression of major histocompatibility complex (MHC) class I molecules, providing an 

immunomodulatory effect that protects infected cells from CTL-mediated elimination. About 70 

Nef molecules incorporate into a virion 130, 131. HIV-1 Nef also promotes infection by excluding 

the host factor SERINC5 from virion incorporation, redirecting SERINC5 to a Rab7-positive 

endosomal compartment 132 

 

Vif 

Vif is a 192-residue protein that has multiple functions in the replication of productive infectious 

mature virions. Vif has been shown to interact with cellular co-transcription factor (CBF- β) to 

recruit CRL5, a ubiquitin ligase complex, to bind and degrade the host restriction enzymes 

APOBEC3D (A3D), APOBEC3F (A3F), APOBEC3G (A3G), and APOBEC3H (A3H). The 

APOBEC family of cellular polynucleotide cytidine deaminases are potent inhibitors of HIV-1 

replication, causing excessive cytidine (C) to uridine (U) editing of negative sense reverse 

transcripts in newly infected cells.  APOBEC enzymes can also inhibit viral DNA synthesis by 

impeding the translocation of RT along template RNA 133, 134. Vif has also been shown to induce 

G2/M cell cycle arrest through degradation of PPP2R5s 135, 136.  
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1-C: Current Antiviral Therapies 
 
 
Reverse Transcriptase (RT) Inhibitors  
 
 The remarkable progress in cART has transformed HIV infection from a fatal to a 

manageable chronic disease with marginal to no impedance to life expectancy. The first major 

advancement in HIV therapy was introduced in 1987, when a clinical trial showed that 

azidothymidine (AZT; also known as zidovudine) decreased mortality and onset of opportunistic 

infections in patients with AIDS 10, 137. AZT inhibited the reverse transcription step of the HIV 

life cycle138. Virus resistance to AZT treatment quickly emerged, making it imperative to 

develop more compounds to target and inhibit HIV-1 replication. AZT is a nucleoside/nucleotide 

reverse transcriptase inhibitor (NRTI). NRTIs are administered as prodrugs in the patient, which 

require host cellular entry and phosphorylation by cellular kinases before they can function as 

inhibitors of HIV-1 reverse transcription 138, 139. Their structure mimics canonical nucleosides 

incorporated by HIV-1 RT. The lack of 3’-5’phosphodiester bond between NRTIs and the 

incoming 5’-nucleoside triphosphates culminates in early termination of the nascent viral cDNA 

chain. This chain termination can occur during RNA-dependent DNA or DNA-dependent DNA 

synthesis, effectively halting synthesis of viral cDNA 140, 141. FDA-approved NRTIs including 

AZT, Tenofovir disoprovil fumarate (TDF), didanosine (ddI), emtricitabine (FTC), lamivudine 

(3TC), stavudine (d4T), and zalcitabine (ddC) have proved to be effective treatment options 

against HIV-1 infection. However, viral evolution culminating in mutations (examples of early 

RT mutations include K65R, Y115F, L74V, Q151M) within RT catalytic domains conferred 

antiviral resistance. This thus allowed HIV-1 strains to emerge with low susceptibility to once 

potent NRTI treatments 142. HIV-1 resistance to NRTIs can be attributed to NRTI discrimination 

(worsening NRTI incorporation efficiency relative to the natural dNTP pool) and NRTI excision 
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(nucleoside analog gets excised from nascent vRNA chain allowing reverse transcription to 

continue) 142.  

 Novel second-class RT inhibitors were more potent and long-acting small molecules that 

were developed with hopes of reducing the escape potential of viruses. 4’-Ethynyl-2-fluuoro-2’-

deoxyadeonosine (EFdA, MK-8591, or islatravir) is a very promising RT inhibitor in phase III 

clinical trials 143-145. EFdA has an extremely impressive biostability conferred by a 2-fluoro 

group, which prevents metabolism and degradation by adenosine deaminase, which targets 

adenosine-based nucleoside analogs, as well as adenosines. In addition, EFdA also contains a 4’-

ethynyl (4’E), and 3’-OH 146, 147. The retention of the 3’-OH is novel amongst current HIV-1 RT 

inhibitors. The 4’-E group stabilizes the molecule into a conserved hydrophobic pocket at the 

polymerization active site 147. EFdA inhibits reverse transcription primarily by blocking RT 

translocation. EFdA is therefore known as a nucleoside reverse transcriptase translocation 

inhibitor (NRTTI). EFdA blocks translocation through immediate chain termination (ICT) and 

delayed chain termination (DCT). During ICT, RT is arrested immediately following 

incorporation of EFDA-monophosphate (EFdA-MP), and the 3’-end of the primer remains bound 

and locked at the pre-translocation site (N-site) 144, 145. During DCT, EFdA-MP is incorporated 

into the 3’-end of the primer and translocates to the P-site, thus allowing incorporation of an 

additional single nucleotide before chain termination. The Sarafianos group has contributed 

extensive biochemical, structural, and cell-based characterization of EFdA to define these 

mechanisms of action 144-147. Current FDA-approved NNRTIs include etravirine, delavirdine, 

efavirenz, and nevirapine 141, 142.  
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Integrase Inhibitors 

 A class of compounds  “coined” integrase strand transfer inhibitors (InSTIs) target the 

strand transfer reaction of HIV-1 integration  38, 40. Functionally, InSTIs interfere with binding of 

IN to viral cDNA ends, interfere with IN oligomerization, affect 3’-P activity, and can inhibit 

protein-protein interactions between IN and cellular cofactors 29. Raltegravir (RAL), MK-0518, 

was FDA-approved in 2007, and a current InSTI commonly prescribed, robustly inhibiting HIV-

1 proviral integration 148. The common mechanism of action of InSTIs is binding to a specific 

complex between integrase and the viral DNA and chelation of two essential Mg2+ ion cofactors 

in the integrase catalytic site 39, thus abrogating integration. The emergence of resistance 

mutations drove the development of second-generation of InSTIs, including elvitegravir (EVG) 

148 and dolutegravir (DTG) 149, which are both FDA-approved for treatment against HIV/AIDS.   

 Another class of integrase interacting compounds includes allosteric INIs (ALLINIs). 

ALLINIs bind to a site distinct from the active site but still manage to inhibit critical protein-

protein interactions of HIV-1 IN and cellular cofactors 150. When ALLINIs bind to an allosteric 

site, they induce major structural changes to the catalytic site 151. Since ALLINIs target a distinct 

site than InSTIs, the two classes of IN inhibitors experience a different resistance profile 152. The 

majority of ALLINIs target the IN-LEDGF interaction 153.  

 

Protease Inhibitors  

The HIV-1 protease is an essential viral factor involved in virion maturation, cleaving the viral 

Gag and Gag-pol polyproteins to generate the mature proteins and CA conical core 109.  Due to 

the relatively small size of HIV-1 PR (11 kilodalton (kDa)), it was initially expected that 

resistance to PR inhibitors would be rare. However, resistance quickly emerged with 
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polymorphisms found in 49 of the 99 codons of the PR gene 154. FDA-approved PR inhibitors 

include amprenavir (APV, Agenerase), atazanavir (ATZ, Reyataz), darunavir (TMC114, 

Prezista), fosamprenavir (Lexiva), indinavir (IDV, Crixivan), lopinavir (LPV), nelfinavir (NFV, 

Viracept), ritonavir (RTV, Norvir), saquinavir (SQV, Fortovase/Invirase), and tipranavir (TPV, 

Aptivus) 141.  

 

Capsid-Targeting Compounds 

In the Sarafianos group, we have considerable interest in the development of potent CA 

inhibitors that block viral replication. CA inhibitors can inhibit viral replication via two distinct 

mechanisms of action: 1) disruption of CA-CA interactions, altering overall core stability and 2) 

compete against the nucleoporin, Nup153, and cleavage and polyadenylation specificity factor 6 

(CPSF6), both cellular host factors that are required for the nuclear import of the HIV-1 PICs. 

CPSF6 also plays a role in integration site selection 91, which will be further discussed in 

Chapter I.4. A promising CA-targeting molecule, GS-6207, inhibits HIV-1 by stabilizing and 

preventing functional disassembly of the CA shell in infected cells. GS-6207 tightly binds two 

CA subunits and promotes distal intra- and inter-hexamer interactions that stabilize the curved 

CA lattice. GS-6207 also interferes with CA-host factor interactions (Nup153 & CPSF6) 155. 

 

HIV-1 Vaccine Development   

One of the many challenges in developing a preventive HIV-1 vaccine is the lack of a known 

correlate of protection. Despite a strong immune response against HIV infection, infected 

individuals do not eliminate the virus or the determinantal effects that are associated, as in other 

infectious diseases 1. The development of protective and neutralizing antibodies through 
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vaccination is challenging, attributed to the significant sequence diversity in Env proteins and 

differential glycosylation patterns seen across HIV-1 glycoproteins. The RV144 HIV vaccine 

efficacy trial showed evidence of protection. This vaccine regimen showed a 31% reduction in 

HIV acquisition among 16,000 Thai men and women over a 3.5-year period. Interestingly, 

analysis of this trial suggested that non-neutralizing antibodies were playing a significant role in 

protection with high titers of IgA antibodies correlating with reduced vaccine efficacy. Perhaps, 

infection was inhibited through antibody-dependent cell-mediated cytotoxicity, rather than direct 

neutralization 1, 156.  
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1-D: HIV-1 Proviral Integration 
 

1-D-a: Cellular & Viral Factors that Compose the Pre-Integration Complex 
 
 The intasome, a higher-order nucleoprotein complex composed of IN and the ends of 

viral dsDNA, mediates proviral integration 6, 108, 157. The interactions between the HIV-1 

intasome and cellular host proteins, as well as other viral factors are critical for efficient nuclear 

entry of the PIC and integration site selection. The CA conical core, encapsulating the PIC, 

interacts with several nucleoporins, including Nup358 and Nup153, and other cellular factors 

such as cleavage and polyadenylation specificity factor 6 (CPSF6). These CA-host interactions 

facilitate nuclear entry of the viral core 33, 158. CPSF6 frees the core from the NPC and mediates 

progression of the PIC beyond the nuclear periphery for proviral integration 159.  

 The HIV-1 PIC also interacts with LEDGF/p75, which directs integration into the interior 

of gene bodies, favoring HIV-1 integration into the introns of transcriptionally active and 

chromatin-accessible genes 160, 161. LEDGF/p75, a chromatin-associated cellular protein, was first 

identified as a tight interactor of lentiviral INs, playing an important role in HIV-1 replication 

and stimulating IN catalytic efficiency in vitro 162, 163. LEDGF tethers HIV-1 intasomes to 

chromatin, protecting the viral genome from degradation and thus also strongly influencing the 

genome-wide pattern of HIV integration 29, 160. Depletion of LEDGF from cells impairs viral 

infectivity 161. A schematic of the interactions between the HIV-1 PIC, LEDGF, and cellular 

chromatin are depicted in Figure I.D.1. The HIV-1 PIC interacts with the integrase-binding 

domain (IBD) of LEDGF, which remains tethered to cellular chromatin. While the association 

between IN-LEDGF interactions mediating integration efficiency and integration site selection 

have been established, the role nuclear architecture and other chromatin factors play in 

influencing integration site selection and proviral transcriptional capacity have not been well 
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elucidated. Questions remain regarding what DNA domains or other chromatin-associated 

proteins are perhaps binding at the PWWP domain of LEDGF, mediating the anchoring of the 

intasome complex to cellular chromatin.  

 A putative important interactor with the IN-LEDGF/p75 complex influencing integration 

efficiency and site selection is the protein complex Facilitates Chromatin Transcription (FACT), 

a heterodimer composed of SSRP1 and Spt16 subunits 41, 164. FACT has been biochemically 

shown to interact with the PWWP domain of LEDGF and the LEDGF-IN complex via co-

immunoprecipitation (co-IP) 164. A proteomics screen of the HIV-1 IN interactome also 

identified FACT as a strong interactor with the intasome complex in cellulo following de novo 

infection 41. Further studies using  in-vitro concerted integration assays, demonstrated that the 

FACT complex improves integration efficiency at H3/H4 histone tetramers of reconstituted 

chromatin by increasing chromatin accessibility by promoting nucleosome disassembly 41. 

Recent atomic cryo-EM structures of FACT complexed with subnucleosomes revealed that 

FACT engages in extensive interactions with nucleosomal DNA 165, promoting nucleosome 

disassembly during gene transcription and reassembly during DNA repair 166. Pharmacological 

inhibition of FACT-mediated nucleosome assembly improved HIV-1 integration efficiency in 

cellulo, further demonstrating that chromatin structure plays a critical role in proviral integration 

and the HIV-1 life cycle 41.  Early studies highlighting this potential important HIV-host 

interaction warrants further mechanistic investigation of FACT-mediated chromatin remodeling 

and HIV-1 integration. Understanding the interaction network between HIV-1 IN and nuclear 

proteins can provide insight into cellular factors influencing HIV-1 transcriptional control and 

latency establishment.  
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Figure I.D.1. Model of pre-integration complex (PIC) directed to chromosomal DNA for integration 
mediated via direct interaction with the host factor, LEDGF. LEDGF (pink) interacts with the PIC at 
the C-terminal integrase-binding domain (IBD) and with an unidentified chromatin factor at the N-
terminal PWWP domain (gray box). Interactions at the PWWP interface with putative chromatin factors 
may influence HIV-1 integration site selection and local chromatin structure in the vicinity of integrated 
vDNA 41, 164. Figure is reused from Hare et al. 2009 42 with permission under an open access Creative 
Commons CC BY license.   
 

 

1-D-b: Determinants of Integration Site Selection  
 

 The first genome-wide studies of HIV-1 integration site selection revealed that the 

retrovirus has a preference for integrating into gene-dense regions with highly expressed genes 

167. The advent of epigenomic profiling further revealed that HIV-1 integrates into regions with 

active chromatin marks such as H3K4me1, H3K36me3, H4K15a, H3K27ac and disfavors 

heterochromatin markers such as H3Kme3, H3K27me3, and lamina-associated domains (LADs) 

168, 169. Comparisons of HIV-1 integration frequency into specific genes across multiple studies 

revealed the presence of recurrent integration genes (RIGs) or integration “hotspots” 170. 
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Fluorescence-based cytological imaging of RIGs and HIV-1 proviruses in activated CD4+ T 

cells revealed that HIV may be targeting genes at the nuclear periphery for integration, 

suggesting HIV-1 may be targeting specific nuclear structures 169-171. The idea of HIV targeting 

the nuclear periphery is contentious with multiple studies also demonstrating that PICs 

accumulate throughout the nucleus (pan-nuclear distribution) prior to integration 159, 172-174. 

Activation of CD4+ T cells leads to significant rearrangements in nuclear architecture and 

cellular cytoskeleton networks 175. RIG distribution in resting T cells was disperse throughout the 

nucleus, however, activation resulted in RIG relocalization closer to the nuclear periphery 170. 

The implications of this nuclear reorganization on HIV integration site targeting are not clear. 

Integration occurred at a similar frequency in resting vs. active T cells, however, integration in 

resting T cells occurred in less gene-dense regions to a marginal extent relative to integration in 

active T cells 176.  

 More recent studies utilizing in-situ imaging of HIV-1 nucleic acid and integration site 

analysis have demonstrated that HIV-1 PICs accumulate at nuclear speckles and have a 

preference for integrating into speckle-associated domains (SPADs), regions enriched with 

transcriptional machinery 94. Integration site analysis in Lucic et al. 2019 suggests that super-

enhancers (SEs), genomic regions enriched in enhancers, active epigenetic marks such as 

H3K27ac and H3K4me1, and transcription factor binding sites, are enriched for RIGs 170. The 

precise mechanism of PIC-targeting to these specific nuclear features are not well understood; 

however, these studies highlight the importance in unraveling the relationship between nuclear 

organization, HIV-1 integration site selection, and proviral transcriptional competence.  

 Ablation of IN-LEDGF/p75 interactions resulted in HIV-1 integration favoring interior 

regions of gene bodies towards the gene 5’ end rather than towards more promoter-distal introns 
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177, 178. LEDGF/p75 interacts with numerous mRNA splicing factors, perhaps mediating HIV-1 

integration site targeting via interactions with cellular mRNA splicing machineries 178. Knock-

down (KD) of LEDGF on the cell appears to have less of an effect on integration frequency 

compared to cellular depletion of NPC-related factors 179. Results from fluorescence imaging of 

HIV-infected cells have provided great insight into the role of CA protein in HIV-1 integration 

site targeting. Depletion of CPSF6 or infection with CA mutants (N74D and A77V) that 

attenuate interactions with cellular factors resulted in PIC and viral dsDNA accumulation in the 

peripheral region of the nucleus, often in the transcriptionally repressed LADs 94, 158, 159, 180. 

These studies suggested that perhaps ablation of critical HIV-1 CA/IN-host factor interactions 

could influence aberrant integration site selection, which may lead to the establishment of latent 

infection. Barcoded viruses that facilitate multiplexed identification of HIV-1 integration sites 

and gene expression levels at these respective integration sites have shown that latent HIV-1 

proviruses are more distal from active epigenetic marks compared to productive integrated viral 

genomes 181.  Battivelli et al. surveyed integration sites of productive (transcriptionally active), 

latent but reactivatable, and latent but not reactivatable HIV-1 and found that productive and 

reactivatable proviruses integrate into indistinguishable chromatin environments, enriched in 

active epigenetic markers and “open” chromatin 32. This result suggested that, perhaps, 

superficially, integration site selection of productive and reactivatable proviruses are similar; 

however, subtle differences in higher-order chromatin architecture may be influencing viral 

latency and HIV-1 transcriptional control. In Chapter VI, we aim to identify critical higher-

order chromatin and transcriptional signatures associated with active HIV-1 proviruses, assessing 

chromatin reorganization in response to proviral transcriptional activation at defined sites of 

integration. 
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1-E: HIV-1 Latency & Proviral Gene Expression 

 

1-E-a: Establishment of the Latent Reservoir 
 
 Complete eradication of HIV-1 disease in the infected host is hindered by the 

establishment of latently infected reservoirs of resting CD4+ T cells. Within these latent cell 

populations, intact viral cDNA has been integrated into the host genome, yet HIV remains 

transcriptionally inactive. Consequently, these infected cells evade immune responses and 

treatment, enabling HIV to persist within the infected host 182-185. Latent proviruses may be 

inactive but can undergo reactivation, leading to proviral transcriptional activation and 

subsequent viral replication. HIV latency is therefore a major obstacle in uncovering a functional 

cure.  

 Viral loads in infected patients on effective cART may reach below the threshold 

required for detection by PCR (<50 copies/mL), however, the virus can quickly rebound in 

patients that cease treatment 186, 187. Kinetically, the latent reservoir is established within days 

after infection. The estimated stability of latently infected resting memory CD4+ T cells in 

patients receiving suppressive therapy has a half-life of ~44 months 188. Homeostatic 

proliferation of memory CD4+ T cells makes them a good source for latent infection, and 

reactivation of latently infected cells allows for rapid and stealthy expansion of the viral pool. 

Latent reservoirs are found in lymphoid tissues, bone marrow, genital tract, the brain, and 

circulating blood 189. It is estimated that while on continued cART, a patient would not achieve 

eradication of HIV-1 infection until about 70 years of treatment 188, 190, 191.  Earlier attempts to 

measure the latent reservoir used PCR-based methods that overestimated the size of the 

reservoir, as the majority of latently infected cells in vivo harbor replication-incompetent or 

“defective” proviruses 192-195. Defective genomes have deletions or ABOBEC-mediated 
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hypermutations, thus making them incapable of supporting virus replication. Defective viral 

genomes are estimated make up  ≥ 98% of total integrated proviruses in patient cells 192, 196. 

While these defective proviruses are not contributing to viral rebound, transcriptional activity 

from defective proviruses contributes to sustained immune activation and inflammation 194, 197.  

The frequency of a latently infected cell in a patient is approximately one per 106 cells 198. 

Although this appears to be a rare incidence, the persistence of latent infection remains the major 

barrier to eradication of infection. A significant fraction of persistently infected cells in patients 

have been shown to be clonally expand, allowing a small cell population of inducible, 

replication-competent proviruses to potentially reseed the active viral reservoir if cART is 

interrupted 196, 199, 200. Studies have demonstrated that sufficient intact proviruses exist in clonally 

expanded populations of cells to sustain this viral rebound 201-203.   

 The precise mechanism(s) responsible for the establishment of latent infection is not 

clear. HIV-1 primarily infects activated CD4+ T cells but also infects resting T cells in-vitro. The 

latent reservoir may be established by infection of activated effector CD4+ T cells that then 

transition to a resting state. This transition to a resting memory state is called the effector-

memory-transition (EMT)  46, 204, 205. As discussed in the previous chapter (Chapter I.4), 

integration site selection influences the status of latency, highlighting the importance in 

determining the role nuclear ultrastructure plays in mediating HIV-1 site selection and 

transcription. Multiple studies have shown that HIV RIGs are found within SEs, SPADs, or other 

highly active genomic compartments that are dynamic and prone to major structural 

reorganization, suggesting that remodeling of chromatin architecture around proviral sites of 

integration may be important for driving or sustaining HIV-1 transcriptional activation 94, 170. In 

addition to integration site selection and local proviral nuclear environment,  several other 
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cellular factors within the infected host cell have been shown to suppress HIV-1 replication post-

integration.  

 The host transcription factor, nuclear factor kappa-light-chain-enhancer of activated B 

cells (NFkB), can be sequestered in the cytoplasm by NF-kappa-B inhibitor beta (IkBa), 

preventing localization and occupancy at the HIV-1 LTR promoter 206, 207. Phorbol myristate 

acetate (PMA) and ionomycin (Io) in combination robustly activate protein kinase C (PKC) and 

downstream effectors that lead to the release of NFkB from IkB, which facilitates NFkB 

translocation into the nucleus 208, 209. Prostatin (Pro) and byrostatin (Byro) are latency-reversing 

agents (LRAs) that act as agonists of PKC by directly binding to IkBa, blocking NFkB 

cytoplasmic sequestration 210, 211. The provirus may also be silenced by repressive epigenetic 

marks at the Nuc-0 and Nuc-1 nucleosomes flanking the HIV-1 5’ LTR, causing the proviral 

promoter to become tightly wound and inaccessible from host transcription factors 212. 

Repressive chromatin marks such as H3K9me3, H3K27me3, and CpG methylation may be 

enriched at latent proviruses 181, 213-216. Trans-acting chromatin factors have been implicated in 

facilitating the recruitment of histone deacetylases (HDACs), polycomb repressive complex-2 

(PRC2), and other repressor complexes to the core HIV-1 5’ LTR promoter 217, 218. 

Bromodomain protein BRD4 occupancy is normally associated with processive transcription; 

however, BRD4 occupancy proximal to the HIV-1 5’ LTR promotes latency by engaging 

repressive SWI/SNF chromatin remodeling complexes, leading to a reduction in proviral 

chromatin accessibility 219.  

 Interference of HIV-1 transcription caused by active host gene expression and provirus 

orientation relative to the flanking host gene have also been proposed to influence latency 220-222. 

It has been proposed that if the provirus and host gene are in opposite transcriptional 
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orientations, convergent transcription causes proviral gene expression to be prematurely 

terminated due to the collision of RNAPII transcription complexes originating from both the 

oppositely-oriented HIV-1 5’ LTR and flanking host gene promoters 222. In Chapter VI, we 

interrogate HIV-host transcriptional landscapes at defined sites of integration to understand how 

proviral orientation and host-driven transcriptional read-through are influencing HIV-1 

transcriptional states. Factors of the mTOR complex and related downstream effectors have also 

been shown to influence latency, possibly via TCR/CD28 signaling or NFkB activation 223. 

Interestingly, a recent study has shown that proviruses from elite controllers (patients with low 

viral setpoint), a small subset of infected patients that can control their viremia in the absence of 

cART, have integrated into heterochromatin such as centromeric satellite DNA 224. 

Understanding the molecular mechanisms that confer increased differential integration into 

heterochromatin for the elite controller populations may provide insight into factors that 

influence proviral transcriptional competency and the overall relationship between integration 

site selection and viral transcriptional output.  

 Transcriptional heterogeneity has been observed in both latently infected clonal CD4+ T 

cells 185 and primary resting CD4+ T cells 192. In a population of clonally expanded primary T 

cells, reactivation or latency reversal occurs in only a small fraction of the cells. Single-cell 

RNA-seq (scRNA-seq) has been applied to reveal the heterogeneity present even within a clonal 

population of cells, potentially suggesting that state of the cell influences proviral gene 

expression over HIV-centric mechanisms 225. Other models suggest the HIV-1 transcriptional 

program is a Tat feedback loop, where stochastic Tat fluctuations drive entry into latency 114, 226, 

227.  
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 Specific integration sites have been linked to persistence and clonal expansion of infected 

cells in patients on long-term cART 199, 200, 228. Integration into specific regions of MKL2, 

BACH2, and STAT5B are highly enriched in primary patient samples 196, 199, 200. These genes play 

a role in tumorigenesis, T cell homeostasis, immune signaling, and B cell development 229-231.  

  

1-E-b: HIV-1 Transcriptional Regulation 
 
 
 The HIV-1 LTR promoter (636 base-pairs (bp)) can be subdivided into four functional 

domains: 1) a base core promoter with a canonical TATA element composed of three tandem 

Sp1 binding sites along and an enhancer element containing two binding sites for the 

transcriptional nuclear factor kappa B (NF-κB) , 2) an upstream regulatory region containing 

elements necessary for cell type-specific expression, and 3) a downstream regulator region 

containing secondary enhancer elements 74, 232.  The U3 and R regions of the proviral 5’ LTR act 

as the viral promoter. Although the 5’ and 3’ LTRs have identical sequences, simultaneous 

transcription from both LTRs is highly inefficient due to the interference of the U3 region by (+) 

transcriptional complexes that terminate RNA synthesis at the R/U5 junction 233. The 5’ LTR 

also encodes a novel RNA, the trans-activation response (TAR) element, located directly 

downstream the transcription initiation site. The TAR sequence consists of a 59-nucleotide RNA 

stem-loop structure that forms a trans-activator protein- (Tat)-binding molecular scaffold at the 

5’ end of all canonical HIV-1 transcripts 232, 234. Interaction between Tat protein and TAR RNA 

elements promote formation of super-elongation complexes (SEC) that drive processive HIV-1 

transcription 218.  

 In the absence of Tat, proviral transcription can still initiate with the formation of stable 

transcription complexes, however, transcription prematurely terminates, generating only short 
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abortive transcripts. The majority of mammalian protein-encoding genes have an occupied 

RNAPII at the promoter proximal region, poised for transcription 235, yet promoter proximal 

pausing leads to the formation of short transcripts that accumulate following abortive RNAPII 

escape. In HIV-1 transcription, short transcripts are generated by processing of TAR RNA by 

termination factors Setx and Xrn2 and the 3’ to 5’ exoribonuclease, Rrp6 236.   

 The negative elongation factor (NELF) and the DRB sensitivity-inducing factor (DSIF) 

block productive HIV-1 transcriptional elongation in the absence of Tat. DSIF is a two-subunit 

complex comprised of Spt4 and Spt5, which are recruited to newly initiated transcription factors 

and promote 5’ capping 237. Spt5 directly interacts with nascent RNA and facilitates the 

recruitment of NELF 238. NELF forces premature termination, and thus, shRNA KD of NELF 

leads to enhanced basal HIV transcriptional activity 239, 240. The switch from promoter proximal 

pausing to processive proviral transcription is mediated by Tat and the positive transcription 

elongation factor (P-TEFb). P-TEFb is comprised of the CDK9 serine/threonine kinase and 

cyclin T 241, 242. Structural studies have shown that the binding of Tat to CDK9/cyclin T1 (P-

TEFb) allows the viral factor to establish partial helical secondary structure and induces 

conformational changes in P-TEFb which allows stable binding of Tat and the cyclin T1 subunit 

to TAR 242, 243. Recruitment of P-TEFb at TAR enables CDK9 to phosphorylate NELF, leading 

to NELF disengagement from TAR RNA and the paused polymerase complex 239. CDK9 also 

hyper-phosphorylates the carboxy terminal domain (CTD) of RNAPII at Ser2 and Ser5 residues 

of the heptad repeats and homologous heptapeptide repeats of Spt5 at Thr4 residues to convert 

Spt5 into a stimulatory elongation factor 244-246. The effect of Tat and P-TEFb is thus to remove 

the “roadblocks” to elongation imposed by NELF and DSIF, promoting processive proviral 

transcription.  
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Figure I.E.1. Regulation of productive HIV-1 transcription. Transcriptional control at latent HIV-1 
proviruses. Latent proviruses have higher enrichment of histone deacetylases (HDACs), histone 
methyltransferases (HMTs), and associated repressive modifications at Nuc-1 at the HIV-1 5’ 
transcriptional start site (TSS). The deacetylated HIV-1 chromatin becomes a target for additional 
epigenetic silencing via recruitment of polycomb repressive complex-2 (PRC2), which induces histone 
methylation. Viral transcripts are prematurely terminated, and there is an accumulation of 
transcriptionally paused polymerase complexes due to the absence of the viral protein Tat. Escaping 
RNAPII complexes induce abortive transcription due to NELF (A).  Transcriptional activators at 
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productive HIV-1 proviruses. Proviral transcriptional initiation is driven by NF-κB/NFAT activity and 
associated co-activators such as p300. The transitioning of the stalled polymerase into processive 
elongation requires recruitment and activation of P-TEFb kinase activity. Tat is a trans-acting viral factor 
that helps elicit HIV transcriptional elongation by recruiting P-TEFb to the paused complex at the HIV-1 
TAR RNA hairpin. The assembly of the SEC leads to hyper-phosphorylation of the CTD of RNAPII, 
facilitating processive transcription at the HIV-1 provirus (B). The original copyrighted material was 
reproduced from Mbonye et al. 2014 10. Reprinted with permission from Elsevier and Copyright 
Clearance Center. License: 5098551131161.  
 
 
 

 HIV-1 exhibits a diverse transcriptome, utilizing the cellular spliceosome machinery. 

Alternative splicing of HIV-1 mRNAs increases viral protein coding potential and controls the 

dynamics of viral replication 247, 248. Full-length HIV-1 serves as the genome or as an mRNA that 

can undergo splicing using four donors and 10 acceptors to create over 50 physiologically 

relevant transcripts in two size classes (1.8 kb and 4 kb) 249. A schematic depicting HIV-1 

splicing diversity can be seen in Figure I.E.2.  
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Figure I.E.2. Schematic of HIV-1 splicing and transcript diversity. The HIV-1 ORFs are shown as 
grey boxes. The LTRs are located at both ends of the HIV-1 genome and are depicted in a three-color 
code: U3 (grey), R (black), and U5 (white) (A). Positions of 5’ and 3’ splice sites (ss). The RRE 
corresponds to the binding site of Rev, which mediates HIV-1 mRNA export of unspliced and intron-
containing transcripts to the cytoplasm for translation (B). The unspliced 9 kb mRNA is expressed from 
the 5’ LTR promoter, serving as genomic RNA or cods for Gag and Pol. Leader exon 1 is non-coding but 
is present in all transcript variants. Alternative splicing of non-coding leader exons 2 and 3 and 
subsequent insertion lead to alternatively spliced mRNAs. Intron-containing transcripts are marked with 
an “I” (C-F). Additional splicing occurs for the 2 kb mRNA class (E) between splice sites D4 and A7, 
which leads to the absence of the RRE in these mRNAs. Recognition of the alternative splice acceptor 
A8, the 1 kb mRNA is formed (F). Other alternative transcripts encoding for protein isoforms of Rev4b 
and Env-gp41 C-terminus originating from splicing at the D2b site (G). The original copyrighted material 
was reproduced from Sertznig et al. 2018 250 and originally published in Virology. Reprinted with 
permission from Elsevier and Copyright Clearance Center. License: 5102820643273.  
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1-E-c: Therapeutic Strategies to Target the Latent Reservoir  
 
 Current strategies for HIV-1 eradication include induction of HIV-1 gene expression to 

expose latently infected cells for immune clearance, which is known as the “shock-and-kill” 

approach 251. Small molecule compound library screens have identified drugs that can reactivate 

latent HIV-1 proviruses, which have been “coined” latency-reversing agents (LRAs) 251. 

However, none of these LRAs have reached a durable HIV-1 remission in clinical trials. HIV-1 

gene expression is not deterministic. Maximal T cell activation only reactivates a small 

percentage of latently infected cells, due to the stochastic fluctuation of Tat expression 114, 227. 

The stochastic nature of HIV-1 transcriptional activation makes the design of effective LRAs 

very challenging, and there is therefore a need to identify pharmacological compounds that can 

modulate the fluctuations of proviral gene expression.  

 T cell activation remains the most robust way to reactivate HIV-1 proviruses, however 

the systemic side effect and potential of increasing the proliferative capacity of HIV-infected 

cells makes global T cell activation not amenable for clinical use 252. Drug screens testing HIV-1 

latency reversal potential identified multiple viral and cellular pathways mediating proviral gene 

expression. HIV-1 can be reactivated by increasing Tat-dependent transcriptional elongation by 

inhibiting BRD4 interaction with the P-TEFb. JQ1, a bromodomain and extra-terminal (BET) 

inhibitor, blocks the interaction between BRD4 and P-TEFb, thus increasing P-TEFb occupancy 

at the HIV-1 5’ LTR promoter 219, 253. Other LRAs modulate the epigenetic environment around 

the provirus such as HDAC inhibitors (vorinostat 254, suberoylanilide hydroxamic acid (SAHA) 

255, panobinostat 256, and romidepsin 257). Cellular pathways that modulate latency reversal to an 

extent include NF-κB activation through Toll-like receptor (TLR) activation (TLR1/2 agonist 

Pam3CSK4 258), noncanonical NF-κB activation (SMAC mimetics 259, 260), PKC activation 
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(bryostatin 261), and other pathways such as reactive oxidative stress inducer (juglone 262). Other 

recent studies have shown a positive association between administration of stress-inducing 

compounds and latency reversal in primary T cell models 263, 264. In Chapter VII.5, we begin to 

investigate how the cellular heat shock response increases the frequency of latency reactivation.  

 

 
 
 
 
Figure I.E.3. ‘Shock & kill’ strategy to purge the latent reservoir using latency-reversing agents 
(LRAs) that activate processive proviral transcription. ‘Shock-and-kill’ reverses latency by inducing 
proviral gene expression, resulting in the production of viral proteins and eventual host-mediated 
clearance of the virus-infected cell. CTLA4, cytotoxic T lymphocyte antigen 4; HDAC, histone 
deacetylase; PD1; programmed cell death protein 1; PKC, protein kinase C; TLR, Toll-like receptor. The 
original copyrighted material was published by Deeks et al. 2015 1. Reprinted with permission from 
Springer Nature and Copyright Clearance Center. License number: 5095490407457.  
 
 
 
 
 Pharmacological compounds that also suppress HIV-1 gene expression  and replication 

have been characterized for their abilities to block latency reversal. These compounds include 

CDK9 inhibitors (flavopiridol 265), mTOR inhibitors such as rapamycin 223 that inhibit NF-κB 

activation, JAK inhibitors (filgotinib 265 and ruxolitinib 266), and RNA splicing inhibitors 

(filgotinib 265). This strategy of blocking latency reversal is called “block-and-lock”, which aims 
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to permanently lock the virus into a transcriptionally silent or deep latent state, ablating viral 

rebound upon cessation of cART 267. Perhaps, compounds that can influence the integration of 

HIV-1 into transcriptionally repressed chromatin environments (e.g., centromeres, LADs) can 

ensure permanent silencing of any replication-competent provirus. Compounds that interfere 

with IN and LEDGF/p75 interactions (“coined” LEDGINs) 268 shifts integration preference 

toward the inner nucleus compared to wild-type (WT) integration. Small molecules that also 

interfere with CPSF6 and viral CA interactions may modulate integration site selection 159. Other 

compounds that interfere with chromatin remodeling and viral transcriptional activators such as 

Tat are also potentially promising therapeutic targets for inducing long-term proviral suppression 

269.  

 
 

1-E-d: Molecular & Cellular Toolbox for Mechanistic Latency Studies  
 

Latency Cell Lines  

HIV-1 latency studies have been hindered by the fact that only a small percentage of cells 

become latently infected in vivo 270. In-vitro latency cell models have been developed to 

circumvent this issue. However, notable differences exist among different latency cell model 

systems, including differential reactivation profiles, disparities in T-cell subsets being 

represented, genetic composition of viruses employed (WT to functional deletions), and 

differences in experimental approaches taken to generate latent infection in these models 270-272. 

The variability across these cell models make it difficult to reliably predict LRA efficacy that is 

consistent across the different latency models, as well as efficacy within infected patient cells 

tested ex vivo. The model developed by Bosque et al. 272, derived from central memory CD4+ T 

cells (TCM), are highly responsive to stimuli that activate the nuclear factor of activated T-cells 
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(NFAT). J-Lat clones developed in the Verdin lab 185 tend to be highly responsive to stimuli that 

activate NF-κB (PKC agonists & TNF-α). While these models may not be ideal for testing LRA 

efficacy relative to primary infected cells taken ex vivo, the signaling pathways that activate 

these latency cell lines are capable of reactivating latent primary CD4+ T cells, suggesting they 

may be a useful tool for mechanistic latency studies. Multiple characterized cell models from the 

Greene 273, Lewin, 274 Planelles 272, Siliciano 262, and Verdin 185 groups have been developed and 

applied to latency studies. The Verdin group has generated a number of Jurkat T cell line-derived 

clones of J-Lat cells, harboring latent HIV-1 in single and defined integration sites. The provirus 

was engineered to express GFP in lieu of Nef, therefore, enabling facile identification of 

transcriptionally activated 5’ LTR promoters 185. The J-Lat cell model contains WT Tat and 

TAR. For our studies presented in Chapter VI, we use different inducible J-Lat clones to study 

chromatin organization and transcriptional patterns at defined sites of proviral integration. The 

benefit of having an inducible clonal system with a unique and mapped integration site allows us 

to assess how local nuclear environment is influencing HIV-1 transcriptional state. In Figure 

I.E.4, we show the reactivation profiles of four J-Lat clones (10.6, 8.4, 9.2, 15.4), all with 

distinct sites of integration (highlighted in Table I.1). These clonal J-Lat cells are treated with a 

diverse panel of LRAs.  
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TABLE I.1. Integration site and transcriptional orientation of provirus and respective host gene. 
Table adapted from Symons et al. 275.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure I.E.4. Reactivation profiles of four distinct J-Lat clonal models treated with a diverse panel 
of LRAs. Reactivated cells were GFP+. Reactivation frequency was quantified via flow cytometric 
analysis.  
 
 
 

Mechanistic latency studies in primary cell models 
 
 With the variability across latency cell models and potential for a specific cell line to not 

reflect relevant disease physiology, studies in primary cell models or in infected cells taken ex 

Cell Line Chromosome Position Gene Gene Orientation HIV Orientation
J-Lat 10.6 9 136,468,579 SEC16A - +
J-Lat 8.4 1 7,946,384 FUBP1 - -
J-Lat 9.2 19 4,381,104 PPP5C + +

J-Lat 15.4 19 34,441,293 UBA2 + +
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vivo are preferrable, if possible. An optimized HIV-1 dual reporter virus, enabling facile isolation 

of productive and latent proviruses, is the HIVGKO dual reporter 32, 276. Within this HIV-1 reporter 

system, pseduovirus particles can be generated with a proviral genome that allows identification 

of latently infected cells via EF1a-driven mKO2 expression and lack of LTR-driven csGFP. 

Productive virus can be identified by infected cells expressing both mKO2 and csGFP. 

Following infection of primary T cell models, latent and active cell populations can be sorted via 

fluorescence-activated cell sorting (FACS). Isolation of these different infected cell populations 

can then enable mechanistic studies probing for differences in proviral integration sites, gene 

expression networks, and chromatin environments across productive and latent cells.  

 Latency studies in primary cell models following de novo infection is amenable for 

single-cell and mechanistic studies, as various laboratories have developed well-established 

protocols for latent cell isolation. The Karn group has demonstrated that a high number of 

latently infected cells can be obtained by co-culturing HIV-infected CD4+ T cells and H80 

feeder cells 277. A method developed by the Bosque and Planelles labs uses T-cell receptor 

(TCR) stimulation in the presence of TGF-β and anti-IL4/anti-IL2 to differentiate CD4+ T cells 

into non-polarized subsets (central memory) 272, 278. The Siliciano group developed a protocol to 

first synchronize cells to a resting state in the presence of anti-apoptotic factor Bcl2 to prolong 

the culture. Cells are then infected with HIV-1, and latently infected cells are then isolated 262. 

These models can be used following infection with the dual reporter virus, HIVGKO, to 

preferentially isolate latently infected cells with relative ease.  

 While studies using primary cells derived from patients is the ultimate goal, the small 

fraction of latently infected cells makes functional latency studies difficult. Nonetheless, robust 

assays have been developed to estimate the latent viral reservoir in patients, as well as animal 
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models, for in vivo studies. A commonly used methodology to measure replication-competent 

HIV-1 is the quantitative viral outgrowth assay (QVOA). In this assay, stimulated peripheral 

blood mononuclear cells (PMBCs) from HIV-positive individuals on cART are co-cultured with 

CD4+ T cells purified from HIV-negative individuals. Replication-competent HIV from the 

infected population is amplified by infecting the HIV-negative CD4+ T cells over time. Viral 

replication can then be measured via p24 (CA protein) ELISA or reverse transcription assays 279, 

280. QVOA is considered by many to be the “gold standard” for estimation of the replication-

competent latent reservoir 281. However, there are several limitations to the assay including: 1) 

large blood volume is required from multiple donors, 2) long and laborious, 3) sample-to-sample 

variation across patient-derived PBMCs, and  4) low viral spread and copy number of intact 

latent proviruses leads to issues in sensitivity and detection 282. The limitations of QVOA and 

other quantitative PCR-based assays to estimate latent viral reservoirs presents a commodity for 

an assay that is sensitive enough for simultaneous detection of total viral DNA, RNA, and 

protein molecules at the single-cell level. Through our multiplexed fluorescence imaging 

approach (MICDDRP), presented in Chapter II, we provide a detailed step-by-step protocol that 

allows for simultaneous detection of HIV-1 viral nucleic acid (DNA & RNA) and protein to 

monitor viral replication. We present several examples where we applied this technology to 

visualize replication across a broad spectrum of viruses, highlighting the potential to implement 

our fluorescence-based approach to measure the percentage of cells that have nuclear viral 

dsDNA and the fraction of those cells that are producing vRNA and protein. This can potentially 

provide a more reliable metric of the “true” number of cells that have defective proviral DNA vs. 

infected cells with intact HIV-1 DNA that can reactivate from a latent state (reactivated cells will 

produce vRNA and protein).  
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1-F: Nuclear Chromatin Organization & Relevance to Viral Transcription 
 

1-F-a: Current “Dogma” of Nuclear Organization 
 
 
 The spatial organization of the nuclear genome in 3D space is nonrandom, playing a critical 

role in establishing and maintaining cellular identify 283-285. Higher-order organization of 

eukaryotic chromosomes regulate gene expression through long-range chromatin interactions that 

help define the cellular transcriptome  286. Cis-regulatory sequences may be located long distances 

from the target gene  but the formation of chromatin loops enables close physical contact between 

distal enhancer and promoter regions 287. Chromosomes are composed of Topologically 

Associating Domains (TADs), structural genomic units that vary in size from ~40 kb to 1 Mb 288-

290 and are characterized by sharp boundaries that promote long-range interactions 291, 292 (Figure 

I.F.1). TADs are local epigenomic compartments that form intrachromosomal contacts and are 

found in functionally distinct A or B compartments, which are composed of largely active 

(euchromatin) or inactive (heterochromatin) chromatin, respectively 291-293. Interphase chromatin 

is highly dynamic, and as the transcriptional state of a TAD changes, chromatin contacts within 

the domain are altered, remodeling chromatin architecture 293.  

 The dynamic nature of TADs can be attributed to chromatin looping, mediated by the 

CCCTC-binding factor (CTCF). CTCF is an 82-kDa highly conserved zinc finger protein that 

functions as a transcriptional activator, repressor, or an insulator protein, blocking enhancer and 

promoter interactions by forming distinct directional chromatin loops294, 295. CTCF forms loop 

domains likely through an extrusion mechanism involving cohesin 290, 295. TADs are separated by 

boundaries often enriched in CTCF-binding sites and highly transcribed genes. These boundaries 

help delineate genomic domains, which are dynamic and susceptible to major structural 
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reorganization, contributing to the complexity of the hierarchical organization of cellular 

chromatin 290, 295-298.  

  

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure I.F.1. Chromatin organization and topological domains. Chromosomes occupy distinct 
territories in the nucleus (indicated by different colors on left), and long-range looping or chromosomal 
interactions mediated by CCCTC-Binding Factor (CTCF; purple spheres) organize chromatin into smaller 
Topologically Associating Domains (TADs) (on right). 
 

 Early cytological microscopy studies of eukaryotic nuclei observed that euchromatin 

preferentially localizes towards the nuclear interior and heterochromatin at the nuclear periphery 

299, 300. Heterochromatin contains densely packed nucleosomes with repressive epigenetic 

modifications and is often transcriptionally silent. Conversely, euchromatin is more highly 

accessible and packed with histones marked with active epigenetic modifications, promoting 

transcriptional activation 301. Spatial partitioning of these functionally distinct chromatin states can 

be deconvolved via chromosome conformation capture (3C) technologies such as Hi-C 292, 293. In 

addition to A/B functional compartmentalization, the genome is organized by anchoring to 
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subcellular nuclear structures such as the nuclear lamina. The lamina is found towards the nuclear 

periphery. Here heterochromatin forms Lamina-Associated Domains (LADs), genomic regions in 

contact with nuclear lamina proteins such as Lamin B1 284, 302. The dynamics of chromatin 

localization have been linked to gene expression. Multiple studies report chromatin-lamina 

contacts correlating with gene repression 284, 303, 304. Similarly, a study reprogramming spatial 

chromatin organization via a novel methodology they “coined” CRISPR-GO, demonstrated that 

nuclear positioning directly impacts the transcriptional state of a gene 305. In our presented work, 

we seek to understand how spatial organization and local chromatin environments shape the viral 

transcriptional landscape. We apply 3C-based methodologies to probe the long-range chromatin 

interaction profiles between virus-host DNA (Chapter VI & VII.1) and visualize viral gene 

expression patterns with high spatiotemporal resolution via single-molecule fluorescence in-situ 

hybridization (FISH), presented in Chapter II.  

 
 

1-F-b: Molecular Toolbox to Investigate Chromatin Organization & Dynamics 

 
Chromosome conformation capture (3C) technologies to probe 3D chromatin organization 
 
 Chromosome conformation capture (3C) technology and 3C-based derivative methods 

are important tools utilized for studying the 3D spatial organization of chromatin architecture. 

The strategy of these methods is to quantify the frequencies of contacts between distal DNA 

segments in a cellular population 306. The principal steps of 3C and 3C-based experiments are 

very similar across the different platforms. They all involve 1) crosslinking chromatin using a 

chemical fixative agent in solution (most often formaldehyde) to create covalent bonds between 

DNA fragments bridged by proteins, 2) isolating and digesting chromatin using a restriction 

enzyme to create pairs of crosslinked DNA fragments that are distant in linear distance but close 
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in 3D space, 3) ligate the sticky digested ends of crosslinked DNA fragments to bring together 

spatially proximal DNA fragments, 4) reverse the crosslinks to obtain 3C templates, and 5) 

interrogate the ligated DNA fragments by quantitative PCR (qPCR) or deep sequencing to 

determine chromatin interaction profiles at genetic loci of interest 307-309. 

 3C technology detects frequency of ligation junctions, which is a proxy for chromatin-

chromatin interactions or close spatial proximity, by quantitative PCR (qPCR). 3C provides a 

method for visualizing the genome at high resolution, however, this methodology is low 

throughput, requiring PCR primers designed to amplify regions of interest. For this reason, 3C 

can only detect spatial relationships between targeted DNA sequences (“one vs. one”) 310. To 

overcome this limitation, several 3C-based methods have been developed to generate higher 

throughput data.  

 The development of 4C coupled to next-generation sequencing (NGS) technologies 

provided a high-throughput 3C-based method to probe the chromatin interaction network 311, 312. 

4C-seq is able to assess chromatin interactions between one genomic locus of interest (referred to 

as “bait” or viewpoint) and all other genomic loci (“one vs. all”). In 4C library preparation, small 

DNA circles are created by cleaving DNA with a second restriction enzyme and re-ligating the 

3C DNA templates. Inverse PCR, using bait-specific primers, is then applied to amplify any 

interacting fragments. The genome-wide interactions with the “bait” sequence are then analyzed 

following NGS. Figure I.F.2 presents a workflow we have developed for 3C-based assays to 

specifically target the HIV-1 genome. Designating a sequence within the Vpr gene of the HIV-1 

genome, we probe direct interactions between cellular chromatin and integrated HIV-1. We 

apply 4C-seq to identify genetic loci interacting with integrated HIV-1 and then use 3C-qPCR to 

validate our top “hits” (cellular chromatin interactors with HIV-1 chromatin). Our protocol is 



  
  

 

  51 
 
 
 
under optimization, and we present preliminary work measuring differential chromatin 

interaction profiles between HIV-inactive and -active J-Lat 10.6 cells (4C-seq & 3C-qPCR), as 

well as early 4C-seq studies on Hepatitis B virus (HBV). The current status of this work can be 

found in Chapter VII.1. 

 

 

Figure I.F.2. Chromosome conformation capture (3C) pipeline for targeted interrogation of HIV-
host chromatin interactions. 4C-seq and 3C-qPCR assays to assess viral-host chromatin interactions 
were performed as in Majumder et al. 309. Provirus and host chromatin interactions are captured via 
chemical crosslinking, followed by digestion (HindIII) and intramolecular ligation to generate provirus-
host DNA hybrids. In 4C library preparation, a second round of digestion (NlaIII) is performed before 
circularizing and generating a sequencing library of all hybrid fragments (~100 bp). 
 

 

 The improvements in high-throughput sequencing promoted the development of 3C-

based methods that can interrogate genome-wide chromatin interactions in an unbiased manner 

(“all vs. all”). Hi-C is one of the first of these higher throughput methods to be developed and 

does not depend on specific primers to generate genome-wide contact maps 293. In Hi-C 
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experiments, the first step is to generate contact segments similarly to 3C. However, after 

restriction digestion, the sticky ends are filled in with biotin-labeled nucleotides followed by 

blunt-end ligation. The expected interacting DNAs are sheared and then purified via a biotin 

pull-down using streptavidin beads to ensure only biotinylated junctions are selected for deep 

sequencing and downstream analyses.  

 High-resolution Hi-C datasets (> 109 paired reads/library), which enable bin reads at up to 

1-5 kb resolution, enable the identification of contact domains, smaller than TADs. Point-to-

point chromatin contacts between sequences bound by CTCF now yield a strong punctate signal 

in the contact density matrix, allowing accurate detection of chromatin looping between two 

distinct genetic loci 292. Hi-C data binned at 10-50 kb suggests that compartments can be rather 

small, perhaps, consisting of a single active or inactive locus 290. This degree of resolution makes 

Hi-C a powerful methodology in not only studying 3D chromatin organization at a genome-wide 

level but also enables targeted interrogation of genetic loci of interest. In Chapter VI, we apply 

Hi-C to map changes in chromatin organization at defined sites of HIV-1 proviral integration, 

mapping how chromatin restructures as a function of HIV-1 integration and proviral 

transcriptional activation. We specifically probe the functional compartmentalization of the HIV-

1 provirus in differential transcriptional states and assess the role of chromatin looping in 

modulating proviral activity. Other 3C-based strategies such as Targeted Chromatin Capture 

(T2C) now offer a high-throughput method to interrogate large selected regions of the genome 

with an unbiased view of the spatial organization of a genetic locus of interest. T2C offers 

improvements in resolution compared to Hi-C and requires significantly lower sequencing depth 

313, 314. Table I.2 describes the advantages/limitations of various 3C-based methods below.  
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TABLE I.2. Chromosome conformation capture (3C) technologies.  The advantages and limitations of 
3C-qPCR, 4C-seq, 5C, Hi-C, & T2C are presented. This table is reused from Kolovos et al.  314. This is 
an open access article distributed under the terms of the Creative Commons CC BY license. This work 
was originally published in Epigenetics Chromatin.  

 

 
 
In-situ hybridization (ISH) of nucleic acid(s) of interest to follow transcriptional dynamics  

Advancements in single-molecule DNA/RNA fluorescence in-situ hybridization (smFISH)  have 

improved visualization of chromosome spatial organization, chromatin domains, and individual 

genes at the single-cell level 315. Specific improvements in target hybridization strategies and 

oligonucleotide probe design have enabled facile fluorescence-based detection of scarce nucleic 

acid(s) of interest 316-319. In Chapter II, we provide a detailed procedure of our innovative 

multiplexed fluorescence imaging methodology that allows us to simultaneously label DNA, RNA, 

and proteins in cell samples to microscopically visualize and monitor viral gene expression and 

replication across a broad spectrum of viruses. We demonstrate several examples of how we can 

label both DNA and RNA molecules and nucleic acid(s) of different strandedness (positive-sense 

(+) or antisense (-)). We have previously also shown that we can label spliced vs. unspliced RNA, 
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demonstrating how elegantly designing hybridization probes across splicing junctions can allow 

us to differentiate between different spliced variants  119, 317-319. This in-situ imaging method is 

therefore a powerful tool to interrogate the transcriptional landscapes of  genetic loci of interest.  

 

Live-cell nucleic acid imaging to track gene expression real-time  

While our presented in-situ hybridization protocol in Chapter II is broadly applicable, enabling 

us to investigate a diverse set of questions related to virus replication, our method relies on fixation 

of our cell or tissue samples. This thus allows us to take a molecular “snapshot” of a biological 

process in motion. However, improvements in fluorescent labeling techniques and probe 

sensitivity have opened the door for live-cell imaging of nucleic acid(s) 30, 94, 320-323. Catalytically 

inactive Cas (dCas) protein is fused to fluorescent protein(s) and  retains the ability to bind nucleic 

acid of interest in an RNA-guided fashion. dCas imaging systems in combination with 

fluorescence microscopy can be a powerful modality for tracking transcriptional dynamics, 

chromatin organization, and direct chromatin-chromatin interactions real-time 321-323. 

 
Chromatin profiling methods to study epigenetic landscape  
 

 Chromatin regulatory landscapes play a critical role in influencing the cellular 

transcriptome and driving many important biological processes. Epigenome sequencing 

technologies such as chromatin immunoprecipitation with sequencing (ChIP-seq) and assay for 

transposase-accessible chromatin with sequencing (ATAC-seq) have enabled researchers to 

interrogate the chromatin landscape of cellular populations of interest on a genome-wide scale, 

enabling assessment of chromatin functional state and identifying transcription factors bound at 

key regulatory elements 324.  
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 In ChIP-seq experiments, DNAs bound to specific proteins of interest are enriched and 

deep sequenced. The main steps include: 1) crosslinking DNA and proteins in situ with 

formaldehyde, 2) sonication of DNA into small (200-600 bp) fragments, 3) IP of the DNA-

protein complexes of interest, and 4) reversing crosslinking, which frees DNA for sequencing 

adapter ligation prior to sequencing. A major limitation of conventional ChIP-seq is the high cell 

input for high-quality datasets (105-107 cells) 324. Other methods such as cleavage under targets 

and release using nuclease (CUT&RUN) have been developed for detection of DNA-protein 

interactions. CUT&RUN, however, does not require formaldehyde crosslinking and sonication-

based fragmentation, but instead uses MNase fused to Protein A/G to cut and release target DNA 

fragments in situ. This minimizes background and can be applied to as low as 100-1000 cells 325. 

While CUT&RUN offers an alternative to ChIP-seq, transient DNA-protein interactions may be 

difficult to capture 325.  

 The precursor to ATAC-seq was DNase I hypersensitive site sequencing (DNase-seq), a 

method to investigate chromatin accessibility 326. However, DNase-seq datasets often had high 

background noise and did not have the resolution to determine accurate transcription factor and 

nucleosome occupancy at regulatory regions. MNase digestion with deep sequencing (MNase-

seq) was developed to probe nucleosome positioning 327. MNase digests DNA until it encounters 

nucleic acid binding proteins such as transcription factors or nucleosomes. A major limitation of 

MNase-seq is the large amount of input material needed for library preparation, resulting in a 

need for a nucleosome mapping technique that is amenable for more rare and precious samples 

like embryotic tissue. The development of ATAC-seq successfully filled this niche, enabling 

higher-resolution mapping of chromatin accessibility, nucleosome positioning, and transcription 

factor occupancy and requiring relatively low input material (500-5000 cells) 328. In ATAC-seq 
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experiments, the nuclei of cells are harvested following cellular lysis, and nuclear chromatin is 

fragmented by a hyperactive Tn5 transposase that ligates sequencing adapters to “open” regions 

of chromatin. Condensed chromatin is not accessible by Tn5. DNA is fragmented, and 

transposase-accessible chromatin is PCR-amplified prior to NGS preparation. Our ATAC-seq 

studies presented in Chapter VI apply the refined Omni-ATAC method to interrogate chromatin 

accessibility at defined sites of HIV-1 integration 329.  

 

   

 
 
 
Figure I.F.3. Workflows of ChIP- & ATAC-seq. In ChIP-seq, chromatin is chemically crosslinked 
using formaldehyde and sonicated to obtain DNA fragments between 200-600 bp. The DNA protein 
complex of interest can then be immunoprecipitated. Final libraries are then deep sequenced (A). ATAC-
seq workflow utilizes a hyperactive TN5 transposase, which preferentially integrates into ‘open’ 
chromatin and inserts sequencing adapters. Final library preparation concludes with PCR amplification of 
transposase-accessible sites and sequencing (B). This Figure is reused from Ma et al.  324. This is an open 
access article distributed under the terms of the Creative Commons Attribution 4.0 International License. 
This work was originally published in Molecular Biomedicine.  
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RNA-sequencing assays to capture complex transcriptomes  
 
 Compared to previous Sanger sequencing- and microarray-based methods, RNA-seq is a 

significantly higher throughput methodology, providing improved coverage and greater 

resolution of the dynamic nature of the cellular and viral transcriptomes. RNA-seq allows for 

quantification of gene expression, identification of novel transcripts, isoform analysis of spliced 

variants, and detection of allele-specific expression 330. Advances in RNA-seq library preparation 

have enabled researchers to further delve into the complexity of the transcriptome. In addition to 

capturing and sequencing poly(A) mRNA, RNA-seq can also be applied to investigate 

expression of different RNA populations including total RNA, pre-mRNA, and noncoding RNA 

(microRNA and long ncRNA) 330. RNA-seq has become a relatively streamlined methodology, 

generating very large and informative datasets and facilitating hypothesis-driven research. 

Integrative transcriptomic analysis with other chromatin profiling methods, cytological in-situ 

imaging, and functional studies have provided invaluable insight into important biological 

questions. However, a technical limitation of conventional Illumina-based RNA-seq is the 

acquisition of short sequence read length, which makes it difficult to accurately map and identify 

long and complex RNA species.  

 To circumvent this limitation of conventional RNA-seq, long-read sequencing platforms 

have been developed. Oxford Nanopore Technologies have launched a portable sequencer which 

offers the ability to sequence very long reads. Nanopore sequencers function by monitoring 

changes to an electrical current as nucleic acids are passed through a protein nanopore. The 

resulting signal is deconvolved to produce a DNA or RNA chromatogram 247, 331-335. A recent 

study collected vRNA from HIV-infected cells at multiple time-points and applied long-read 

Nanopore RNA-seq to demonstrate that this technology can be used to robustly track HIV-1 
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splicing dynamics 247. In Chapter VI, we apply Nanopore sequencing to characterize chimeric 

HIV-host transcripts that result from transcriptional read-through events and assess how HIV-1 

integration and proviral activation affect local cellular splicing patterns.  

 

1-F-c: Association between Chromatin Organization & Virus Replication  
 
 The association between nuclear organization and viral gene expression has been 

demonstrated for several viruses. Nuclear positioning, host regulatory elements, and higher-order 

nuclear spatial compartmentalization directly influence viral replication efficacy for viruses that 

require nuclear entry for their life cycles.  The Pintel group has shown that the genome of 

parvovirus Minute Virus of Mice (MVM) associates significantly with previously identified 

cellular TADs, suggesting that some level of nuclear hierarchical organization may be influencing 

MVM transcription309. Virus-host chromatin interactions have also been shown to be important 

for regulating viral transcription in Kaposi’s Sarcoma-Associated Herpesvirus (KSHV) 336 and 

Human T lymphotropic virus 1 (HTLV-1) 337, with the presence of viral DNA altering local cellular 

chromatin structure and host transcriptional patterns. The Bangham group has shown that HTLV-

1 has an inherent CTCF-binding site that can mediate differential chromatin looping patterns with 

the host genome around HTLV-1 retroviral sites of integration 338. CTCF-mediated looping at 

HTLV-1 sites of integration can induce dysregulation of local RNA landscape 337-339.   

 Several important questions remain regarding how HIV can alter host chromatin 

organization. Using a targeted 3D chromatin mapping technique, 4C-sequencing, Dieudonne et al. 

demonstrated that long-range chromatin interactions between integrated HIV and the host genome 

change in response to proviral transcriptional activation in the J-Lat A1 cell model 171. This result 

suggested higher-order chromatin reorganization, leading to large scale remodeling of the HIV 
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chromatin contact network, may be important for proviral transcriptional activation. Other more 

recent studies have demonstrated that assessing the local functional chromatin state surrounding 

the provirus may be a predictor of latency establishment and proviral transcriptional competence 

32, 219.  Host factors (LEDGF/p75, CPSF6) that affect integration site selection and penetration of 

the PIC into the nucleus have also been implicated in influencing the status of latency and proviral 

gene expression 172. HIV PICs preferentially target higher-order nuclear structures such as SPADs 

94 and SEs 170, linking specific chromatin features to integration site selection. We, however, still 

do not have a clear grasp of how HIV-1, once integrated, can alter the local chromatin environment. 

Further elucidation of the determinants of HIV-1 transcriptional activity can be invaluable for HIV 

latency research and may be useful for implementing more effective  lentiviral-based gene 

therapies. Figure I.F.4 depicts possible HIV-1 transcriptional “road-blocks”, as well as possible 

transcriptional activators that are explored in in this dissertation. Critical cis- and trans-acting 

factors regulating HIV-1 transcription have been identified. However, many questions remain 

regarding how long-range chromatin remodeling may influence assembly of stable transcription 

complexes at the HIV-1 5’ promoter. Figure I.F.4 presents three possible HIV-1 transcriptional 

“road-blocks”, as well as possible activators of proviral transcription explored in more detail in 

Chapter VI.  

 
 



  
  

 

  60 
 
 
 

 
 
 
Figure I.F.4. HIV-1 transcriptional regulation and Tat transactivation of proviral transcription. 
Transcriptionally repression of HIV-1 (inactive) may be influenced by a lack of 1) long-range chromatin 
interactions that bring an enhancer close to the HIV-1 5’ LTR promoter, 2) chromatin “blocks” such as 
inaccessible chromatin or repressive histone modifications at the 5’ LTR, and 3) inefficient transcriptional 
elongation. HIV-1 may be transcriptionally activated due to 1) long-range HIV0host chromatin 
interactions with a cellular enhancer, 2) active epigenetic modifications or accessible HIV-1 chromatin, 
and 3) transactivation of HIV-1 via recruitment of P-TEFb.   
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Figure I.F.5. Jurkat T cell Hi-C contact map at site of integration across J-Lat models (10.6, 8.4, 
9.2, & 15.4). Chromatin contact network at the SEC16A gene within the 10.6 clone (A)  8.4 contact 
network (B).  9.2 (C) 15.4 (D). All proviral integration sites are within TADs, proximal to CTCF-BS. 
Tracks in green above Hi-C maps are the reference genome (Refseq), blue and red are ATAC-seq tracks 
of Jurkats +/- TNF treatment. The black colored track is H3K27ac enrichment, and CTCF occupancy is 
shown in cyan. All sequencing maps are from Jurkat T cells. Hi-C map was processed using Juicebox  
and visualized on Juicer 340. Hi-C data downloaded from the Gene Expression Omnibus (GEO): 
GSE122958.  
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1-G: Dissertation Direction    

 
 Multiplexed profiling of the chromatin and transcriptional landscape of virus-infected 

cells using deep sequencing and in-situ imaging approaches can provide insight into critical 

virus-host factor interactions that are regulating viral transcriptional control and replication. 

Within this dissertation, I present studies utilizing complementary NGS-based technologies and 

FISH-based imaging to study a diverse set of questions pertinent to viral gene regulation.  

 Chapter I presents a thorough background on HIV-1 replication and the current status of 

HIV antiviral therapies, focusing on  factors that influence HIV-1 transcriptional competency 

(integration site selection and nuclear organization). In addition, Chapter I provides 

background on our current understanding of eukaryotic chromatin organization and methods to 

profile chromatin structure and RNA transcription. Collectively, this chapter aims to 

demonstrate the interplay between nuclear organization, critical virus-host factor interactions, 

and HIV-1 gene expression.   

 Chapter II focuses on the development and optimization of a single-cell multiplexed 

fluorescence imaging approach to simultaneously visualize viral nucleic acid(s) and protein(s) 

during the course of viral infection. Applications of fluorescence-based methods to visualize 

viral replication have been hindered by the fact that conventional DNA and RNA FISH  have 

not been compatible with immunostaining, prohibiting multiplexed labeling of viral nucleic 

acid(s) and protein(s). Tracking synthesis of vRNA and protein is important for monitoring 

critical stages of virus replication and understanding what factors influence viral transcription. 

Microscopy-based approaches have the added advantage of interrogating single cells, allowing 

researchers to observe the variability inherently present within an infected cellular population, 

as well enabling visualization of the spatial cellular compartmentalization of critical virus-host 
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factor interactions. Work in the Sarafianos group has led to the development of an innovative 

platform for multiplexed fluorescence imaging, which we have “coined” multiplexed 

immunofluorescent cell-based detection of DNA, RNA, and protein (MICDDRP). We provide 

a streamlined step-by-step protocol for performing MICDDRP to simultaneously fluorescently 

label viral nucleic acid (DNA & RNA of different strandedness) and protein across a broad 

spectrum of viruses. In Chapters III-V, we provide additional examples of applications of 

MICDDRP to investigate HIV-host factor interactions regulating transcription from 

unintegrated viral DNA templates (Chapter III), effects of small molecules on HIV-1 

transcription (Chapter IV), and visualization of SARS-CoV-2 early replication kinetics 

(Chapter V). All of these applications collectively highlight the robustness and broad 

applicability of our multiplexed fluorescence imaging modality. 

 In Chapter VI, we apply chromatin profiling methods such as ATAC-seq and Hi-C to 

investigate differential chromatin accessibility and HIV chromatin 3D organization, 

respectively, around integrated proviruses in HIV-inducible cellular models. Using these 

inducible cell models provides us control over HIV-1 transcription (inactive vs. active). In 

addition, we apply RNA-seq to interrogate gene expression at HIV-host gene boundaries. We 

implement an innovative long-read Nanopore sequencing approach to improve our mapping of 

the HIV transcriptome and understand how HIV-1 integration can affect the local RNA 

landscape. We aim to understand how lentiviral integration, in general, may alter chromatin 

structure and dysregulate cellular transcription.  

 To summarize, we present future directions where this work serves as a foundation for 

multiplexed sequencing and imaging studies in primary cell models using single-cell 

sequencing approaches. Our key contributions to the field include improving our understanding 
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of how lentiviral integration can alter chromatin organization and methodological advancements 

to probe the HIV-host transcriptomes. Our applications of various NGS-based assays also 

provide a pipeline for further in-depth interrogation of the association between chromatin 

architecture and viral gene expression. Our work can be expanded to a broad spectrum of 

viruses that exploit the nuclear machinery and are interacting with cellular chromatin to 

influence virus-host gene expression patterns. In addition, our findings implicate putative 

biological pathways involved in HIV-1 transcriptional control. Future mechanistic studies will 

seek to further understand how virus-host interactions influence HIV-host functional chromatin 

state.  
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 CHAPTER II: SINGLE-CELL MULTIPLEXED FLUORESCENCE 
IMAGING TO VISUALIZE VIRAL NUCLEIC ACID & PROTEINS TO 
MONITOR VIRAL REPLICATION 
 
 
 
 
 
 
 
 
 
 
 
 
This research and presented protocol for multiplexed imaging is published in 
Journal of Visualized Experiments. 
 
Chapter II is adapted from: 
 
Shah, R., Lan, S., Puray-Chavez, M. N., Liu, D., Tedbury, P. R., Sarafianos, S. G. 
Single-cell  Multiplexed Fluorescence Imaging to Visualize Viral Nucleic Acids 
and Proteins and  Monitor HIV, HTLV, HBV, HCV, Zika Virus, and Influenza 
Infection. J. Vis.  Exp. (164), e61843, doi:10.3791/61843 (2020)." 
 

Copyright © MyJove Corp. 
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SUMMARY 
 
Presented here is a protocol for a fluorescence imaging approach, multiplex immunofluorescent 

cell-based detection of DNA, RNA, and protein (MICDDRP), a method capable of simultaneous 

fluorescence single-cell visualization of viral protein and nucleic acids of different type and 

strandedness. This approach can be applied to a diverse range of systems.  

 
 
ABSTRACT 
 
Capturing the dynamic replication and assembly processes of viruses has been hindered by the 

lack of robust in situ hybridization (ISH) technologies that enable sensitive and simultaneous 

labeling of viral nucleic acid and protein. Conventional DNA fluorescence in situ hybridization 

(FISH) methods are often not compatible with immunostaining. We have therefore developed an 

imaging approach, MICDDRP (multiplex immunofluorescent cell-based detection of DNA, 

RNA and protein), which enables simultaneous single-cell visualization of DNA, RNA, and 

protein. Compared to conventional DNA FISH, MICDDRP utilizes branched DNA (bDNA) ISH 

technology, which dramatically improves oligonucleotide probe sensitivity and detection. Small 

modifications of MICDDRP enable imaging of viral proteins concomitantly with nucleic acids 

(RNA or DNA) of different strandedness. We have applied these protocols to study the life 

cycles of multiple viral pathogens, including human immunodeficiency virus (HIV)-1, human T-

lymphotropic virus (HTLV)-1, hepatitis B virus (HBV), hepatitis C virus (HCV), Zika virus 

(ZKV), and influenza A virus (IAV). We demonstrated that we can efficiently label viral nucleic 

acids and proteins across a diverse range of viruses. These studies can provide us with improved 

mechanistic understanding of multiple viral systems, and in addition, serve as a template for 
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application of multiplexed fluorescence imaging of DNA, RNA, and protein across a broad 

spectrum of cellular systems.  

 
 
INTRODUCTION 
 

While thousands of commercial antibodies are available to specifically label proteins via 

conventional immunostaining approaches, and while fusion proteins can be engineered with 

photo-optimized fluorescent tags for tracking multiple proteins in a sample 341, microscopic 

visualization of protein is often not compatible with conventional DNA fluorescence in situ 

hybridization (FISH) 169. Technical limitations in simultaneous visualization of DNA, RNA, and 

protein using fluorescence-based approaches have hindered in-depth understanding of virus 

replication. Tracking both viral nucleic acid and protein during the course of infection allows 

virologists to visualize fundamental processes that underly virus replication and assembly 158, 318, 

319, 342.  

 

We have developed an imaging approach, multiplex immunofluorescent cell-based detection of 

DNA, RNA, and Protein (MICDDRP) 318, which utilizes branched DNA (bDNA) in situ 

technology to improve the sensitivity of nucleic acid detection 316, 343, 344. In addition, this method 

utilizes paired probes for enhanced specificity. bDNA sequence-specific probes use branching 

preamplifier and amplifier DNAs to produce an intense and localized signal, improving upon 

previous hybridization methods that relied on targeting repeated regions in the DNA 344. Infected 

cells in a clinical context often do not contain abundant viral genetic material, providing a 

commodity for a sensitive method for fluorescent nucleic acid detection in diagnostic settings. 

The commercialization of bDNA technology through approaches such as RNAscope 316 and 



  
  

 

  68 
 
 
 
ViewRNA 345 have filled this niche. The sensitivity of bDNA fluorescence imaging also has 

important utility in cell biology, allowing detection of scarce nucleic acid species in cell culture 

models. The vast improvement of sensitivity makes bDNA-based imaging methods suitable for 

studying viruses. A potential shortcoming, however, is that these methods focus on visualizing 

RNA or RNA and protein. All replicating cells and many viruses have DNA genomes or form 

DNA during their replication cycle, making methods capable of imaging both RNA and DNA, as 

well as protein, highly desirable. 

 

In our MICDDRP protocol, we perform bDNA FISH for detection of viral nucleic acid using the 

RNAscope method, with modifications 316. One of our major modifications to this protocol is 

optimization of protease treatment following chemical fixation. Protease treatment facilitates 

removal of proteins bound to nucleic acid to improve probe hybridization efficiency. Protease 

treatment is followed by incubation with branched oligonucleotide probe(s). After application of 

bDNA probe(s), samples are washed and subsequently incubated with signal pre-amplifier and 

amplifier DNAs. Multiplexed in-situ hybridization (ISH), labeling of multiple gene targets, 

requires target probes with different color channels for spectral differentiation 316. Incubation 

with DNA amplifiers is followed by immunofluorescence (IF). Finding the optimal protease 

conditions are necessary to ensure efficient probe hybridization, while still preserving target 

epitopes for immunostaining.  

 

bDNA ISH imparts improvements in signal-to-noise by amplification of target-specific signals, 

with a reduction to background noise from non-specific hybridization events 316, 346. Target 

probes are designed using software programs  publicly available that predict the probability of 
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non-specific hybridization events, as well as calculate melting temperature (Tm) of the probe-

target hybrid 316, 346.  Target probes contain an 18- to 25-base region complementary to the target 

DNA/RNA sequence, a spacer sequence, and a 14-base tail sequence. A pair of target probes, 

each with a distinct tail sequence, hybridize to a target region (spanning ~50 bases). The two tail 

sequences form a hybridization site for the pre-amplifier probes, which contain 20 binding sites 

for the amplifier probes, which, in addition contain 20 binding sites for the label probe. As an 

example, a one kilobase (kb) region on the nucleic acid molecule is targeted by 20 probe pairs, 

creating a molecular scaffold for sequential hybridization with the preamplifier, amplifier, and 

label probe. This can thus lead to a theoretical yield of 8000 fluorescent labels per nucleic acid 

molecule, enabling detection of single molecules and vast improvements over conventional FISH 

approaches 316 (See Figure II.1 for schematic of bDNA signal amplification). To set up probes 

for multiplexed ISH, each target probe must be in a different color channel (C1, C2, or C3). 

These target probes with different color channels possess distinct 14-base tail sequences. These 

tail sequences will bind distinct signal amplifiers with different fluorescent probes, thus enabling 

facile spectral differentiation across multiple targets. In our presented Protocol, Table II.4 in 

Step 9, provides further information on fluorescently labeling target probes. In addition, Figures 

2-3 provide examples of how we chose the appropriate Amplifier 4-FL (A, B, or C) (fluorescent 

probe &  the final hybridization step) to achieve specific fluorescent labeling of multiple viral 

nucleic acid targets following HIV-1 and HTLV-1 infections.   

 

We have demonstrated several applications of simultaneous fluorescence visualization of RNA, 

DNA, and proteins, observing critical stages of virus replication with high spatiotemporal 

resolution 318, 319, 342. For example, simultaneous single-cell visualization of vRNA, cytoplasmic 
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and nuclear DNA, and protein have allowed us to visualize key events during HIV-1 infection, 

including following RNA containing cores in the cytoplasm prior to nuclear entry and  

integration of proviral DNA 318. In addition, we have applied MICDDRP to characterize the 

effects of host factors and drug treatment on viral infection and replication 319, 342. In Ukah et al. 

2018, we tracked reactivation of HIV-1 transcription in latency cell models treated with different 

latency-reversing agents to visualize HIV transcription and latency reversal 319. In addition, 

MICDDRP can allow us to visualize phenotypic changes associated with antiviral inhibition 

attributed to small molecule treatment or host factor restriction. As a proof of concept to the 

robustness and broad applicability of our approach, we have demonstrated that we can use 

modifications of our protocol to efficiently label viral nucleic acid to follow infection not only in 

human immunodeficiency virus (HIV)-1, but also human T-lymphotropic virus (HTLV)-1, 

hepatitis B virus (HBV), hepatitis C virus (HCV), Zika virus (ZIKV), and influenza A virus 

(IAV). As the HIV-1 life cycle consists of both viral DNA and RNA species, we have performed 

the majority of our optimization of MICDDRP following HIV-1 replication kinetics. However, 

in addition, we have demonstrated that we can track synthesis of different vRNA transcripts of 

either or both sense (+) and antisense (-) strandedness in viruses such as ZIKV, IAV, HBV, and 

HCV to monitor viral transcription and replication 3-6. Our studies aim to improve our 

mechanistic understanding of several viral processes and serve as a guideline to implement this 

fluorescence imaging technology to a broad range of cellular models.  
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STEP-BY-STEP PROTOCOL FOR MULTIPLEXED IMAGING 

1. Seed cells (Suspension vs. Adherent Cells) on coverslips or chamber slides (protocol presented 
uses coverslips). 

 

1. Seeding of suspension cells 
1. Prepare poly-D-lysine (PDL) coated coverslips (facilitates adherence of 

suspension cells to coverslip) by first incubating coverslips in ethanol (EtOH) for 
5 minutes (sterilizes coverslips and removes any residue). Then wash 2x in 
phosphate buffered saline (PBS) before incubating coverslips in PDL (20 µg/mL) 
for 30 minutes (min) at room temperature (RT). 

2. Remove PDL and wash 2x in PBS. Pellet cells (previously infected/treated based 
on desired imaging conditions) and resuspend 106cells in 50 µL of PBS. Spot 50 
µL of cells on glass (PDL-coated) and incubate at RT for 30 min. 
 

2. Seeding of adherent cells 
1. Culture cells on sterile coverslip placed in 6-well dish and infect cells with viral 

particles or treat with compound of interest. Allow cells to reach 50-70% 
confluency prior to sample preparation for imaging experiments. 
 

2. Cellular fixation: To preserve cellular morphology for fluorescence imaging studies 

NOTE: Keep 4% PFA and PBS at RT for at least 30 minutes before cellular fixation. 

1. Aspirate the cellular media, wash cells on coverslips 3x in PBS, and fix cells in 4% 
paraformaldehyde (PFA) for 30 min. Aspirate PFA and wash cells in PBS 2x. 
NOTE: Cells can now be dehydrated and stored, if the experimenter wishes to resume the 
experiment on another date. Fixed cells can be dehydrated in EtOH prior to storage. 
 

1. Remove PBS following wash after cellular fixation and replace with 500 µL of 
50% EtOH (v/v in water). Incubate at RT for 5 min. 
 

2. Remove 50% EtOH and replace with 500 µL of 70% EtOH. Incubate at RT for 5 
min. 

 
 

3. Remove 70% EtOH and replace with 500 µL of 100% EtOH. Incubate at RT for 5 
min. 

4. Remove 100% EtOH and replace with fresh 100% EtOH. 
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NOTE: Dehydrated cells can be stored at -20 °C for 6 months. Seal plates with 
tape or parafilm prior to storage to prevent evaporation of EtOH. 
 

5. Rehydrate cells to move onto multiplexed fluorescence labeling of cells/virus. 
 

6. Remove 100% EtOH and replace with 500 µL of 70% EtOH. Incubate at RT for 2 
min. 

 
 
NOTE: Do not let cells dry out at any time. Always use enough solution to 
submerge all the cells. 
 

7. Remove 70% EtOH and replace with 500 µL of 50% EtOH. Incubate at RT for 2 
min. 
 

8. Remove 50% EtOH and replace with 1x PBS. 
 

 
NOTE: Prepare protease dilution, hybridization probes, and wash buffer in 
advance of protease treatment (Step 4) and target probe application (Step 5). 
Specific instructions on reagent preparation are presented at the beginning of each 
respective step. 
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TABLE II.1. Key reagents in MICDDRP protocol. 

Reagents Other Notes 

Protease solution Prepare in 1X PBS 

Target oligonucleotide probe(s) Dilute in hybridization buffer 

Wash Buffer For hybridization steps 

Hybridization buffer Recipe presented in Table II.3 

 

3. Cell permeabilization: Increases access into the cell and cellular organelles for entry of large 
molecules (antibodies, nucleic acid hybridization probes) 

1. Remove 1x PBS following cellular fixation or rehydration and replace with 500 µL of 
0.1% (v/v) Tween-20 in 1x PBS. Incubate at RT for 10 min. Replace one by one. Wash 
once with 500 µL of 1x PBS and add fresh 1x PBS. 
 

 

4. Coverslip immobilization on glass slide and protease treatment to remove nucleic acid binding 
proteins from fixed viral/cellular nucleic acid to improve hybridization efficiency 

NOTE: Prepare the diluted Protease III (see specifics of reagent in Table of Materials) solution 
during cellular permeabilization. Let protease reach RT for 10 min before permeabilization. 

1. Place a small drop of nail polish on a sterilized glass slide. Dry back (side with no cell 
layer) and place the edge of coverslip on the nail polish drop, with the side with the 
adhered cells facing upwards. Add few drops of PBS on the immobilized coverslip to 
prevent drying. 
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1. Draw a circle (about 3 mm away from the coverslip) around the perimeter of the 

coverslip now adhered to the slide using hydrophobic barrier pen (water-repellant 
pen that keeps reagents localized on cells). 
 

2. Dilute Protease III in 1x PBS (100 µL/coverslip). 
 
NOTE: Protease concentration may need to be adjusted depending on differences in cell 
types, probes, or target nucleic acid(s) through empirical optimization (See Discussion). 
For most efficient RNA/DNA labeling across different viral systems, we had success 
with the following dilutions presented in Table II.2 below with dilutions ranging from (1 
to 2)-(1 to 15) (protease to 1x PBS). 

 

TABLE II.2. Protease III dilutions in PBS for viral nucleic acid hybridization. 

Probe Targets Protease Dilution in 1X PBS (Protease III to 1X PBS) 

HIV-1 DNA/RNA 1 to 5 

HTLV-1 DNA/RNA 1 to 5 

HBV pgRNA and total HBV 

RNA 

1 to 15 

IAV RNA 1 to 15 

ZIKV RNA 1 to 2 
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3. Decant the 1x PBS on the coverslip following immobilization and apply the diluted 
Protease III. 
 

4. Incubate in a humidified oven at 40 °C for 15 min. 
 
 

5. Decant protease solution and submerge slides in 1x PBS. Agitate with a rocking dish for 
2 min at RT. Repeat wash with new 1x PBS. 
 

1. For only DNA detection, wash samples three times with nuclease-free water for 2 
min each, followed by incubation with 5 mg/mL RNase A diluted in PBS for 30 
min at 37 °C. 
 

2. Decant RNase A solution, and wash 3x for 2 min with ultrapure water. Continue 
with ISH of target probe(s). 
NOTE: Hybridization buffer improves vDNA detection without affecting vRNA 
staining efficiency for the results presented (Representative Results). Dilute 
DNA Channel 1 (C1) probes 1:1 with hybridization probe. Dilute RNA C2 and 
C3 probes in hybridization buffer. The C2 and C3 probes used in our imaging 
studies are in 50X solutions (1:50; target probe to hybridization buffer). 

 
 
 
 

6. Prepare hybridization buffer in nuclease-free water following the step-by-step procedure 
below: 
 

1. In a 15 mL tube, add 700 µL of nuclease free-water, 300 µL of 50% 
(weight/volume (w/v)) dextran sulfate, 300 µL of 5 M NaCl, 125 µL of 200 mM 
sodium citrate (pH 6.2), and 375 mg (powder) of ethylene carbonate. 
 

2. Mix well using a vortex to dissolve ethylene carbonate (ensure all powder is 
dissolved and clear solution). 

 
 

3. Add 25 µL of 10% (volume/volume (v/v)) Tween-20 and enough nuclease-free 
water to complete 2.5 mL (2x solution). 
NOTE: The recipe for the hybridization buffer presented can be found in Table 
3 below. Solution is stable for a week. Ensure sufficient mixing of Tween-20 
detergent, while being careful to prevent bubbling of solution. 
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TABLE II.3. Hybridization buffer list of reagents. 

Reagent Stock Concentration Additional Notes 

Nuclease-free water NA  

Dextran sulfate 50% (w/v) Very viscous 

Sodium chloride 5 M  

Sodium citrate (pH 6.2) 200 mM Store at 4°C	

Ethylene carbonate NA Powder 

Tween-20 10% (v/v)  

 

 

5. Incubation with DNA/RNA target hybridization probes: Target oligonucleotide probes bind to 
region(s) of interest, creating a molecular scaffold for pre-amplifiers, amplifiers, and fluorescent 
probes to bind. 

NOTE: Warm DNA/RNA probes at 40 °C for 10 min (during Cell Permeabilization) and cool 
down to RT for at least 10 min, if no RNase-treatment is included. If RNase-treatment or further 
sample treatment is needed prior to target probe hybridization, warm probes accordingly. Spin 
down C2 and C3 probes after warming and dilute in hybridization buffer. After dilution, C2 and 
C3 probes can be briefly warmed. Warm 50x wash buffer (See Table of Materials for more 
detail) at 40 °C for 10-20 min and dilute to 1x in molecular biology grade water. 
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1. Incubate 200 µL of the hybridization buffer at 67 °C for 10 min prior to addition of 
hybridization probe(s). Dilute probe in hybridization buffer (recipe listed in Table II.2). 
Add 50 µL/coverslip. 
 

2. Incubate in humidified oven at 40 °C for 2 hours (h). Decant probes and submerge slides 
in 1x wash buffer. Agitate by rocking dish for 2 min at RT. Repeat wash with new 1x 
wash buffer. 
 
 

 

6. Amplifier (Amp) 1-FL Hybridization: Addition of pre-amplifier that is complementary to the 
tail sequence of the target DNA/RNA probes (Step 5) 

NOTE: Amplifiers should be at RT before use. Get each individual amplifier out of the fridge 30 
min before use and leave on the bench at RT. 

1. Remove slides from 1x wash buffer and tap/absorb to remove excess liquid. 
 

2. Add 1 drop of Amp 1-FL on the coverslip. Incubate in humidified oven at 40 °C for 30 
min. 

3. Decant Amp 1-FL and submerge in 1x wash buffer. Agitate by rocking dish 2 min at RT. 
Repeat wash with new 1x wash buffer. 
 

 

7. Amp 2-FL Hybridization: Incubation with signal amplifier with cognate recognition sequence 
to pre-amplifiers (Amp 1-FL) 

1. Remove slides from 1x wash buffer and tap/absorb to remove excess liquid. 
 

2. Add 1 drop of Amp 2-FL on the coverslip. Incubate in humidified oven at 40 °C for 15 
min. 
 

3. Decant Amp 2-FL and submerge in 1x wash buffer. Agitate by rocking dish 2 min at RT. 
Repeat wash with new 1x wash buffer. 

 

8. Amp 3-FL Hybridization: Incubation with second signal amplifier 

1. Remove slides from 1x wash buffer and tap/absorb to remove excess liquid. 
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2. Add 1 drop of Amp 3-FL on the coverslip. Incubate in humidified oven at 40 °C for 30 
min. 
 

3. Decant Amp 3-FL and submerge in 1x wash buffer. Agitate by rocking dish 2 min at RT. 
Repeat wash with new 1x wash buffer. 

 

9. Amp 4-FL Hybridization: Fluorescent label and final hybridization step 

NOTE: First, see Table II.4 to choose the suitable Amp 4 (A,B, or C)- FL based on the channels 
of the target probe(s). Assess what Amp 4-FL is needed to label DNA/RNA of interest. An 
example is provided by the table below: 

 

TABLE II.4. Selection of Amp 4 (A, B, or C)-FL fluorescent probe for multiplexed ISH. 

 A B C 

DNA Channel 1 (C1) 488 550 550 

DNA/RNA Channel 2 (C2) 550 488 647 

RNA Channel 3 (C3) 647 647 488 

 

 

NOTE: For multiplexed FISH (multiple targets), choosing the correct Amp 4 (A, B, or C)- FL is 
critical for properly labeling your target of interest(s). Target probes (Step 5) have different color 
channels (C1, C2, or C3), which dictate their respective fluorescent label (Alexa 488, Atto 550, 
or Alexa 647), based on the Amp 4-FL chosen. Examples of choosing fluorophore combinations 
for multiplexed imaging are provided in the legends of Figure II.2 and Figure II.3. As an 
additional example, selection of Amp 4B-FL will selectively label DNA C1 probes with Atto 
550 and RNA C3 probes with Alexa 647. 
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1. Remove slides from 1x wash buffer and tap/absorb to remove excess liquid. 
 

2. Add 1 drop of Amp 4-FL on the coverslip. Incubate in humidified oven at 40 °C for 15 
min. 
 
NOTE: Following step 9.2, keep samples covered, protected from the light. 

3. Decant Amp 4-FL and submerge in 1x wash buffer. Agitate by rocking dish for 2 min at 
RT. Repeat wash with new 1x wash buffer. Wash with 1x PBS (2 min) and store in PBS. 

 

10. Protein immunostaining: To label protein(s) of interest 

1. Decant PBS and add 200 µL of blocking buffer (1% w/v BSA, 10% v/v FBS in PBS with 
0.1% v/v Tween-20 (PBST)) to the coverslip. Incubate 1 h at RT. 
 

2. Decant blocking buffer and apply 200 µL of primary antibody diluted in PBST + 1% w/v 
BSA. Incubate 1 h at RT. 
 

3. Wash the slide twice with PBST for 10 min at RT with shaking. 
 

4. Apply secondary antibody of choice for 1 h at RT in PBST + 1% w/v BSA. 
 

5. Wash the slide with PBST for 10 min at RT with shaking. 

 

11. Nuclear staining: Counter-stain nuclei following immunostaining 

1. Decant PBST and apply DAPI or nuclear stain of choice for 1 min at RT. 
 

2. Wash the slide twice with PBS for 10 min at RT with shaking. 

 

12. Mounting 

1. Place 1 drop of antifade solution (e.g., Prolong Gold) on new sterile glass slide (First, 
clean slide with EtOH and let dry to ensure no residues are on glass). With the same tip, 
spread the antifade solution drop to cover an area approximately the size of the coverslip. 
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NOTE: The antifade solution is very viscous and may be difficult to pipette. Cutting the 
tip off a 200 µL tip prior to pipetting may mitigate these issues. 
 

2. Remove coverslip with cell sample from the slide and submerge in PBS to remove 
residual nail polish at the back using the forceps and PBS. Dry forceps and back of the 
coverslip using a Kimwipe. 
 

3. Gently imbed coverslip in the drop of antifade solution, placing sample side (side with 
cell layer) of coverslip on drop). 
 

4. Let samples dry overnight. 

 

13. Imaging 

1. Image with an epifluorescent microscope. 
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REPRESENTATIVE RESULTS  
 

A schematic of MICDDRP is depicted in Figure II.1. Labeling of DNA and RNA is followed by 

immunostaining. The use of branching amplifiers increases signal, allowing detection of single 

nucleic acid molecules.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure II.1. Schematic of MICDDRP and step-by-step workflow. (A) bDNA signal is amplified via 
branching preamplifier and amplifier DNAs to enhance detection of viral DNA (1) and RNA species (2). 
Oligonucleotide probes are hybridized in pairs (ZZ in schematic) to target(s) of interest, creating a 
scaffold for pre-amplifier (Amp 1-FL, Step 6 in Protocol), amplifier (Amp 2- & 3-FL), and fluorescent 
probes (Amp 4, Step 9 in Protocol). Consult Table II.4 for choosing appropriate Amp 4 (A,B, or C)-FL 
for multiplexed ISH. Labeling of nucleic acid is followed by immunostaining proteins of interest (3). (B) 
Thirteen main steps in MICDDRP protocol with estimation of time duration for each respective step. 

 
 
 
 

A 

B 

Multiplexed fluorescence imaging step-by-step: 
1) Plate/seed cells on coverslip 
2) Fixation 
3) Cell permeabilization 
4) Protease treatment 
5) DNA/RNA hybridization 

     6-9) Signal amplification (Amplifiers 1-4) 
       10)  Immunostaining 
       11)  Counter-stain nuclei 
       12)  Mount 
       13)  Image 
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Application of MICDDRP to study the course of HIV-1 infection has been a useful tool in 

tracking viral replication kinetics in primary cells. As a proof of concept of this procedure, HIV-

1 DNA, RNA, and protein are simultaneously labeled and visualized microscopically at the 

single-cell level (Figure II.2). Two HIV-1 DNA genomes are visualized in a single cell, as they 

are actively transcribing viral RNA (vRNA). vRNA has been exported through the nuclear pore 

complex and viral protein is synthesized in the cytoplasm. 
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Figure II.2. MICDDRP of primary blood mononuclear cells (PMBCs) infected with HIV-1. PMBCs 
infected with HIV-1 (NL4.3) at a multiplicity of infection (MOI) of 2. Cells were fixed 48 hours post 
infection (hpi). (A) HIV-1 bDNA FISH probe (labeled with ATTO 550; red in Figure). This probe 
hybridizes to the template (3’<—5’) vDNA strand to prevent cross-talk with sense (+) vRNA. (B) 
Unspliced HIV-1 RNA (labeled with Alexa 647; green in Figure). The HIV-1 vRNA probe hybridizes to 
viral transcripts transcribed in the 5’—>3’ orientation. (C) Immunostaining of HIV-1 capsid (p24) protein 
(secondary antibody conjugated to Alexa 488;  white in figure). (D) Merged image. Scale bar represents 5 
µm. Nuclei were stained with DAPI (blue). To label HIV-1 DNA (DNA C1 probe) with ATTO 550 and 
HIV-1 RNA (RNA C3 probe) with Alexa 647, respectively, samples were incubated with Amp 4-FL ‘B’ 
(Consult Table II.4 in Protocol to choose appropriate channel colors for hybridization probes).  
 
 

 

In addition, we have performed dual viral DNA (vDNA) and vRNA staining to follow HTLV-1 

infection. For optimization of our nucleic acid labeling, we adhered closely to our vDNA/VRNA 

staining procedure developed for multiplexed fluorescence imaging of HIV infection. We have 

demonstrated that we can specifically label HTLV-1 DNA and RNA simultaneously. 
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Figure II.3. Simultaneous labeling of HTLV-1 vDNA and vRNA in MT-2 cells. (A) HTLV-1 vDNA 
(labeled with ATTO 550; red in Figure) (B) Unspliced HTLV-1 sense (+) RNA (RNA C2 probe & 
labeled with Alexa 488; green in Figure)). (C) HTLV-1 HBZ antisense (-) vRNA (RNA C3 probe & 
(labeled with Alexa 647; white in Figure)). (D) Merged image. Scale bar represents 20 µm. Nuclei were 
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stained with DAPI (blue). Amp 4-FL ‘B’ was used (Consult Table II.4 in Protocol) to achieve 
multiplexed labeling of HTLV-1 (‘+’ & ‘-‘) RNA.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure II.4. Control experiments to assess target probe specificity and background. Specificity of 
HIV-1 and HTLV-1 target probes were assessed following infection in lymphocytic cell lines (Uninfected 
Jurkat T cells, HTLV-1 infected cells (MT2), and HIV-1 infected cells (H9111B)). Scale bars represent 
10 µm. (A) Cells were treated with HTLV-1 RNA probes. (B) Cells were treated with HIV-1 (+) RNA 
probe (C-D). Further demonstration of the specificity of HTLV-1 probes with no cross-reactivity with 
HIV-1. White arrows in Figure C denote HTLV-1 DNA (red). (E-F). vRNA staining (green) +/- RNase-
treatment.  
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To verify the specificity of our hybridization probes and to assess how our ISH labeling method 

impacts protein staining efficiency and overall background, we perform critical controls to 

ensure the highest level of rigor and reproducibility for our experiments. As an example, in 

Figure II.4A-D,  we verify the specificity of our HIV-1 and HTLV-1 vDNA and vRNA probes, 

as we show very little to no cross-reactivity between the probe sets across the two viruses. 

Despite labeling of two retroviruses with the potential for probe cross-reactivity, the HIV-1 

probes are only specific to HIV-1 genetic material and not HTLV-1. The same trend is true for 

the HTLV-1 probes. In addition, in Figure II.4F, we show that we can eliminate vRNA staining 

if we RNase-treat our cells during sample preparation. To assess the possibility of attenuation of 

protein staining efficiency due to ISH (protease treatment (Step 4 in Protocol & Figure II.1B) 

and hybridization conditions, which can lead to ablation of epitope recognition or increased 

background signal, we demonstrate that protein staining efficiency for the nuclear speckle 

marker, sc-35, is comparable across conventional IF approaches and immunostaining during our 

MICDDRP protocol. In the conventional IF protocol, cells were permeabilized with 0.1% Triton 

X-100 for 15 minutes, rather than permeabilization with 0.1% Tween-20 for 10 minutes, which 

is used in MICDDRP protocol (Step 3 in Protocol & workflow in Figure II.1B). Protein 

staining across both conditions (IF vs. MICDDRP) produced a signal several orders of magnitude 

greater than the control (MICDDRP with no primary antibody), further demonstrating the low 

background generated following this protocol and preservation of protein epitopes for efficient 

immunostaining. Image quantification of mean integrated fluorescence intensity of sc-35 signal 

per cell (Figure II.5E) was performed as previously described 318.  For all imaging results 

shown, we ensured probe and antibody specificity, as well as assessed any possible perturbations  

or higher than normal background noise attributed to our ISH approach. 
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Figure II.5. Comparison of protein staining efficiency following conventional IF vs. MICDDRP. The 
cellular protein, sc-35, a biomarker for nuclear speckles, was immunostained in Jurkat T cells. All scale 
bars represent 10 µm. (A)  Uninfected Jurkat T cells underwent the MICDDRP protocol and were treated 
with HIV-1 DNA/RNA hybridization probes used in Figures II.2 and II.4 above. During 
immunostaining, no primary antibody was added. (B). Uninfected Jurkat T cells underwent conventional 
IF, labeling sc-35 (white). Cells were permeabilized with 0.1% Triton X-100 for 15 minutes. (C). 
MICDDRP was performed on HIV-infected Jurkat T cells. vRNA is labeled green, vDNA is red, and sc-
35 is white. (D). Close-up of vRNA, vDNA, and protein labeling (sc-35) in HIV-infected cell. (E) 
Quantification of mean integrated fluorescence signal per cell of sc-35 across different immunostaining 
conditions. The y-axis is on a logarithmic scale. The dotted line represents the background signal from 
uninfected cells that underwent the MICDDRP protocol where no primary antibody was added. No 
significant difference in signal following MICDDRP vs. conventional IF. Over 500 cells were sampled for 
quantification for reach respective condition.  
 

 

This method can also be applied to study RNA viruses that may or may not include DNA 

templates for viral replication. For instance, strand-specific bDNA probes can be designed to 

monitor expression of sense (+) or antisense (-) strand RNA and different vRNA species in 

viruses such as HBV, HCV, IAV, and ZIKV. The visualization of different RNA species during 

the course of infection can provide insight into the replication kinetics of various viral systems.  
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Figure II.6. Time-course of HBV infection of 3E8 cells. Cells were infected with 300 HBV genomes 
per cell. Viral replication is shown at three time points (24, 48, and 72 hpi). pgRNA (labeled with ATTO 
550; red in Figure), total HBV RNA (labeled with Alexa 647; green in Figure), and MOV10 (secondary 
antibody conjugated to Alexa 488; white in Figure). Nuclei are stained with DAPI in blue. Scale bar on 
merged images represent 10 µm. hpi, hours post-infection. 
 
 
 
Following the time course of HBV infection, we can see that the amount of HBV pre-genomic 

RNA (pgRNA) and total HBV RNA increases as a function of time. In addition, we 

simultaneously immunostained a cellular host factor, MOV10.  

 
 
 

Figure II.7. Time-course of HCV infection of Huh-7.5.1 cells. Huh-7.5.1 cells were infected with 
hepatitis C virus (HCV) Jc1/Gluc2A at an MOI of 0.5. At the time intervals indicated, the cells were fixed 
and probed sequentially for sense (+) vRNA,  antisense (-) vRNA and NS5A (HCV protein). Nuclei were 
stained with DAPI. Representative merged images from each time-point, showing (+) RNA in green 
(labeled with Alexa 647), (-) RNA in red (labeled with Atto 555), NS5A in white (secondary goat anti-
mouse conjugated to Alexa 488), and nuclei in blue. Scale bars represent 10 µm. The lower images are 
enlarged cut outs from the corresponding time-point. hpi, hours post-infection. 
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Figure II.8. Strand-specific bDNA FISH and immunostaining of A549 cells infected with influenza 
A virus. A549 cells infected with PR8 Flu A virus were fixed and probed for (A) IAV nucleoprotein (NP) 
RNA (labeled with Alexa 488; green in Figure), and (B) IAV polymerase protein (PB1) (secondary goat 
anti-mouse Atto 550; red in Figure)  and nuclei were stained with DAPI (blue). (C) Merged image. Scale 
bar represents 10 µm.  
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Figure II.9. Strand-specific bDNA FISH in Zika virus (ZIKV)-infected cells. Vero cells were infected 
with ZIKV at a MOI of 0.1. Cells were fixed at 48 hpi. (A) Cells were simultaneously stained for sense 
(+) vRNA  (labeled with Alexa 488; green in Figure) and antisense (-) vRNA (labeled with Atto 550; red 
in Figure). Nuclei were stained with DAPI. In (A), the white box denotes a region with both (+) and (-) 
vRNA. The insets present a close-up of (+) vRNA (green) and the scarcer (-) vRNA species (red). (B) 
sense (+) vRNA (green). (C) antisense (-) vRNA (red). Scale bar in (A) represents 10 µm.  
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Imaging was performed via confocal microscopy using a 60x oil-immersion objective. The 

excitation/emission bandpass wavelengths used to detect DAPI, Alexa 488, ATTO 550, and 

Alexa 647 were set to 405/420-480, 488/505-550, 550/560-610, and 647/655-705 nm, 

respectively.  

 

TABLE II.5: All reagents and materials used for multiplexed fluorescence imaging of viral 
infection. 
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Table II.5 Continued:  
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DISCUSSION 
 
Simultaneous visualization of RNA, DNA, and protein often requires extensive optimization. 

Two commonly used methods are 5-ethynyl-2-deoxyuridine (EdU) labeling and DNA FISH. 

EdU labeling has been applied to visualize viral DNA and protein simultaneously, as EdU is 

incorporated in nascent DNA and subsequently labeled with azide-containing fluorescent dyes 

via click chemistry. EdU labeling can thus be used to monitor native virus replication kinetics of 

DNA viruses or viruses with DNA templates for replication 174.  A shortcoming of EdU labeling, 

however, is that in dividing cells, the replicating genome will incorporate EdU, generating high 

background and confounding image analysis. DNA FISH can circumvent these issues by directly 

hybridizing a nucleic acid probe to the respective target regardless of the cell cycle. However, 

conventional FISH often relied on high temperatures to achieve efficient probe hybridization, 

hindering immunostaining or even simultaneous RNA staining 347. MICDDRP can potentially 

circumvent these issues providing robust simultaneous fluorescent labeling of DNA, RNA, and 

protein across a variety of cellular systems.  

 

While we have demonstrated that we can label protein and nucleic acid simultaneously using our 

MICDDRP protocol, optimization was needed across different systems. The first major 

parameter that we had to optimize was protease treatment. We varied protease III concentration 

across our conditions. Optimization of protease treatment was empirical, as we used different 

dilutions to assess what yielded the greatest hybridization efficiency, without compromising 

immunostaining efficiency. Appropriate controls were performed side-by-side to assess probe 

specificity and changes to protein staining efficiency attributed to protease treatment. The next 

major parameters that needed optimization were probe design and probe hybridization. 
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Proper design of capture and amplifier probes are critical for achieving the sensitivity and 

specificity of bDNA technology. Software packages that predict the probability of non-specific 

hybridization events are available to improve probe design 316, 346. bDNA probes with the 

accompanying pre-amplifier, amplifier, and fluorescent label probes can now be commercially 

purchased to ensure compatibility with bDNA imaging kits. Users can supply manufacturers 

with sequence information (~300-1000 base pairs) for the target region(s) in the form of a fasta 

file (text-based format for representing nucleotide sequence). Target probes are generated with > 

90% sequence homology to the supplied sequence.   

 

For DNA labeling, we have found that dilution of the probes in the hybridization buffer 

described in Step 5 of the Protocol  improves DNA hybridization. When labeling both DNA and 

RNA, the RNA probe can be diluted in the hybridization buffer. DNA labeling in the absence of 

RNase cannot exclude the possibility that the observed nucleic acid includes RNA of the targeted 

strandedness. Temperature may also have to be adjusted for improving hybridization efficiency. 

Increasing temperature may affect protein staining efficiency, as increased temperatures may 

promote protein denaturation, ablating epitope recognition of the primary antibody.  In our 

presented representative data, we have performed ISH at 40 °C.  

 

Compared to conventional DNA FISH, MICDDRP provides an improved procedure for 

simultaneously labeling DNA, RNA, and protein to visualize via fluorescence microscopy. A 

potential limitation is that the selection of probe may affect the efficiency of hybridization and 

ability to quantitatively compare data between probes. This protocol has been effective across 
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diverse cellular and viral systems in our hands with only minor optimization needed across 

varying conditions. Recent high-profile publications have utilized our approach to study HIV 

integration site selection 94 and HIV reverse transcription kinetics 348. Future applications of 

MICDDRP could include visualization of viral nucleic acids concomitantly with nucleic acid 

sequences of specific cellular genes and cellular proteins. 
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 CHAPTER III: APPLICATIONS OF SINGLE-MOLECULE FISH TO 
STUDY VIRUS-HOST INTERACTIONS INFLUENCING 
TRANSCRIPTION FROM UNINTEGRATED HIV-1 DNA 
 
 
 
 
 
 
 
 
 
 
 
 
The research and data presented in this chapter is included in a published 
manuscript in Cell Host & Microbe.  
 
Chapter III contains data & analysis included in: 
 
Dupont, L., Bloor, S., Williamson, J.C., Cuesta, S.M., Shah, R., Namaati, A., 
Greenwood, E.J.D., Balasubramanian, S., Sarafianos, S.G., Matheson, N.J., 
 Lehner, P.J. (2021) Nuclear Immunosurveillance by the SMC5/6 Complex is 
 Antagonized by HIV-1.  Cell Host & Microbe. (PMID: 33811831) 
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INTRODUCTION 
 
The work presented in this Chapter utilizes the multiplexed fluorescence imaging approach, 

outlined in Chapter II to visualize host restriction of transcription from unintegrated HIV-1 

cDNA. While integration of the HIV-1 reverse-transcribed genome into cellular chromatin is a 

major step in the retroviral life cycle, much of the nuclear viral cDNA ends up as 

extrachromosomal DNA species, consisting of linear unintegrated DNA, 1-long terminal repeat 

(LTR), and 2-LTR circles 349. Integrated and unintegrated viral DNA rapidly become 

chromatinized within the host nucleus, however, transcription from unintegrated lentiviral cDNA 

is severely reduced relative to integrated proviral DNA 350. Specifically, in this study, we 

visualize how knock-out (KO) of SLF2 affects transcription of unintegrated HIV-1 cDNA. SLF2 

is a recruitment factor for the Smc5/6 complex. The Lehner group at the University of 

Cambridge have identified Smc5/6 as a cellular restriction factor that inhibits transcription of 

unintegrated HIV-1 DNA. Smc5/6 has multiple functions in the cell, including reorganization of 

eukaryotic chromosomes during cellular division, compaction of genomic DNA, and supports 

DNA repair and genome stability 351, 352. Smc5/6 inhibits HIV-1 transcription by influencing the 

compaction and epigenetic silencing of unintegrated viral cDNA. Suppression of the Smc5/6 

signaling pathway leads to an increase in chromatin accessibility of unintegrated HIV-1 DNA. In 

addition, the Lehner group found that the HIV-1 accessory protein, Vpr, counteracts this 

silencing mechanism by promoting proteasomal-mediated degradation of the Smc5/6 complex. 

We collaborated closely with the Lehner group to verify the role of Smc5/6 in HIV-1 

transcriptional silencing and the counteraction of Vpr. We have applied our multiplexed in-situ 

imaging approach to visualize the HIV-1 transcriptional landscape of Jurkat T cells +/-SLF2 

(Jurkat SLF2 knock-out (KO) cell line generated by Lehner lab) following infection with VSV-G 
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pseudotyped NL4-3-∆env-GFP (+/-Vpr) (commonly used HIV-1 lab-adapted strain). In addition, 

we interrogated if PML bodies play a role in influencing HIV-1 transcription by assessing 

localization between PML bodies and unintegrated HIV-1 DNA.  

 
 
 
MATERIALS/METHODS 
 
 

Cell Culture 

Jurkat T cells (WT & SLF2KO) were cultured in RPMI 1640 medium (Gibco, Waltham, MA, 

USA), 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. 

 

Virus production and infection 

Pseudoviruses were generated by transfection of HEK293T cells with NL4-3 (+/-vpr) constructs 

and VSV-G at a DNA ratio of 5:1 using X-tremeGENE (Roche) following the manufacturers 

recommendation. 48 hours post transfection (hpi), supernatants were collected, filtered (0.45 μm 

pore size), and stored at -80°C. All infections were performed in the presence of DEAE-Dextran 

(8 µg/mL) 353. To block proviral integration, infected cells were treated with Raltegravir (RAL, 

Cayman Chemical; 1 μM). Cells were fixed for imaging 48 hpi.  

 

Multiplexed in-situ viral RNA detection and immunostaining, imaging, and analysis of RNA 

fluorescence intensity  

HIV-1 RNA detection was performed by branched DNA in situ hybridization (bDNA FISH) 

following a modified RNAscope protocol with RNAscope reagents from Advanced Cell 

Diagnostics (ACD) 316. Briefly, cells were seeded on poly-d-lysine coated coverslips 48 h post 

infection, fixed in 4% PFA (30 min, RT), washed three times in PBS, incubated 10 minutes in 
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0.1% Tween-20-PBS (PBS-T), and washed twice in PBS. Cells were incubated with 

manufacturers protease treatment (Pretreat 3; 1:5 dilution in PBS) in a humidified ACD HybEZ 

oven at 40°C, 15 min. Protease solution was decanted, and samples were washed twice in PBS. 

A probe that recognizes HIV-1 RNA (HIV-nongagpol-C3; ACD 317711-C) was applied 

following manufacturers recommendations and samples incubated at 40 °C for 2 h in the HybEZ 

oven. Remaining wash steps, hybridization of preamplifiers, amplifiers, and fluorescent label 

were performed as previously described 119, 317, 318.  

 Following in-situ hybridization, immunostaining was performed. Cells were blocked for 

1 hour at RT (blocking buffer; 1% w/v BSA, 10% v/v FBS in PBS with 0.1% v/v Tween-20 

(PBST)). Following blocking, cells were incubated with primary antibody (anti-PML; 1:100 

dilution (Abcam; ab96051)) diluted in PBST and 1% w/v BSA. Slides were washed twice witb 

PBST for 10 min at RT with shaking. Secondary antibody (Alexa Fluor 647 goat anti-mouse) 

was incubated for 1 hr on the cells in PBST and 1% w/v BSA. Slides were washed twice with 

PBST for 10 min at RT with shaking. PBST was decanted. Nuclei were next counter-stained 

with 4’,6’-diamino-2-phenylinndole (DAPI) and mounted using Prolong Gold Antifade 

(Invitrogen).  

 Imaging was performed using a Nikon C2 confocal microscope using a 60x APO oil-

immersion objective (numerical aperture 1.4). The excitation/emission bandpass wavelengths to 

detect DAPI (405 nm) and HIV-1 RNA (647 nm) were set to 420-480 nm and 655-705 nm, 

respectively. Images were quantified using Gen5 software (BioTek) to count individual cells and 

determine the integrated fluorescence intensity of HIV-1 RNA per cell. Background signal was 

determined using uninfected Jurkat T cells processed as described above.  
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Statistical Analysis 

Statistical significance was calculated using ordinary one-way ANOVA with multiple 

comparisons correction performed in GraphPad Prism v8. Error bars denote standard deviation. 

ns, P > 0.05. ∗, P < 0.05. ∗∗, P < 0.01. ∗∗∗, P < 0.001. 

 

 

 

RESULTS 
 
 
Figure III.1 provides a schematic of sample preparation for this assay. Jurkat T cells (WT & 

SLF2KO) are treated with RAL prior to infection with pseudovirus +/- vpr. Cells are fixed 48 

h.p.i. Imaging results can be seen in Figure III.2, and the respective image quantification vRNA 

fluorescence intensity is shown in Figure III.3. Infected cells were filtered from the uninfected 

cells (three standard deviations > background fluorescence level). Mean integrated fluorescence 

intensity of each infected cell above the selected threshold was quantified and plotted for each 

condition. The association between unintegrated nuclear HIV-1 DNA and PML bodies was 

quantified via object-based localization analysis calculating the distance of the geometric means 

of PML bodies and viral DNA foci (Figure III.4). We do not see any differences in physical 

proximity between nuclear unintegrated HIV-1 DNA and PML bodies applying our cytological 

approach.   
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Figure III.1. Workflow for in-situ viral RNA detection and imaging. Suspension Jurkat T 
cells are treated with 1 µM RAL and infected with pseudovirus. 48 hpi, cells are harvested and 
plated on poly-d-lysine coated coverslips. In-situ hybridization or multiplexed imaging are then 
performed as described in Chapter II. Hpi = hours post-infection.  
 
 
 

 
 
Figure III.2. Imaging of viral RNA in WT & SLF2KO Jurkats infected with NL4-3-∆-GFP 
+/- vpr. In situ hybridization of vRNA in WT and SLF2KO Jurkat T cells infected with NL4-
3GFP +/- vpr reporter viruses in the absence/presence of 1 µM RAL. Cells were fixed 48 h.p.i. 
Scale bars are 10 µm (A-E). WT Jurkats infected with NL4-3GFP in the absence of RAL 
treatment (A). WT Jurkats infected with NL4-3GFP in the presence of 1 µM RAL (B). WT Jurkats 
infected with ∆vpr NL4-3GFP in the presence of 1 µM RAL (C).  SLF2KO Jurkats infected with 



  
  

 

  104 
 
 
 
NL4-3GFP in the presence of 1 µM RAL (D). SLF2KO Jurkats infected with ∆vpr NL4-3GFP in 
the presence of 1 µM RAL (E).   
 
 
 
 
 

 
 
Figure III.3. Quantification of (+) HIV-1 RNA expression in the presence of RAL in WT & 
SLF2KO Jurkat T cells infected with pseudovirus +/- vpr. Infected cells were filtered from the 
uninfected cells (three standard deviations > background fluorescence level) and integrated HIV-1 RNA 
fluorescence intensity was plotted per cell for each condition. *pvalue < 0.05; **** pvalue < 0.001.  
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Figure III.4. Quantification of distance between unintegrated nuclear HIV-1 cDNA & PML bodies. 
Distance between geometric means of viral DNA foci & PML bodies and number of PML foci/nuclei per 
condition. No significance detected across samples.  
 
 
 
 
DISCUSSION 
 
Through application of our multiplexed in-situ imaging approach, we have clearly demonstrated 

that the cellular host factor, Smc5/6, reduces expression of unintegrated lentiviral cDNA and that 

the HIV-1 accessory protein, Vpr, can antagonize this host inhibitory effect. Our results directly 

corroborate what was shown biochemically by the Lehner group, contributing imaging analyses 
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to this publication in Cell Host & Microbe. In general, we see that inhibition of HIV-1 proviral 

integration leads to a severe attenuation of HIV-1 (+) expression, as expected. SLF2 KO leads to 

an increase in HIV-1 transcription from unintegrated viral cDNA templates.  
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 CHAPTER IV: RALTEGRAVIR  TREATMENT LEADS TO AN INCREASE 
IN HIV-1 ANTISENSE (-) RNA EXPRESSION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The research and data presented in this chapter will be included in a future 
manuscript.  
 
Chapter IV contains data & analysis that will be included in: 
 
Mahboubi, D., Shah, R., Puray-Chavez, M., Poeschla, E.M., Engelman, A.N.,  
 Tedbury, P.R., Sarafianos, S.G. (2021) Interference with LEDGF/p75-
 directed Integration Enhances Transcription of HIV-1 Antisense RNA. In 
 preparation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
D.M., R.S., & M.P. performed imaging experiments. P.R.T., D.M., R.S., & S.G.S. 
conceptualized experiments.  
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INTRODUCTION 
 
Antisense (-) transcripts are RNA molecules expressed from the opposite strand of a protein-

coding gene and may play a role in transcriptional regulation of the respective cognate gene 354, 

355. In human and Saccharomyces cerevisiae eukaryotic systems, (-) transcripts have been found 

to play a role in regulating epigenetic silencing 356, transcriptional interference 357, and RNA 

stability 358, 359.  The role of (-) expression of HIV-1 RNA remains poorly elucidated. Many open 

questions remain regarding the possible biological function(s) of HIV-1 (-) RNA in regulating 

viral replication, as well as how (-) vRNA is expressed. HIV-1 (-) RNA can be translated into the 

Antisense Protein (ASP), with the (-) ASP gene overlapping the HIV-1 Rev Response Element 

(RRE) and the envelope glycoprotein gene 79, 360. (-) vRNA has also been found in samples of ex 

vivo donor CD4+ T cells at about 10-30 copies per million cells 361. For this study, we are 

interested in defining how HIV-1 (-) RNA can be expressed, as well as identifying the 

transcriptional “start” and “end” sites of HIV-1 (-) transcripts. Recent work has suggested that 

retroviral (-) RNAs may be retained within the nucleus, lacking proper poly(A) expressed from 

the retroviral 3’ LTR 362. We seek to unravel to what extent HIV-1 (-) transcription is originating 

from proximal host promoters, LTRs of unintegrated HIV-1 dsDNA, and the 3’ LTR of 

integrated proviral DNA.  

 
 
MATERIALS/METHODS 
 
 
Imaging conditions and sample workflow 
 
Samples were prepared for multiplexed in-situ imaging analysis, as performed in Chapter III. 

Jurkat T cells were treated with 1 µM RAL (Cayman Chemicals) to block proviral integration. 
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vRNA of HIV-infected cells was quantified to assess how RAL treatment impacts the proviral 

transcriptional landscape.  

 
 
 
RESULTS 
 

Treatment with RAL prior to infection ablates HIV-1 integration allowing us to quantify the viral 

transcriptional output from unintegrated HIV-1 DNA. We tested the same conditions presented 

in Chapter III. In Figure IV.1, we show that RAL treatment reduces the number of HIV-

infected cells that are expressing vRNA. KO of the Smc5/6 recruitment factor, SLF2, increases 

the number of cells expressing (+) and (-) vRNA. RAL treatment, however, increases the number 

of cells expressing (-) vRNA 48 h.p.i relative to untreated cells, as well as increases overall 

transcriptional output of (-) vRNA in cells expressing (-) vRNA relative to the untreated cells 

(Figure IV.2). Overall, these studies demonstrate that HIV-1 (-) RNA can be expressed from 

unintegrated vDNA templates.  
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Figure IV.1. Increased expression of HIV-1 (-) RNA following RAL treatment. Jurkat T cells are 
infected with HIV-1 pseudovirus in the presence of 1 µM RAL. Cells are fixed 48 h.p.i. Quantification of 
cells expressing (+) vRNA (A) or (-) vRNA (B) across conditions analyzed in Chapter III. HIV-
expressing cells were selected if integrated fluorescence intensity per cell was three standard deviations 
above background control. Representative cells expressing (-) vRNA are demarcated by red boxes (C). 
Corresponding (+) vRNA expression (white) (D). N (# of biological replicates) = 1. ~150-500 vRNA-
producing cells quantified/condition.  
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Figure IV.2. Comparison of RAL treatment on expression of (-) vRNA in HIV-infected Jurkat T 
cells. Infected cells expressing (-) vRNA three standard deviations above background control were 
selected and plotted. Cell number ~500 cells/condition. **** pvalue < 0.001.  
 
 
 
 
 
 
DISUCSSION 
 
 
Our finding that RAL treatment leads to an increase in HIV-1 (-) RNA expression suggests (-) 

vRNA transcripts can originate from unintegrated vDNA. This demonstrates a possible route of 

expression of HIV-1 (-) transcripts. In Chapter VI, we also demonstrate that HIV-1 (-) 

transcription can be induced by proximal host promoters in the case of J-Lat 10.6 cells. In this 

cellular model, HIV-1 DNA has integrated into a single and defined locus of the human genome. 

Transcriptional activation of this respective provirus can be modulated via TNF-𝛂 treatment.	 
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When the HIV-1 provirus is inactive in the absence of TNF-𝛂, we microscopically visualize 

expression of HIV-1 (-) RNA. We attribute expression of this (-) vRNA to the proximal SEC16A 

host promoter, which is in the opposite transcriptional orientation of the J-Lat 10.6 provirus, thus 

leading to host-driven HIV-1 (-) RNA expression (Figure VI.4A). Further validation will be 

performed to quantify changes in (-) vRNA production following RAL treatment (stranded 

quantitative reverse transcription PCR (qRT-PCR) assays). In addition, the sequence identity and 

the definitive transcriptional “start” and “end” sites of the (-) transcripts will be determined via 

long-read Nanopore RNA-sequencing. Nanopore sequencing will enable improved mapping of 

long and complex vRNA species 247, 333-335, improving transcriptomic assemblies of these 

respective (-) vRNAs. We will also assess the extent ALLINIs and other small molecules that 

redirect canonical HIV-1 integration site selection contribute to HIV-1 (-) expression. 

Preliminary data suggests that ALLINI treatment increases expression of (-) vRNA (unpublished 

data). This investigation into the characterization of HIV-1 (-) transcription will improve our 

understanding of the formation of (-) vRNA species during infection, laying the foundation for 

further in-depth mechanistic studies defining possible biological function(s) of proviral antisense 

transcription.  
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 CHAPTER V: MULTIPLEXED FLUORESCENCE-BASED SINGLE-CELL 
IMAGING TO CAPTURE EARLY REPLICATION EVENTS OF SARS-CoV-
2 INFECTION.  
 
 
 
 
 
 
 
 
The research and data presented in this chapter will be included in a future 
manuscript.  
 
Chapter V contains data & analysis that will be included in: 
 
Shah, R., Lan, S., Ong, Y.T., Boggs, E.A., Tedbury, P.R.,  
 Sarafianos, S.G. (2021) Multiplexed fluorescence-based single-cell imaging 
 to capture early replication events of SARS-CoV-2.  (In  preparation) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
R.S., E.A.B., & S.L. performed imaging experiments. Y.T.O. performed infections with SARS-
CoV-2 in our BSL3 facility. R.S. performed stranded RT-qPCR assays. R.S., P.R.T., & S.G.S. 
conceptualized experiments. R.S. will write final manuscript.  
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INTRODUCTION 
 
 In Chapters II-IV, we demonstrated the broad applicability of our multiplexed imaging 

platform (MICDDRP). In Chapter V, we present ongoing work seeking to use in-situ imaging 

approaches to visualize severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)  

transcriptional dynamics and early replication events.  

 SARS-CoV-2 is an enveloped positive-sense (+) single-stranded RNA virus of the order 

Nidovirales with a genome of ~ 30 kb in length 363. Nidoviruses share a common genome 

organization and coordinated viral RNA expression occurs at replication-transcription complexes 

(RTCs). Following cellular entry of the target host cell, SARS-CoV-2 transcription initiates with 

the synthesis of a complementary antisense (-) genome via the viral RNA-dependent RNA 

polymerase (RdRp), NSP12 364. The (-) genome serves as an intermediate template of (+) vRNA 

expression, as well as a template for transcription of viral (+) subgenomic RNAs (sgRNAs). 

sgRNAs have a common leader sequence joined to the gene sequences in the 3’-end of the viral 

genome, which occurs via discontinuous transcription. sgRNAs can then be fed into the cellular 

translational machinery for synthesis of viral proteins. (-) sgRNA expression is likely caused by 

paused (-) RNA synthesis leading to a nested set of (-) sgRNAs from the 3’ end of the viral 

genome, which are joined to a common 5’-leader sequence 364-366. (-) sgRNAs also serve as a 

template for synthesis of (+) sgRNAs. 

 We seek to better characterize SARS-CoV-2 early replication dynamics, tracking 

simultaneous expression of different viral nucleic acid species ((+) and (-) genomic RNAs 

(gRNAs) and sgRNAs)), as well as viral protein. We infected different epithelial-based cell lines 

for kinetic studies of SARS-CoV-2 replication. Using stranded qRT-PCR in conjunction with our 

smFISH protocol, we quantified changes in viral nucleic acid expression in the course of an 
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eight-hour infection period. Our imaging approach allows us to detect scarce viral nucleic acids 

within individual cells at early time points to sample the heterogeneity of infection across cell-to-

cell. The work in this chapter serves as a guideline for further single-cell microscopy-based 

studies to assess SARS-CoV-2 infection, providing validation of highly sensitive target 

oligonucleotide probes that can specifically label vRNAs of particular strandedness ((+) or (-)) 

and sequence composition. Our imaging analysis is directly compared to our stranded RT-qPCR 

assay to validate the robustness and precision of our in-situ assay.  

 
 
 
MATERIALS/METHODS 
 
 
Cell Culture of Caco-2 and Vero E6 cells  
 

Caco-2 and Calu3 cells were cultured using ATCC-formulated Eagle’s Minimum Essential 

Medium (EMEM) supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin. Vero E6 cells were grown with DMEM supplemented with 10% fetal 

bovine serum (FBS) and 1% penicillin/streptomycin. All cells were incubated at 37°C with 5% 

CO2. Confluent cells were detached from the cell culture flask with trypsin.  

 

Virus preparation and titration 

Virus stock of SARS-CoV-2 isolate USA-WA1/2020 (BEI resources) was prepared in Vero E6 

cells for one passage and harvested 3 days post-infection. Virus stock and extracellular virus 

(collected from medium at the respective time points) were tittered on Vero E6 in 96-well focus-

forming assay as previously described 367 with minor modifications. Cells (pre-seeded at 2 x 104 

cells per well in 96-well plate) were inoculated with 50 μl of virus diluted by 5-fold serial 
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dilutions for about 1 hour at 37 oC. Next, 100 μl of overlay medium (1% 

carboxymethylcellulose, 2% FBS, 1X MEM) was added to cells and allowed to incubate in 37 oC 

humidified CO2 incubator for ~ 20-24 hours. After removal of overlay medium and washing with 

1X DPBS, cells were fixed with 4% paraformaldehyde (PFA) at room temperature for 30 min. 

Fixed cells were washed with 1X DPBS and permeabilized with 0.1% Triton X-100 for 10 min, 

and subsequently blocked with blocking buffer (PBS, 0.1% Tween 20, 5% FBS).   Foci were 

stained with anti-SARS-CoV nucleocapsid rabbit monoclonal antibody (SinoBiological, cat # 

40143-R001) at 1:5000 dilution and AlexaFluor 647 conjugated goat anti-rabbit secondary 

antibody (ThermoFisher Scientific; cat # A27040). Images were taken using Cytation 5 (BioTek) 

and foci were counted manually in ImageJ to determine virus titer (ffu/ml).  

 
 
Time-course experiments following SARS-CoV-2 infection 
 
Cells were pre-seeded in 24-well plates a day prior to infection. Cells for imaging were seeded 

on collagen coated coverslip (Neuvitro Corporation). Synchronous infection was performed by 

infecting cells (prechilled at 4 oC for 30 min) with virus (diluted in ice-cold medium) at MOI ~ 1. 

After incubation at 4 oC for 1-hour, unbound virus was removed by washing cells with 1X 

DPBS. Subsequently prewarmed medium was added to cells and plates were incubated in 37 oC 

humidified CO2 incubator to initiate 0 h time point.  At various time points (2, 4, 6, 8 hour), 

medium was removed (or aliquots from duplicate wells were collected for extracellular virus 

titration) and cells were washed with 1X DPBS. Cells for imaging were fixed with 4% PFA, 

while cells for RNA extraction was lysed with PureLink RNA Lysis buffer.      
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Stranded RT-qPCR to quantify SARS-CoV-2 genomic & subgenomic (sg) RNAs (positive-sense 
(+) & antisense (-)) 
 
Total RNA was extracted using PureLink RNA Mini Kit (Thermofisher Scientific), and RNA 

concentration and purify was assessed using a NanoDrop spectrophotometer (Thermofisher 

Scientific). 50 ng of RNA was denatured in the presence of primer prior to cDNA amplification  

and 10 mM dNTPs at 65 °C for 5 min. This was followed by incubation at 4 °C for 5 min. To 

enrich for antisense (-) vRNA populations, a primer targeting the 5’ UTR 

(CCCAGGTAACAAACCAACCAAC) of SARS-CoV-2 was administered. An oligo(dT)20 was 

used to capture total positive (+)-sense RNAs during cDNA amplification. See Figure V.1 for 

more information on cDNA amplification strategies for preferentially capturing SARS-CoV-2 (+ 

& -) RNAs. cDNA synthesis was performed using SuperScript III First-Strand Synthesis System 

(Invitrogen), following the manufacturer’s instructions. qPCR amplification was conducted using 

PowerUp SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA) in a 

QuantStudio 3 PCR system (Applied Biosystems). The cycle conditions were uracil-DNA 

glycosylase activation at 50 °C for 2 min, dual-lock DNA polymerase at 95 °C for 2 min, 

followed by 40 cycles of denaturation at 95 °C for 15 sec, annealing at 55 °C for 15 sec, and 

extension at 72 °C for 1 min. qPCR primers were designed to target N or NSP12 RNA. N 

primers (Forward: ACCCCAAAATCAGCGAAATG); Reverse: 

AGTGAGAGCGGTGAACCAAG). NSP12 primers (Forward: TGTGTACCTTCCTTACCAG; 

Reverse: ATGAAAGACATCAGCATACTCC).  Plasmids harboring an insert for N or NSP12 

ORFs, respectively, were used to generate a standard curve and were subject to the same qPCR 

protocol.  
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Multiplexed fluorescence imaging of SARS-CoV-2 infection  
 
Samples were prepared for multiplexed in-situ imaging as performed in Chapter II with 

modifications. Samples were protease treated at a 1:15 dilution (protease III to PBS) for labeling 

of sgRNAs and a 1:2 dilution for labeling of gRNAs. The probes used for labeling SARS-CoV-2 

nucleic acids can be found in Table V.3. For immunostaining, SARS-CoV-2 Nucleocapsid 

protein (N) protein was labeled with a mouse monoclonal anti-N antibody raised against 

recombinant, full-length N protein (Novus Biologicals, 3865) at a 1:5,000 dilution.  A goat anti-

mouse secondary antibody conjugated to Atto 555 (Invitrogen) were used for fluorescent 

detection of N. Z-stacks were deconvolved using Microvoluton, using an experimentally derived 

point-spread-function (PSF) from our instrument (Nikon C2) at 60x magnification.   

 
 
 
RESULTS 
 

 The primers and cDNA amplification strategy for our stranded RT-qPCR assay is shown 

in Tables V.1-V.2 and Figure V.1, respectively. Our RT-qPCR expression assay allows us to 

track strand-specific synthesis of SARS-CoV-2 sgRNA and gRNA across different cell-types. In 

Figure V.2, we demonstrated the kinetics of bulk viral replication across Vero E6, Caco2, and 

Calu3 cells. Vero cells are most susceptible to SARS-CoV-2 infection relative to the Caco2 and 

Calu3 cell lines. vRNA production accelerated between two and four h.p.i in the Vero E6 cells, 

while replication began to exponentially increase in the Caco2 and Calu3 cells between four and 

six h.p.i. SARS-CoV-2 replication kinetics in the Caco2 and Calu3 cells are therefore slower 

relative to infection in the Vero E6 cells.  
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TABLE V.1. Primers for cDNA library preparation for RT-qPCR assays.  
 
 

Primer Target Template for qPCR 
SEM467 5’ UTR (-) vRNA 

Oligo-(dT)20 Total (+) RNA (+) vRNA & (+) cellular RNA 
 
 

 
Figure V.1. cDNA synthesis strategy for stranded RT-qPCR assays to capture SARS-CoV-2 
transcripts. The SEM 467 primer targets the 5’ UTR of SARS-CoV-2 transcripts. This allows capture of 
antisense (-) vRNA. Oligo(dT) allows capture of (+) vRNA, as well as total poly(A) (+) transcripts 
present in the virus-host transcriptome. Stranded cDNA library generation of (+) & (-) vRNA species is 
then followed by qPCR.  
 
 
 
 
 
TABLE V.2. Primers for qPCR of stranded cDNA libraries of (+) & (-) vRNAs.  
 
 

 
 
 
 
 
 
 
 

 
 
 

Target Primer Sequence (5'-3')
nsp12 WA1-15918 forward TGTGTACCTTCCTTACCCAG

cWA1-16086 reverse ATGAAAGACATCAGCATACTCC

Target Primer Sequence (5'-3')
N WA1-28288 forward ACCCCAAAATCAGCGAAATG

cWA1-28444 reverse AGTGAGAGCGGTGAACCAAG
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Figure V.2. Stranded RT-qPCR of different cell-types to track early SARS-CoV-2 replication 
kinetics. Expression of positive (+) and antisense (-) vRNA from 0-8 h.p.i. Top two panels show 
expression of subgenomic RNA (sgRNA), and the bottom two panels show expression of full-length 
gRNA. Experiments are performed in biological replicates for three cell types listed (Caco2, Vero E6, & 
Calu3). cDNA synthesis strategy can be seen in Figure V.1 and qPCR targets are shown in Table V.2. 
Solid lines = (+) vRNA; dotted lines = (-) vRNA. RNA was collected from a total of 1 X 105 cells 
following infection (MOI ~ 1) for each replicate.  
 
 
 

 Oligonucleotide probes for SARS-CoV-2 smFISH experiments can be found in Table 

V.3. Imaging of Vero-infected cells allowed us to demonstrate the kinetics of early SARS-CoV-2 

replication. At eight h.p.i, we observed viral spread and monitored viral replication at the single-

cell level (Figures V.3-V.4). Patterns of expression observed via imaging coincide with vRNA 

copies quantified using our stranded RT-qPCR expression assay. Immunostaining of viral 

protein, NSP8 (red), is also performed concomitantly with RNA hybridization and presented in 
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Figures V.3-V.4. NSP8 is a catalytic subunit of the RTC 363, 364. In Figure V.3, we visualized 

high expression of (+) sgRNA amongst infected Vero E6 cells by only four h.p.i, consistent with 

the number of (+) sgRNA copies quantified via RT-qPCR (Figure V.2). By six h.p.i, we 

observed high levels of NSP8 expression in infected cells.  In Figure V.4, we can visualize the 

heterogeneity of vRNA and NSP8 expression across the cluster of infected Vero E6 cells.  

 

 
 
Figure V.3. Time-course of SARS-CoV-2 early replication kinetics in Vero E6 cells. Infected Vero 
cells were fixed and imaged at 2 (A), 4 (B), 6 (C), and 8 h.p.i (D). vRNA production can be visualized 4 
h.p.i ((+) sgRNA (green)). In panel B, gray boxes denote two cells expressing an abundance of (+) 
sgRNA and beginning translation of viral protein (NSP8; red). In panel D, the two bottom-right images 
show a close-up of infected cells and their respective viral transcriptional states. The left image is the 
merge of the two cells that are demarcated by the gray box in the zoomed-out image at 8 h.p.i, and the 
image to the far-right is displaying only the (-) sgRNA channel (white). DAPI is pseudo-colored blue, (+) 
sgRNA is green, (-) sgRNA is white, and NSP8 protein is red.  
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Figure V.4. Tracking cell-to-cell variability following SARS-CoV-2 replication. Split channels show 
DAPI (blue; nuclei), (+) sgRNA (green), (-) sgRNA (white), and NSP8 protein staining (red). Cluster of 
infected Vero E6 cells 8 h.p.i. Box (1) highlights a cell displaying early replication events (low level of 
(+) sgRNA staining), box (2) depicts early stages of NSP8 translation, and box (3) highlights two cells 
that are producing high amounts of vRNA and protein. Box (3) also indicates infected cells that are likely 
producing infectious virions by 8 h.p.i. Scale bars represent 10 µm. Images were taken at 60x 
magnification with the Nikon C2 confocal microscope. Images are shown as single slices.   
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TABLE V.3. Oligonucleotide hybridization probes for fluorescent detection of SARS-CoV-
2 transcripts.  
 

 
 
 
 
DISUCSSION 
 
 Our two orthogonal quantitative assays, stranded RT-qPCR and smFISH, provide robust 

and highly sensitive complementary methodologies for tracking SARS-CoV-2 replication across 

multiple cell-types. While RT-qPCR assays enable us to track bulk vRNA expression across the 

infected cellular population, our smFISH technique allows us to not only visualize the variability 

of replication across individual infected cells but also provides a method to monitor viral spread, 

measure viral transcriptional kinetics (Figure V.3), and observe the spatial compartmentalization 

of putative virus-host factor interactions. At eight h.p.i, we observe cells only expressing (+) 

sgRNA and no viral protein. Proximal to these cells, we observe infected cells that have already 

expressed an abundance of vRNA and viral protein, suggesting productive virions are budding 

from these respective cells, leading to very rapid SARS-CoV-2 cell-to-cell spread.   

 Ongoing work is looking to pinpoint incoming virions prior to viral entry, quantify viral 

transcriptional bursts and viral protein synthesis, and quantitatively track cell-to-cell viral spread. 

Oligonucleotide 
Probe ID 

Viral Genomic 
Target 

Channel Special Notes 

V-SARS-CoV-2-N-
O1-C2 

(+)sgRNA C2 Dilute in RNAscope 
diluent 

V-SARS-C0V-2-N-
O2-sense-C3 

(-)sgRNA C3 Dilute in RNAscope 
diluent 

V-SARS-CoV-2-
orf1ab 

(+)gRNA C1 Dilute in DNA 
hybridization buffer 

(Table II.3) 
V-SARS-CoV-2-

orf1ab-O1-sense-C2 
(-)gRNA C2 Dilute in DNA 

hybridization buffer 
(Table II.3) 
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Collectively, this work will allow us to improve our spatiotemporal understanding of critical 

SARS-CoV-2 replication events. 

 Further ongoing work consists of optimization of fluorescently labeling full-length viral 

gRNAs for our imaging studies. These vRNA species are scarce relative to sgRNAs (Figure 

V.2) and likely exhibit complex secondary structures, hindering efficient probe hybridization. 

We are introducing a pre-denaturation step prior to target oligonucleotide probe hybridization 

(incubate at 90 °C for 1 hr), where we also incubate our cell samples in denaturant or conditions 

that accelerate probe hybridization (90% DMSO, 70% formamide). These conditions may 

promote improved fluorescence-based detection of viral gRNAs. In addition, we are applying our 

strand-specific assays to quantify changes in vRNAs following treatment with a panel of small 

molecules. The FISH probes we are using for our studies are compatible with super-resolution 

stimulated emission depletion (STED) microscopy, which we are utilizing  to visualize co-

localization of viral and cellular factors localized at putative RTCs. Overall, this work provides 

an innovative platform for single-cell fluorescence-based simultaneous detection of SARS-CoV-

2 RNAs and protein to track viral replication with improved spatiotemporal resolution.  
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 CHAPTER VI: MULTIOMICS PROFILING REVEALS A UNIQUE 
CHROMATIN SIGNATURE ASSOCIATED WITH ACTIVE HIV-1 
PROVIRUSES 
 
 
 
 
 
 
 
 
 
 
 
 
The research and data presented in this chapter will be included in a future 
manuscript.  
 
Chapter VI contains data & analysis that will be included in: 
 
Shah, R., Gallardo, C.M., Dixon, J.R., Jung, Y.H., McFadden, W., Torbett, B., 
 Corces, V.G., Tedbury, P.R., Sarafianos, S.G. (2021) Multiomics profiling 
 reveals unique chromatin signature associated with active HIV-1 proviruses. 
 (Planned submission to PNAS) 
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ABSTRACT 
 
The possible effects of lentiviral integration on restructuring of chromatin architecture are not 

well understood. We interrogated genome-wide chromatin organization and the structure of  

chromatin around HIV-1 integration sites using Hi-C and ATAC-seq, respectively, and examined 

RNA transcription of the provirus and neighboring genes in HIV-inducible cellular models. We 

found chromatin interaction networks around integrated HIV-1 are predominantly preserved with 

respect to uninfected cells, consistent with a lack of association between HIV-1 integration and 

major chromatin remodeling. Instead, we find that induction of proviral transcription leads to 

stark local changes in chromatin accessibility downstream from the HIV-1 3’ LTR, 

demonstrating how HIV-1 can directly alter local cellular chromatin structure post-integration. 

Using long-read Nanopore RNA-seq, we interrogated the local host and HIV transcriptomes, and 

observe that 1-5% of HIV-1 transcripts initiated at the HIV-1 5’ LTR promoter,  extend into the 

flanking cellular genome, generating long chimeric virus-host RNAs. Despite provirus-driven 

read-through, HIV-1 appears to have only a modest effect on local cellular splicing patterns; 

however, HIV-1 integration may attenuate expression of full-length cellular RNAs if HIV-1 and 

the respective host gene are in the same transcriptional orientation. HIV-driven read-through 

resembles cellular stress-induced transcriptional reprogramming. Our studies provide an in-depth 

investigation of the impact of HIV-1 integration and transcription on 3D chromatin organization, 

chromatin accessibility, and cellular transcriptional patterns. This work provides a mechanism of 

how integrated HIV-1 may perturb local cellular transcription, while still preserving overall 

cellular chromatin structure.   
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SIGNIFICANCE STATEMENT  
 

Applications of joint chromatin and RNA profiling of infected cells can provide insight into 

important virus-host factor interactions that regulate viral gene expression and replication. Our 

studies provide an in-depth investigation of the impact of HIV-1 integration and transcription on 

3D chromatin organization, chromatin accessibility, and the local cellular and HIV-1 

transcriptomes. This work provides a mechanism of how integrated HIV-1 may perturb local 

cellular transcription. This work has broad relevance to HIV-1 latency research and may be 

important in evaluating potential off-target effects of lentiviral-based genetic therapies. Our work 

serves as a foundation for further in-depth multiomics studies of HIV-1 chromatin structure, 

splicing analysis of complex RNAs, and retroviral gene regulation.  

 
 
 
 
INTRODUCTION 
 

 HIV-1 is a retrovirus that targets immune cells including T cells 2, 3, macrophages 4, and 

dendritic cells 5, establishing permanent infection by integrating a double-stranded 

complementary DNA (cDNA) copy of its RNA genome into the targeted cellular chromatin 6.  

Prior to integration, HIV nuclear import is likely driven by interactions with capsid (CA) core 30, 

31, 173 and host factors that facilitate nuclear entry of the pre-integration complex (PIC). The PIC, 

composed of HIV-1 integrase and the viral cDNA genome,  interacts with nuclear factors such as 

the cellular coactivator lens epithelium-derived growth factor (LEDGF/p75), which help direct 

the PIC to intronic sites in chromatin-accessible and active genes for integration 6, 94, 159. Post-
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integration, the virus exploits the cellular transcriptional machinery to produce the genomic and 

subgenomic RNAs required for viral replication. 

 The transcription of integrated HIV-1 genomes (provirus) is regulated by viral and 

cellular factors 47, 218, 239, 277. Factors that may influence HIV transcription include location of 

integration site and local proviral nuclear environment 368, transcriptional orientation of the 

provirus relative to the respective flanking host gene 222, and transcription factor occupancy at 

the HIV-1 5’ LTR promoter 369. Researchers have begun to investigate the association between 

integration site selection and higher-order nuclear organization 159, 167, 370. A recent study 

demonstrated that HIV-1 reoccurring integration sites are enriched proximally to super-

enhancers (SE), intricate chromatin structures that drive expression of critical regulatory gene 

networks 170. Another study applied integration site analysis and live-cell imaging studies to 

show that HIV-1 PICs traffic and accumulate at nuclear speckles with a preference for proviral 

integration into speckle-associated domains (SPADs) 94. SPADs and SE networks are generally 

found in highly structured genomic compartments with elevated transcriptional activity 371. 

While there appears to be a direct relationship between HIV-1 integration preference and 

hierarchical nuclear compartmentalization, we do not have a clear understanding of how higher-

order chromatin structure affects HIV-1 transcription or whether the HIV-1 provirus alters the 

nuclear environment and transcriptome, globally or in the vicinity of the integration site.   

 The spatial organization of the genome has been probed using chromosome conformation 

capture (3C) methods (based on chemical cross-linking of chromatin in cells) to identify regions 

of chromatin that are in close proximity to one another. The 3C-based method, Hi-C, has been 

used to capture the global chromatin contact network of cellular populations, revealing the 

intricate hierarchal organization of nuclear chromatin 283-286, 289, 372, 373. Additionally, Assay for 
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Transposase-Accessible Chromatin using sequencing (ATAC-seq) has been developed as a tool 

for genome-wide interrogation of the functional state of chromatin, nucleosome positioning, 

degree of chromatin openness, and transcription factor occupancy 296, 328, 329. Together, these 

NGS-based assays have revealed that the genome can be split into two self-associating 

compartments (compartment A and B) with differential chromatin accessibility states. 

Compartment A is mainly composed of euchromatin and localized towards the nuclear interior, 

while compartment B is mainly composed of heterochromatin 291-293 and enriched towards the 

nuclear periphery 299, 300. Euchromatin is highly accessible to nuclear factors and packed with 

histones marked with active epigenetic modifications, promoting RNA polymerase occupancy 

and transcriptional activity, conversely, heterochromatin contains densely packed nucleosomes 

with repressive epigenetic modifications and is often transcriptionally silent 301. The discovery of 

A and B compartments provided an early example of the role that the spatial position of a gene 

can play in regulation of its expression.  

A further level of organization is provided by chromosome looping to form topologically 

associating domains (TADs), structural genomic units that vary in size from ~40 kb to 1 Mb 288-

290 and are characterized by sharp boundaries that promote long-range interactions 291, 292; for 

example, cis-regulatory sequences that are far apart on the chromosome may be brought close 

together by the formation of TADs 287. Protein complexes at TAD boundaries insulate these 

domains from one another, permitting the formation of discrete epigenetic environments and 

providing another level of transcriptional control.  Interphase chromatin is highly dynamic, and 

as the transcriptional state of a TAD changes, chromatin contacts within the domain are altered, 
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remodeling chromatin architecture 293. The dynamic formation and dissolution of TADs is 

mediated by the action of CCCTC-binding factor (CTCF) in complex with cohesin 290, 295, 296, 298.  

 T cell activation induces large scale nuclear reorganization, repositioning SE networks 

proximal to the nuclear pore and dramatically altering cellular transcriptional patterns and 

cellular function 170, 371. Viruses also exploit the regulatory effects of position with the nucleus. 

Integration into heterochromatin mediated by knock-down of the HUSH complex has been 

shown to repress retroviral transcription, demonstrating the position effect variegation of viral 

gene expression 374.Viruses have been shown to also interact with cellular chromatin structure to 

regulate viral transcription, as well alter local cellular transcriptional patterns via virus-induced 

chromatin remodeling. The Epstein-Barr virus (EBV) genome preferentially associates with 

repressive nuclear compartments during latency and with active compartments during viral 

transcriptional activation, with its own transcription regulated alongside that of the host 375. 

Conversely, Human T-cell leukemia virus type 1 (HTLV-1) integration directly restructures 

cellular chromatin near viral genome upon integration. The HTLV-1 genome contains a CTCF 

binding site that drives formation of novel chromatin loops and dysregulation of local host gene 

transcription 337-339. Through applications of a high-through viral chromosome conformation 

capture assay to measure virus-host chromatin interactions, the parvovirus Minute Virus of Mice 

(MVM) genome was shown to be associated with previously identified TADs. This study 

suggested that MVM was interacting with highly ordered regions of the cellular genome 309. 

White spot syndrome virus (WSSV) globally influences cellular chromatin structure by 

decreasing compaction of chromatin through activity of viral protein 9 (VP9) 376. Host chromatin 

organization is a key regulatory feature, essential to the correct function of the cell, and 
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vulnerable to exploitation and manipulation by a broad spectrum of viruses through multiple 

mechanisms.  

 Work performed with HIV-1 has examined the influence of integration site epigenetic 

environment and integration site interactions in regulating HIV-1 transcription. These studies 

suggest that chromatin functional states (active vs. repressed) and proviral nuclear positioning 

(compartmentalization) are important for HIV-1 gene regulation 32, 196, 374. By contrast, little is 

known about the impact of HIV-1 on the host chromatin. Unlike HTLV-1, the HIV-1 genome 

does not appear to contain a CTCF binding-site 337; however, the impact of HIV-1 integration 

and gene expression on chromatin organization has not been directly investigated.  

 In this work, we have applied high-resolution Hi-C to examine long range chromatin 

interactions throughout the genome in uninfected T cells, T cells harboring an HIV-1 provirus, 

and T cells harboring an actively transcribing HIV-1 provirus; we have considered the potential 

for both global changes in chromatin organization and changes local to the integration site. 

Additionally, we interrogated chromatin accessibility around sites of HIV-1 integration via 

ATAC-seq. Finally, by pairing high-resolution chromatin mapping methods to RNA-seq, we are 

able to associate changes in chromatin organization with changes in virus and host transcription. 

We have applied this multiomics approach to evaluate how HIV-1 affects chromatin architecture 

and host transcription in the vicinity of viral integration sites.   

  
 

RESULTS 
 
 
Characterization of inducible J-Lat cellular models for multiomics profiling studies  

 For studies of chromatin structure, we require clonal cell populations, as several of the 

methods cannot be reliably applied to single cells. In particular, to allow us to study the 



  
  

 

  132 
 
 
 
chromatin local to the HIV-1 provirus, we require cells with known proviral integration sites; 

additionally, to determine whether any observed phenotype depends merely on the insertion of 

the HIV-1 genome or requires HIV-1 transcription, we required a cell system where HIV-1 

transcription can be regulated. For these reasons, we selected the well-established J-Lat cell 

lines. Clonal J-Lat models are derived from Jurkat T cells latently infected with an HIV-1 

provirus carrying an LTR-driven GFP reporter; HIV-1 transcription can be activated by 

treatment with TNF-𝛂 185, 270. Using HIV-inactive clonal J-Lat cell models that can be activated 

enabled us to investigate chromatin structure at HIV-1 sites of integration pre- and post-

activation of transcription. Following treatment with TNF-𝛂, J-Lat cells can be sorted into HIV-

inactive (GFP-) and -active (GFP+) populations for our NGS-based studies (cell-sorting scheme 

in Figure VI.S.1). To probe how HIV-1 transcriptional orientation ((5’ à 3’) or (3’ ß5’)) 

relative to the flanking host gene and how local nuclear environment impacts HIV-1 

transcription, we used two J-Lat cell lines with distinct integration sites (J-Lat 10.6 and 8.4). 

Within the J-Lat 10.6 model, the provirus has integrated in the opposite orientation relative to the 

host gene (SEC16A);  in the J-Lat 8.4 model, the provirus and the host gene (FUBP1) are in the 

same transcriptional orientation (Figure VI.1A and VI.1B) 185, 275. Assessment of occupancy of 

active epigenetic markers (H3K27ac, Pol2, BRD4) and higher-order chromatin structures 

(SPADs and super-enhancers) present proximally to the J-Lat 10.6 provirus suggests that within 

this model, HIV-1 has integrated into a transcriptionally primed environment. There is 

significantly less enrichment of these factors proximal to the J-Lat 8.4 provirus (Figure VI.1C). 

However, within both J-Lat clonal systems, HIV-1 has integrated within what appears to be a 

canonical integration site (intron within transcriptionally active gene) 167, 169. In the case of these 

two models, local proviral epigenetic landscape was a good predictor of HIV transcriptional 
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competency, as the J-Lat 10.6 model not only activates at a higher frequency following TNF-𝛂 

stimulation but also activates at a higher transcriptional threshold compared to the J-Lat 8.4 

model (Figure VL.1D). There is over a 10-fold greater proviral transcriptional output in the J-

Lat 10.6 model vs. the 8.4. These two models provide two distinct chromatin environments for 

our downstream studies.  

 

 
Figure VI.1. Variability in chromatin environments at HIV-1 sites of integration.  Table adapted 
from Symons et al. 2018 275, displaying HIV-1 site of integration in J-Lat 10.6 & 8.4 models. The two 
models were selected for differences in integration orientation (A). Schematic depicting orientation of 
HIV-1  provirus and respective host gene in J-Lat 10.6 & 8.4 models. In the 10.6 model, the provirus and 
host gene are in opposite transcriptional orientations, whereas in the 8.4 model, HIV-1 and FUBP1 are in 
the same transcriptional orientation (3’ ß 5’) (B). Epigenomic profile of chromatin environment at 
representative sites of integration. ATAC-seq (blue) is an assay to quantify chromatin accessibility on a 
genome-wide scale, ChIP-seq against H3K27ac, Pol2, and BRD4 (black tracks) are active 
enhancer/promoter markers, and speckle-associated domains (SPADs) and super-enhancers (both red 
tracks) are higher-order nuclear structures that are putative targets for HIV-1 integration 94, 170. HIV 
marker (green) denoting exact sites of integration is not to scale. Sequencing tracks are visualized using 
Integrated Genomics Viewer (IGV) 32 (C). Flow cytometric analysis of J-Lat activation potentials. Cells 
are treated with TNF-𝛂. HIV-active cells are GFP+. Jurkat T cells (no reporter provirus) serve as a gating 
control (D).   
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Hi-C profiling to map the chromatin contact network of HIV-infected cells 
 
 In order to evaluate the impact of proviral transcriptional activation on higher-order 

chromatin structure, we performed Hi-C assays in wild-type (WT) Jurkat and J-Lat model T-cell 

lines. First, in order to characterize the native local 3D folding in the Jurkat cell line, we deeply 

sequenced Hi-C libraries and performed Hi-C analysis (Figure VI.2A-B). We obtained ~680 

million contacts in the WT Jurkat cells, sufficient for analysis of the 3D chromatin folding at ~1 

kb resolution. We then examined the chromatin interaction profiles in the vicinity of the two 

integration sites in J-Lat 10.6 and 8.4 cell lines (within SEC16A gene on chromosome 9 and 

FUBP1 gene on chromosome 1, respectively). In both cases, in WT Jurkat T cells (absence of 

virus) these genes are relatively devoid of any clear features of higher-order chromatin structure. 

However, in both cases, there are strong looping events several kilobases downstream the 

respective HIV-1 integration sites. In the J-Lat 10.6 cells, this is a loop surrounding the NOTCH1 

gene, while in the 8.4 cells, this is a loop surrounding the PTGFR gene. 

 Next, to examine the impact of proviral integration and transcription on 3D chromatin 

folding in the nucleus overall and in the vicinity of the provirus, we performed Hi-C in the J-Lat 

10.6 and 8.4 cell lines under untreated conditions or following activation of HIV-1 transcription 

with TNF-𝛂 (Figure VI.2C). For the J-Lat 10.6 cell line, we obtained 823 and 641 million 

contacts in the untreated and TNF-𝛂 treated conditions, respectively. In the J-Lat 8.4 cell line, we 

obtained 578 and 549 million contacts for the untreated and treated conditions, respectively. 

Mapped reads of all Hi-C libraries in this study are shown in Figure VI.S.2. Examining the 

patterns of chromosome folding at the sites of integration, we observe only mild differences in 

chromatin structure in the context of integration or proviral activation (Figure VI.2D). In both 

the 10.6 and 8.4 cell lines, there are no major changes in chromatin interaction frequency at 
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either the sites of integration, or in the downstream loops proximal to each gene. We do observe 

subtle difference at specific loci. For example, the loop downstream from the SEC16A 

integration site on chromosome 9 in the J-Lat 10.6 cell line shows modestly reduced chromatin 

interaction frequency, though the differences are not significant (Figure VI.2E). In addition, at 

the FUBP1 site on chromosome 1, the FUBP1 gene does show increased interactions with an 

upstream region near the MIGA1 gene (Figure VI.2F), but these differences are modest and 

there are no other notable changes in chromatin interaction frequency at the FUBP1 locus. 

Statistical significance is determined using a Wilcoxon signed-ranked test, assessing differences 

in direct chromatin interactions at the respective genetic locus. In both models, HIV-1 is also 

found in nuclear Compartment A in both transcriptional states. In summary, 3D genome 

organization is preserved following  HIV-1 integration or proviral transcriptional activation, 

suggesting large scale chromatin remodeling of HIV-1 is not a pre-requisite of virus transcription 

and replication. In addition to the lack of change in the local 3D chromatin organization around 

HIV-1 proviruses, we do not observe any significant global changes in chromatin architecture of 

HIV-infected cells relative to the uninfected WT Jurkat T cells. 
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Figure VI.2. Minimal changes in integration site higher-order chromatin structure upon HIV-1 
transcriptional activation. Hi-C interaction map in wild-type Jurkat T-cells of the region on chr9 where 
integration site is located in the J-Lat 10.6 cell line. The arrow indicates the site of integration, within the 
SEC16A gene. Below the heat map are the location of genes at the locus, including SEC16A (A). Similar 
as in panel (A) but depicting the region on chr1 where the integration site is located in the J-Lat 8.4 model 
within the FUBP1 gene (B). Schematic showing the experimental design of Hi-C in the context of HIV-1 
transcriptional induction. TNF-𝛂 is added for 24 hours to the J-Lat model lines. GFP+ cells that have 
successfully activated and are then sorted and processed for Hi-C. Untreated J-Lat cells are used as 
controls (C). Hi-C heat maps of the integration sites in WT Jurkat cells (left column), untreated J-Lat 
lines (middle column), and HIV-active (right column), for the J-Lat 10.6 sample (top row) and the J-Lat 
8.4 sample (bottom row) (D). Comparison of the SEC16A locus in the J-Lat 10.6 cell line. The heat map 
shows the untreated conditions in the upper right-hand half of the heat map, and the activated population 
in the lower left-hand. Dashed lines mark a loop downstream from the SEC16A locus that surrounds the 
NOTCH1 gene. The plot on the right shows the quantification of the observed/expected Hi-C interaction 
frequencies for the HIV-inactive (blue) &-activated (yellow) conditions of pixels within the dashed line. 
The loop generally is weakened upon HIV activation, but the results do not reach a threshold for 
statistical significance (p=0.16, Wilcoxon) (E). Comparison of the FUBP1 locus in the J-Lat 8.4 cell line. 
The heat map shows the untreated conditions in the upper right-hand half of the heat map, and the 
activated cells in the lower left-hand. Dashed lines mark a region of increased interactions between the 
FUBP1 gene and a region upstream. The plot on the right shows the quantification of the 
observed/expected Hi-C interaction frequencies for the HIV-inactive (blue) & -active (yellow) conditions 
of pixels within the dashed line (p=0.0.44, Wilcoxon) (F). 
 
 
 
 
 
Chromatin and transcriptional profiling at sites of HIV integration reveals a unique chromatin 
signature associated with active proviruses 
 

 To understand how HIV-1 integration and proviral transcriptional activation affect the 

local chromatin functional state, we applied ATAC-seq to our WT Jurkat and J-Lat T cell 

models. The distribution of ATAC reads used for analysis is shown in Figure VI.S.3. Analysis 

was performed filtering for reads between 1-115 base pairs (bp).  In a novel result, we found that 

following HIV-1 transcriptional activation, chromatin accessibility increases downstream the 

HIV-1 3’ LTR into the cellular chromatin within both J-Lat models (Figure VI.3). The effect 

was significantly more apparent within the J-Lat 10.6 model, where following proviral 

activation, we not only saw an increase in overall HIV-1 chromatin accessibility but the most 

prominent change in chromatin openness was downstream the 3’ LTR. In the J-Lat 8.4 model, 
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following proviral activation, there is little to no change in ATAC density observed within the 

proviral chromatin; however, we observe a modest increase in accessibility downstream the 3’ 

LTR (Figures VI.3C and VI.S.4). An increase in accessibility downstream from the 3’ LTR into 

the flanking host chromatin is consistent across both models.  

 In addition to the use of ATAC-seq to reveal a change in chromatin accessibility at the 

downstream integrated HIV-1, we also applied Illumina-based RNA-seq to measure changes in 

transcription. Comparing activated and inactive J-Lat 10.6 and 8.4 cell lines, we observed an 

increase in read density downstream from the 3’ LTR in both models following HIV-1 

activation. The strandedness of the RNA fragments corresponding to this flanking region are in 

the same transcriptional orientation as the respective HIV-1 genome, supporting the observation 

that HIV-driven transcription can run into the cellular genome 220, 222, 377. In the Jurkat T cells, we 

found that there was no difference in chromatin accessibility and gene expression +/- TNF-𝛂 at 

the SEC16A and FUBP1 loci, suggesting the observed changes in chromatin organization is an 

HIV-specific effect and not due to TNF-𝛂 stimulation. In addition, there is no change in 

chromatin accessibility within the regulatory regions of the proximal host genes, further 

suggesting changes in chromatin organization are localized to the provirus and the region 

directly downstream the 3’ LTR following HIV-1 transcriptional activation. Assessment of 

chromatin accessibility of constitutively active house-keeping genes such as GAPDH reveals the 

most prominent chromatin accessibility towards the 5’ gene promoter and not the 3’ end of the 

gene, in contrast to what we have shown for active HIV-1 chromatin accessibility (Figure 

VI.S.5).  
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Figure VI.3. ATAC- & RNA-seq read density at HIV-1 integration sites to profile local HIV-host 
chromatin environment. Representative ATAC-seq tracks of inactive (blue) and active (red) populations 
of J-Lat 10.6 cells. ChIP-seq of Jurkat T cells (black) against active enhancers/promoters (H3K27ac, Pol2, 
& BRD4) are superimposed to demarcate host promoters (INPP5E & SEC16A). (A) Close-up of the 
highlighted region in panel (A), visualizing ATAC & RNA (Illumina-based) density of the flanking host 
genome (reads aligned to the human reference genome (hg38)). Sequencing tracks to the left are upstream 
HIV-1, flanking the 5’ LTR, and tracks to the right are downstream. The highlighted regions in ATAC 
and RNA density demarcate regions of increased read pileup directly downstream the activated provirus. 
The sequencing tracks in black are of uninfected Jurkat T cells +/- TNF-α to visualize what the native 
chromatin and transcriptional state is at this site of proviral integration. The host gene, SEC16A, has a 3’ 
ß 5’ orientation, whereas HIV-1 has the opposite 5’ à 3’ transcriptional orientation (B). ATAC read 
density at the proviral site of integration in the J-Lat 10.6 & 8.4 models. Reads were mapped to a 
concatenated hg38 & custom HIV-1 proviral genome. The red dotted boxes highlight regions of increased 
chromatin accessibility downstream the HIV 3’ LTR following proviral transcriptional activation. HIV-1 
and host transcriptional start sites (TSS) are shown to bring attention to transcriptional orientation of 
HIV-1 and the respective host genes in both J-Lat models. Chromatin accessibility (ATAC density) is 
observed downstream HIV-1 in both models, despite differences in this integration orientation (C).  
Quantification of differential ATAC read density at provirus, flanking cellular genome, and proximal host 
promoters in the J-Lat 10.6 cells (inactive vs. active states). Differential peak analysis performed using 
biological replicates for each condition. All ATAC- & RNA-seq experiments were performed with 
biological replicates (D-E).  
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Proviral transcriptional read-through observed regardless of the transcriptional orientation of 
HIV-1 relative to the flanking host gene  
 
 To visualize the dynamics of transcriptional read-through at HIV-host intergenic 

boundaries, we applied stranded single-molecule RNA FISH (smRNA FISH), monitoring 

expression of positive (+) and antisense (-) HIV-1 RNA 317, 318 in HIV-inactive and -active states. 

Our smFISH imaging reveals that in the J-Lat 10.6 model, there is expression of antisense HIV-1 

(-) RNA in the inactive state (Figure VI.4A). The HIV-1 (-) RNA remains within the nucleus, 

suggesting it is not exported to the cytoplasm for translation. Following proviral activation of the 

J-Lat 10.6 cells, we can observe expression of HIV-1 (+) RNA as expected. The viral RNA 

(vRNA) signal disappears following RNase treatment, leaving the single HIV-1 DNA foci 

(Figure VI.4A). In the J-Lat 8.4 model, similarly, we observe expression of vRNA in the 

inactive cells. However, in this case, we are seeing expression of HIV-1 (+) RNA. While there 

are a few vRNA copies that were exported into the cytoplasm, there is no detectable GFP or 

HIV-1 protein expression in the inactive 8.4 cells 378. Since we are observing HIV-1 (-) RNA in 

the inactive 10.6 cells, (provirus and SEC16A opposite transcriptional orientations) and are 

observing HIV-1 (+) RNA in the inactive 8.4 cells (provirus and FUBP1 are in the same 

transcriptional orientation), we suspect these are chimeric RNAs that are the by-product of host-

driven transcriptional read-through, where transcription originates at the proximal host promoter 

and runs into the HIV genome. Maximal intensity projections of larger fields of view show the 

homogeneity of expression of these host-driven chimeric RNAs across the HIV-inactive clonal 

cellular populations (Figure VI.S.6).  A similar observation was previously reported, where the 

authors demonstrate host-driven transcription or “transcriptional interference” is suppressing 

viral transcription via possible convergence by incoming Pol2 originating at the host promoter 

222. The authors used semi-quantitative RT-qPCR assays to quantify HIV-1 transcriptional read-
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through products in these studies 222. We utilized RNA-seq to determine the precise identify of 

the virus-host RNA chimeras and evaluate the role transcriptional interference is playing in 

regulating gene expression at HIV-host gene boundaries.  

 To capture long reads to identify virus-host chimeric RNAs, we utilized long-read 

Nanopore sequencing. Illumina-based pair end RNA-seq provided great sequencing depth for 

HIV-host gene profiling studies (>40 million reads/library), however, the shorter fragments 

captured via Illumina-based sequencing made it difficult to assemble long chimeric HIV-host 

RNA transcripts 334, 335 (Figure VI.S.7).  Nanopore RNA-seq has the advantage of sequencing 

very long stretches of RNA, enabling accurate mapping of complex transcripts for improved 

transcriptomic  analyses 333, 379. In the inactive J-Lat 8.4 cells, we observe host-driven chimeric 

transcripts to support our smFISH imaging. About 1-5% of the total HIV-1 transcripts captured 

within the J-Lat 10.6 and 8.4 models were chimeric HIV-host RNAs (Figure VI.4C). Our long-

read Nanopore sequencing platform enabled characterization of the transcriptional start and end 

sites of the chimeric transcripts within the 8.4 model. In the active J-Lat 8.4 cells, we saw that 

transcription originated at the HIV-1 5’ LTR and terminated at the 3’ UTR of the FUBP1 gene 

(Figure VI.5). We observe that in both J-Lat models, activation of proviral transcription does not 

seem to affect local host transcriptional output (Figure VI.6C). However, isoform analysis of 

SEC16A and FUBP1 transcripts in the presence and absence of HIV-1 integration suggest that 

the mere presence of an integrated provirus may affect expression of full-length host transcripts 

if HIV-1 and the respective host gene are in the same transcriptional orientation. Premature 

termination can occur when both the provirus and host gene are in the same orientation, as the 

host gene can run into the termination site within the 5’ or 3’ LTRs 74, 380. This phenomenon is 

observed in Figures VI.5-VI.6, within the J-Lat 8.4 cells. We also observe that at the FUBP1 
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locus in the 8.4 model, HIV-1 activation may alter host gene splicing patterns, leading to 

differential FUBP1 expression.  Transcription at the HIV-host boundary can lead to intergenic 

splicing when HIV and the host gene are in the same transcriptional orientation 377. We observe 

several transcripts of FUBP1 splicing into HIV-1 and then prematurely terminating (Figure 

VI.5). While our analyses support the notion of HIV- and host-driven transcriptional read-

through at the HIV-host boundary, as previously reported 222, 377, our findings suggest that HIV-1 

integration and proviral activation only modestly alter the local RNA landscape.   
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Figure VI.4. Host- & HIV-driven transcriptional read-through at HIV-host genomic boundaries. 
Visualization of HIV-1 DNA & RNAs of different strandedness via single-molecule FISH (smFISH). The 
oligonucleotide hybridization probe shown in red targets template HIV-1 cDNA (3’ ß 5’) and antisense 
(-) HIV-1 transcripts. The probe depicted in green is designed to target positive-sense (+) HIV-1 RNA. 
Both HIV-1 transcriptional patterns for HIV-inactive & -active cells is shown for J-Lat 10.6 & 8.4 
models. RNase-treatment control is included to confirm labeling of viral RNAs, as signal disappears 
following treatment, staining only the proviral DNA. Scale bars represent 10 µm (A). Schematic of 
transcriptional state at HIV-host gene boundaries in HIV-inactive & -active states. The diagram color 
code follows the pseudo-coloring of the smFISH in panel (A). The red nascent transcript in the J-Lat 10.6 
inactive cells indicates expression of HIV-1 (-) RNA driven by the flanking host promoter. Similarly, in 
the inactive 8.4 cells, HIV-1 (+) RNA is expressed with transcription originating at the host promoter and 
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Pol2 running into the HIV-1 genome. In the active J-Lat cells, (+) RNA is expressed, and both canonical 
poly(A) transcripts and chimeric HIV-host RNAs are generated (B). Normalized read-counts of total HIV 
& chimeric HIV-host RNAs using long-read Nanopore sequencing. Normalized read-counts were 
averaged across four biological replicates/condition (HIV-inactive & -active) for both the J-Lat 10.6 & 
8.4 cells (C).  
 
 
 

 
 
 
Figure VI.5. Long-read Nanopore RNA-sequencing of J-Lat 8.4 cells enables identification and 
characterization of long chimeric HIV-host RNA isoforms. Chimeric HIV-host RNA reads were 
filtered from the total RNA reads and displayed above. Chimeric read pile-up from HIV-inactive (blue) & 
-active (red) cells are displayed. Under the respective histograms, individual mapped reads are shown. In 
the HIV-active cell population (red), HIV-driven transcriptional read-through is highlighted by the green 
box. HIV-driven chimeric reads have a clean transcriptional stopping-pattern at the host FUBP1 3’ 
UTR/poly(A) site. HIV-1, cellular, and chimeric transcript structures are shown below the mapped 
sequencing reads. The HIV-1 and FUBP1 sequences are in the 3’ ß 5’ transcriptional orientation.  
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Figure VI.6. RNA splicing analysis of cellular genes in the presence and absence of HIV-1 
integration. Isoform expression of the SEC16A gene in the presence & absence of HIV-1 integration. To 
assess how HIV-1 integration may affect expression of SEC16A, isoform analysis was performed in the 
presence/absence of HIV-1 integration. Analysis was done in the J-Lat 10.6 cell (provirus integration in 
SEC16A gene) and the J-Lat 8.4 cell line (HIV-1 integration in FUBP1). Similarly, FUBP1 gene 
expression was assessed in both J-Lat 8.4 & 10.6 cells. The respective Refseq genes (black) depict the 
exon and intron distribution of both SEC16A & FUBP1. The red dotted line denotes the sites of 
integration within the J-Lat models. All SEC16A or FUBP1 transcripts are depicted with a 5’ à 3’ 
polarity. We selected isoforms present in both TNF-treated & untreated populations for comparison.  
Normalized read counts (TPM) for all isoforms were quantified and compared. Isoforms were further 
functionally characterized as productive (PRO = productive) or potentially translationally defective (NGO 
= no start codon, PTC = premature termination codon, NST = start but no stop codon). Red boxes in panel 
(B) demarcate exons that were skipped following HIV-1 transcriptional activation in the J-Lat 8.4 model 
(A-B). Total mRNA read expression for HIV-1 and cellular genes proximal to J-Lat 10.6 & 8.4 
integration sites, respectively. mRNA levels of Jurkat T cells (no HIV-1 integration) were also assessed to 
collectively evaluate the role HIV-1 integration, TNF stimulation, and HIV-1 transcriptional state have on 
the local cellular RNA landscape. Differential analysis was performed using DESeq2 401. *** =  p-value £  
0.001 (C).  
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DISCUSSION 
 
 
 The HIV-1 genome is integrated into that of its host, and from that point onwards, 

transcription of viral RNA is carried out by host transcriptional machinery. The nucleus is a 

heterogeneous environment, and it is increasingly understood that the architecture and 

organization of the chromatin is an influential factor in the regulation of host gene expression. 

Thus, chromatin organization is a significant factor when attempting to understand both the 

transcriptional activity of HIV-1 at different sites in the genome and the potential influence of 

the HIV-1 provirus on the chromatin and genes in the vicinity of the integration site; however, 

few studies to date have addressed this relationship. In our work, we have investigated the 

nuclear environment around two distinct proviral integration sites, characterizing these sites in 

the presence and absence of the provirus, and addressing the impact of viral transcription on 

global and local chromatin structure.   

 Integrative profiling of chromatin organization and RNA transcription at HIV-1 sites of 

integration allowed us to investigate how HIV-1 can influence the cellular chromatin 

environment and facilitated identification of signatures associated with transcriptionally active 

HIV-1 proviruses. Previous studies have demonstrated that the retrovirus, HTLV-1, can alter 

cellular chromatin structure upon integration via induction of differential CTCF-mediated 

looping, disrupting local transcriptional patterns 337-339. In the case of HTLV-1, an inherent 

CTCF binding-site mediates long-range chromatin interactions with the host genome, leading to 

significant chromatin remodeling. The extent of HIV-mediated chromatin restructuring upon 

integration is not clear. Extensive studies of HIV-1 gene regulation have identified nuclear 

factors that can affect proviral transcriptional activity. The HIV-1 provirus can be silenced by 

repressive epigenetic marks at the Nuc-0 and Nuc-1 nucleosomes flanking the HIV-1 5’ LTR, 
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causing the proviral promoter to become tightly wound and inaccessible from host transcription 

factors 212. Repressive chromatin marks such as H3K9me3, H3K27me3, and CpG methylation 

are also enriched at latent (transcriptionally inactive) proviruses 181, 213-216. Trans-acting 

chromatin factors have been implicated in facilitating the recruitment of histone deacetylases 

(HDACs), polycomb repressive complex-2 (PRC2), and other repressor complexes to the core 

HIV-1 5’ LTR promoter, leading to proviral transcriptional inhibition 217, 218. In contrast, 

productive proviruses are associated with open chromatin and active epigenetic markers at the 5’ 

LTR 32, 218, 276, 381. The relationship between chromatin functional state, HIV-1 integration 

preference, and HIV-1 transcriptional competency have been established 32, 94, 169, 170, 181, and in 

this study, we expand our understanding of how integrated HIV-1 can restructure the local 

nuclear environment. 

 Through Hi-C analysis at the HIV-1 integration sites in our models, we observe that 

integrated HIV-1 does not induce large scale genome reorganization. This finding is contrary to 

what was reported for HTLV-1, demonstrating differences in replication strategies across these 

two retroviruses. At the HIV-1 integration sites sampled, we did not find significant differences 

in chromatin interaction profiles and chromatin looping patterns relative to uninfected WT Jurkat 

T cells. Chromatin looping patterns, nuclear compartmentalization, and inter- & intra-

chromosomal interactions were all predominantly preserved in the vicinity of integrated HIV-1 

relative to the native chromatin environment. These findings suggested that major chromatin 

restructuring is not a pre-requisite of HIV-1 integration, and perhaps, differential chromatin 

interactions with distal cellular regulatory elements are not required for activation of HIV-1 

transcriptional activity. Interestingly, we did however, find that transcriptional activation of HIV-

1 induced chromatin opening downstream the HIV-1 3’ LTR. Since this effect in chromatin 
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accessibility is not observed in the absence of HIV-1 integration (WT Jurkat T cells +/- TNF-𝛂), 

our results suggested that this subtle change in chromatin organization is an HIV-specific effect 

and demonstrates that HIV-1 transcriptional activation can induce chromatin opening 

downstream the 3’ LTR. This observation is novel and contrary to our conventional 

understanding of chromatin accessibility and transcriptional competency, as activated genes 

typically exhibit increased chromatin opening towards the 5’ gene promoter, which then 

facilitates the recruitment of stable transcription complexes 382-385. 

 Previous studies may have missed this HIV-specific effect, as proviral chromatin 

accessibility was assessed following bulk de novo infection 386, 387. Within these studies, the 

average ATAC signal of all of the HIV-1 proviruses in the infected cellular population is 

obtained, prohibiting the deconvolution of the accessibility profiles of individual HIV-1 

proviruses. In addition, our studies further characterized the identity of chimeric HIV-host RNAs 

and the transcriptional landscape in the vicinity of integrated HIV-1. Previous studies used RT-

qPCR 222 or lower resolution single-cell sequencing approaches to investigate HIV-induced 

transcriptional perturbation 377. Utilization of high-throughput long-read RNA-seq 

methodologies allowed us to demonstrate that HIV-1 integration also appears to have minimal 

effects on the local transcriptional landscape; however, retroviral integration can promote 

differential isoform expression at HIV-host intergenic boundaries. While we may not be seeing 

significant perturbations to local cellular transcriptional output  in the presence of integrated 

HIV-1 in HIV-inactive and -active states (Figure VI.6C), it is conceivable that HIV-1 can 

contribute to defective cellular RNA transcription depending on the site of integration. In the 

case of the J-Lat 8.4 model, HIV-1 integration enhanced expression of truncated FUBP1 mRNA 

(Figure VI.6B). Alterations in local cellular transcriptional patterns attributed to HIV-1 
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integration can subsequently lead to aberrant host protein expression 377.  In addition, when HIV-

1 and the respective host gene are in the same transcriptional orientation, as in the J-Lat 8.4 

model, the host gene can splice into the HIV-1 genome, generating potentially defective chimeric 

RNAs (Figure VI.5). Thus, our analysis demonstrates another possible avenue for HIV-induced 

transcriptional dysregulation.  

 The changes in the chromatin structure at proviral sites of integration following HIV-

activation does not appear to be attributed to direct TNF-signaling pathways. In Figure VI.S.8, 

we show that J-Lat cells that are treated with TNF-𝛂,  but do not activate, still undergo canonical 

TNF-signaling with an increase in expression of the NFkB subunits. Despite undergoing TNF-

signaling, the fact that these cells do not activate suggests that other indirect signaling pathways 

are also involved in HIV-1 transcriptional activation, and NFkB transcription factor occupancy is 

likely not the limiting factor for induction of proviral transcription in these cellular models. 

Expression of chimeric HIV-host RNAs has a stark resemblance to stress-induced transcriptional 

read-through 388-390 and chromatin remodeling following lytic Herpes Simplex Virus 1 (HSV-1) 

infection 391, 392.  

 HIV-1 transcription is highly efficient following assembly of the Tat/TAR transactivation 

axis 218, a trans-acting regulatory mechanism critical for proviral transcriptional elongation. 

Activation of processive viral transcription enables HIV-1 to dominate the local transcriptional 

environment. Similarly, HSV-1, a double-stranded DNA virus, hijacks the transcriptional 

machinery of the host cell during lytic infection. Despite not integrating into the host chromatin, 

HSV-1 transcriptional activation leads to significant dysregulation of host transcription by 

inducing genome-wide transcriptional read-through and disruption to transcriptional termination 

within the 3’ UTR of cellular genes. These transcriptional read-through products are not 
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translated, evident by their absence within polysome fractions 391. Further studies have 

demonstrated that transcriptional read-through of host genes following lytic HSV-1 infection 

also coincides with an increase in chromatin accessibility downstream the 3’ UTR of the 

disrupted host gene. These changes in chromatin accessibility and transcriptional patterns during 

lytic HSV-1 infection are analogous to what we have demonstrated following HIV-1 

transcriptional activation. While cellular transcription may occasionally fail to terminate, 

possibly due to a “slippery” polymerase, basal levels of transcriptional read-through are very low 

in cells during periods of cellular homeostasis 388-390. In Figure VI.S.10, we show the read pile-

up from RNA-seq at TNF-responsive genes and genes that are highly expressed in our J-Lat 

models. In these representative sequencing tracks, RNA density or transcriptional read-through is 

not detectable or at very low incidences. We performed similar analysis looking at read density 

beyond the 3’ UTR of the highest expressed genes from our RNA-seq analysis and did not find 

significant read-through at these respective genes, suggesting that the read-through present at 

HIV-1 integration sites and read-through induced by lytic HSV-1 infection is a specific 

transcriptional signature of these respective viruses.  

 The Steitz group coined a novel class of transcripts, “Downstream-of-genes” or DoGs, 

which resulted from transcription failing to terminate at the canonical transcriptional termination 

site and running extensively beyond the open-reading frame (ORF) of the respective gene 388-390. 

DoG production is significantly up-regulated following cellular stress with increased Pol2 

occupancy downstream the disrupted genes 393. Recent studies have demonstrated an association 

between cellular stress responses and latency reversal (HIV transcriptional activation) 263, 394, 

with stress-inducing conditions increasing HIV-1 reactivation frequency. Further studies should 

investigate this potential interaction between HIV-1 transcription and cellular stressors. 
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Commonalities of transcriptional read-through observed in two different viruses: 1) HIV-1 and 

2) HSV-1, as well as under conditions of cellular stress, warrants further investigation into the 

interplay between cellular stress pathways and chromatin reorganization in mediating viral 

transcription. Our studies reveal a common chromatin signature associated with HIV-1 

transcriptional activation across distinct models, taking into account differences in proviral 

transcriptional orientation and integration site selection. Thus, this work provides detailed 

analysis of how HIV-1 integration affects chromatin organization and the local cellular RNA 

landscape, providing a platform for multiomics NGS-based approaches to study replication 

across a broad spectrum of viruses.  

 

 

MATERIALS/METHODS 
 
 
Cell culture of T cell lines  

J-Lat full-length 10.6 cells (NIH AIDS Reagent Program catalog #9849) and J-Lat 8.4 full-length 

cells (NIH AIDS Reagent Program catalog #9847) are Jurkat-derived human lymphocytic T cells 

that are latently infected with the packaged retorivral construct HIV-R7/E-/GFP, a full-length 

HIV-1 minus env and nef 185. Cells were cultured in RPMI 1640 medium (Gibco, Waltham, MA, 

USA), 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. Jurkat T cells were cultured 

at the same conditions listed above.  
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Antibodies and Latency-reversing agents  

A mouse monoclonal anti-p24 antibody raised against the p24/capsid domain of Gag 395, and a 

goat anti-mouse secondary antibody conjugated to Alexa 488 (Invitrogen) were used to detect 

HIV Gag after cell fixation for imaging studies. Compounds used for activation in HIV-inducible 

cell lines included: (1) 10 ng/µL TNF-𝛂 (Genscript, Piscataway, NJ, USA) and (2) 81 nM 

phorbol 12-myristate 13-acetate with 1.34 µM ionomycin (PMA/I) (eBioscience, San Diego, CA, 

USA). Cells were treated for 24 hours prior to collection for various assays. Treatment 

conditions were based on parameters previously described 319.  

 

Assay for transposase-accessible chromatin using sequencing (ATAC-seq) 

ATAC-seq was performed using the OMNI-ATAC protocol 329. After counting 50,000 

cells/library, nuclei were isolated with Lysis buffer (10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 

mM MgCl2) containing 0.1% NP40, 0.1% Tween-20, and 0.01% digitonin. The purified Jurkat 

or J-Lat nuclei were then resuspended in a transposase reaction containing 0.05% digitonin and 

incubated for 30 min at 37 °C. Following incubation, samples were treated with Proteinase K at 

55 °C for 2 hr, and genomic DNA was isolated via phenol:chloroform:isoamyl alcohol and EtOH 

precipitation. Library amplification was done with 2x KAPA HiFi mix (Kapa Biosystems) and 

1.25 µM indexed Illumina primers using the following PCR conditions: 72 °C for 5 min; 98 °C 

for 30 s; and 10-11 cycles at 98 °C for 10s, 63 °C for 30 s, and 72 °C for 1 min. Libraries were 

generated with two biological replicates per condition sampled.  
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ATAC-seq data analysis 

All ATAC-seq libraries were sequenced using an Illumina Hiseq2500 v4 sequencer and 50 bp 

paired-end format. Paired reads were aligned to the human reference genome hg38 or custom 

HIV-host genome using Bowtie2 396. Further information on generation of our custom J-Lat 

reference genomes and complementary annotation files (GTF) are discussed below for our 

Nanopore sequencing pipeline. Reads were aligned using default parameters except -X 2000 -m 

1. PCR duplicates were removed using Picard Tools. To adjust for fragment size, we aligned all 

reads as (+) strands offset by +4 bp and (-) strands offset by -5 bp 328. The reads corresponding to 

Tn5 hypersensitive sites and mononuclesomes were separated by filtering for fragments 50-115 

bp and 180-247 bp in length, respectively 296. MACS2 was used for peak calling for Tn5 

hypersensitive sites 397. Quality-control (QC) data was visualized via ggplot2 in the R 

programming language and through ngs.plot 398. Differential peaks between HIV-inactive and -

active populations was performed using MAnorm 399.  

 

 

Illumina-based RNA-seq library preparation 

Total RNA was extracted from one million cells/condition using the RNeasy Plus mini kit 

(Qiagen; 74134). Preparation included an on-column DNase digestion. Strand-specific cDNA 

libraries were generated using a TrueSeq Stranded Total RNA sample preparation kit (Illumina). 

Sequencing was performed on an Illumina Novaseq 6000 to obtain ~150 bp paired-end reads. 

Each library, performed in replicate, had ³ 40 million read pairs per sample.  
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Illumina-based RNA-seq analysis 

Reads were mapped to the human reference genome (hg38) or a custom concatenated HIV-host 

reference genome for the J-Lat 10.6 and 8.4 models. The J-Lat specific sequence that was used 

for the J-Lat custom reference genomes was generated de novo from activated J-Lat 10.6 cells 

using our Nanopore pipeline discussed below.  Reads are mapped using HISAT2 400. HTseq was 

used to quantify RNAs based on annotations 401. StringTie was used for transcript assembly 402 

and for quantification of different isoforms. Differential expression analysis was performed using 

DESeq2 with read counts normalized to fragments per kilobase of transcript per million mapped 

reads (FPKM) 401. 

 

Nanopore RNA-sequencing library preparation & sequencing/base-calling  

Total RNA was isolated from cell pellets (~50,000 cells) using the RNeasy Mini Kit (QIAGEN, 

74134), according to the manufacturer’s instruction, with elution in nuclease-free water. Reverse 

Transcription is carried out with SuperScript IV Reverse Transcriptase (ThermoFisher, 

18090010) in 20 µL volume with the following components and final concentrations: 1X 

Reaction Buffer, 0.5 mM dNTPs, 2U RNAse OUT, 1 µM Oligo-d(T) primer, 5 mM DTT, and 

200 U SuperScript IV Reverse Transcriptase. Primer is annealed to template RNA in the 

presence of dNTPs by heating to 65˚C for 5 mins, followed by snap cooling to 4˚C for at least 2 

mins. Rest of the components are added after snap cool step, followed by incubation at 50˚C for 

1.5 hours, and heat inactivation at 85˚C for 5 mins. Second-strand synthesis is carried out in a 

single pot format using modified Gubler and Hoffman procedure from Invitrogen’s A48570 kit 

by direct addition of second strand buffer, dNTPs, E.coli DNA Polymerase I, RNAse H, and E. 

Coli DNA Ligase to heat-inactivated first strand reaction and incubation at 16˚C for 2 hours. 
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Second strand products are DNA cleaned with Monarch PCR and DNA Cleanup Kit (NEB, 

T1030S), and eluted in 0.1X TE. Quality control and yield of double-stranded cDNA is 

determined with NanoDrop spectrometer. 

 

Double-stranded cDNA samples were barcoded with the Native Barcoding kit (Oxford Nanopore 

Technologies, EXP-NBD104, EXP-NBD114), and library prepped using the Ligation 

Sequencing Kit (ONT, SQK-LSK109). Samples were sequenced with MinION Mk1B using a 

FLO-MIN106D flow cell (R.9.4.1). Reads were basecalled with Guppy Basecaller version 

4.2.3+8aca2af with high accuracy mode. 

 

Reference alignment of Nanopore-seq datasets 

For human reference alignment, the hg38 UCSC analysis set of December 2013 human genome 

(GCA_000001405.15) without alt-scaffolds was used along with its associated annotation file in 

GTF format. For HIV alignments a custom R7 strain reference sequence was generated de-novo 

from reads from activated J-Lat 10.6 cells, an accompanying custom annotation file in GTF 

format was also generated containing all canonical splice variants. For alignment of host/viral 

chimeric reads at integration site, the R7 reference sequence and its associated annotation was 

inserted into the hg38 reference and annotation file using the Reform Tool web portal 

(https://reform.bio.nyu.edu/) at the following hg38 positions and R7 orientations according to 

validated integration sites (PMC5237276): chr1 77,946,384 (R7 antisense orientation) for J-Lat 

8.4, and chr9 136,468,579 (R7 sense in sense orientation) for J-Lat 10.6. 
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Extraction of HIV-host chimeric reads & analysis of HIV-host read-through products 

Reads were mapped to R7 HIV reference using minimap2 with map-ont preset and --

secondary=no option. R7-mapped reads were extracted from sam output using samtools 

view with following options -h -F4 , and converted to FASTQ using samtools bam2fq. R7-

mapped reads were aligned to unmodified UCSC hg38 reference 

using minimap2 with splice preset and --secondary=no option. Hg38-mapped reads were 

extracted and converted into FASTQ as before. The resulting FASTQ file contains HIV/host 

chimeric reads that map to both R7 HIV and hg38 references. For readthrough analysis, 

HIV/host chimeric reads were mapped to the custom hg38 reference containing R7 HIV 

sequence using minimap2 with splice preset and --secondary=no option. Mapped reads are then 

extracted using samtools view with -F4 -h options, and sorted using samtools sort. Sorted bam 

outputs are then indexed with samtools sort and visualized using Integrative Genomics Viewer 

version 2.8.9.  

 

Quantification and productivity analysis of host cell isoforms at integration site 

For this workflow the FLAIR isoform analysis pipeline was used (PMC7080807). Reads were 

mapped to the UCSC hg38 reference using FLAIR align module using option -p, followed by 

splice junction correction using the correct module  with option -c and using hg38 gtf annotation 

file. Resulting bed files from FLAIR correct step are parsed to extract isoforms that overlap with 

FUBP1 and SEC16A genes, the respective integration sites J-Lat 8.4 and 10.6. For this purpose, 

a bed file was generated containing the following boundaries for FUBP1 and SEC16A with care 

to avoid overlap with any neighboring genes: chr1: 77,949,155 - 77,979,130 (FUBP1), and chr9 

136,440,096 - 136,482,938 (SEC16A). The bedtools intersect command was used with options -
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wa  and -a to extract all isoform that intersect with the query regions, with resulting intersect bed 

file concatenated according to treatment. The FLAIR collapse module is then used with default 

settings to create a transcript model for FUBP1 and SEC16A isoforms for each treatment. These 

transcript models are plotted with plot_isoform_usage.py script to obtain isoform structures and 

cross-referenced with hg38 gtf annotation files to predict productivity of each isoform using the 

predictProductivity.py script. Following isoform collapse, the FLAIR quantify module is used 

with option --tpm to obtain transcript per million (TPM) values for each isoform present in each 

replicate and treatment. 

 

 

Analysis of publicly available datasets (ChIP-seq, TSA-seq, & SEduper)  

For ChIP-seq analysis of publicly mined data, reads were mapped using Bowtie2 396 to hg38. 

PCR duplicates were removed using Picard Tools. MACS2 was used to call peaks using default 

parameters with IgG ChIP-seq data as input control. ChIP-seq datasets from Jurkat T cells 

include: H3K27ac (GSM2691418), Pol2 (GSM1850204), and BRD4 (GSM2218755). TSA-seq 

dataset of SPADs (GSM3111194) in K562 cells were processed as stated in Chen et al. 371. 

Predicted SE networks were obtained from dbSuper 403.  

 

 

Flow cytometry and FACS of J-Lat cell lines/flow cytometric analysis 

The BC Cytoflex cytometer was used for data collection. 105 Jurkat or J-Lat cells were seeded 

per well in a  96-well plate format. Cells were treated with TNF-α or PMA/I and the number of 

GFP+ cells following treatment were quantified. Gates for GFP+ cells were set by assessing the 
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fluorescence profiles of uninfected Jurkat T cells. FlowJo software was used for data analysis. 

Gating strategy is depicted in Figure III.S.1.  

Fluorescence-activated cell sorting of inactive (GFP-) and active (GFP+) populations of cells 

was performed using the BD FACS Aria II SORP. Prior to cell sorting, T cells were resuspended 

in PBS and passed through a 40 µm cell strainer (Corning, 431570). Final cell concentrations 

were ~ 5 x 106 cells/mL prior to sorting.   

 

 

Single-molecule DNA & RNA FISH 

Branched DNA in situ hybridization (bDNA FISH) was used for detection of HIV-1 RNA in J-

Lat cells using the RNAscope method, with modifications (1). One million cells per condition 

were harvested and spun down at 1.5 rpm for 5 minutes. These cells were resuspended in 50 µL 

of phosphate buffered saline (PBS) and seeded on poly-d-lysine (Gibco, cat: A3890401) coated 

coverslips for 30 min. Cells were then fixed in 4% paraformaldehyde for 30 min at room 

temperature (RT) and washed three times in PBS. Samples were then incubated in PBS 

supplemented with 0.1% Tween-20 (PBS-T) for 10 min at RT and washed twice in PBS. The 

manufacturer’s protease solution (Pretreat 3; Advanced Cell Diagnostics (ACD)) was diluted 1:5 

in PBS and applied to samples. Samples were then incubated in a humidified HybEZ oven 

(ACD) at 40 °C for 15 min. Protease solution was decanted, and samples were washed twice in 

PBS. A probe that recognizes HIV-1 (+) RNA (HIV-nongagpol-C3; ACD; 317711-C) and HIV-

gagpol-C1 (317701) diluted in hybridization buffer  was applied to the sample. Incubation with 

the probe was performed at 40 °C for 2 h in the HybEZ oven. The remaining wash steps and 

hybridization of preamplifiers, amplifiers, and fluorescent label were performed as performed 
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previously 317, 318. HIV-1 cDNA was fluorescently labeled with ATTO 550, and vRNA was 

labeled with Alexa 647. Nuclei were counter-stained with 4’,6’-diamino-2-phenylinndole (DAPI, 

ACD) for 1 min at RT and washed twice in PBS. Coverslips were mounted on slides using 

Prolong Gold Antifade (Invitrogen).  

Imaging was performed via confocal microscopy using a 60x oil-immersion objective. The 

excitation/emission bandpass wavelengths used to detect DAPI, ATTO 550, and Alexa 647 were 

set to 405/420-480, 550/560-610, and 647/655-705 nm, respectively. 

 

In-situ Hi-C library preparation & analysis 

Hi-C was performed using the in situ method with the MboI enzyme as previously described 292. 

Hi-C libraries were generated from either wild-type (WT) Jurkat T-cell lines, untreated clonal J-

Lat model cell lines, or sorted GFP+ J-Lat cells after stimulation with TNF-𝛂. The WT and 

untreated J-Lat cell lines were fixed in solution using 1% formaldehyde. For sorted samples, GFP+ 

cells were sorted into PBS and subsequently fixed with 1% formaldehyde. Hi-C libraries were 

sequenced on Novaseq 6000 S4 flow cells. Reads were aligned to the hg38 genome, filtered, and 

deduplicated as previously described 372. After alignment, contact files were generated and 

processed into hic or cool files using the Juicer or cooler pipelines, respectively. Loop calling was 

performed using hiccups  292.  
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SUPPLEMENTAL DATA 
 
 

 
 
 
Figure VI.S.1. Gating scheme for sorting reactivated (GFP+) J-Lat cells via FACS and for flow 
cytometric analysis. J-Lat cells are first gated based on cellular granularity, which is followed by gating 
for singlets. Selection for GFP+ cells is stringent, selecting for the higher-expressing GFP+ cells.  
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Figure VI.S.2. Hi-C reads per library. Total reads/unique aligned reads per library and percent 
cis & trans chromatin-chromatin interactions. These are quality control metrics of Hi-C libraries.  
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Figure VI.S.3. ATAC-seq QC. Fragment distribution of ATAC-seq reads (A). Heatmap and histogram 
of reads filtered (1-115 bp) for putative transcriptional start sites (TSS) or promoters (B) and reads filtered 
for mononucleosomes (C). The majority of reads fall within or proximal to annotated TSS. TSS = 
transcriptional start site. 
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Figure VI.S.4. ATAC- & RNA-seq profiles of inactive & active J-Lat 8.4 cells at site of integration. 
Jurkat T cell +/- TNF-𝛂 (black tracks) demonstrate native chromatin and expression profiles of host 
FUBP1 gene and genomic regions directly flanking the provirus. The tracks in blue are the inactive J-
Lats, and the tracks in red are the activated J-Lats. The track in cyan are J-Lat cells treated with TNF-𝛂 
but did not activate. The dotted boxes shaded in light blue demarcate regions of the cellular genome 
where we find differential chromatin accessibility and gene expression. Similar to the J-Lat 10.6, this 
increase in ATAC & RNA signal is directly downstream the HIV-1 3’ LTR. In the J-Lat 8.4 model, the 
provirus and the host gene (FUBP) both have a 3’ ß 5’ transcriptional orientation. RNA-seq was 
performed using Illumina-based approaches.  
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Figure VI.S.5. Chromatin accessibility (ATAC-seq) profiles of constitutively active house-keeping 
genes +/- TNF-𝛂. There is no significant difference in chromatin accessibility profiles in these genes +/- 
TNF-𝛂, and chromatin is most accessible towards the 5’ ends of these genes.  
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Figure VI.S.6. Maximal intensity projections of inactive J-Lat 10.6 & 8.4 cells. The red staining in the 
inactive J-Lat 10.6 cells depicts host-driven HIV-1 (-) expression. The green signal in the inactive 8.4 
cells demonstrates host-driven HIV-1 (+) expression. The red dots in the 8.4 cells are the provirus. The 
HIV-1 (-) probe targets antisense HIV-1 transcripts, as well as the template DNA strand (3’ ß 5’). Scale 
bars represent 10 µm. Refer to Figure III.4 for further discussion of J-Lat single-molecule FISH imaging.  
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Figure VI.S.7. HIV-host chimeric RNAs induced by HIV-driven transcriptional read-through in the 
J-Lat 10.6 model. Illumina-based RNA-seq provides high sequencing depth, but the short fragment reads 
complicate precise transcriptome assemblies of complex RNA species. All reads shown on this genome 
browser are aligned to the human reference genome (hg38). Tracks to the left are upstream the 5’ LTR, 
and the tracks to the right are downstream HIV-1 3’ LTR. The black dotted box demarcates the genomic 
region directly downstream the 3’ LTR where we observe HIV-driven transcriptional read-through into 
the intron of the SEC16A gene. Under the read-pileup, we display aligned reads to hg38. Reads in blue are 
in the positive-sense (+) orientation and reads in red are in the (-) orientation. HIV-1 has integrated in the 
5’ à 3’ orientation, whereas the host gene (SEC16A) has the opposite 3’ ß 5’ orientation. Therefore, (+) 
mapped reads (blue) are likely HIV-driven in the area demarcated by the black dotted box. The green 
highlighted box represents the proviral site of integration in this model. There is an increased number of 
(+) mapped reads following HIV-activation via TNF-𝛂 or PMA/I (A). Quantification of chimeric HIV-
host reads induced by HIV-driven transcriptional read-through. Reads that map to both HIV and the host 
genome was selected for, and we further filtered for chimeric RNAs that had a (+) orientation at the HIV-
host junction. Differential expression of these chimeric RNAs following HIV-activation. *** p ≤ 0.005 
(B).  
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Figure VI.S.8. Expression of NFkB subunits in J-Lat 10.6 & 8.4 models +/- TNF-𝛂 & GFP +/-. These 
results demonstrate that J-Lat cells that do not reactivate are still TNF-responsive, suggesting additional 
factors are influencing HIV-1 proviral transcriptional activation.   
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Figure VI.S.9. Activation of J-Lat 10.6 cells treated with TNF-𝛂. Cells were fixed 24 hours post-
treatment. Cells were stained for HIV (+) RNA (red) and HIV p24 (green). Images are presented as 
maximal intensity projections from z-stacks acquired via confocal imaging. Scale bars represent 10 µm.  
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Figure VI.S.10. Lack of RNA density or transcriptional read-through downstream representative 
TNF-responsive and highly expressed genes in J-Lat cell models. The dotted black box demarcates the 
region directly downstream the 3’ UTR of TNF-responsive genes (RELB and NFKB1) and highly 
expressed genes (HIPK3 and RPL31) in J-Lat cells +/- TNF-treatment.  
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 CHAPTER VII: DISCUSSION & FUTURE DIRECTIONS 
 
 
VII-A: Probing Long-Range Chromatin Interactions between HIV-1 & Cellular DNA 
 
 In Chapter VI, we demonstrated how we can apply the 3C-based method, Hi-C, to map 

global HIV-host chromatin interactions, as well as host chromatin-chromatin interactions to 

understand how nuclear ultrastructure around HIV-1 proviral sites of integration are reorganizing 

in response to integration and proviral transcriptional activation. We were able to interrogate if 

HIV-1 activation  induces changes in chromatin architecture around the integration site by 

evaluating  proviral chromatin functional compartmentalization (Compartment A or B), changes 

in chromatin looping patterns (CTCF-mediated) proximal to HIV, and HIV-host chromatin 

interaction networks to ~ 1kb resolution. While these studies successfully allowed us to probe for 

changes in 3D chromatin organization around HIV sites of integration, this methodology relied 

on using clonally expanded HIV cell models with defined sites of integration to allow us to 

achieve the spatial resolution to capture HIV-host chromatin interactions. Chromatin contact 

frequencies quantified via Hi-C are representative of the overall aggregated cellular population, 

thus limiting us from sampling changes in HIV chromatin structure across several thousands of 

unique integration sites following  bulk de novo infection. With the strong assumption that every 

integration site across a population of thousands of infected cells will be unique, any signal 

corresponding to an individual integration site would be very low via bulk Hi-C. In addition, to 

determine chromatin structural changes at specific sites of integration, this methodology would 

have to be multiplexed with integration site identification. These are thus significant bottlenecks 

for studying direct HIV-host chromatin interactions and native HIV chromatin ultrastructure. To 

circumvent these complications, we exploited clonal J-Lat cellular models for our studies 

presented in Chapter VI, where we have control over the site of integration and the sensitivity to 
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quantify the chromatin contact profile with an ensemble average across the cellular population. 

Recent advancements in this methodology have culminated in single-cell approaches that can be 

multiplexed with other sequencing-based assays 373, 404, 405. However, the resolution is still 

limited to observe subtle changes in chromatin organization potentially resulting from HIV-1 

integration or proviral activation. To circumvent these issues, we have expanded our studies to 

more targeted approaches such as 4C-seq and 3C-qPCR.  

 We have been working on developing a 4C-seq assay to profile changes in direct HIV-

host chromatin interaction frequencies, designing our assays based on prior work conducted in 

the Pintel lab at the University of Missouri-Columbia (schematic of assay is presented in Figure 

I.F.2). The Pintel group has demonstrated that they can apply their 4C-seq workflows for 

efficient capture and mapping of direct virus-host chromatin interactions 308, 309. We have 

acquired preliminary data applying our own 4C-seq workflow to capture HIV-host chromatin 

interactions in the J-Lat 10.6 cell line (single, defined site of HIV-1 integration in SEC16A gene), 

as well as applying this method for kinetic studies tracking differential HBV-host chromatin 

interactions across a time-course following de novo infection.  

 4C-seq experiments in Figure VII.A.1 have been performed with two biological 

replicates per condition (No treatment (HIV-inactive) and 10 ng/mL TNF-a treatment (HIV-

active) for the experiments in J-Lat cells.  Raw sequencing reads have undergone demultiplexing 

(removal of HIV “bait” sequence) using custom Python scripts, and reads were then directly 

aligned to the human reference genome (hg38) at BglII restriction fragments using Bowtie2 406. 

The reads from the biological replicates were then normalized to reads per million and quantile 

normalized using preprocessCore package on RStudio. For visualization of the 4C-seq data, a 

running average was calculated using a window size of five contiguous Bglll fragments 407. 
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Macs2 408 was used to for peak calling. Distance-normalizations were also applied to the datasets 

following analysis pipelines previously reported409. Similar sample preparation strategies and 

downstream bioinformatics analyses were imposed on the HBV datasets (Figure VII.A.2). 

While it is encouraging that we can record changes in interaction profiles between HIV-inactive 

& -active cellular J-Lat populations (Figure VII.A.1) and observe consistent HBV-host 

chromatin interactions throughout the time-course of HBV infection (Figure VII.A.2), library 

complexity and sequencing coverage across all of the 4C replicates (including all HIV- and 

HBV-based samples) needs to be improved. Thus, optimization of the 4C-seq protocol is 

ongoing.  

 

Figure VII.A.1. Preliminary 4C-seq of J-Lat 10.6 samples. The histogram in blue represents 
the HIV-inactive population, and red represents the activated population. Boxed regions denote 
genetic loci with differential 4C interaction profiles between the HIV-1 “bait” and flanking 
cellular chromatin. Coverage is very low and libraries lack sufficient complexity. Optimization is 
underway.  
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TABLE VII.1 Primers for 4C-seq library preparation of HIV-infected cells. 
 

Target Sequence 
Inverse HindIII CGACGAAGAGCTCATCAGAACAGTCA 
Inverse NlaIII AAGCCTTAGGCATCTCCTATGGC 
Nested inverse HindIII CAGAACAGTCAGACTCATCA 
Nested inverse NlaIII GAGATGCCTAAGGCTTTTAT 
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Figure VII.A.2. HBV-host chromatin 4C interaction profiles across the course of 7-day infection. 
Representative 4C profiles “within” or “outside” genes where interactions between HBV DNA and host 
chromatin were conserved across 1, 3, 5, & 7 dpi (days post-infection). Infections were performed in 
HepG2 cells (hepatocytic cell line), and additional ATAC- & ChIP-seq tracks were taken from studies in 
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HepG2 cells that were deposited in SRA & ENCODE. Similar to the J-Lat datasets in Figure IV.A.1, 
sequencing coverage and read complexity is poor. Optimization is required.   
 

 

 

 

 

 

  

 

 
 
Figure VII.A.3. Jaccard analysis of HBV 4C-seq “hits” & ChIP-seq (Pol2, CTCF, HSK27ac, 
H3K27me3, H3K36me3, & H3K4me3). Intersection (overlap) between 4C- & ChIP-seq mapped reads. 
Pan-distribution of intersection across datasets with equal representation of active and repressive 
epigenetic markers. 4C mapped reads were merged across all four time-points for this analysis.   
 

 

 We began to improve our 4C-seq pipeline, systematically optimizing critical steps in the 

protocol and using 3C-qPCR as a read-out for our ability to capture specific “bait” and cellular 

chromatin interactions. Optimization was performed in the J-Lat 10.6 cells. The first parameter 

of the protocol that was optimized and refined was the first restriction digestion step with a six 

base-pair cutter. We tested different sodium dodecyl sulfate (SDS) concentrations used for lysing 

cells following conventional 4C-seq protocols 308, 309 and subsequently performed the first 

digestion step. The key to this step is obtaining efficient cellular lysis, while also not interfering 

with enzyme specific activity, by fine-tuning detergent concentrations. SDS is the detergent in 

this assay used for nuclear permeabilization following cellular lysis, while Triton X-100 is used 

to sequester SDS following permeabilization. This thus mitigates detergent-mediated enzyme 
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denaturation, which can otherwise inhibit efficient digestion. Following the first digestion step, I 

then tested digestion efficiency within the GAPDH locus, where I designed primers at both BglII 

and HindIII restriction sites. At these sites, I collected DNA samples pre- & post-digestion, 

titrating different concentrations of SDS for nuclei permeabilization and keeping Triton X-100 

constant at 2% final concentration. Digestion efficiency was assessed by performing qPCR at the 

restriction junctions. Efficiency was inversely correlated to signal (Ct value), as less 

amplification should result if the region was efficiently cleaved. 0.22% SDS concentration while 

keeping Triton X-100 concentration constant at 2% yielded over 90% digestion efficiency 

(Figure VII.A.4). Following optimization of digestion of the first step, ligation efficiency was 

next improved to capture interactions between the ‘bait’ sequence (Vpr within HIV-1 genome or 

Ercc3 control) and cellular chromatin. Quantification of chromatin interaction frequency via 3C-

qPCR is calculated by normalizing interaction frequency relative to nearest neighbor interactions 

of contiguous HindIII fragments on the Ercc3 locus, a site that is constitutively active 

ubiquitously 309, 410. From our 3C-qPCR assay, we did not find any significant change in local 

HIV-host chromatin interactions in the HIV-inactive and -active states (Figure VII.A.5). 4C-seq 

libraries need to be prepared again for HIV and HBV samples. Current studies in the lab are 

focusing on the role CTCF plays in HBV replication. Functional cell-based assays are underway, 

identifying intrinsic CTCF-binding sites within the HBV DNA genome. Applications of an 

optimized 4C-seq approach can ultimately enable us to interrogate HIV-host chromatin 

interactions following de novo infection, where we can demonstrate if HIV is preferentially 

interacting with specific genomic regulatory elements across several integration sites. Sorting for 

HIV-inactive and -active populations, we can further determine if there are differences in HIV-1 

chromatin interaction profiles across the two infected cellular populations.  
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Figure VII.A.4. Optimization of digestion efficiency in 3C/4C assays. Restriction digestion junctions 
at GAPDH locus. We designed primers at “inside” & “outside” HindIII or BglII restriction sites. In 
Figures B-C, we tested digestion efficiency of HindIII (A). Both primer sets were specific to respective 
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locus of interest. qPCR samples were run on 0.8% agarose gel and single bands detected in lanes 
corresponding to amplicons “outside” & “inside” HindIII restriction sites, respectively. 0.22% SDS 
concentration had best digestion efficiency (> 90%) (B). Digestions were performed with HINDIII 
(0.22% SDS & 2% Triton X-100) in J-Lat cells in biological duplicates. Digestion efficiency at 0.22% 
SDS resulted ~70-80% digestion efficiency in these samples (C).  

 
 
 
 
 

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure VII.A.5. 3C-qPCR assay in J-Lat 10.6 cells to detect frequency of direct HIV-host chromatin 
interactions around the site of integration. In HIV-inactive (blue) & -active (red) cellular populations, 
differential HIV-host chromatin interaction frequencies were quantified via qPCR read-out. Ct values 
were normalized to nearest neighbor interactions at Ercc3 locus (control). Primer pairs were designed ~50 
bp upstream nearest contiguous HindIII site and designed primer ~50 bp downstream contiguous HindIII 
site in HIV “bait”. The HIV “bait” primer set designed at the vpr locus is constant across each qPCR 
reaction. A > B > C > D (Distance from “viewpoint”; A is closest; D is > 60 kb away). Low interaction 
frequency with flanking cellular genes in both inactive & active populations.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

B 

HIV-Active 
HIV-Inactive 

Ct values range from ~29-40 
Ercc3 control Ct  ~29-30  

N
or

m
al

iz
ed

 in
te

ra
ct

io
n 

fr
eq

ue
nc

y 
w

ith
 H

IV
 

“B
ai

t”
 se

qu
en

ce
 



  
  

 

  181 
 
 
 
TABLE VII.2. Primers & Taqman probes designed for 3C-qPCR analysis of J-Lat 10.6 
cells. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Primer Target Sequence Notes 
HIV ‘bait’ CAAAAGCCTTAGGCATCTCC Targets HIV ‘viewpoint’ 

(vpr) 
HIV Taqman probe ACAGCGACGAAGAGCTCATCa 

 
5’ FAM 3’ TAMRA 

Sec16A CTCAAGATCCTCCCCCAAAA 
 

Nearest gene to 
‘viewpoint’ in J-Lat 10.6 

model 
Sec16A CAGAACACGCAAACTTCCAA 

 
Promoter 

INPP5E CACAGGTGAAGGTGCTTGAA 
 

Promoter 

CAMSAP1 CGGAGAGATTTCCGTCACTC 
 

> 60 kb from HIV 
“viewpoint” 

ERCC3 ‘bait’ 
primer 

GTAAGCAGGCTGGAGCTGAG 
 

Control/normalization of 
libraries 

ERCC3 probe GGGAAAGGGACTGCTGTGTA 
 

5’ FAM 3’ TAMRA 

ERCC3 capture GGAAGGATCTCTGTTTAATGGAAA 
 

Control 
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VII-B: Multiomics Single-Cell Profiling of Primary HIV-Infected Cells  
 
  Studies mapping individual HIV chromatin conformation states using primary patient 

infected cells taken ex vivo is the penultimate goal for our studies, however, close interrogation 

of the functional state of HIV and the respective flanking cellular chromatin poses technical 

hurdles. The first hurdle is that HIV integration sites must be determined if studies are conducted 

using patient cells taken ex vivo or cells infected de novo, so multiplexed approaches that enable 

joint integration site identification and profiling of these respective integration sites is needed 377. 

If integration sites can be mapped per infected cell, the second major obstacle of HIV-host 

chromatin profiling studies is that NGS-based methodologies such as bulk ATAC-seq acquires 

genome-wide information. This thus imparts a poor signal-to-noise ratio at individual proviral 

integration sites in bulk infected population, since presumably, each identified integration site 

will only be represented by a single cell in population of several thousands of cells. The average 

aggregate signal will be recorded across the cellular population, prohibiting sufficient resolution 

to interrogate individual proviruses and profile the chromatin landscape at these single 

integration sites.   

 Single-cell sequencing can enable closer interrogation of these respective individual 

proviral integration sites following bulk infection, with pipelines developed that enable 

multiomics single-cell ATAC- and RNA-seq (scATAC0 & scRNA-seq) profiling 411, 412. 

However, to determine proviral integration sites with single-cell resolution, sequencing depth 

needs to be increased significantly (> 10-fold) relative to conventional  scATAC-seq 412, thus 

driving up sequencing costs. Wang et al. has developed a computational pipeline for deriving 

integration sites from NGS-based data by looking for cellular regions of overlap with a proviral 

genome of interest during reference alignment 412. Identifying chimeric provirus-host fragments 
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(“multi-mappers” that align to both host and proviral genomes) following Tn5 tagmentation 

during ATAC-seq preparation can reveal sites of integration with high precision. A limitation to 

this methodology at the moment, however, is that single-cell ATAC read pile-up at individual 

proviral integration sites is relatively low in a single cell 412. Further enrichment and PCR-based 

amplification strategies are needed to increase targeted sequencing of HIV and HIV-host genic 

boundaries to improve the signal collected during single-cell assays to profile HIV and HIV-host 

chromatin states.  

 Single-cell sequencing approaches also provide the advantage of probing the 

heterogeneity of the chromatin and transcriptional landscapes across a diverse cellular 

population. scATAC- and scRNA-seq of mixed cellular populations such as PBMCs present the 

opportunity to sample the chromatin accessibility and gene expression networks across a diverse 

mixture of cells, clustering subpopulations based on single-cell epigenomic and transcriptomic 

profiles. Profiling different primary T cell subtypes and lymphocytic cells in the context of HIV-

1 infection may reveal potential cell-specific factors involved in HIV-1 pathogenesis. Further 

enrichment of latently infected cells for multiplexed single-cell approaches (integration site 

analysis & scATAC- or scRNA-seq) can provide specific insight into the functional state 

surrounding latent proviruses and perhaps cellular factors up-regulated in latently infected cells 

377.  
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VII-C: Motif Analysis at HIV-1 Integration Sites Derived from ART-Suppressed Clinical 
Isolates  
 
 Extensive HIV-1 integration site mapping studies have been conducted, providing the 

scientific community with several valuable datasets to study characteristics of HIV-1 integration 

“hotspots” (RIGs). We were especially interested in identifying transcription factor motifs 

enriched proximally to heavily targeted HIV-1 integration sites.  Spearheaded by a doctoral 

student in the Sarafianos group during his first-year research rotation project, William McFadden 

developed a computational pipeline for aggregating preferential HIV-1 integration sites with 

accompanying meta-data (site of integration, directionality, genomic loci (intron, exon, 

intergenic, intragenic)). After collecting integration sites, he extracted the primary DNA 

sequence (5’ – 3’) from a fasta file of the human reference genome (hg38 or hg19) at varying 

window sizes from the respective site of integration (eg. 50 bp upstream/downstream site of 

integration). Once the primary sequences around the sites of integration were gathered, motif 

analysis was performed to identify putative transcription factor binding sites “at” and flanking 

common HIV-1 sites of integration. In addition, a null model was built based on random genic 

sequences extracted of varying lengths from the hg38 reference genome to control for frequency 

of random motif matches.  

 To test this pipeline, sequences were collected from Maldarelli et al. 200. In this 

longitudinal study, CD4+ T cells were collected from five patients on cART over a span of 

several years. Integration sites across these cellular samples were aggregated. In our analysis, we 

selected for integration sites that Maldarelli et al. 200 identified as being represented across 

multiple datasets (RIGs) and appear to be persistent across time-points and from patient-to-

patient. After extracting integration sites from this dataset, we compiled the neighboring cellular 

sequences flanking the respective integration sites at various sizes “downstream” and “upstream” 



  
  

 

  185 
 
 
 
the site of integration. Motif analysis was performed using the FIMO analysis pipeline 413. Motif 

analysis of the integration sites was compared to a null model. The “random” function from the 

BEDtools bioinformatics suite 414 was used to randomly select genomic coordinates from the 

human reference genome. Random sequences were generated with varying window sizes to 

directly compare to the experimentally derived sequences. Random sequences with ambiguous 

nucleotides (variable nucleotide (N) due to poor sequence coverage at that genomic site in the 

human genome (e.g., centromeric repeat)) were removed and replaced by another randomly 

generated sequence. Enrichment analysis was performed to identify putative motifs at persistent 

HIV-1 sites of integration. This whole pipeline has been automated via various R packages 

(Biostrings v2.58.0, GenomicRanges v1.42.0 415, & BSgenome v1.58.0) collated into a single R 

script. Quality control of this pipeline demonstrates that this script can aggregate integration 

sites, extract sequence information, and perform analysis, as expected. The number of motif 

matches increases as a function of window size (Figure VII.C.1). Conceptually, the probability 

of motif occurrence should increase as the length of sequence surveyed increases. Preliminary 

analysis highlights motifs that are up-regulated in experimentally derived integration sites vs. the 

randomly generated sequences. We highlight the transcription factors heat shock factor-1 (HSF1) 

and Fox01 (Figure VII.C.2), which are nuclear transcription factors that were both recently 

reported to play a role in influencing the status of viral latency 263, 264. In addition, we compare 

integration site frequency “upstream” the site of integration vs. “downstream” the 3’ LTR, taking 

into account the orientation of the provirus at the site of integration sampled. We further test the 

role of HSF1-mediated proviral transcriptional activation in J-Lat models in the next Chapter 

(Chapter VII.4). While we now have a pipeline for efficiently collecting and archiving 

integration sites from sequencing datasets, we need to refine our statistical rigor to filter for 
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motifs significantly overrepresented at HIV-1 integration sites.  From our output, we are 

generating contingency tables, taking a tally of motif frequency across all of the integration sites 

sampled. We will therefore employ an appropriate frequency test (Fischer Exact Test or 

Wilcoxon  Rank Sum Test) for our motif analysis pipeline.  
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Figure VII.C.1. Quality control of computational pipeline for integration site retrieval & extraction 
of primary sequences from supplied fasta files (human reference genome; hg19). Motif matches as a 
function of sequence size for experimentally derived HIV-1 integration sites (A) & randomly generated 
sequences (B). Sequences obtained either “upstream” (C) or “downstream” (D) HIV-1 integration sites. 
Credit: William McFadden conducted analysis and generated plots.  
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Figure VII.C.2. Density plots of motif occurrences across integration sites sampled. Log2 fold-change 
(experimental vs. null model) of motif representation as a function of total motif matches across 
integration sites. Differences in HSF1 & FoxO1 motif occurrence vs. random model highlighted (A). 
Differences in motif frequency “downstream” integration site vs. “upstream” integration site (B). Credit: 
William McFadden conducted analysis and generated plots.  
  

 

 While our integration site analysis is in its incipient stages, we have demonstrated a 

proof-of-concept of the functionality of our automated R script and analysis pipeline using a test 

set of RIGs. Future integration site analysis can apply this computational pipeline to compare 

motif enrichment at integration sites from latent populations (reactivatable vs. non-reactivatable), 

elite controllers (minority patient population that has intrinsic low viral set point), integration 

sites obtained following treatment with CA or IN inhibitors, and sites identified following 

infection with mutations in CA (N74D) or IN. In these mutants, interactions with host factors 

and either CA or IN are ablated, thus leading to noncanonical integration site targeting 158. 

Differences in the properties of integration sites across these multiple populations sampled can 

provide insight into how variation in integration site selection affects viral replication efficacy. 

Understanding how aberrant integration impacts proviral transcriptional competency may be 

important for the development of ALLINIs (allosteric IN inhibitors) that can ultimately suppress 

viral replication via integration mistargeting. An additional application of this script can enable 

collection of integration sites for epigenomic and transcriptomic profiling (cross-correlation to 

ChIP-, ATAC-, & RNA-seq datasets) to define the transcriptional and functional states around 

proviral integration sites.  
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VII-D: Putative Cellular Pathways Involved in HIV-1 Transcriptional Activation & Chromatin 
Reorganization  
 
 
 
 In Chapter VI, we identified common patterns of chromatin reorganization and 

transcriptional reprogramming at activated HIV-1 proviruses using inducible J-Lat cellular 

models and different NGS- and fluorescence-based approaches. Our observation that chromatin 

accessibility increases downstream the 3’ LTR at the HIV-host intergenic boundary and that 

host- and HIV-driven transcriptional read-through are present at the proviral locus emulates a 

similar phenotype demonstrated in cells infected with lytic herpes simplex virus I (HSV-1) and 

mammalian cells undergoing cellular stress 392. Hennig et al. showed that chromatin accessibility 

increases at genes where transcriptional read-through is triggered via lytic HSV-1 infection or 

cellular stressors  392. The Steitz group at Yale University first “coined” these read-through 

products as “Downstream-of-Genes” or “DoGs” 388, 389. The biological function(s) of DoGs are 

not clear; however, they are directly triggered by various cellular stressors, and interestingly, 

there are differential DoG expression patterns across different stress conditions (heat, osmotic, 

oxidative) 389. This  suggests that DoGs may be playing specific roles related to the particular 

cellular stress pathway.  

 From our differential ATAC-seq of J-Lat cells in HIV-inactive and -active states, we 

compiled differential peaks “at” and flanking the HIV-1 provirus and performed motif analysis 

as described in Figure VII.D.2. While we were only sampling two independent proviral 

integration sites (J-Lat 10.6 & 8.4 proviruses), two of our strongest  motif “hits” downstream the 

3’ LTR locus included HSF1 and FoxO1 (Figure VII.D.1). Interestingly, the Siliciano group 

recently reported that induction of HSF1-signaling pathways promotes latency reversal in 
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primary CD4+ models 263, and the Ott group reported that inhibition of FoxO1 up-regulates the 

ER stress response, promoting latency reactivation. These two independent studies found that 

conditions inflicting cellular stress were increasing reactivation frequency of latently infected 

cells. We decided to test the role HSF1 and the heat shock pathway may play in HIV-1 

transcriptional activation in our J-Lat models.  

 In preliminary cell-based studies, we found that heat shock pathways appear to improve 

proviral transcriptional activation within our J-Lat models (Figure VII.D.3), and TNF-𝛂 

stimulation increases HSF1 localization into the nucleus (Figure VII.D.4). TNF-𝛂  signaling 

may be playing an indirect role in activation of HSF1-related pathways. HSF1 is the master 

regulator of the heat shock response and transcription factor that drives expression of HSP70 

family of proteins 416. Interestingly, at our differential ATAC peaks directly downstream the 3’ 

LTR, our motif analysis identified HSF1 as a top “hit”. This would thus suggest that HSF1 may 

have the ability to bind downstream HIV-1 in these models, and the possible role of HSF1 

binding downstream activated HIV-1 should be investigated. Conventionally, HSF1 interacts at 

the 5’ gene promoter, recruiting stable transcription initiation complexes and P-TEFb, promoting 

transcriptional elongation 263, 389, 394. However, there may be multiple biological functions that 

HSF1 performs including chromatin remodeling, which has not been investigated.  

 Perhaps, HSF1 is recruiting chromatin remodeling factors to “open” up chromatin 

structure downstream HIV-1 genes. To test this hypothesis, biochemical studies need to be 

conducted. ChIP experiments can be performed pulling-down HSF1 and probing for direct 

interactions with HIV-1 DNA and cellular chromatin flanking the provirus. We are also 

interested in biochemically identifying other putative activators or repressors of HIV-1 gene 

expression. A method “coined” enChIP, utilizes an endonuclease-dead dCas9 fusion protein to 
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specifically target genetic loci of interest and can be subsequently pulled-down by targeting the 

fusion protein via IP. This thus enables pulling down gene regulatory sequences of interest. Prior 

to IP, cellular samples are fixed via cross-linking, maintaining protein-DNA complexes. 

Proteomic analysis can then be performed followed IP to identify protein factors bound to the 

DNA locus of interest 417-420. We have been interested in applying this technology to pull down 

the HIV-1 5’ LTR promoter in differential transcriptional states to identify cis-acting nuclear 

factors associated with proviral suppression or activation. These studies can provide mechanistic 

insight into cellular chromatin modifying factors that may be influencing the epigenetic and 

functional state of the provirus.  

 
 
 

 
 
Figure VII.D.1. Predicting cellular host factors and signaling pathways mediating HIV 
transcriptional activation and local HIV chromatin reorganization. Schematic of cellular chromatin 
“opening” downstream the active HIV 3’ LTR (A). Transcription factor (TF) motif analysis at sites of 
differential chromatin accessibility (5’ LTR, 3’ LTR, & downstream 3’ LTR) at proviruses in inactive vs. 
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active states. Genes in the black table denote shared TFs between the ATAC peaks at the 5’ and 3’ LTRs. 
Peaks at these two respective positions were within 20 base pairs of each other, slightly upstream HIV 
transcriptional start site (TSS). The purple table displays transcription factor motifs enriched at the ATAC 
peak downstream the active 3’ LTR. Motif search window was +/- 25 base pairs from the ATAC peak 
summit (B). Gene ontology (GO) analysis of top motifs enriched downstream the 3’ LTR performed 
using Metascape 421. Pathways involved in FoxO signaling and the cellular heat stress response were 
highly represented in the motif analysis, and two recent publications show the role FoxO1 and the heat-
shock factor 1 (HSF1) play in HIV transcriptional activation (C). GO analysis of RNA-seq of J-Lats 
(active vs. inactive). 83 and 42 genes involved in cellular stress responses and chromatin organization, 
respectively, differentially up-regulated. These genes are also not differentially up-regulated following 
TNF treatment in uninfected Jurkats (D).  
 
 
 

 
 
Figure VII.D.2. Workflow for motif analysis of ATAC peaks. Mapped paired-end reads that are 1-115 
bp in fragment size are selected. Differential peaks are called to select for regions of increased chromatin 
accessibility following HIV activation in the J-Lat models. At the summits (maximal number of reads) of 
the differential peaks, we collect primary sequences of varying window sizes at the selected peak 
summits. We then perform motif analysis using FIMO 413 to identify putative transcription factor binding 
sites.  
 
 
 
 
 
 
 
 

Motif Analysis of ATAC-seq Workflow

1) Filter for reads that are between 1-115 bp (transcription factors) 

2) Call differential peaks (Inactive vs. Active) --> define regions where reads are enriched

3) Identify peaks of interest and find peak summits (region of maximal read pileup)

4) At peak summit (+/- 50 bp window), perform motif analysis using FIMO (identify putative 
TFs bound at peak)

51
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Figure VII.D.3. Effect of HSF1-mediated signaling on latency reversal in J-Lat cells. J-Lat 10.6 (left) 
and 8.4 cells (right) are treated with two different LRAs (TNF or PMA/I), and we performed a dose-
response of HSF1 inhibition via the KRIB11 inhibitor (inhibits P-TEFb recruitment by HSF1 at gene 
promoters). Latency reactivation was blocked in a dose-dependent manner; however, the rate of inhibition 
was stalled when cells were incubated at 40 °C. A similar trend is observed in both J-Lat models.  
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Figure VII.D.4. HSF1 nuclear localization following TNF-α treatment and heat shock. 
Immunofluorescence of Jurkat T cells incubated at 37℃, 37℃ & TNF-α, and 40℃ (heat shock 
condition). HSF1 staining conditions: primary; anti-HSF1 (1:1000) and goat anti-mouse Alexa 
647 secondary (1:2000). Scale bars represent 10 µm (A). Nuclear mean fluorescence intensity 
(MFI) of HSF1 immunostaining (B).  
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VII-E: Concluding remarks   
 
 In this presented work, we demonstrate how integrative approaches utilizing deep 

sequencing and multiplexed in-situ imaging can be applied in conjunction to shed important 

insight into molecular mechanisms underlying viral gene regulation and replication. Much of our 

work was conducted in HIV-relevant models, demonstrating how lentiviruses can alter local 

chromatin architecture and host transcriptional patterns. Moving forward, our work presented in 

Chapter VI should be validated in primary cell models following de novo infection to verify our 

findings that HIV-1 proviral activation elicits nucleosome remodeling downstream the HIV-1 3’ 

LTR and further characterize the role chimeric HIV-host RNAs play in viral replication. These 

studies will depend on obtaining sufficient sequencing depth and coverage using single-cell 

sequencing approaches to jointly identify individual HIV-1 integration sites across the infected 

cellular population and probe the RNA landscape (via scATAC- or scRNA-seq) around these 

respective sites of integration. Thus, this would provide a method to survey the heterogeneity of 

HIV integration sites with single-cell resolution in a more disease-relevant context.  

 Collectively, this work serves as a foundation for future integrative studies across a broad 

spectrum of pathogens to study pathogen-host factor interactions, viral gene regulation, and the 

relationship between nuclear chromatin organization and RNA transcription.   
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